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Abstract

The highly conserved eukaryotic elongation factor 1A (eEF1A) plays a canonical role in
translation elongation, where it is responsible for delivering the aminoacylated tRNA to the
A-site ofthe 80Sribosome. Further to this essential role it is reported to be involved in a
plethora of moonlightindunctions that are not fully characterised or understood. One of the
human isoforms, eEF1A2, is known to induce cancer when expressed-matioatissues,

although the mechanism by which it promotes tumour growth is not yet known.

In this study we have characterised eEF1A overexpression in yeast and provided evidence to
suggest that elevated levels of eEF1A respinhdle defects whichead to chromosomal
abnormalities that have the potential to induce uncontrolled cell growth in human.cells
Moreover,we have confirmed conservation of this chromosomal abnormality in human cell
lines suggesting that the mechanism that eEF1A utilises to inchese teffects are highly
conservedWe havealso observed that in yegseEF1A ovexpression redts inincreasel

metabolic activitya hallmark of cancer cells.

We hypothesis that eEF1A interactsvith the dynactin complex, a regulator of spindle
dynamics resulting in aberrant spindle formation. This in turn leads to chromosomal
abnormalities that appear toxic to the celells appear tovercomethe toxicity induced by
eEF1A by suppressing plasmid copy humber to the lowest levels possible. This hbrisyer,

its own problems and appears to result in synthetic effects together with eEF1A

overexpression.
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Chapter 1: Introduction

1.1 Translation in _eukaryotes

The process of protein synthesis, translaticha highly conserved mechanism throughout

the living world.

Following gene transcription, the mRNA exits the nucleus to undergo translation in the
cytoplasm. The primary translation complex is the eukaryoticS8@bosome. The 80S
ribosome consis of twosubunits, the large 60&hd the small 48 Translation can be divided

into four stages; initiation, elongation, termination and recycliBgginningwith initiation,

the 80Sribosomealong with a methionyl tRNAound in its petidyl (P) site essembledat

the AUG start codon of the mRNBuring elongation, the aminoacyl tRNAs enter the acceptor
(A) site allowing decoding to take place. Cognate tRNAs fopmptide bond whilst non
cognate tRNAare ejected from the ribosome. Following translocation o tRNA to the P
site, and shifting of the mRNA codons, the process is repedtednination occurs when a
stop codon is encountered resulting in the completed peptide being released from the
ribosome. The final stage is recycling, this is when the riboksufmunits dissociate, resulting

in the release of the mRNA and the deacylated tRNA ready for another further rounds of the

process.

1.1.1 Translation Initiation

The majority ofthe mRNAS in the celindergo translation in a cajlependent manne The
process oftranslating an mRNA transcript this manne begins with the initiation step of

translation

A pod of small 40Ssubunits associate with elF3, an8ind to the ternary complex
(elF2-GTP-MéRNAi)resulting in the 43$re-initiation complex (PIC). elF4ktsl G K S

cap of the mRNA anfiTRdependent activation ofhe mRNA allows for loadinghdo the43S
2

p Q
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PIC.The &3t L/ (G(KSy &aoOlya GKS Ywb! Ay I pQ (2 o0Q
codon.Once the start codon is positioned in the P site tlernary complex is hydrolysed
resulting in the release of the initiation factors facilitating binding of the 6Besomal

subunit.

1.1.2 Translation elongation

Translation elongatiorfsee Figure 1.1y a highlyconservedstageof translation across all
three domainsof life, elkaryotes, bacteria and archaea, making it an excellent process to

understand using model systems.

Peptide chain elongation starts upon translocation of the tRdlthe P site leaving the A site

vacant. Aternary complex consisting of eEF1IBTP and araminoacyl tRNAaatRNA)

delivers the agRNA to the A site, where, if cognate, enters the next step of elongaiiba

interaction between the mRNA antbgnatetRNAiIn the A site induces a conformational

changeof the 40s ribosomal subunit allowing for interrogation between cognate aedrn
cognatepair® ¢ KAa | OGAGAGe Ay Gdz2NYy | OlAGFGSa S9Cwm!

of the aminoacyl tRNA from eEF1A-GDP to the A site to continueptisipdond formation.

The peptide bond between themcoming amino acid and the peptidyl tRNA is then catalysed
by the ribosomal peptidyl transfetentre (Moore and Steitz, 2003)esulting in both the
deacylated tRNA and the peptis®NAbeingin hylrid states, spanning multiple sites across
both the large and small ribosomal subuni@reen and Noller, 1997&tukaryotic elongation
factor 2 (eEF2) facilitatesomplete movement of the deacylatedtRNA to the E site
translocation of thepeptidyl tRNAto the P site and movement of themMRNADby three

nucleotides thus plang the next codon in the A sitehydrolysing GTP in thprocess
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(Wintermeyeret al, 2001) Thisprocess isepeated util a stop codon is encountered at

whichpoint termination commences.

40S subunit

mRNA

60S subunit

Figure 1.1 A schematic view of translation elongation in yeast. A cyclical view of the elongation step,
showing entry, and translocation of the tRNA in the ribosome. Alagstlated is the cycling of the active and
inactive eEF1A whose activation state is dependent on GDP exchange catalysed by the eEF1B complex.

1.1.3 Translation termination

Upon recognition of a stop codon in the ribosomadi®, formation of a quaternargomplex
comprising of the ribosome, release factors 1 (eRF1) and 3 (@R&& TPriggers peptidy

tRNA hydrolysis releasing the nascent pep{iDeugeonret al,, 1997)
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1.2 Eukaryotic elongation factor 1A

The highly characterisedukaryotic translation elongation factor 1A&HKEF1A previously
known aseEFm (Thorntonet al,, 2003) is oneof the most abundant cytoplasmic proteiirs

the cell accounting for between 3 and 10% of all soluble profslarrick, 1992)It is encoded

for by highly conseved genesesulting in near identical proteins across all three domains of
life. It is a 5kDa Gprotein whose canonical role is in the delivery of aminoacylated tRNA to
the A site of the ribosome during translation elongation. léwer, further roles hae been
well characterised for this moonlighting protein, from actin bundiamgl nuclear export, to
induction of tumour growth(Grosshan®t al., 2000; Munshet al, 2001; Thorntoret al.,

2003)

1.2.1 Genes encoding eEF1A

eEF1As encodedby highly conservedenesfrom prokaryotes to eukaryotes, with many
species possessing twar more genegncoding identical orimiilar proteins.Escherichia coli
has two genes encoding theEF1Aequivalent EFHu (Jaskunast al, 1975) the yeasts
Saccharomyces cerevisiaed Candida albican®oth possess two genesefl and TEF2
(Schirmaier and Philippsen, 198undstromet al., 1990) and Schizosaccharomyces pombe
is known to have thregenesTef10] Tefl02andTef103(Mita et al,, 1997) In mammals there
are two actively transcribed gene€F1ABndeEF1A2vhich share a 75% similarity coding

regions (se figure 1.2
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eEF1A1- H.sapiens
eEF1A2- H.sapiens
Tefl

TEF2

eEF1A1- H.sapiens
eEF1A2- H.sapiens
Tefl

TEF2

eEF1A1- H.sapiens

eEF1A2- H.sapien s
AAGTTCGAAAAGGAAGCCGCTGAATTAGGTAAGGGTTCTTTCAAGTACGCTTGGGTTTTG 180

Tefl
TEF2

eEF1A1- H.sapiens
eEF1A2- H.sapiens
Tefl

TEF2

eEF1A1- H.sapiens
eEF1A2- H.sapiens
TEF1
TEF2

eEF1Al- H.sapiens
eEF1A2- H.sapiens
TEF1
TEF2

eEF1A1- H.sapiens
eEF1A2- H.sapiens

eEF1A1- H.sapiens
eEF1A2- H.sapiens

eEF1Al- H.sapiens
eEF1A2- H.sapiens
TEF1
TEF2

eEF1A1- H.sapiens
eEF1A2- H.sapiens
TEF1
TEF2

eEF1Al- H.sapiens
eEF1A2- H.sapiens
TEF1
TEF2

eEF1A1- H.sapiens
eEF1A2- H.sapiens
TEF1
TEF2

eEF1A1- H.sapiens
eEF1A2- H.sapiens

eEF1A1- H.sapiens
eEF1A2- H.sapiens

ATGGGAAAGGAAAAGACTCATATCAACATTGTCGTCATTGGACACGTAGATTCGGGCAAG 60

ATGGGCAAGGAGAAGACCCACATCAACATCGTGGTCATCGGCCACGTGGACTCCGGAAAG 60
ATGGGTAAAGAGAAGTCTCACATTAACGTTGTCGTTATCGGTCATGTCGATTCTGGTAAG 60
ATGGGTAAAGAGAAGTCTCACATTAACGTTGTCGTTATCGGTCATGTCGATTCTGGTAAG 60

Fkkkk Kk dok dkk Kk kk ok kkk ok Kk kR kk kk Rk kk Rk kK kk kkk

TCCACCACTACTGGCCATCTGATCTATAAATGCGGTGGCATCGACAAAAGAACCATTGAA 120
TCCACCACCACGGGCCACCTCATCTACAAATGCGGAGGTATTGACAAAAGGACCATTGAG 120

TCTACCACTACCGGTCATTTGATTTACAAGTGTGGTGGTATTGACAAGAGAACCATCGAA 120

TCTACCACTACCGGTCATTTGATTTACAAGTGTGGTGGTATTGACAAGAGAACCATCGAA 120

dk kkkkk kk kk kk Kk kk kK kk kK kk kk kk kkkkk bk kkkkk kk

AAATTTGAGAAGGAGGCTGCTGAGATGGGAAAGGGCTCCTTCAAGTATGCCTGGGTCTTG 180
AAGTTCGAGAAGGAGGCGGCTGAGATGGGGAAGGGATCCTTCAAGTATGCCTGGGTGCTG 180

AAGTTCGAAAAGGAAGCCGCTGAATTAGGTAAGGGTTCTTTCAAGTACGCTTGGGTTTTG 180

Fk kk kk kkkkk kk kkkkk ok kk kkkkk Kok dokkkkkekk kk kkkkk kk

GATAAACTGAAAGCTGAGCGTGAACGTGGTATCACCATTGATATCTCCTTGTGGAAATTT 240
GACAAGCTGAAGGCGGAGCGTGAGCGCGGCATCACCATCGACATCTCCCTCTGGAAGTDIC 24

GACAAGTTAAAGGCTGAAAGAGAAAGAGGTATCACTATCGATATTGCTTTGTGGAAGTTC 240

GACAAGTTAAAGGCTGAAAGAGAAAGAGGTATCACTATCGATATTGCTTTGTGGAAGTTC 240

dk kk Kk Kk kk okk ok kk ok kk kkkkk ok kk kk ok Kk kkkkk % *

GAGACCAGCAAGTACTATGTGACTATCATTGATGCCCCAGGACACAGAGACTTTATCAAA 300

GAGACCACCAAGTACTACATCACCATCATCGATGCCCCCGGCCACCGCGACTTCATCAAG 300
GAAACTCCAAAGTACCAAGTTACCGTTATTGATGCTCCAGGTCACAGAGATTTCATCAAG 300
GAAACTCCAAAGTACCAAGTTACCGTTATTGATGCTCCAGGTCACAGAGATTTCATCAAG 300

dk kk kkkkkk ok Kk kk ok kk kkkkk kk kk kkk ok kk kk kkkkk

AACATGATTACAGGGACATCTCAGGCTGACTGTGCTGTCCTGATTGTTGCTGCTGGTGTT 360

AACATGATCACGGGTACATCCCAGGCGGACTGCGCAGTGCTGATCGTGGCGGCGGGCGTG 360
AACATGATTACTGGTACTTCTCAAGCTGACTGTGCTATCTTGATTATTGCTGGTGERTGTC 3
AACATGATTACTGGTACTTCTCAAGCTGACTGTGCTATCTTGATTATTGCTGGTGGTGTC 360

Fkkkkkkk Kk Kk kk kk kk kk kkkkk kk Kk kkkk Kk kk Kk kk kk

GGTGAATTTGAAGCTGGTATCTCCAAGAATGGGCAGACCCGAGAGCATGCCCTTCTGRZCT

GGCGAGTTCGAGGCGGGCATCTCCAAGAATGGGCAGACGCGGGAGCATGCCCTGCTGGCC 420
GGTGAATTCGAAGCCGGTATCTCTAAGGATGGTCAAACCAGAGAACACGCTTTGTTGGCT 420
GGTGAATTCGAAGCCGGTATCTCTAAGGATGGTCAAACCAGAGAACACGCTTTGTTGGCT 420

*k kk Kk Kk Kk kk kkkkk kkk khkkk kk kk Kk Kk Kk kk ok Fkkk

TACACACTGGGTGTGAAACAACTAATTGTCGGTGTTAACAAAATGGATTCCACTGAGCCA 480

TACACGCTGGGTGTGAAGCAGCTCATCGTGGGCGTGAACAAAATGGACTCCACAGAGCCG 480
TTCACCTTGGGTGTTAGACAATTGATTGTTGCTGTCAACAAGATGGACTCCGTCAAATGG 480
TTCACCTTGGGTGTTAGACAATTGATTGTTGCTGTCAACAAGATGGACTCCGTCABATGG 4

kokkk kkkkkkk ok kk ok okk kk ok kK kkkkk kkkkk kkk K

CCCTACAGCCAGAAGAGATATGAGGAAATTGTTAAGGAAGTCAGCACTTACATTAAGAAA 540

GCCTACAGCGAGAAGCGCTACGACGAGATCGTCAAGGAAGTCAGCGCCTACATCAABHAG
GACGAATCCAGA--- TTCCAAGAAATTGTCAAGGAAACCTCCAACTTTATCAAGAAG 534
GACGAATCCAGA--- TTCCAAGAAATTGTCAAGGAAACCTCCAACTTTATCAAGAAG 534

* ok ok Kk kkk Kk k kk kk kK kkkkkk ok Kk Kk Kk % Kkkk

ATTGGCTACAACCCCGACACAGTAGCATTTGTGCCAATTTCTGGTTGGAATGGTGACAAC 600

ATCGGCTACAACCCGGCCACCGTGCCCTTTGTGCCCATCTCCGGCTGGCACGGTGACAAC 600
GTTGGTTACAACCCAAAGACTGTTCCATTCGTCCCAATCTCTGGTTGMIZBG 594
GTTGGTTACAACCCAAAGACTGTTCCATTCGTCCCAATCTCTGGTTGGAACGGTGACAAC 594

* kk kkdokkkkk  kk kk K kk kk ok kk ko ko kokok ok sokokokkokokokok

ATGCTGGAGCCAAGTGCTAACATGCCTTGGTTCAAGGGATGGAAAGTCBGTAAGGAT 660

ATGCTGGAGCCCTCCCCCAACATGCCGTGGTTCAAGGGCTGGAAGGTGGAGCGTAAGGAG 660
ATGATTGAAGCTACCACCAACGCTCCATGGTACAAGGGTTGGGAAAAGGAAACCAAGGCC 654
ATGATTGAAGCTACCACCAACGCTCCATGGTACAAGGGTTGGGAAAAGGAAACCAAGGCC 654

*kk k kK Kk k okkk kK kkkk kkkkkk kkk Kk Fkkk

GGCAATGCCAGTGGAACCACGCTGCTTGAGGCTCTGGACTGCATCCTACCACCAACTCGT 720

GGCAACGCAAGCGGCGTGTCCCTGCTGGAGGCCCTGGACACCATCCTGCCCCCCACGCGC 720
GGTGTCGTCAAGGGTAAGACTTTGTTGGAAGCCATTGACGCCATTGAACAACCATCTAGA 714
GGTGTCGTCAAGGGTAAGACTTTGTTGGAAGCCATTGACGCCATTGAACAACCHRCTAGA

*k ok Kk kk Kk kk Kk kk kk ok kkk kkk ok kk Kk Kk

CCAACTGACAAGCCCTTGCGCCTGCCTCTCCAGGATGTCTACAAAATTGGTGGTATTGGT 780
CCCACGGACAAGCCCCTGCGCCTGCCGCTGCAGGACGTGTACAAGATTGGCGGEATBG
CCAACTGACAAGCCATTGAGATTGCCATTGCAAGATGTTTACAAGATTGGTGGTATTGGT 774
CCAACTGACAAGCCATTGAGATTGCCATTGCAAGATGTTTACAAGATCGGTGGTATTGGT 774
Kkk kk kkkkkkkk kk k hkkk ok hk kk kk kkkkk kk kk kk *kkkk
ACTGTTCCTGTTGGCCGAGTGGAGACTGGTGTTCTCAAACCCGGTATGGTGGTCACCTTT 840
ACGGTGCCCGTGGGCCGGGTGGAGACCGGCATCCTGCGGCCGGGCATGGTGGTGACCTTT 840
ACTGTGCCAGTCGGTAGAGTTGAAACCGGTGTCATCAAGCCAGGTARGGTTE 834
ACTGTGCCAGTCGGTAGAGTTGAAACCGGTGTCATCAAGCCAGGTATGGTTGTTACTTTC 834



Chapter 1: Introduction

eEF1A1- H.sapiens
eEF1A2- H.sapiens

eEF1A1- H.sapiens
eEF1A2- H.sapiens

eEF1A1- H.sapiens
eEF1A2- H.sapiens
TEF1
TEF2

eEF1A1- H.sapiens
eEF1A2- H.sapiens
TEF1
TEF2

eEF1Al- H.sapiens
eEF1A2- H.sapiens
TEF1
TEF2

eEF1A1- H.sapiens
eEF1A2- H.sapiens

eEF1A1- H.sapiens
eEF1A2- H.s apiens

eEF1Al- H.sapiens
eEF1A2- H.sapiens
TEF1
TEF2

eEF1A1- H.sapiens
eEF1A2- H.sapiens
TEF1
TEF2

eEF1Al- H.sapiens
eEF1A2- H.sapiens
TEF1
TEF2

Fk kk kk kk kk ok okk kk kk kk ok kK kk kk kkkokk kk kk kk

GCTCCAGTCAACGTTACAACGGAAGTAAAATCTGTCGAAATGCACCATEBAECTTTGAGT 900

GCGCCAGTGAACATCACCACTGAGGTGAAGTCAGTGGAGATGCACCACGAGGCTCTGAGC 900
GCCCCAGCTGGTGTTACCACTGAAGTCAAGTCCGTTGAAATGCATCACGAACAATTGGAA 894
GCCCCAGCTGGTGTTACCACTGAAGTCAAGTCCGTTGAAATGCATCACGAACAATTGGAA 894

*k kkkk * kk kk kk kk kk kk kk kk kkkkk kk kk *k

GAAGCTCTTCCTGGGGACAATGTGGGCTTCAATGTCAAGAATGTGTCTGTCAAGGATGTT 960

GAAGCTCTGCCCGGCGACAACGTCGGCTTCAATGTGAAGAACGTGTCGGTGAAGGACATC 960
CAAGGTGTTCCAGGTGACAACGTTGGTTTCAACGTCAAGAACGTTTCCGTTAAGGAAATC 954
CAAGGTGTTCCAGGTGACAACGTTGGTTTCAACGTCAAGAACGTTTCCGTTAAGEBLAATC 9

dkk kK kk kk kkokkk kk kk kkkkk kk kkkkk kk kk ek kokkkk %

CGTCGTGGCAACGTTGCTGGTGACAGCAAAAATGACCCACCAATGGAAGCAGCTGGCTTC 1020

CGGCGGGGCAACGTGTGTGGGGACAGCAAGTCTGACCCGCCGCAGGAGGCTGCTARZI T
AGAAGAGGTAACGTCTGTGGTGACGCTAAGAACGATCCACCAAAGGGTTGCGCTTCTTTC 1014
AGAAGAGGTAACGTCTGTGGTGACGCTAAGAACGATCCACCAAAGGGTTGCGCTTCTTTC 1014

*ok kk okkkkk dokk kkk kK kk ok kk kk kkk kkk

ACTGCTCAGGTGATTATCCTGAACCATCCAGGCCAAATAAGCGCCGGCTATGCCCCTGTA 1080

ACCTCCCAGGTCATCATCCTGAACCACCCGGGGCAGATTAGCGCCGGCTACTCCCCGGTC 1080
AACGCTACCGTCATTGTTTTGAACCATCCAGGTCAAATCTCTGCTGGTTACTCTCCAGTT 1074
AACGCTACCGTCATTGTTTTGAACCATCCAGGTCAAATCTCTGCTGGTTACTCTCCAGTT 1074

k ok kk kk Kk kkkkkkk kk kk kk kk kk kk kk Kk Kk kK

TTGGATTGCCACACGGCTCACATTGCATGCAAGTTTGCTGAGCTGAAGGAAAAGATTGAT 1140

ATCGACTGCCACACAGCCCACATCGCCTGCAAGTTTGCGGAGCTGAAGGAGAAGATTGAC 1140
TTGGATTGTCACACTGCTCACATTGCTTGTAGATTCGACGAATTGTTGGAAABGABLG
TTGGATTGTCACACTGCTCACATTGCTTGTAGATTCGACGAATTGTTGGAAAAGAACGAC 1134

* kk kk kkkkk kk kkkkk kk kk ok kk ok kk kk kkk kkkk Kk

CGCCGTTCTGGTAAAAAGCTGGAAGATGGCCCTAAATTCTTGAAGTCTGGTGATGCTGCC 1200
CGGCGCTCTGGCAAGAAGCTGGAGGACAACCCCAAGTCCCTGAAGTCTGGAGACGCGGCC 1200

AGAAGATCTGGTAAGAAGTTGGAAGACCATCCAAAGTTCTTGAAGTCCGGTGACGCTGCT 1194

AGAAGATCTGGTAAGAAGTTGGAAGACCATCCAAAGTTCTTGAAGTCCGGTGACGCTGCT 1194

* ok kkkkk kK kkk kkkk kk kk kk Kk kkkkkkk kk kk kk kk

ATTGTTGATATGGTTCCTGGCAAGCCCATGTGTGTTGAGAGCTTCTCAGACTATCCACCT 1260

ATCGTGGAGATGGTGCCGGGAAAGCCCATGTGTGTGGAGAGCTTCTCCCAGTACCCGCCT 1260
TTGGTCAAGTTCGTTCCATCTAAGCCAATGTGTGTTGAAGCTTTCAGTGAATACCCACCA 1254
TTGGTCAAGTTCGTTCCATCTAAGCCAATGTGTGTTGAAGCTTTCAGTGAATACCCACCA 1254

kokk ok ok kk okk kkkkk kkkkkkkk ok kkk K ok dk kK

TTGGGTCGCTTTGCTGTTCGTGATATGAGACAGACAGTTGCGGTGGGTGTCATCAAAGCA 1320

CTCGGCCGCTTCGCCGTGCGCGACATGAGGCAGACGGTGGCCGTAGGCGTCATCAAGARC 132
TTAGGTAGATTCGCTGTCAGAGACATGAGACAAACTGTCGCTGTCGGTGTTATCAAGTCT 1314
TTAGGTAGATTCGCTGTCAGAGACATGAGACAAACTGTCGCTGTCGGTGTTATCAAGTCT 1314

kokk ok okk kk kk Kk kK kkkkk kk kk Rk Rk kK ok kkkkk

GTGGACAAGAAGGCTGCTGGAGCTGGCAAGGTCACCAAGTCTGCCCAGAAAGCTCAGAAG 1380

GTGGAGAAGAAGAGCGGCGGCGCCGGCAAGGTCACCAAGTCGGCGCAGAAGGCGCAGAAG 1380
GTTGACAAGA CTGAAAAGGCCGCTAAGGTTACCAAGGCTGCTCANAIGEBAG 1371
GTTGACAAGA CTGAAAAGGCCGCTAAGGTTACCAAGGCTGCTCAAAAGGCTGCTAAG 1371

*k kk Kkkk * ok k dkokkk kkkokkk ok Kok Kk kk kk kkk

GC - TAAATGA 1389
GCGGGCAAGTGA 1392
AAATAA 1377

AAATAA 1377

kK kK

Figure 1.2 ORF alignment between human eEF1Al and eEF1A2and S.cerevisiae TEF1 and TEF2
eEF1A1 is more similar to bothEF1 and TEF2however conservation across the species is highly conserved.
eEF1A1 shares 70.5% identity fItEF1 and 70.4% identity to TEF2nd eEF1A2 shares 66.8% identity with
TEFland 66.6% identity withTEF1

Despite the similarity betweeerEF1Aland eEF1AZhese genedave different expression
patterns throughout the bodyln higher eukaryoteeEF1A1s expressed in all tissues during

developmentbut is no longer present at detectable levels in the muscles and heart tissue of

7
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adults (Leeet al, 1992; Chamberst al, 1998) Insteadhigh levelexpression oeEF1Ads
switched on inthese tissues, as well as in motor neurafsthe medula. Lower levels of
eEF1AZxpressioris also detectable in thislet cells of the pancreaand endocrine cells of

the digestive trac{Newbey et al., 2007)

Strict regulation of differential eEF1A gene expression has been observeduring
developmental stages. In miceEF1A is downregulatediuring thefirst two weeks of lifeéo
undetectable levelsn muscular tissueby 25 days(Khalyfaet al, 2001) with eEF1A2
gradudly being upregulated. Ablationof eEF1AZby deletion ofthe locus results in mice
exhibiting the mutant wasted phenotypevét)(Chamberset al., 1998) These mice present
wasting andneurological and immunological abnormalities at 21 days old, and mortality

occurs by 28 day$Shultzet al.,, 1982)

1.2.2 eEF1A Proteins

eEF1lAexists as two varianttissuespecific,isoforms eEF1A1 and eER2 in all higher
vertebrates.In humans these proteins share 92% identity and 98% simild@ragnlinsonet
al., 2005j)see figure 1.4. It is not however only human eEF1Aisoforms that show
considerablesimilarity witheEF1An other mammds, including mice and ratsliffering by
only one amino acid compared tthat of humans and rabbits sha 100% identity with

humans(Leeet al, 1994; Kahnst al., 1998)
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Human eEF1A1l

Domain |

a)
Domain Il

Rotate 180°

b)

. eEF1A1/eEF1A2 variant residues
'_” Conserved residues that reduce dependence on eEF1B
- Conserved residues that affect translational fidelity
-Conserved actin binding residues

. Mutated actin binding residues

Figure 1.3 Four structural surface renditions of human eEF1Al Models areotated 180° about the yaxis

1a) shows thethree domain boundaries, domain | is blue, domain Il isllpw and domain Il is orangelb)
shows some of the conserved and mutated residues from yafaBi A to humaneEF1Aland eEF1A2 Green
shows the variantesidues betweerEF1Aland eEF1A2, cyan shows conserved residues from yeast to heiman
that have been shown to reducEF1Adependence on eEFpBred shows conserved residues from yeast to
humans that have been shown to affect translational fidelitpagenta shows conserved residues from yeast
to humarsthat have been shown to affect actin binding, apdrple shows residues that have been shown to
affect actin binding in yeast, are not conserved through to humans, and are also mutated from he@ahA1l

to eEF1A2

The amino acids that differ between isoforms however, may give us insight into the differing

functional profiles of eEF1A proteins. A high degree of conservation between the varying



Chapter 1: Introduction

amino acids existacross species (see figure)lindicating urgue functions of both eEF1A

isoforms, probably arisintprough evolutionary selectiofLeeet al., 1994)

When comparel, the humaneEF1ATnd eEF1A%ariant residuedo the residues of known
function in yeasteEF1Ait is interesting to note that severalf the variations are in actin
binding domains (see table lahd figue 1.3. This is compelling evidence to suggest that at
least the actin bindindunction of eEF1A isofornis altered as yN329, yK333 and yY355 are
all known to affect the growth of cells and eEF1As ability to bundle g&irss and Kinzy,

2007)

Table 1.1- Actin binding residues in yeast that are not conserved in human eEF1A isoforms

Human eEF1A1

Human eEF1A2

Yeast eEF1A

N331 S331 N329
M335 Q335 K333
A358 S358 Y355

Residues listedre known actinbinding residues in yeast eEF1A but are not conserved in huisaforms.

1.2.3 Phosphorylation states of eEF1A

Once it has hydrolysed GTP and released its aminoacyl tRNA to the A site of the ribosome,
eEF1A-GDP is released to be recycled to its GTP Jaetne form allowing it to participate

in further rounds of edngation. Nucleotide exchange on eEF1A is catalysed by its guanine
nucleotide exchange factor (GEF) eEFdiBeast eEF1B is a multifactor cqiex composed

2T SIGWR "'SOCmAdIK S9Cm. i Ay
sequenceadentity eEF1AJand eEF1AZxhibit differencedn their relative affinities for GTP

and GDRKahnset al,, 1998) eEF1ADbinds GTP more strongly than GDP, with the opposite
10

LI I v Despite sigyfigantS 9 Cm .
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being true foreEF1AZ2This suggests there should be a greater relianceEdt1ADn its GEF,

the eEF1B complex, the opposite however, is telEF1AZhowns verylittle affinity with any
component of the eEF1B compl@ansillaet al., 2002) indicating a primary role for eEF1A2
that differs to its canonical functiorHowever, it is important to notéhat in neurons and
muscle where eEF1A2 is the only form of eEF1A it must still have the ability to carry out its
canonical GTP bound roles, with evidence from bothAbéott and Zhang labs that eEF1B

does still act as the GTP exchange fatdoeEF1AZCao et al., 200 oares et al2009)

Human_eEF1A2 MGEEEKTHINIVVIGHVDSGESTTTGHLIYRKCGG IDKRTIEKFEREAAEMGKGSFEYAWVL &0
Rabbit eEF1A2 MGKEKTHINIVVIGHVDSGESTTTGHLIYKCGG IDKRTIEKFEKEAREMGKGSFEYAWVL 60
Mouse eEF1AZ MGKEKTHINIVVIGHVDSGKSTTTGHLIYKCGG IDKRTIEKFEKEAREMGKGSFEYAWVL 60
Rat eEFlAZ MGREETHINIVVIGHVDSGESTTTGHLIYRCGGIDKRTIEKFEREAAEMGKGSFEYAWVL ©0
Human_eEF1Al MGKEKTHINI VVIGHVDSGKSTTTGHLIYKCGG IDKRTIEKFEKEAREMGKGSFEYAWVL 60
Rabbit eEF1Al MGKEKTHINI VVIGHVDSGKST TTGHLIYKCGG IDKRTIEKFEKEAREMGKGS FEYAWVL 60
Mouse eEF1Al MGEEEKTHINIVVIGHVDSGESTTTGHLIYRKCGG IDKRTIEKFEREAAEMGKGSFEYAWVL &0
Rat_eEFIAl MGKEKTHINI VVIGHVDSGKST TTGHLIYKCGG IDKRTIEKFEXKEAREMGKGSFEYAWVL 60
Yeast Tefl/2 MGREESHINVVVIGHVDSGKSTTTGHLIYKCGGIDKRTIEKFEREAAELGKGSFEYAWVL &0
AA ARk kA AR A A AR A AR AR A AR A A A AA N R AR A A AR AR ARA AR A e FARAARAS R EE
Human_eEF1A2 DELFAERERGITIDISLWKFETTEYYITI IDAPGHRDFIKNMITGTSQADCAVLIVAAGY 120
Rabbit eEF1A2Z DELKAERERGITIDISLWKFETTKYYITIIDAPGHRDFIKNMITGTSQADCAVLIVAAGY 120
Mouse eEF1A2 DELKAERERGITIDISLWKFETTKYY ITI IDAPGHRDFIKNMITGTSQADCAVLIVAAGY 120
Rat eEF1AZ DELKAERERGITIDISLWEFETTEYYITI IDAPGHRDFIKNMITGTSQADCAVLIVAAGY 120
Human_eEF121 DKLKAERERGITIDISLWKFETSKYYVIPI IDAPGHRDFIKNMITGTSQADCAVLIVAAGY 120
Rabbit eEF1Al DELKAERERGITIDISLWKFET|SKYY[V[PI IDAPGHRDFIKNMITGTSQADCAVLIVAAGY 120
Mouse eEF1Al DELFAERERGITIDISLWEFETISEY YV I IDAPGHRDFIKNMITGTSQADCAVLIVARAGY 120
Rat_eEF1Al DELKAERERGITIDISLWKFETSKY Y[V I IDAPGERDFIKNMITGTSQADCAVLIVAAGY 120
Yeast Tefl/2 DELKAERERG ITIDIALWKFETPKYQV[IVIDAPGHRDFIKNMITGTSQADCAI LITAGGY 120
1?3“"1‘!‘?'!’1‘1‘1""1‘11‘:1-1‘1"!'1‘1‘.1'1' :.1‘:‘F‘t?'rf‘rﬁ"f‘t“t.*'r‘t‘t‘r'r‘r‘t‘t'r‘r‘t'r:1‘1‘:_—--1"1‘
Human eEF1AZ GEFEAGISKNGQTREHALLAYT LGVKQLI VGV EMOS TEPATSEKRYDEIVEEVSATIKK 180
Rabbit eEF1AZ GEFEAGISKNGQTREHALLAYT LGVEQLI VGVNKMOES TEPATYSERKRYDEIVREVSATIKE 180
Mouse eEF1A2 GEFEAG I SKNGQTREHALLAYTLGVEQLI VGVN KMDS TEPAYSEKRYDEIVKEVSAY IKK 180
Rat eEF1AZ GEFEHGISKNGQTREHALLAYTLGVKQLIVGVNKMDSTEPAYSELRYDEIV*EVSAIIKK 180
Human_eEF1A1 GEFEAG I SKNGQTREHALLAYT LGVEQLI VGV KMD) ¢ VEEVSTYIKK 180
Rabbit eEF1&l GEFEAGISKNGQTREHALLAYT LGVEQLI VG VN KMD) IVREVSTYIKa 180
Mouse eEF1Al GEFEAGISKNGQTREHALLAYT LGVEQLI VGV KMD) IVEEVSTYIKK 180
Rat eEF1Al GEFEAGISKNGQTREHALLAYT LGVEQLI VGV KMD) IVEEVSTYIKK 180
Yeast_Tefl/2 GEFEAGISKDGQTREHALLAFT LGVRQLI VAV KMD) -DESPEQEIV:ETSNFIK& 178

XX XXX XL s TXXXXEAAL XX oA XXX a AXXX TXXXRNE  » s a rrEEAER LT
i B - - .. "eaaom . .
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Human_eEF1A2 IGYNPATVPFVPISGWHGDNMLEPSPNMPWEFEKGWKVERKEGNASGVSLLEALDTILFPTR 240
Rabbit eEF1AZ IGYNPATVPFVPISGWHGDNMLEPSPNMPWEFKGWKVERKEGNASGVSLLEALDTILPPTR 240
Mouse_ eEF1A2 IGYNPATVPFVPISGWHGDNMLEPSPNMPWFEGWEVERKEGNASGVSLLEALDTILPPTR 240
Rat_eEFth IGYNPATVPFVPISGWHGDNMLEPSPNMPWEFEGWEVERKEGNASGVSLLEALDTILPPTR 240
Human eEF1Al DNMLEP MPWEFEGWEMTR LEALDCILPPTR 240
Rabbit eEF1Al DNMLEP MEWFEGWEMTR LEALDCILPPTR 240
Mouse eEF1Al DNMLEP MEWEKGWEMTR LEALDCILEPTR 240
Rat eEF1Al DNMLEP MEWFEGWEMTR LEALDCILPPTR 240
Yeast_Tefl/2 VGYNPETVPFVPISG DNMIEATTNAPWYEKGWERETEAGVVEG LEAIDAIEQFPSE 238
:lll} ll_llliill:!lll:l_:_l kl:l}l: * % aa ¥ :lll}:l £ 1:1
HUmﬂD_EEFle PTDEPLRLPLODVYEIGG IGTVPVGRVETGILRPGMYVIFAPVNITTEVESVEMHHERALS 300
Rabbit eEF1AZ PTDKPLRLPLODVYKIGGIGTVPVGRVETGILRPGMVVTFAPVNITTEVKSVEMHHEALS 300
Mouse eEF1AZ PTDEPLRLPLODVYRIGGIGTVPVGRVETGILRPGMVVTFAPVNITTEVESVEMHHEALS 300
Rat_eEF1AZ PTDEPLRLPLODVYEKIGG IGTVEVGRVETGILRPGMYVTFAPVNITTEVESVEMHHEALS 300
Human_eEF1ALl PTDKPLRLPLODVYKIGG IGTVPVGRVETQVUKIPGMY VIFAPVNV[ITEVESVEMHHEALS 300
Rabbit eEF1Al PTDEPLRLPLODVIKIGG IGTVEVGRVET V) GMVVTFAPVNV[TTEVESVEMHHEALS 300
MOUSG_EEFIRI PTDKPLRLPLQDVYKIGGIGTVPVGRVETIV‘1PGMVVTFRP V[[TEVESVEMHHEALS 300
Rat eEF1Al PTDKPLRLPLQDVYKIGGIGTVPVGRVETIV!“ GMVVTFAPVNV[TTEVESVEMHHERLS 300
Yeast Tefl/2 PTDKPLRLPLODVYRKIGG IGTVPVGRVET QVIKIPGMVVTFAPAGVTTEVESVEMHHEQLE 298
e T N T T
Human_eEF1A2 EALPGDNVGFNVENVSVEDIRRGNVCGDS HSDPPQEAAQFTSOVI ILNHPGQISAGY SPV 360
RabbiE_eEF1A2 EhLPGDNVGFNVKNVSVKDIRRGNVCGDSﬂ;EPPQERﬂQFTSQVIILNHPGQISAGYSPV 360
Mouse eEF1AZ EALPGDNVGFNVENVSVKDIRRGNVCGDS KADPPQERRAQFTSQVI ILNHPGQI SAGY SPV 360
Rat eEF1RZ EALPGDNVGFNVENVSVEDIRRGNVCGDS KADPPQEAAQFTSQVI ILNHPGQISAGY SPV 360
Human_eEF1A1 EALPGDNVGFNVENVSVEQVRRGN Ds TPM GFTADVI ILNHPGQI SAG vV 360
Rabbit eEF1Al EALPGDNVGFNVENVSVEOVRRGN Ds PEM GFTAOVIILNHPGQI SAG Vo360
Mouse eEF1Al EALPGDNVGFNVENVSVEOVRRGN Ds PPM GETIAOVI ILNHPGQI SAG v 3&0
Rat_eEF1Al EALPGDNVGFNVENVSVEQVRRGN Ds FPM GEFTIADVI ILNHPGQI SAG V 360
Yeast _Tefl/2 QGVPGDNVGFNVENVSVEEIRRGNVCGDA PPEGCASFNATVIVLNHPGQISAGYSPV 358
:_:TT‘STT‘ET‘KTTTTTT‘!‘::‘.“TTTT_T‘I:T *TEx X _1‘ ‘!.'.: ‘.\'T:TTTTT‘!“IT?‘II:TT
Human_ eEF1AZ IDCHTAHIACKFAELKEKIDRRSGKKLEDNPKS LKSGDARI VEMVPGRPMCVESFSQTEPP 420
Rabbit eEF1AZ IDCHTAHIACKFAELKEKIDRRSGKKLEDNPES LKSGDARIVEMVPGEPMCVESFSQTEP 420
Mouse_eEF1A2 IDCHTAHIACKFAELKEKIDRRSGEKKLEDNPKS LKSGDARIVEMVPGEPMCVESFSQYPE 420
Rat eEF1AZ IDCHTAHIACKFAELKEKIDRRSGKKLEDNPKS LKSGDAAIVEMVEPGKPMCVESFSQTPP 420
Human_eEF 1Al LDCHTAHIACKFAE LEEKIDRR SGEKLELIGE KSGDARI VPGEPMCVESFSYDYFP 420
Rabbit_eEFlAl LDCHTAHIACKFAE LKEKIDRRSGKK LEOGE KSGDARI VPGKFMCVESFYD[YPP 420
Mouse eEF1Al LDCHTAHIACKFAELEEKIDRRSGEKLELGE KSGDARI VPGKPMCVESFYDTFP 420
Rat_EEFlhl LDCHTAHIACEFAELEEKIDRRSGKELELGE KSGDAART VPGEPMCVESFYD[YPP 420
Yeast Tefl/2 LPCHTAHIACRFDELLEKNDRRSGKELEDHP KSGDARLVEFVPSEPMCVEAFSEYPP 418

Human_eEF1A2
Rabbit eEF1A2
Mouse_eEF1A2
Rat_eEF1A2

XXX ETEELTL % XX FTX FEXTEXXXTXTELET X ATXLXTXT XXX % %% XXX ELT XX Tk
. B e - B H

LERFAVEDMROTVAVGVI KNVEKKSGGRGHEVTEKSAQKAQKAGK 463
LGRFAVRDMROTVAVGVIENVEKESGGAGEVTESAQKAQKAGE 463

LGRFAVRDMRQTVAVGYIENVEKESGGAGKVTESAQKAQKAGK 463
LGRFAVRDMRQTVAVGVIKNVEKESGGAGEVTKSAQKAQKRAGE 463

Human_eEF1Al LGRFAVROMRQTVAVGVI AGEKVTESAQERQ 462
Rabbit_eEF1Al LGRFAVROMRQTVAVGVI AGEVTESAQKAQ 462
Mouse eEFI1A1 LGRFAVROMRQTVAVGVI AGKVTESAQKRQ 462
Rat_eEF1Al LGRFAVRDMRQTVAVGVI AGEVTESAQERQ 462
Yeast_Teflfz LGRFAVEDMRQTVAVGVIES -TEFARKVTERAQKARKK-—- 458

tE R LS R L LR ELEREEEE B TN S * FEkxtakkhkE K*

Figure 1.4 Polypeptide alignment of human, rabbit, mouse, rat and yeast eEF1A isoforms . Red boxes

show conserved differences between eEF1A1 and eEF1A2 from yehstian. Blue boxes show conserved
differences between eEF1A1 to eEF1A2 from mouse to human. The black box shows the single amino acid
variation between human and rabbit, and mouse and rat eEF1Al. The green box shows the single amino acid
variation between tuman and rabbit, and mouse and rat eEF1Athe highly conserved GTP bindingotif

NKMD is outlined in orange, residues 1:386.
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1.2.4 Non-canonical functions of eEF1A

As discusserh the abstraceEF1As a multifunctional protein and performs a wide variety of
roles with in the cell. In addition to its canonical role in translatefai-1Aas several other
roles some well characterised, othenot so well which appear to be conserved across
species. dderstanding the functional differences betweeikF1Alnd eEF1AZould assist
in our understanding of differential tissue expression of these proteins and doRM1A2

induces tumour growth.

1.2.4.1 eEF1A as a nuclear exporter

One of the more contentious tes thateEF1As reported to be involved in, is that of nuclear
export. There have been separate studies that have lirdkd€B1A0 nuclear export during
both protein synthesis and transcription. Repaatoy both theKutay and Goérlich labsEF1A

is activdy exported from the nucleugthen it is recruited to the export#d/RanGTP complex
via aatRNA. Although it is not understodtbw eEF1A could bapped in the nucleus as no
nuclear transporter has yet been characteriseand under normal conditiongEF1Ais
excluded from the nucleuiBomsacket al., 2002; Caladet al, 2002) However in Exp5
depleted cells, and in mutaqt Y a yophologueof Exp) yeast cells, it is known thaEF1A
does enter the nucleugLundet al., 2004; Murthiet al, 2010) Another study into the
mammalian nuclear export signal, transcription dependant nuclear export mechanism (TD
NEM), sugested thaieEF1Anediated export of a range of proteins includjtige von Hippel
Lindau (VHL) tumour suppressor and the pohfdiagling protein (PABP1)hey suggested
that eEF1Amediated export was stimulated from the cytoplasmic side of the nuclear

enwvelope, withouteEF1Aphysically entering the nucleghacho et al2008)
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1.2.4.2 eEF1A protein degradation and aggresome formation

Thinking ofeEF1Aas a component in proteidegradationinitially seems counterintuitive.
However, wherconsidering the undance oeEF1An closeproximity to the ribosome, and

so, the nascent polypeptide, this function seemsugiale.eEF1As also proposed to be an
excellent candidate to recognise damaged proteins and shuttle them to the proteasome, due
to its central ple in translation elongatio(Sasikumaet a., 2012) A role foreEF1An protein
degradation was initially identifiedor ubiquitin-dependent degradation of certain"N
acetylated proteingGonenet al, 1994) Furtherin vitro studies showe@EF1Acan interact
with nascent polypeptides whilst tlyeare still undergoing synthegidotokezakaet al., 2002)
eEF1Acan also interact with the unfolded prateonce released from the ribosome and act
as a chaperone to help mediate protein foldimg.vivoevidence foreEF1Aacting on protein
degradation came from the Madura lab2005 They demonstrated higltopy number eEF1A
rescued the slow growth phenotypebservedupon deletion of theRAD53and RPN1(Qyenes

that are involved in the proteolytic pathwafChuang et al.2005) eEF1Awas shown to
interact with Rptlp, a subunit of the proteasome 19S regulatory particle, withjthed Ji m
mutant showing a reduction in the interaction betweekF1Aand theproteasome A more
recent study highlights a further role feEF1An aggresome formation. It was demonstrated
that upon accumulation afiewly synthesised aberrant proteirefzF1Avould bind with them,

with a reduction ofeEF1A resulting in reduced aggresome formageriin et al., 2012)

When taken together these data suggest a role &fF1Ain not only detecting and
chaperoning damaged or misfolded proteins from the ribosome to the proteasome, but also
in sensing the accumulation of defective products upon decreased moteal activity, and

signalling to activate the heat shock response and a putative aggresome formation pathway.
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1.2.4.3 eEF1A has both pre and anti -apoptotic effects.

eEF1Ahas been reported to have both prand antitapoptotic effects. A correlation was
initially observed between the levels of eEF1A and the rate of apoptosis, followed by an
observation made during cDNA screen, that elevated levels of eEF1A restdsidgance to
apoptosigDuttaroyet al., 1998; Talapatrat al., 2002) The exfanation for these contrasting
resuts may be thateEF1Ais present in higher eukaryotes in two isofornekF1Aland
eEF1A2 During muscle differentiatioreEF1Alwas revealed as prapoptotic, whereas
eEF1AZvas antiapoptotic (Ruestet al., 2002) Further studies have found thatcreased
levels ofeEF1AZr decreased levels d#EF1AIcorrelates to ERtressinduced apoptosis

(Talapatreet al., 20@).

Findings from aecent medical study have found that the expression levele&F1A2n
prostate cancer tissuewas significantly higher tham healthy tissue(Sunet al, 2014)
Reduction ofeEF1A2expression was coupled to a large inhibition of proliferation and
elevated levels of apoptosis. Further analysis revettatl suppression oEEF1A2ed to an
increase of apoptosis pathway protsi caspase3, BAD, BAX and PUMA, with levelSFEA2

being inversely correlated to caspase3 levels in prostate cancer tissues.

1.2.4.4 eEF1A and viral propagation

For a virus to thrive it needs to not only synthesise its own proteins, but it must alsonel
host proteins to replicate. It makes sense tima@ny studies suggesin interaction between
viruses ancecEF1AaseEF1A is one of the most abundant cellular proteins twedfact the
some viruses have evolved to utilise it is unsurprising. eEF1An@&Tdtis with aatRNA as

well as other mammalian RNA species, so, it is also unsurprising that eEF1A is able to bind
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some RNA structures of in the untranslated regions of viral genqiaseyak and Kinzy,

2010; Lkt al,, 2013)

1.2.5 The role of eEF1AnN cancer

Despite recent medical advances using traditional cytotoxic treatments, the global burden of
cancer has continued to increase, and it remains the leading cause of morbidity and mortality
(Siegekt al,, 2013) Understandingf translation, and the many translation factors involved,

is considered as being an important step in elucidating cancer progreSoteperet al.,

2007) eEF1As atranslation elongation factowhose roles have been studied extensively
but althougheEF1AJnd eEF1AZhare a high degree of structural and functional similarity,

only one of the isoform#$as been diredy implicated as being amncogene.

1.2.5.1 eEF1A1 is not an oncogene

There is o evidence to implicateEF1ABs an oncogendt maps to chromosome 6q14 and
this region is frequently lost in many canc@®bayashet al., 2008; Siddiet al., 2012) This
had led to speculation that 6q14 may contain a tumour suppressor ¢énerntonet al,
2003)with several studies suggesting U50 snuRIAId be a primary candidat@Villiams

and Farzaneh, 2012)

Induction of eEF1A1 overexpression has been observed in some cancer cell lines that have
been treated with pharmacological compounds indicating it as a potential tleettaptarget.
Greater than twefold changes in expression levels were seen in erythroblastic leukaemia,
osteosarcoma, and pancreatic cancer cell lines that are resistant to methotrexate, relative to
the methotrexate sensitive lineSelgaet al, 2009) Increased levels of eEF1A1 mRNA has
been identified in a cisplatin resistant, head and neck carcinoma cell line (UMSCC30byPt
(Johnssort al.,, 2000) Increased expression of eEF1A1 RNAalsdeen detected in various
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tumours and cancer cell lines without treatment, such @simary glioblastoma, prostate
cancer and hepatockllar carcinomgMohler et al,, 2002; Grasst al., 2007; Scridekt al.,

2008)

1.2.5.2 eEF1A2 is a true oncogene

Although it seems that eEF1A1 possesses little or no oncogenic properties, there is strong
evidence implicating eEF1A2 as a true oncod@mandet al,, 2002) eEF1A2Xxhibits the true
hallmarks of an oncogene, itnst only degected atelevated levels in breasbyarian and lung
cancers, to name a few, but it is also able to transforemmmalian cellgKallioniemiet al,,

1994; Anancet al,, 2002; Lanet al., 2006)

eEF1A2 is located &ici 20g13.3, a region which subject to chromosoral amplificationin
5-10% of breast cance(slodgsoret al,, 2003) There areseveral putative oncogenes located
in the region 20g13and dependent upon the loci amplifiethe prognosis varie@allioniemi

et al, 1994; Ginestieet al., 2006)

eEF1A2 is overexpressed in approximately 30% of ovarian carackectopt expression in
NIH3T3 cells results in enhanced growth rate, ancheiagependent growth, and induced
tumour formation when xenografted in nude mi¢@dnandet al., 2002) Further studies have
revealed overexpression afEF1A2n more than 85% of serus and endometroid cancers
(Pinkeet al, 2008) eEF1A2 has been shown to be an independent prognostic marker for
survival in serous cancers, with patients with elevated levels of eEF1A2 expected to have an

increased probabilitypf 20 year survial (Pinkeet al., 2008)

20913 amplification isised as a marker for breast cancer antinked to a poor prognosis

and enhanced tumour aggressivendgallioniemiet al., 1994; Courjakt al, 1996) The
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eEF1A2 locugoci20g13.3)is some 10 Mb away from the 803 amplification used to predict
prognosis, however surprisingly eEFITARNA and protein are detectable in breast cancers
(Goncalves and Maltacas, 2005; Kulkarat al., 2007) It is also surprising thateEF1A2
levels indicate a good prognosis for patients, contrary to amptibn of the20q13 locus
(Kulkarniet al., 2007) Levels oEEF1A2n malignantumoursis 30 times higher thahealthy

breast tissue, and benign breast tumoyi®mlinsoret al., 2005)

Comparative genomic hybridisation studies have identified eEF1A2 as playing a role in lung
cancer(Liet al,, 2006; Zhwet al., 2007) eEF1A2 gene, mRNA and protein are all found to be
elevated in lung adenocarcinomas, and are correlated to disease progression, decreased

lifespan of the patient, and a poor progno€iset al., 2006)

It is interesting that eEF1A2 appears to confer different effdefsendent on the tissue it is
expressedn. It has been observed as an oncogene in ovary, breast and lung cancer, but
appears as a good prognostic marker in some cases, and a bad prognostic marker iftothers.
is also interesting that ablation of eEF1A2 in lung cancer, using-isierfiering RNA reduces

cell proliferation and promotes apoptosis. However, in ovarian cancer, eEF1A2
overexpression increases cell proliferation, but has no effect on-ardigced cell death or
anoikis(Pinkeet al., 2008) These dta suggest that the tissubat eEF1A2 is expressen has

a dramatic effect on its interactions and its functions.

1.2.6 The role of eEF1A in otherdiseases

As previouslydiscussedn section 1.2.52EF1A2 is involved in the progression of several
cancers when expressed at elevated levels, but studies b#so revealed that deletion and

mutationsin eEF1A2 also result in varialdisease states.
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1.2.6.1 Deletion of a 15.6 kb region causes the inactivation of eEF1A2resulting

in the wasted mouse

Spontaneous deletion of a 15.6 kb region upstreaneBF1AZesults in the removal of all
promoter regions and its first neooding exon causing complete inactivatiohthe gene
(Chamberet al, 1998) Loss o€EF1AM this fashion results in the wasted mouse phenotype.
Mice with this mutation grow nonally to approximately 21 dayat this pointeEF1A2hould

be expressed at sufficient levels to counter the declineBRr 1AExpression. However, in the
wst mouse a lack oEEF1AZexpression results in the mouse losing weight, as well as
developing tremors and progressive atrophy of the spleen and thymus, resulting in mortality

by 28 daygShultzet al., 1982)

LYAGALFrtffte ARSYGATASR A ySdz2NBY RS3ISYSNIGAZ2Y
was originally associated with hindlimb paralysis &ethors (Lutsep et al.1989) Lutsep et

al. ob®rved vacuolar degeneration within the neurons of wst/wst mice and the accumulation

of neurofilaments. They suggested that it may be the phosphorylation of the neurofilaments

that is important in the onset of the observed neuron degeneration.

1.2.6.2 De nwo mutations in eEF1A2 are recorded to cause neurological

abnormalities

Three unique de novomutations have been observed iour patients each exhibiting
neurological afflictions. The first mutation characterigs2D8G>Aresulted in the substitution
of glycine 70 for serine. Two patients have been recorded as possessing this mutation, the
first exhibited severe intellectual disability and myoclonic seizueesl the secondhad
epileptic encephalopathgde Ligtet al,, 2012; Veeramabht al, 2013) Two further mutations

were characterised in 2014.754G>C, p.D252H and ¢.364G>A p.E122K. These two patients
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exhibited similar facial features including a depressed nasal bridge, tented upper lip, everted
lower lip, and downturned corners of the mouth. All @atts exhibited severe intellectual
disability, autistic behaviour, absent speech, neonatal hypotonia, egjlgmd progressive
microcephaly (Nakajimaet al, 2014) Nakajima et alrecommend that based on the

characterisation of these mutations a new neurat@ syndrome be classified.

1.3 The yeast actin cytoskeleton

Part of the main cellular machinery, actin is involved in a range of cellular functions. Both the
yeast proteinand geneACT1lwere discoveed over 30 years ago anthve been highly
characteriseqWateret al., 1980; Shortlet al., 1982) Within the yeast cell actin can exist in
one of threeultra-structures,patchescables, and in the contractileng (Moseley andsoode,

2006)

Similar to eEF1Actin is a highly conserved, abundant protein ess@riitir the survival of the
cell(Pollard, 2000)It exists as botlglobular monomeric@-actin) and filamentous polymeric
(Factin) forms. Gactin is a42kDa protein encoded for b&CTland consists of two large
domains, that are edtcomposed of two subdomairfgvateret al., 1980; Shortlet al.,, 1982;
Kabschet al., 1990) The large domains form a hinged molecule with a deep whafth
provides a nucleotide binding sité~actin forms a righthanded double helixn a polar
manner. These two forms of actino-exist in adynamic cycle, making and breaking filaments

as required.

Polymerisation of actin is limited by the initial nucleation event, the binding of thraeti@
monomers. Once the hurdle of nucleation is overcomelymerisation rapidly progresse
Preferential addition of ATP bound actin to the barbed end results in polarised grdkih

is followed by the hydrolysisf the ATP subunit resulting in ADP+Rofganic phosphate)
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bound actinand a conformational change in the monomers structffollard, 1986;
Kudryasho\et al., 2010) Piis then liberated, to leave ABBbund actin(Pollard, 200Q)Once
dissociated fronthe pointed endhe ADPactin monomers are free to exchange ADP for ATP

and commence the cycle once moreg figure 1.h

LSS
o{ }
ADP+Pi-actin .
ADP-actin O O \—/ . .

Figure 1.5 A schematic view of actin treadmillin g. ATRactin is shown in blue, ADP+Rctin is red, and

ATP-Actin

000

ADRactin is yellow.

1.4 The actin cytoskeleton and translation

Research from the Gourlay land previouslypublished in the literature has established
significantfunctionallinks between the protein translational machinery and the cytoskeleton
The cytoskeletonregulates the spacial andtemporal organisation of the translational
apparatusincludingribosomes and polysome&$Volosewick and Porter, 1976; Ramaekets
al., 1983) It has also been shown that disruptionFedictin, by latrunculinyeduces translation
levels whilst disruption of microtubulegoes not(Stapulioniset al., 1997) Theeffects of the

translational machinery on the actin cykeleton arediscussed below.

1.4.1 Initiation factors and the actin cytoskeleton

A lot remains to be discovered regarding the localisatiotrarfslationinitiation factors as

they play intrinsic roles in development, cell polarity and cell migratidme trangation
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initiation factor elF3 iknown associate with the actin binding protef#a2p and with
membranes via actin filamentsalthough nothing is understooébout the functional

significance of thigPalecelet al., 2001; Pincheirat al,, 2001)

The double mutanh S L CH ! khags Beler@em®nstrated to disrupt actin organisation. Cells

exhibited an almost total loss of actin flaments and cables, resulting in severely retarded
growth and 85% of cells stalling at the G2/M transitilomaret al., 2005) The singin SL CH !

andp S L @uahts had a reduced effect on actin polymerisation andaghorelative to the

R2dz0f S Ydzil yid 1 26SOSNE O2yGNI NB G2 GKS I dziK
mutants showed increased levels of actihwas expected that the mutants would exhibit

reduced translation and so, a lower abundance of adthe increased levels were explained

by elF2A acting as a suppressor of-tafependent translation processes. This indicatiedt

no direct linkexistedbetween actin and the translation initiation machinery, but that actin

levels were changed due to altered expressibmegulatory proteingKomaret al.,, 2005)

The elF4F complex is foumdthe nonsoluble fractionof lysed fibroblastshat suggestsan
association withthe cytoskeleton, althougmo associaon was observed in intact cells
visualized by fluorescence microscoWillett et al., 2006) Functional domains of elF4G, a
subunit of elF4F, was overexpresse&ipombeesulting in aberrant cytokinesis, and causing

a loss of cell polarity and disruption of actin patckidashemzadelBonehiet al,, 2003)

1.4.2 Elongation factors and the actin cytoskeleton

Other than eEF1A, to be discussed latesection 1.4.4little evidence exists for interactions
between othertranslation elongation facbrs and the actin cytoskeleton. eEF2 has been
observed to cdocalise with actinin fibroblasts, but there is no evidence of a strong
association between thawvo. It was suggsted that the interaction is likely to be indireeind
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rather due to associatioof the entire translational machinery and the mRNA anchored to

actin (Shestakovat al. 1991)

1.4.3 Release factors and the actin cytoskeleton

A decrease in the lel®of eRF3 i.cerevisiaes known toresultin large budded cells with a
reduced growth rateand an increase in nonsense codon suppres@iaoueet al, 2002) A
mutant expressing only the-@rminal domain of eRF3 (eRF3@sgeneratedby Valouev at

al. The eRF3c mutation conferred an increase in nonsense codon expressioot botthe

same level as the full length eRF3, suggesting thatNhHerminal domain of eRF3 has
deleterious effects on the termination function of eRF3. The eRF3c mutant also conferred a
severe actin aberration. Cells visualized by fluorescent microsgepy completely devoid of

phalloidin staining, indicating the absence of any detectable actin.

In the same papefValouewvet al,, 2002)it was demonstrated the repression of eRF1 causes
an accumulation of unbudded cells with 2C and higher genomic content, suggesting an

uncoupling of DNA replication and cell budding.

These data sugges robust link between the actin cytoskeleton and the translational
machinery, although there are still significant holes in our knowledge. One further link
between these two processes is that of eEF1A and actin. This is undoubtedly the strongest

link, ard has far reaching implications for many areas of research.

1.4.4 eEF1A and the actin cytoskeleton

As previously describeth section 1.2the canonical role ofeEF1Ais the delivery of
aminoacylatedRNA to the A site of the ribosome during translationngjation.eEF1Asalso

known to be an actitbinding protein across a range of spediesn the yeastsS. cerevisiae
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and S. pombeand the slime mouldictyostelium amoebat mammals(Yanget al.,, 1990;
Edmondset al, 1996; Suda&t al, 1999; Gross and Kinzy, 200B)is also known tha¢B-1A
not only binds, but can also cross linlagtin, and in doing so generates actin bundles that
possess a unique structure excluding all other actin crosslinkangenet al, 1992) It is
estimatedmore than70-90% ofD. amoebaeGTReEF1A is bound to act{icdmondset al.,
1998) suggesting a unique acteEF1A envwimment within the cytoplasm that could

correlate to changes in cell size or motility, and mRNA translation.

Genetic manipulatios of eEF1A have begun to elucidate the mechanism of eEF1A
interactions with actin, with studies from the Kinzy lab demonstrating that residues in
domains Il and Ill of eEF1A are involved in eEF1As ability to bundld@iss and Kinzy,
2005; Gross and Kinzy, 200Their studies revealed two classes of mutations, the first were
those which did not affect the rate of prein synthesis, but resulted in a disorganised actin
cytoskeleton and reduced actin bundling, although actin binding was unaliengtio (Gross

and Kinzy, 2005)The second class of mutations caused severe actin phenotypes along with
slowed growth and decreased levels of translation initiai@moss and Kinzy, 2007Mhese

data along wih that from the Condeelis lab suggests that the binding sites on eEF1A-for aa
tRNA and actin overlagLiu et al, 1996) meaningthe functions of actin binding and
translationmay bemutually exclusiveThis indicates there could be two pools of 2Ekn the
system an actin bound translation incompetentpool, and an actin free pool that is
translationally competent. This also means however that at any time there could be a pool of

eEF1A, ready for rapid release from the cytoskeleton to increase protein translation.
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1.5 Research objectives

Due to the highly conserved nature of eEF&Ad of the translational and cytoskeletal
machinery we sought to utilise the budding yeaStcerevisiaé elucidate novel interactive
partners of eEF1A. Using this information we aimed to see if thetsFactions were
conserved through to humans by overexpressing the oncogenic human isoform eBF1A2.
was hopedhat thisstudy may assist imnderstandinghe differences between the two eEF1A
isoforms and their origins, as well as the mecharni$tumourigenesis induced by high levels

of eEF1A2.
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2.1 Media and growth con ditions for Escherichia coli, Saccharomyces

cerevisiae and HEK293 cells

All media, unless specified, was sterilised in a Prestige medicalb@melutoclave at 121 °C,

15 Ib/ ir? for 11 minutes. For agar plates 2 % wi/v of granulated agar (Difco) was added to
broth recipes prior to autoclavindescherichia dowas grown at 37 °C with liquid cultures
grown with rapid aeration at 200 rpnSaccharomyces cerevisa@s grown at 30 °C with
liquid cultures grown with rapid aeration at 180 rpfHEK293 cells were grown in a static

incubator at 37 °C and 5 % £0

2.1.1 Yeast media

2.1.1.1 Yeast extract, peptone, dextrose (YPD) medium

2 % w/v glucose, 1 % wi/v yeast extract (Difco), 2 % w/v bactopeptone (Difco)

2.1.1.2 Synthetic complete (SC) dropout medium
2 % glucose).67 % Yeast Nitrogen Baséhout Amino Aids (Fomedium), Yeast Synthetic

Complete Dropout Media Supplement (Formedium) added to manufactuggrsdelines.

2.1.1.3 Media for microscopy

Because of issues with aufluorescence generating background noise during microscopy all

strains grown for microscopwere done so in low fluorescence media with steation

achieved through filtration rather than autoclavinfhe low fluorescence media consisted of

2 % w/v glucosd).69 % Yeast Nitrogen Base without Amino Acids atitbuii Folic Acid and

Riboflavin- LoFlo (Formedium)Yeast Synthetic Complete Dropt Media Supplement
OC2NNSRAdzZY0O FRRSR (2 YIydzZFlI OGdzZNBENEQ 3IdzA RSt Ay

prevent caramelisation of the glucose.
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2.1.2 Bacterial media

2.1.2.1 Yeast, Tryptone (YT)medium

1% yeast extract, 1.6 % tryptone, 0.5% NaCl

2.1.3 Cell culture media

2.1.3.1 Media for HEK293 cells prior to Flp-In transfection
DMEM, High Glucose, GlutaMAX (Invitrogen, 6086) with 2 mM glutamine (Invitrogen,

21765029), 10 % FBS (Invitroger0DB-044) and 1/1000 Zeocin (Invitrogen)

2.1.3.2 Media for HEK293 cells post FipIn transfection
DMEM, High Glucose, GlutaMAX (Invitrogen, 6086) with 2 mM glutamine (Invitrogen,
21765029), 10 % FBS (Invitrogen 16000 n 0 ' YR wmnn  >BE(nWrbgen, @ I NP Y ¢

10687010)

2.1.3.3 HEK293 cell maintainance

HEK293 cells were grown in DMEM medium as described in2.C8lls were maintained in
T25flasks and upon reaching 75 % confluence they were split 1:10. Cell splitting was carried
out by enzymatic trypsinisation of the focal adhesions using TrESIRA (0.05 % Trypsin,

0.53 mM EDTA.4Na, Invitrogen). The medium that cells were grown in wiastesff and
discarded, 0.75 ml of TrypsEDTA was added to the cells and they were incubated at 37 °C
for 3 minutes. To detach the cells from the surface of the flask, the flask was hit five to seven
times and then 0.75 ml of DMEM was added to neusealihe Tryps#EDTA. 7 ml of DMEM

was put in a new T25 flask and then 150 pl of the cell suspension was added to this. Cells were

grown at 37 °C and 5 % £0
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2.2 Strains

2.2.1 Yeast strains

Table 2.1¢ Teast strains used in this study

Strain Genotype Source Reference
BY4741 al ¢l ®MA@BSgepnn Y CWG collection
ntk oLlim BY4741abp140::KANMX Mat a knockout collection
nlkoO¥F BY474lacf4::KANMX Mat a knockout collection
nkAYH BY474%im21::KANMX Mat a knockout collection
nkAaye BY474%im3::KANMX Mat a knockout collection
nkAay- BY474%aim7::KANMX Mat a knockout collection
nk ALl BY474%ipl::KANMX Mat a knockout collection
nlk RLJ BY474%adpl::KANMX Mat a knockout collection
nlk NOb» BY4741arc18::KANMX Mat a knockout collection
nl NJ BY474ark1l::KANMX Mat a knockout collection
nk NLJ BY474%rpl::KANMX Mat a knockout collection
nkF NLJ BY474%arp5::KANMX Mat a knockout collection
nkF NLJ BY474%arp6::KANMX Mat a knockout collection
nk NLJ BY4741arp8::KANMX Mat a knockout collection
nol 3- BY474Dbag7::KANMX Mat a knockout collection
noooil BY474Dbbcl::KANMX Mat a knockout collection
noAd BY474Dbit2::KANMX Mat a knockout collection
noAid:« BY474Dbit61::KANMX Mat a knockout collection
noya BY474Dbnil::KANMX Mat a knockoutollection
n oy NJ BY474Dbnrl::KANMX Mat a knockout collection
noakLd BY4741bspl::KANMX Mat a knockout collection
n o6 dzR « BY474Dbud6::KANMX Mat a knockout collection
noll BY4741bzz1::KANMX Mat a knockout collection
n Ol LJ BY474capl::KANMX Mat aknockout collection
nol LJ BY474Xcap2::KANMX Mat a knockout collection
n ONYy BY474%rnl::KANMX Mat a knockout collection
noeq . BY474Xyk3::KANMX Mat a knockout collection
nNnSYyR« BY474%nd3::KANMX Mat a knockout collection
nSyi: BY474%ntl::KANMX Mat a knockout collection
nSyi BY474%knt2::KANMX Mat a knockout collection
ngeal BY474geal::KANMX Mat a knockout collection
n3aAiLl BY4741ip3::KANMX Mat a knockout collection
neyyi BY4743nm1::KANMX Mat a knockout collection
ntao BY4741sb6::KANMX Mat a knockout collection
nyYaoc BY474Imsb3::KANMX Mat a knockout collection
nyezr BY474Imyo4::KANMX Mat a knockout collection
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n LI LJ BY474plpl::KANMX Mat a knockout collection
n NHR BY474Xgdl1::KANMX Mat a knockout collection
NnNIa v BY474%vs167::KANMX Mat a knockout collection
nal O BY4741kac6::KANMX Mat a knockout collection
nat O BY4743kac7::KANMX Mat a knockout collection
naoLd BY4743scpl::KANMX Mat a knockout collection
naagh BY4745kiwl4::KANMX Mat a knockout collection
naftl BY474klal::KANMX Mat a knockout collection
nat 2 BY4745lo1::KANMX Mat a knockout collection
naldLd BY474pa2::KANMX Mat a knockout collection
na LIy BY4741pm2::KANMX Mat a knockout collection
nidaon BY474%sc11::KANMX Mat a knockoutollection
nisTi BY474%wfl::KANMX Mat a knockout collection
n gNLJ BY474vrpl::KANMX Mat a knockout collection
nelsS BY474yke2::KANMX Mat a knockout collection
neaoy BY474%sc84::KANMX Mat a knockout collection
ARP1GFP BY4741 Yeast GFPl@he collection
TUB4GFP BY4741 Yeast GFPl@he collection
TKY881 a | (i h 3-5&ZNdu23, 112 trpideltal, lys2 (Gross and Kinzy, 2007)

20, met21, his4713, tefl::LEUZ2, tef2delta,
pTEFIURA3 TRP1
TKY882 TKY881 pTERIRA3 TRP1 N329D Y355C (Gross and Kinzy, 2007)
TKY883 TKY881 pTERIRA3 TRP1 K333E (Gross and Kinzy, 2007)
TKY885 TKY881 pTERIRA3 TRP1 H924A Q296F (Gross and Kinzy, 2007)
TKY886 TKY881 pTERIRA3 TRP1 F308L (Gross and Kinzy, 2007)
TKY887 TKY881 pTERIRA3 TRP1 N305S (Gross and Kinzy, 2007)
TKY888 TKY881 pTERIRA3 TRP1 S405P (Gross and Kinzy, 2007)
TKY889 TKY881 pTERIRA3 TRP1 N329S (Gross and Kinzy, 2007)

The yeast MATa knockout collection was generated by the yeast genometmopesortium

(http://www -sequence.stanford.edu/group/yeast deletion project/consortium.htrmland

purchased fronOpen Bosystems (now part of GE Healthcare).

2.2.2 Bacterial strains

51 ph

FdeoR endAl relAl gyrA96 hsdT17ink+) phoA supE44 tii (IgcZYA

I NHCU | mMmc ¢

,yntfl O%namp

2.2.3 Mammalian cell lines

Flpin HEK293 Adherent Humarembryonic kidney{Grahamet al., 1977) pFRTlacZeo
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2.3 Plasmids

Table 2.2¢ Plasmids used in this study

Name Descripton Source/Reference
pCG1l24 pAG425GPacdB, Gateway Invitrogen
expression vector, Leu2, 2
pTHES3 pPENTR/TEVADOPO TEF1 TvdH collection
pCG454 pCG124 containing pTHES3 This study
Leu2:TEF1, 2u
pcDNAS.0/ FlpIn control plasmid Invitrogen
hygromycin resistance
PcDNA3/1A2 Plasmid used for amplification (Anandet al., 2002)
of human eEF1A2
pcDNA5.0/1A2 Human eEF1A2 expression This study
vector

2.4 DNA and RNA methods

2.4.1 Gateway cloning

All yeast overexpression vectovgere generated using the Gateway PCR Cloning System
(Invitrogen) The entry clones wergenerated in donor vector, pPDONR221, with tddition

of a gene of interestTheTEFlentry vector was generated in our lab by Claudia Solscheid,
with all others being generated during this projeEmntry clones were created by amplifying a
GOl flanked by attB sites using PCR. Recombination of the donor vector afiidraittl PCR
product was catalysed by the addition of BP clonase enzyme mix. The BP eloadion
results in recombination of the attBCR product and the linearised donor vector creating the

attL containing entry clone and an attR by product.

Yeast expressiooloneswere generated by recombining the entry clométh a destination
vector. Recombination of the attL entry clone and attRestination vector wasatalysed by

the addition of LR clonase enzyme mix. TRelonase reaction results in recombination of
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the attL entry cloneand theattR destination vectodonor vector creating the aBcontaining

expression clone and an attP by prod(se figure 2.1

BP Reaction
atth atth attP attP attl aftl otk ottR
nE uf + (= ]

attB-flanked PCR product or ottB
expression clone

by-product
Donor vector Entry clone

LR Reaction

attl attl attR attR attB attB attp

ene
gene

Entry clone expression clone

aitp

LR Clonase

by product

Destination vector

Figure 2.1, Overview of Gateway BP and LR reactionsTheBP reaction catalyses a reaction between attB
flanked PCR product and a Donor Vector to generate an Entry Clone. The LR reaetialyses a reaction
between an Entry Clone and a Destination Vector to generate an Expression Clone.

2.4.2 Insertion of DNA into a veast cell

2.4.2.1 Yeast transformation

Table 23 - Yeast transformation reagents

Reage 0 ONCeE atlo a oncenwttio
TE 10 x 1x
LiAc 1M 0.1 M
PEG 50 % 40 %
ssDNA 10 mg/ml 0.1 mg/ml
Plasmid DNA 100cHnn >3KY 04¢cm > 3K Y

A freshly streaked yeast colony was picked and inoculated into 5 ml of appropriate media.
This was grown overnight at 30 °C with shaking at 180 rpm. 1 ml of overnight culture was
collectedin a 1.5 ml eppendorf and pelleted usiagoenchtop centrifuge at 3000 rpm for 4
YAYydziSad ¢KS adzLSNYFGlFyld 6Fa RAAOFNRSR FYyR
were pelleted again at 3000 rpm for 4 minutes and the supernatant was discarded. Cells were
0§KSy NI adza LIS yoR SIRIACNnYTE pnd pelleted for final time at 3000 rpm for 4

32



Chapter 2: Material and methods

YAYydziSas GKS adzZISNYylFdFyd éFa RAAOFNRSR® / St f
YR GKSy wmp >f 2F aamb!a HWRRSRO>r na¥ >1E)X RFY nRe
LiAc in TE as added and cells were briefly vortexed at full speed. The eppendorfs were placed

in a heat block at 42 °C and left to incubate for 15 minutes. Following heat shock cells were

LISt €t SGSR G onnn NLI)Y FT2NJ n YAYdzi&nediabéfre ISy (€
mann >f 2F OStft adzallSyaAirzy ¢gla LXIFIGSR 2y G2 |
for 3 days and colonies were-streaked onto appropriate synthetic complete dropt

selection medium.

2.4.2.2 Preparation of competent cells

10 m of YT was inoculated withDH5 OSff & | yR 3ANRgY 2O0SNYAIKG |
NLIY® y >f 2F 2@SNYAIKG OdzZ GdzNBE g1 a Ay20dz | (¢
with shaking at 200 rpm for approximately 4.5 hours. 5 minutes prior tolieg an OBy of

0.5, 3.75 ml of sterile, warm 100% glycerol was slowly added whilst still shaking the flask. The
cells were chilled on ice for 10 minutes and then pelleted at 4000 rpm and 4 °C for 10 minutes.

The supernatant was discarded and cells wesaispended in an equal volume of ice cold 0.1

M MgCt plus glyceral Cells were pelleted at 3800 rpm and 4 °C for 8 minutes before re
suspending in 6.25 ml of ice coldsdlts. Cells were incubated on ice for 20 minutes with
occasional mixing. Cells wepelleted for a final time at 3600 rpm and 4 °C for 6 minutes.

Cells were resuspended in 1.25 ml efalts and aliquoted into preooled 0.5 ml eppendorfs.

The eppendorfs were stored immediately-80 °C until required.

2.4.2.3 Escherichia coli transforma tion with plasmid DNA
Competent cells (as previously described) werabd on ice and gently mixed. GGz&n >3 2 F

5b! 61 & FRRSR (2 pn >[ 2F 02YLISGSyid OStftao ¢
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minutes and then heat shocked at 42 °C for 90 sdsoiihe cells were pelleted at 4000 rpm

for 3 minutes and the supernatant was discarded. Cells were resuspendediin >t 2 ¥ |
ONROK YR 6SNB [ftft26SR (2 NBO2@GSNI G o1 c/ ¢
suspension was plated onto YT platcontaining the appropriate antibiotic and plates were

incubated at 37 °C overnight.

2.4.3 Plasmid amplification and purification

An E.colicolony that contained the plasmid of interest was inoculated into 5 ml of YT broth
with the appropriate antibiotic and grown overnight at 37 °C with shaking at 200 rpm. 1 ml of
cells was harvested in a 1.5 ml eppendorf by centrifugation at 13,000 rp&®feeconds. The
plasmid DNA was isolated from the pellet using a Qiagen QlAprep Spin Miniprep Kit as per the

YIydzFIF OGdZNENEQ AyaidNHzOGA2yad

2.4.4 DNA quantification

A BMG Labtech SPECTROstar Nano was used to measure and calculate DNA concentration. 1
> { athfle was loaded onto the LVis Plate, with upto 15 samples loaded at a time plus an
Elution Buffer blankA reading at ORo was measured allowing measurement of DNA

O2yOSYUNX A2y Ay >3kY( P

2.4.5 DNA digestion using restriction enzymes

Restriction endonuelases for the digestion of DNA plasmids at specific sites were acquired
from New England Biolabs, Roche and Promega. Digestions were carried out as per the

YIydzZFl OGdzZNENBRQ 3JdzA RSt AySa odzi dGeLAOlftfte O2ya
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Table 24 - Regents for restriction digest

Reagent Amount

10 x Enzyme Buffer H ®p > [

Restriction Enzyme | n ®p > |

DNA M >3

ddH0 ') 02 Hp

All components were added to a 0.5 ml eppendorf and incubated at 37 °C typically for 2 hours

but overnight incubation wasometimes required.

2.4.6 PCR amplification of DNA fragments

PCR reactions were required to amplify desired DNA sequences. The PCR utilised the DNA
polymerase Tag (Roche), a DNA template, primers and nucleotides. Reactions were
performed at optimakonditions dependent upon the length of the fragment to be amplified

and the nature of the primers used. A typical PCR reaction consisted of:

Table 2.5 Reagents for PCR amplification

Reagent Amount

10 x Taq Buffer HPp >

10 mM dNTPs nop >

10 mMPrimers neop >[ 2F SI OK
Template DNA M >3

Taq polymerase nNoOMHpPp >

ddH0 L) 02 Hp >
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A typical program for a 2 kilobase fragment would be:

94 °C for 3 minutes, initial denaturation of temple DNA

94 °C for 30 seconds, short denaturation

54 °C for Ininute, annealing (varies upon primer length and GC conte Repeat for
72 °C for 2 minutes, elongation 30 cycles

72 °C for 10 minutes, final elongation

2.4.7 Agarose gel electrophoresis

Gels were prepared by adding the desired quantity (typi€allyg) of molecular biology grade

agarose (Melford) to 1 x TAE buffer (40 mM tris, 1 mM EDTA and 20 mM Acetic acid, pH 8.5)
FYR KSIFOAYy3 dzyGAf RA&EA2T OSR® nop >t 2F wmn Y
agarose TAE and then poured into casith a comb being added following an inspection for

bubbles in the molten geDnce set the comb was removed and the get was transferred to an
electrophoresis tank and covered in TAEL kb ladder was used for sample identification and

DNA preps were mixed wit6 x loading buffer prior to loading into the gel. Toghigels were

run at 70 V for 45nminutes. Gel analysis was performading a shortwave transilluminator

(312nm) with the image capture by digital camera.

2.4.8 DNA gel extraction

DNA fragments were pified from agarose gels using the Qiagen QIAquick Gel Extraction Kit.
Following image capture of the agarose gel it was transferred to a flatbed shortwave
transilluminator (312 nm) and the desired bands were excised using a sterile scalpel. DNA was

isolaSR FNRY (KS 3ISt FTNIXIYSyida Fa LISNI GKS YI ydz
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2.4.9 DNA ligation

Fragments of DN#vere excised from the agarose gel as described in 2.4.8 and the purified
5b! gl & fA3IFGSR dzaAy3a GKS w20KS wlLAR 5b!

instructons.

2.4.10 Whole cell RNA extraction

Whole yeast cell RNA extraction for microarray analysis was performed using the Qiagen

wbSFae aAyA YAQG I &ma@.NJ G§KS YI ydzFl O dzZNB NE Q

2.4.11 Flp-In recombination

Stable HEK293 cell lines were generated usingrttigérdgen Flpin Recombination System,

&4 LISNI GKS YIFydzFlI OGdzNENERQ 3IFdzA RSt AySao

2.5 Protein methods

2.5.1 Whole cell protein extraction

Whole cell protein extraction was performed as describe@am der Haar, 2007A cell count

was performed on cells in the desired phase of growth and 18xdls were harvested by
centrifugation in a benctiop centrifuge at 13,000 rpm fdr minute. They were resuspended

AY wnn >t teara odzZFFSNI 6n dm -neercaptbethandl) andbn p a
AyOdzol SR +dG don ¢/ F2N) mn YAydziSad p >t 27
vortexed for 30 seconds before being incubated foF dzZNJi K SNJ mn YAy dziSa i
loading buffer(0.25 M TrisHCI pH 6.8, 50 % glycerol, 0.05 % bromophenol bhas)added

to each sampl@and they were stored a20 °C until needed.
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2.5.2 Protein separation by SDSPAGE

Proteins were separated by molecular mass using-FPR&E Gels were composed of a
resolving layer with acrylamide concentrations of¢lD2.5 % and a stacking layer of 5 % (see
recipes in table2.3). The gels were prepared by pouring the resay gel miture into the
ATTO Gel systernast and overlaying with isopropanol. Once the resolving layer had
polymerised the isopropanol was discarded and the stacking gel mixture was poured on top
followed by insertion of the comb. Once the stacking layer had pol®eé@rthe comb was

removed and the gasket removed from thesta

Table 2.6- Reagents for acrylamide gels

Acrylamide concentration

12.5% 5 % (stacking)
Acrylamide 40 % 2 mi 2.5 ml 0.375 ml
1.5 M Tris (pH8.8) 2 ml 2 mi -
0.5 M Tris (pH6.8) - - 0.75 ml
HO 4 ml 3.5 ml 1.875 mi
TEMED p >f p >f odp >f¢
10 % APS op >f op >f op >t

The gel was then transferred to the electrophoresis tank and the tankilleds with 1 XxTGS
running buffer (10x TGS; 250 uM Tris pH8, 1.92 M glycine, 1% SDS, $&t@[8gs were run
at 90 volts until they had passed through the stacking layer, at which point the power was

increased to 120 volts and run for a further 2 hours, or until the sample buffer ran off the gel.

2.5.3 Protein detection by western blotting and E CL detection

Following separation by SIPAGE proteins were detected by western blot amhanced

chemiluminescence (ECL) detection.
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2.5.3.1 Semidry protein transfer

The first stage of western blotting was the setiny transfer of proteins from the SDSI ¢e

the Polyvinylidene FluorideRVDFmembrane To do this PVDF membrane and 2 sheets of
blotting paper were cut to the same dimensions as the SDS gel; the PVDF was soaked in
methanol and then placed in transfer buffer together with the blotting paper for 15 minutes.
The first piece of the blotting geer was placed on the bottom electrode of a BioRad sy
transfer machine and any air bubbles removed. Next the PVDF membrane was placed on top,
again removing air bubbles to ensure uniform transfer. The SDS gel was removed from the
electrophoresis tankand the cast, and the stacking layer was removed using a scalpel and
then discarded. The resolving gel was then gently placed on top of the PVDF membrane
ensuring no air bubbles were present. The final piece of blotting paper was placed on top and
then the top electrode was locked in placEhe power pack was set to 25 V and would be run

for 15 minutes per blot. When the transfer was complete the PVDF was removed for use in

immunoblotting.

2.5.3.2 Immunoblotting

Immunoblotting was used to detect desirg@doteins. The PVDF membrane (from the Semi

dry transfer) was placed in blocking buffer (5 % w/v dried milk in PBST [PBS with 0.2% Tween)])
and shaken for 45 minutes at room temperature. The membrane was rinsed in PBST and
placed in a flat tray containing 2@l blocking buffer with the appropriate antiody at the
concentration recommended by the manufacturer. This was left shaking at 4 °C overnight.
Following the primary arbody conjugation the membrane was rinsed with PBST and then
given one 15 minute, ahtwo 5 minute washes in PBST. The membrane was then placed into

a clean flat tray and covered with 20 ml of blocking buffer containing the secondasyaiti

at the appropriate concentration. This was left to shake at room temperature for 30 minutes
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Folowing the secondary anbody conjugation the membrane was rinsed again in PBST and

then given a further 15 minute wash and three 5 minute washes in PBST.

Table 2.7- Antibodies used for immunoblotting

Raised against Raised in Concentration used at
h-eEF1A1 Human eEF1A1l Rabbit 1/3000
h-eEF1A2 Human eEF1A2 Rabbit 1/3000
h -Rabbit HRP Rabbit IgG Goat 1/5000

2.5.3.3 ECL detection

Detection of proteins on the PVDF membrane was performed using ECL detection. The
following procedures were carried out in a dark room with red light as the only light source.
The two deeloping solutions (see table 3.4vere mixed at a 1:1 ratio and powt®ver the

PVDF membrane in a clean box, they were left for 1 minute at room temperature and the
membrane was then drained and placed between two sheets of plastic wrap inside a
developing cassette. A sheet ofra§ film was placed on top of the plasticegth and the
developing cassette was closed for the appropriate amount of time to acquire the desired
exposure (approximately 1 minute). Theray film was removed and placed into the

developing machine (XOgraph Compact X4) completing the detection process.
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Table 2.8 Reagents for ECL solutions

Reagent Stockconcentration Solution | Solution Il
Luminol 250 mM 1 mi -
p-coumaric acid 90 mM 0.44 ml -
TRIS. HCI (pH8.5 1M 10 ml 10 ml
H20; 30% - 64
HO - Up to 100 ml Up to 100 ml

2.5.4 Metabolite detection

To characterise the cellular metabolome in yeast, cells were grown to the desired phase of
growth and either had their entire metabolome extracted, or just that of the vacuole.

Detection of metabolites was carried out using proton @adoon based NMR.

2.5.4.1 Whole cell metabolite extraction

50 ml cultures were grown to théesiredphase of growth and a cell count was performed for
guantification purposes. Cells were decanted into 50 ml falcons and cooled on ice before
pelleting at 300 g and 4 °C for 5 minutes. They were then washed twice in 25 ml of ice cold
water and the biomass was weighed for quantification purposes. 5ml of boiling 75 % EtOH
was added to the pellet together with 2 ml of 0.3 mm glass beads. The samples were vortexed
for 30 seconds and then incubated at 80 °C for 3 minutes followed by another 30 second
vortex. Samples were decanted into a 15 ml falcon leaving the beads in the 50 ml falcon for a
second wash with a further 2 ml of 75 % EtOH that was then combinedivattetainder of

the sample in the 15 ml falcon. Samples were then aliquoted into 2 ml eppendorfs and
centrifuged at 16,000 g for 10 minutes to remove cell debris. Samples were transferred to
clean 2 ml eppendorfs and dried overnight in a Rotorvac at 33&@ples were resuspended

AY 0 om0 antl sp@nfat 5D00 rpm for 10 minutes to remove any further debris, before
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combining the supernatant into a single 1.5 ml eppendorf. Samples were froz&® &C

before being freeze dried overnight. Samples wemed at-20 °C until required.

2.5.4.2 Vacuolar metabolite extraction (adapted from Destruelle et al., {995))

100 ml cultures were grown to the desired phase of growatcanted into 50 ml falcoreand

cooled on iceCells were pelleted at 3000 g addC for 5 minutes before being washed twice

in 25 ml of ice cold water. They were resuspended in 10 ml amino acids buffer (2.5 mM
potassium phosphate buffer, pH 6, 0.6 M sorbitol, 10 mM glucose, and 0.2 mi),Gua@l

incubated at 30 °C for 10 minutes.fCé & dza LISy aA 2y a ogSNB KI NBSaidS|
membrane filters (Millipore) and washed five times with amino acid buffer lacking 0.2 mM

Cudl. Cells retained on the filter were resuspended #tnd boiled for 15 minutes. The cell
suspension washen centrifuged at 100,000 g for 1 hour and the supernatant was collected

as the vacuolar fraction.

2.5.4.3 Metabolite detection by NMR

Nuclear Magnetic Resonance (NMR) spectroscopy was used to analyse the metabolite preps.
Experiments were performeat 28 K on a Bruker AVANCE 3 600 MHz spectrometer,
equipped with a QG cryoprobe. Data sets were acquired with 64k points and a proton
window size of 16 ppm. Spectra were referenced against an internal standard of DSS. The

excitation sculpting method was usé¢o suppress the water peak using pulsed field gradients.

2.5.4.4 Metabolite analysis

Analysis of data acquired by NMR spectroscopy was performed using Bruker TopSpin and
AMIX data analysis software, as well as CcpNmr An@lirsiskenet al.,, 2005) Identification

of metabolites was performed by comparison to previously published data on the Madison

Metabolomics Consortium Database, peak assignment of 2D spectra, and the generation of a
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new metabolite database at the Universityf Kent trat now contains 47 metabolite

standards.

2.5.4.5 Metabolite quantification

Addition of a DSS(4,4dimethyt4-silapentanel-sulfonic acid) standard of known
concentration to the samplegave us the abilitto quantify the concentration of other
metabolitesin the NMR spectrum. We utilised Bruker TopSpin to quantify peak intetisaty
total area under gpeak of interest for peaks that were known to be unique tssigned
metabolites and compared them to the intensity of the DSS standard. Using this meth®d ga
us relative values, but for absolute concentrations we needed to know how many protons
accounted for each peak. Once we had pealensities for the DSS standard and the
metabolite of interest, and the proton number we were able to use the equationvbétn

calculate he concentration, where X is the peak of interest.

Concentration (uUM) =

peak X intensity/((DSS peak intensity/9 protons)*peak X protons)*50

2.6 Phenotypic analyses

2.6.1 Fluorescence microscopy

All fluorescence microscopy was performed am Olympus 1X81 inverted research
microscope. Images were captured through a Hamamatsu phot@RSA AG cooled CCD
digital camera, with light excitation from an Olympus MT20 illumination system. Control of

the system was through the Olympus Cell*R imagoftyvare. Images were processed using
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Huygens deconvolution software from Scientific Volume ImaghMigmages were captured

using a 60x objective.

2.6.1.1 GFP and RFP tagged proteins

Observation of proteins in yeast is facilitated by the generatiomef@FP librargHuhet al.,
2003)that has three quarters of the yeast proteormmeividuallytagged to GFP. This was the
primary source for GFP straingith the remainder of the GFP/RFP strains generated during

this project being plasmid based expression systems.

2.6.1.2 Actin visualisation using Rhodamine Phalloidin

Actin was visualised by staining cells with Rhodamine Phalloidin (Invitrogen). Cells were
grown to the desired growth phase and 1 ml of culture was transferred to a 1.5 ml eppendorf.
Cells were fixed in % formaldehyde and left at room temperature for dur. Cells were

pelleted at 3000 rpm for 4 minutes and then washed twice with PBS + 1 mg/ml BSA + 0.1 %
T%100.¢ KS LJSffSG ¢l a NBaAadzALISYRSR Ay pn >t 27
Phalloidin and incubated in the dark for 30 minutes. Followingstgj cells were washed in

PBS + 1 mg/ml BSA and finally resuspended in an appropriate volume of PBS/BSA ready for

visualisation.

2.6.1.3 Immnuofluorescence of yeast cells

Cells were grown to the desired phase of growth and fixed in 5 % formaldehydenfurl

The cells were pelleted by centrifugation at 3000 rpm for 4 minutes and washed twice in
sorbitol buffer (1.2 M sorbitol, 0.1 M potassium phosphate buffer pH7.5), centrifugation

during the wash steps was performed at maximum speed in an IEC clemtafuge. Cells

gSNBE NBadzalLISYyRSR Ay NABENOE LIB2RDKEFRE 0 8zF A&
zymolyase and incubated at 37 °C for 40 minutes. During the incubation, slides were prepared
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o0& f 2 RA y-HysimepPLb) to thedehtr® and leayito sit for 2 minutes. Excess PLL

was rinsed off with ED and the slides were left to air dry. Cells concentration was adjusted

G2 GKS RSAANBR tS@St FyR mp >f 2F OStf adzalLlS
for 5 minutes before excess qension was aspirated oftn >t 2 F nodm 72 { 5/
each slide for 30 seconds and slides were washed ten times with PBS + 1 mg/ml BSA. Slides
were handled in a moist environment to prevent dehydration from this point. The primary
anti-bodywasdiltB R & NBIdZANBR Ay t.{k.{! YR mMp >f
incubated in a damp box overnight at 4 °C. Slides were washed a further ten times with
t.{k.{! 0STF2NB | RRA Y I-bosypn PBS$/BSA &ind iedCiBy tairtubate’ R | NE
in the dark at room temperature for 1 hour. Slides were washed ten more times and then a

drop of phenylenediamine mounting solution containing DAPI at 1 mg/ml was placed on top

of the cells. A cover slip was gently but firmly put in place ensuring the exclofselhair

bubbles and the edges were sealed with nail varnish ready for visualisation.

2.6.1.4 Immunofluorescence of HEK293 cells

HEK293 cells were grown to 70 % confluence aggsinised as described i8.1.3.3.
Coverslipgplaced into 6 well platessoaed with sterile poly-L-lysine 1 mg/ml (Invitrogen
P4707)and left to settle for 15 minutes, the excess PLL assrated off,coverslips were
washedthree times with 2 ml sterile water and left to dry at room temperature. 2 ml of
DMEM was added to each well and then 50 pl of cells was added. These were left to grow for
24 hours. Once cells were at 70 % confluence the media was removed, cells weee wétbh

PBS and fixed with 1 ml df% paraformaldehyde in PBS for 15 minutes. Following fixation
cells were permeabalised with 0.1 %100 in PBS for 5 minutes and then blocked in 250 pl

3 % BSA/PBS for 15 minutes at room temperature. 2irqlets of he primary antibody

were applied to a sheet of parafilm and the coverslips were placed cell side down on the drops
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and left in a moist environment overnight at 4 °C. Coverslips were then placed on four 100 pl
droplets of PBS/0.1 % Tween sequentially ariida each for 5 minutes to wash. During
washing the secondary antibody was prepared to the desired concentration and spun down
for 10 minutes at 16100 x g to remove any aggregates. 25 ul droplets of the secondary
antibody were arranged on a sheet of pakafin a damp box and the coverslips were placed
cell side down and left to incubate at room temperature in the dark for 2 hours. Coverslips
were washed a further four times on 100 pl droplets of PBS/ 0.1% Tween as previously
described and then placed cside down onto 25 pl droplets of DAPI for 1 minute followed

by two 10 minute washes with PBS. 100 ul 0OEPhenylenediamine anfade 8gma P6004

50G) was mixed with 900 pl 10 %omviol mounting solution (Sigma 813&DG), 5 pl droplets

of this mountingmix were added to glass slides and the coverslips were placed, cell side down,
on top of the droplets, ensuring no air bubbles were present. Prepared slides were left at 4
°C overnight for the mounting solution to set before sealing with nail varnishyréad

visualisation.

2.6.2 Growth analysis

2.6.2.1 Absorbance assays for growth rate analysis of yeast strains

A 5 ml overnight culture was grown in the appropriate medium and the cell density of each
culture was determined by absorbance at éfin an Eppndorf BioPhotometer pluells
were diluted to a starting OGdgpo of 0.1 in 1 ml of the appropriate media in a greiner-bioe

24 well cell culture plate (Greiner bame 662 160) Growth of strains was performed in a BMG
LABTECH SPECTR®¥waplate reade. Protocol settings for growth analysigere are

outlined inthe table below All datawere exported to excel for further analysis.
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Prior to any furtheanalysis all data were blank corrected. Data was then log transformed and
the maximal growth rate wasalculated over a 3 hour periodhis was calculated by
subtracting the OD at the earliest point within the three hour window from the final point,
and dividing by 3 (the number of haibetween points)Conversion of growth rate to
doubling time was perfoned for ease of data presentaticand was calculated by dividing
0.693 by the growth rateQuantification of lag phase was performed by measuring the time

it took for cultures to double their initial OD.

Protocol settings for yeast growth analysis in 24Wplates

Cycle time (sec): 1800

Flashes per well: 3

Excitiation: 600

Shaking frequency (rpm): 400

Shaking mode: double orbital

Additional shaking time: 30 sec before each cycle
Target temperature (°C): 30

Posistioning delay: 0.5 sec

2.6.2.2 Spotting assay for yeast colony size analysis

A 5 ml overnight culture was grown in the appropriate medium and a cell count was
performed. Cells were diluted to 1 x A€ells/ml and were diluted 1000 fold over three serial
dilutions. Cells were then plated onto the@mppriate media and allowed to grow at 30 °C for
48-72 hours. Following growth, visual analysis was performed to asesiifferences in

growth.
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2.6.2.3 Viability assay for yeast

A 5 ml overnight culture was grown in the appropriate medium and acoelit (see section
2.6.2.5)was performed. Cells were diluted to 280Sf f ak Yt | yR wmpn >t 01
cells) was plated on to the appropriate media. Cells were left to grow at 30°C-## Béurs

before colony formation was assessed. Colémyning units (CFUs) were counted and the
percentage viability was calculated by dividing the number of observed CFUs by the number

of expected colonies (300), this was then multiplied by 100.

2.6.2.4 Growth analysis of HEK293 cells

Cells were grown at 37C to 70 % confluence in a T75 flask containing the appropriate media.

They were trypsinised as described in section 2.1.3.3 a cell count was performed and cells
were dilutedto 5x1k Yt ® mnn >[ 2F YSRAlF gl & RRSR G2 Gf
allowed to equilibrate at room temperature before a base line cell index (CI) reading was
GFr1Sy® mnn >[ 2F RAfdziSR OStfta ¢la GKSYy I RRS
5x1C cells per well, these were again allowed to equilibrate at ra@mperature for 30

minutes before beginning the assay. Cells were placed in the plate reader at 37°C for the

duration of the assay, typicallyZdays. All data were exported to Excel for analysis.

Prior to any further analysis all data were blank coreelctData was then log transformed and
the maximal growth rate was calculated over a 3 hour period. Conversion of growth rate to

doubling time was performed for ease of data presentation.

2.6.2.5Yeast cll counting
Cell counts were performed using a haerytometer. An overnight culture was diluted 1/25
F2N) SIAS 2F O2dzyiAy3ds €23 Od#Z G§dzZNBa& 6SNBE O2 dzy

onto the haemocytometer and then counted under a light microsc@ls with buds greater
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than one third the sie of the mother cell were counted as two cells, otherwise buds were not
counted. Only cells contained within, or on the bottom or left hand line of the box were

counted. Where possible a minimum of 300 cells were counted.

2.7 Health and Safety

All work wascarried out following the health and safety guidelines outlined in the relevant

material for each procedure, and within the University handbook.
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Chapter 3: Yeast as a model organism to study the

effects of eEF1A overexpression
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3.1 Introduction: Overexpression of eEF1A Iin_veast results in

pleiotropic effects

Previous studies on the function eEF1An yeast havesuggested that not only does it play a
role during protein synthesis, but it also moonligivisa variety of other roles. Studies have
characterisedeEF1Aas an actin binding protein capable of bundling actin into unique
structures that exclud all other actin cross linkef¥anget al., 1990; Oweret al,, 1992). It
has also been suggested to be involved in protein degradaf®anenet al, 1994;
Hotokezakaet al., 2002) nuclear exportBohnsacket al., 2002; Caladet al., 2002) viral
replication (Mateyak and Kinzy, 201,0aggresome formatioiMeriin et al., 2012) possess
both pro- and antiapoptotic properties(Duttaroy et al., 1998; Talapatrat al., 2002)and

promote tumour growth(Anandet al., 2002)

The mechanisms of many of these functions ot yet fullyunderstood and this study aimed
to elucidate novel interactions betweesEF1Aand the celluir machinery to assist in the

understanding oeEF1& plethora of functions within the cell.

This chapter presents datuggesting that elevated levels @EF1Aare toxic to the cell ad
are under strict regulation facilitated by rapid plasmid le$she overexpression plasmid

when selective pressures in favour of keeping the plasmid are lifted.

3.2 Growth analysis of yea st cells overexpressing eEF1A isoforms

3.2.1 eEF1Alevels influence lag and log phase veast cells

Previous studies oMEFIverexpression have showed that increased levelsE#1Aause a
slow growth phenotypéhat isnot the result of an alteredate of translation(Munshiet al.,

2001) It has been proposed that this growth defect may be theuit of altered actin
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distribution and cell morphologyas elevated levels &#fEF1ANncreases the fractioof un-

budded cells, and resulted in larger and rounder cells.

Our studies focussed on the overexpression of one of the two genes encthiighn yeast
TEF12 Y | H> @lashid(BCG4abarbddetring leucingrototrophy (see figure 3.1).
To confim that overexpression oFEFInduced an alteration in growth rate spotting assay
was performed on both, selective minashmedia, and nosselectivemedia (see figure 3.2).
This revealed that cells overexpressieigF1Aresulted in fewer, slower growing mmies
compared to the wild type when grown otfeu. However, growth omon-selectivemedia
showed no growth difference between the wild type afdEFloverexpressionstrain
suggesting that either, cellsverexpressing EFwere defective in leucine synthesis andn-
selective medialleviatedthis defect, orTEFwashighly toxic andelected against inducing

plasmid loss.
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a) WT TEF1
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b) eEF1A band intensity relative to total protein
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Figure 3.1. Western blot showing increased levels of eEF1A a) eEF1Alevels in yeasts detected by the
anti-human eEF1A1b) Expression levels are dnincreased by approximately 88 suggesting thateEF1A
levels are under tight regulation by the cell
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- leucine
WT

YPD

Figure 3.2.Spotting assay of wild type cells and TEF1 overexpressing cells. Cells wereplated onto
seletive -leu and nonselective YPDnedia. A growth defect wasbserved in theTEF1overexpressing cells
when on selective media, When plated onto rich media however, grow#s rescued.Cells were serially
diluted from 2*10"&@ml to 2*10"3/ml.

Further, highresolution, growth analysis was performed using a BMG Spectrostar Nano,
microplate absorbance reader, as described in Material and Metlieeistion 2.6.2.1)This
method allowed for in depth analysis of various stages of growth, including, lag, log a&nd pos

diauxic phases (see figure 3.3)
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Figure 3.3 Representation of a logarithmic growth curve. The optical density of cells is measured@isoo

and then expressed logarithmically. The initial lag phase of the curve is when the cells are adapting to a new
environment. Log phase is when the cells are growing exponentially and are undergoing fermentation,
converting sugars within the media to alcohol. Post diauxic is the stage that, when all sugars are depleted, the
yeast cells begin toespire in the ethanbrich environment. Eventually all nutrients within the media are
depleted and the cell cycle arrests resulting in stationary phase.

When anajsed using this technique it wabservedthat TEFloverexpression inducedot

only a reduction in the growth ratof cells (see figures 3:4 and-b), but also an increase in

the lag phase (see figures 4 andcc).As previously discussed, an increase in doubling time
when eEF1As overexpressed has been well characterised and our observations correlated
with this. We observed an increase in doubling time of 17.6% k&1 Avas overexpressed.

We also found that the lag phase of these cells was increased by approximately 26%. We
hypothesised the increase in lag could have been due to corruption of signalling or
biosynthesis pathways, or because of a reduction of cell viability in the presarelevated

levels ofeEF1Atherefore fewer viable cells were in the initial inoculum delaying the cultures

entry into log phase growth.
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Figure 3.4 Growth data for wild type and TEF1overexpressing strains. a) Logarithmic growth curve of
wild type cells in blue an@EFloverexpressing cells in red. b) The doubling time of wild type cells in blue, and
TEFloverexpressing cells in red.EF1overexpressing cells exhiban increase in doubling time of 17.6%
compared to wild type cell) The lag time of wild type cells in blue, afiEF1overexpressing cells in red.
TEFloverexpressing cells exhibit an increase in lag time of 26% compared to wild type cells.

3.2.2 Lag phase of TEF1 overexpressing cells increases in_media without

leucine following growth in media with leucine

The observed increase in lag phase led ushiypothesise that the population may be
composed of a high proportion of cells that are debdrespose to this wedevisedan assay

to monitor lag phaseover a period of timan selective and noselective med by sub
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culturing cells fromleu to +leuand vice versaver a period of five daysee figure H). An
initial overnight platevas grown in ligid mediacontaining wild type an@EFbverexpressing
cells in biological duplicate and technical triplicate with and withoutilee. Cells that were
grown in-leu overnight were reinoculatedinto a plate withmediaboth with and without
leucine, and sirtarly for cells grown in media with leucine, they wereimeculatedinto a
separate platecontainingmedia with and without leucine. This process ofimeculationto
and from media with and without leucine waspeated over a 5 day periodith continual
high resolution growth analysis taking pladéis allowed us tononitor the lag phasén cells

grown in+leumedia while simultaneously monitoriraglls maintained in selectiveeumedia.

This assay was generated to allow us to visudhiseviability of cells coming directly from
overnight night cultures grown inleu, comparel to those grown in +leunedia. We
hypothesised that cells grown in media lackieucine had reduced viability andr aim was

to see if addition of leucine to thmedia rescued either doublirtgme or the durationof the

lag phase. And if there was an observable rescue was this due to an alleviation of the toxic

effects of theTEFloverexpression plasmid.
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Figure 3.5 Assay for screening cells growth rate in med ia with and without leucine. Cells were grown
overnight in a 24 well plate, in media with or without leucine. The overnight cultures were theinoeulated
into media with or without leucine and this process was repeated over a 5 day period.

During the ourse of this experiment both wild type cells and cells overexpreSdiigthat
were maintained inselectivemedia without leucine exhibited consistent growth rates, as
measured during both lag and log phagsee figures 3.& and lrespectively). Wild type cells
maintained a doubling time of approximately 1.68 hours had a lag time of 6.7 hours while
cells overexpressinEFImaintained a doubling time of approximately 2 hours with a lag

time of approximately 8.25 hours throughtotlhe duration of the experiment.

Cells overexpressingeF1 grown in media supplemented with leucine over a perdd-4
days and then rénoculatedinto media lackindgeucine exhbited an increasing trenth both
their lag aml log phase growth rates depdent on the duration of growth imon-selective
media with leucineTEFIloverexpressing cells #i@oculatedfrom leucine rich media teleu
on day 1 had a doubling time of approximately 2H&urs Followingsub-culturing into

leucinerich media and furbher reiinoculationinto -leu over a period of 4 daysve observed
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an increase in doubling tinte 2.86 hours. The lag timeas affected in a similamcremental
but more extreme manner. Lag time ®EFloverexpressing cells takdnom media with
leucineand inoculated inteleu media on day 1 was 9.75 hours. Aftedays of sudzulturing
into mediawith leucineand then reinoculatinginto -leu, cells over expressingeFlhad a
doubling time of approximately 20 hourd!/ild type cells saw a mild increaseloth lag and
log growth phase, but these were muted when compared to that ofte& loverexpressing
cells. The log phase doubling time for wild type cells increased from approximatelyalli&3

on day 1to 2.11 hours on day 4. Lag phase increased from 5.75dmwdes/ 1to 8 hours on

days 3 and 4
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Figure 3.6 a) & b) Doubling and | ag time of cells re-inoculated over a period of 5 days. Cells were grown
in media with or withoutleucineadded oer a period of 1 to 5 days. Every 24 hours cells werinoeulated
into media with or without leucine and allowed to growof a further 24 hoursa) shows thedoublingtime and
b) shows the lag timdor these cultures over the 5 day period in both medjaés.Dark blue and light blie
show the wild type grown inleu and +leu media respectively, red and pink show tAg&F1overexpressing
strain grown in-leu and +leumedia respectivelyp-values are represented by asteriss, *=<0.5, **=<0.05.

Thesedata strongly suggested that when allowed to grow in 13e@fective media, there was

a strong selective pressure against cells with elevated levelE6fL Although this assay
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allowed us to quantify the rate that lag phase increased without any selegotassure it did

not elucidate the mechanism that drove this. To further examine this result we checked the
viability of cells grown in selective and nealective media, and quantified plasmid and
protein levels during growth in both selective and reglective media. These assays were
chosen because they would allow us to demonstrate if cells growleurhave an increased

lag phasedue to cell death or quiescencand if this is the result of plasmid loss resulting

from eEF1Aoxicity.

3.2.3 Viability of yeast is unaffected by eEF1Alevels

To confirm the viabilityf yeast cells overexpressimd:F1Aa viability assay was performed.
An overnight culture was rmoculated to2 x16°0St f &k Yt YR wmpn >f 6 LI
wasplatedonto selective -leu, or non-selective agar platesThese were left to incubateta
30 °C for 36 hours anthe colonies werethen counted to allow quantification ofcolony
forming units(CFUs)The wild type cells plated onteleu showed 92%apparent viability
compared tgust 14% off EF bverexpressing cellsgpresentinga six and a half fold reduction
in colony formationn the presence otlevated levels o€EF1Asee figure 3.Y. When plated
onto +leuplates the wild type and EFJoverexpressing cellsoth had approxnatelya 106%
viability. The ability ofTEFloverexpressing celi® grow on+leubut not on -leu suggestd
that eEF1Awas not having an effect on cell vidity. The TEFloverexpressing cellsay
insteadhavea defect in a signallmor biosynthesis pathway, ¢ine plasmidcould behighly
toxic and rapidly selected against when the requiremenmtthe leucine marker is removed.
It is possiblecells with fewer copies of the plasmwiere able to out compete theihigher

copy number conterparts, or simply that the higher copy cells are fividing.
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Figure 3.7 Percentage of cells forming colonies from wild type and TEF1overexpressing strains plated

on selective and non-selective media. Overexpression ofEF1resulted in a decrease in colofgrming units
when plated onto-leu media. TEF1overexpression had no effect on colony forming units when plated onto
+leumedia meaning that the cells are still viable and are simply quiescent.

3.2.4TEFloverexpression induces increased whole cell respiration

Because cells with elevated levele&iF1Aexhibited slower growth and a decread capacity
to form colonies orselective mediawe checked cellular respiration to ask whether cells
were still respiring Cells were grown overnight iteu and counted before 1 x 2@ells were
loaded into the respirometer. The respirometer allowed detection of intact cell respiration by
placing the cells into a sealed compartment and measuring oxygen levelsnrettia over a

time course.

Compared to the wild type cells, cells with increased levetE6il Aexhibited approximately
a 25% increase icell respiration (see figure 3.8This observable difference in respiration, in
addition to the rescue of colony foring units when grown on neselective media, suggests
that when grown inleu, cells are not dying, but are metabolically actwiilst not actually

growing, indicating they are entering a quiescent state.
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Figure 3.8, Whole cell respiration of wild type and TEFloverexpression cells. Whole cell respiration was
measured as outlined in the materials and methods. Upon overexpressidiBicells exhibited an increase
in respiration approximately 25% greater than the wild type cells.

3.3 Non-selective media has different effects on eEF1A protein levels

and TEFL gene copy nuber

Because overexpression ®dEFlresulted incell growth defects that wererescued upon
addition of leucine we checked whether levelsT@&FlandeEF1Avere constant hroughout
growth, both with and without leucine in the medithwas expected that the rescue observed
in the growth rate ofTEFloverexpressing cells could be attributed t@emluctionin protein
levels and that when grown in neselective media the selége pressure against cells with

higher levels oeEF1Avould result in rapid suppression of protein levels.

3.3.1 eEF1Alevels appear to remain _constant throughout early log when

arown in both selective and non -selective media

eEF1Aevels were detected Yo western blot.Cellswere grown overnight inleu and re
inoculated to an O of 0.2 in media with and without leucine. Cultures were grown at 30

°C and 5 Odgo units were harvested at an @& of approximately0.3, 0.7 and 2. Separation
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and detection oBEF1Awvas achieved by SBFRAGE gel, western blotting and ECL detection as

outlined in the materials and methods.

WT —leu ODgg 0.356
WT +leu ODggo 0.353
TEF1 —leu ODggo 0.289
TEF1 +leu ODggo 0.303
WT —leu ODggp 0.688
WT +leu ODggo 0.778
TEF1 —leu ODgg 0.764
TEF1 +leu ODgqo 0.637
WT —leu ODggg 1.254
WT +leu ODggo 1.488
TEF1 —leu ODggo 1.192
TEF1 +leu ODgqo 1.188

50 kDa a-eEF1A1

Coomassie Blue

Figure 3.9 Detection of eEF1Alevels during logarithmic growth. eEF1Alevels were detected usinfgy-
human eEF1Al.&8nples wee grown overnight in-leuand inoculated to an O30 of 0.2 in media with (+) and
without (-) leucine. Protein samples were harvestigdm 5 OD units at optical densities of approximately 0.3
(blue) 0.7 (red) and 1.2 (yellow)

The samples taken at @90.3 grown in both media, with or without leucine, showed that
the TEFloverexpressing cells expressedlF1/at a levelshigher than wild type cells. As the
cells passed through exponential growth, th@gewnin -leu maintained the elevated levels
of eEF1An the TEFbverexpressing strain. The cells that were grown in medpgplemented
with leucineshowed a gradual decline iBEF1Aevels in theTEFloverexpressing strajrbut
levels were stilhigher than the wild type cells. This suggests that althougtetiea selective
pressure againstells with elevated levels aEF1Ahe declineobservedduring growthin
media with leucinevasprobablynot rapid enough tanducethe rescue in lag phasgrowth

upon the addition of leucine to the media.
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3.3.2TEFloverexpression is suppressed upon addition of leucine to the growth

media

As little change in the levels eEF1Avas observed upon addition of leucine to the media we
hypothesised thal EFImaypossess toxic properties and so the cell may be selecting against
the plasmid itself. To checkgdmid levels gPCR was performed withsmid leveldeing
monitored relative to a genomic standard during early log growth in media both with and
without leudne. Cells were grown overnight-leu and reinoculated to an OFoof 0.2, they

were grown in media both with and without leucine at 30°C and 20D units were harvested at
ODyooOf approximately 0.4, 0.8 and 1.6. Plasmid levels were assessed usingo& [daw2
primersto quantify plasmid copy numbemnd the genomic control was measdresingLEU3

primers allowing quantification of a chromosomal reference gene.
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Figure 3.10, Normalised expression levels of LEU2in the wild type and TEF1overexpression strains.
LEUZ2plasmid levels relative to genomidEU3levels at different stages of growth in selective and reelective
media in (a) Wild type (b)TEF1loverexpression and (CyEF1relative to wild type. Values highlighted by an
asterisk ckenote the pvalue when comparing the WT and TEF1 overexpression data at the relevant optical
densities.

Genomic and plasmid signals were quantifisthgthe genomic based EU3and theplasmid
basedLEU2 Thesignalfor the LEU2gene was themormalised b the chromosomalLEU3

gene(see figures 3.0a andb). When grown in +leu mediwajld type cells exhibited a gdual
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reduction to plasmid numbewith cells at the final timepoint possessing plasmid levels
approximately 55% thatfahe starting cellsWhen grown in selective media without leucine
wild type cells showed a similar rate of plasmid loss but they digdificantvariation in
plasmid levels suggesting that this loss was entirely randdEF1overexpressing cells
exhibiteda greater rate ofplasmid loss when there was no selective pressure to keep the
plasmid withplasmid numbeapproximately 25% that of the starting overnight culture at the
final time point. When grown in selective media, cells overexpressbiglmaintaired a
constant, low plasmid level with no detectable decrease in levels throughout growth.
Interestingly plasmid levels in the wild type and thEEFloverexpression strain were
significantly different, withfTEFJoverexpression appearing to have such a strong suppressive
effect on plasmid levels that they were only about 5% that of the wild type levels throughout
the assay. When expressed relative to the wildetygtasmidnumber(see figure 3.1@), TEF1
overexpression still resulted in plasmid levels dropping by 50% thouigirowth in non
selective media suggesting that the selereselecting against the plasmid due to the toxic

effects it conferred

3.4 Discussion of results

It is known thateEF1Aplays a wide variety of roles in the cell, and that manyheke roles
are crucial to celsurvival. It appearsounterintuitivetherefore that elevated levels dEF1A

should be viewed as toxic to the cell, but the data presented in this chapter suggests just that.

Increased levels cdEF1Aare known to result in a decrease igrowth rate of yeast cells
(Munshiet al,, 2001) and we have demonstrated that only a modest increase in the levels of
eEF1Anduces an almost 20% increase in doubling time. Remova¢sklective pressre for

the plasmid, by growing in media with leucine, results in recovery of the growth rate which
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appears, in part, to be due to the loss of thEFJplasmid How elevatedlEFlevels cause
the growth defect is not fully understood, but it is clear tlelF1Ahad a strong influence

over cell cycle dynamics and cell metabolism.

The viability assay outlined, demonstrated that in addition to rescuing growth rate,
supplementing the media with leucine also rescues a previously unchassrteguiescent
statethat is induced upon overexpression DEF1 The cells lack of ability to grow on media
without leucine was demonstrated to not simply be caused by cell death as they were
observed to still be respiring, and at an increased level to wild type setigesting that there

may be a nutrient signalling defect, leading the cells to assume they are starving.

The qPCR result, together with the letegm growth assay, indicate that in the absence of
the selective pressure of media lacking leucinecudture of TEFloverexpressing cells
preferentially select for cells with the lowedgvels of eEF1A These two experiments
demonstrate that when grown in neselective media] EFloverexpressing cells see plasmid
loss rates of about 25% per population doublimgnich in turn, causes the increase in lag
phase observed when cells areirmculated nto selective-leu. When quantified using gPCR

the plasmidnumberin the TEFloverexpression strain were approximately 20 times lower
than in the wild typeThisisdudi 2 G KS ai20KFadAO RAAUGNROGDziA 2
divisionand plasmids conferring toxic effects do so in a dose dependent manner. This results
in the average plasmid level decreasing over tirmeels with lower copy numbers have a
growth advanage over those with a higher copy numb@vioriya et al, 2006) The
discrepancy observed in these levels is further evidence to suggest Bidbverexpression

is strongly selected against, and it seems that the population overexpreBBiRfmaintains

the plasmidat the minimum level required to grow oieu. Together with the data from the
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long term growth assay it is clear that growth in media with leucine results in loss OElRe
plasmid to levels so low that the population is unable to rapidly respond videcine is

removed from the growth media, resulting in significantly increased lag phases

Although not detectable, it is possible thaEF1Aevels are also affected by the addition of
leucine to the media, but at such low levels that using a-goantitative method we are
unable to detect it. Another possibility is that eEF1A turnover is so low that a drop in plasmid
levels may take several generations to manifest itself at the protein lagebss the

population.

Data pesented in this chapter suggestat elevatedTEF1eEF1Aevels have an inhibitory
effect on a cells ability to proliferate, but removal of the selective pressure for keeping the
TEFIplasmid results in an instant rescue of all detectable defects. This rescue mainly appears
to be due to rpid plasmid loss resulting in a minor decrease of the levelEdilAeEF1A
appears to have a strong influence on cell cycle dynamics and cell metabolism in response to

leucine levels suggesting a novel roled&F1An nutrient sensing.
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Chapter 4. eEF1A is involved in cell cycle

requlation via dynactin -mediated interactions
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4.1 Introduction: The dynactin complex

BecauseEF1Aas a well characterised int&ction with actin we utilised the yeast knockout
collection in an attempt to elucidate any proteins associated with actin that could play a role

in facilitatingeEF1®a A Y 0SNJI OGA2Yy ¢ A G REFinCaih Arsaybof dtréins 2 @S NS
deleted for geneshat are known to interact with, or control the function of actin. Mutants

that exhibited synthetic interactions, as assessed by growth, were candidates for further
investigation. Many of the hits from this screening process were found to be components of

the dynactin complexan essential muksubunit protein found in eukaryotes. It ha

essential dyneiractivating activity, facilitating bidirectional iatcellular transport of cargoes

and there are fa, if any, processes that utilise dynein that da atso require dynactin.

4.1.1 Dynactin structure

Dynactin(figure 4.3 is an asymmetric molecule theonsists of a 10 x 40 nm Arpdd and a

50 nm p15@-edside arm(Schafeet al., 1994) along with a 7 other polypeptidsubunits.

Resembling a short actin filament, the Arpl rod is atameric polymer of the acthnelated

protein Arpl. The rod binds to cellular cargo via its association with spectrin family proteins,
ddzOK a 1 LLL aLISOUNRYZ | &LISOMdidrakhel &,R996; 4 2 F 2 N
Holleranet al, 2001)p ¢ KS NRB R ( SNXNA y | ( Sthe attini cagpitngiproteid | Nb S R
CapZSchafeet al,, 1994) The oppositend consists of a further actirelated protein Arpl1l

(Eckleyet al., 1999)and the dynactin subunit p62, bound to the two smallest uitsip25

and p27.

Projecting from the Arpl rod is the flexible and extendable side arm that is made up of the
remaining three subunits, p18©¢ dynamitin, and p24/22. The elongated structure of the

side arm of the dynactin complex means it has a latgfase area relative to its mass.
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p150glued
(Nip100)

Dynamitin p25
(Inm1)

p27
(NA)
Mammalian name I:Ot kr.uzvyn
Arpl Arpll (Yeast name) 0 exist in
(Arp1) (Arp10) yeast

Figure 4.1 Diagram of the dynactin complex. Human and yeast protein namgyeast namesn brackets)
are given for each subunit. The three subunits in blue, p25, p27 and p62, are not known to exist in yeast

4.1.2 Binding partners of the dynactin subunits

pl5@ed js the largestof all the dynactin subunits anl & LINB RA OG S fhelidalz | R2 L
structure and seHassociate via cal coils. It is predicted to form an elongated dimer made

from two central coils vth a region of undefined structure in between. Within the globular

heads at the tip of the arm are conserved G3aly (cytoskeletorassociated protein, glycine

rich) motifs(Riehemann and Sorg, 1993hisCARGIly motif is contained ithe N terminus

(aa%110) and is involved in the binding of dynactin to microtubules, as has been shown both

in vitro and in vivo(WatermansStoreret al, 1995; Vaughart al., 2002) Further binding

partners of the p158'¢d CAPGly domaininclude the microtubulebinding proteins EB1 and

CLIP170, although it is unknown if it oabind these proteins and microtubules
simultaneously, or if they are mutually exclusive functions. It is a possibility that dynactin

activity is regulated by the binding of other proteins and protein kinases to theG)AP
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domain as phosphorylation at Sf€duces p159-e% affinity for microtubulegVaugharet al.,

2002)

Binding interactions with microtubulbased motors, such as dynein, are supported by the
middle portion of p15@Ued Various studies have revealedfdient sites of potential dynein
interaction (Vaughan and Vauee, 1995; Waterm&toreret al,, 1995; Vaughast al.,, 2002;
Kinget al., 2003)suggesting that there could be several regions, possibly in multiple dynactin

subunits that allow for dyneindynactin interactions.

The dynamitin subunit lks dynactins two major components, the Arpl rod, and the g%0
side arm. It exists as an assembly of four subunits that associate with each othe$'49150
and p24/22 through three coiledoil motifs(McMillan and Tatchell, 1994; Echevestial.,,
1996) Overexpression of dynamitin results in collapse of the dynactin complex through
disassociation of the Arp1 rod and the p#5® side arm, although the exact mechanism of
disruption is, as yet, unknown. Overexpression of theefhinal fragment (aal7) nhibits
organelle movement via dynein without disrupting the structure of dynaHalettiet al.,
1999) suggesting the N terminus of dynamitin may act as an inhibitor of dythaiactin
interactions. Other components reported to bind to thet&tminal region of dynamitin
include, calmodulin together witMacMARK®Jinet al,, 2001) the kinetochore protein Zw10
(Starret al, 1998) and the Golgassociated protein, BIC{Bloogenraacet al., 2001) These
interactions suggest that the N terminus of dynactin is likely to be exposed on dynactins

surface.

P24/22 binds diretly to dynamitin at a 1:2 ratio. It is speculated that p24/22 may also interact
with p150ed as both of these proteins are liberated from the dynactin complex upon

addition of excess dynamitifKarkiet al,, 1998; Ecklegt al,, 1999)
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4.1.3 Functions of dynactin

The array of functions that dynactin is involved in means that is has been found in a variety
of subcellular localisations, from the centrosomes (spindle pole bodies in yeaatyaioety

of endomembranegGill et al, 1991; Paschadt al, 1993; Habermanet al, 2001) At the
centrosomedynactin is reported to have involvement in microtubule ancho(i@gintyneet

al., 1999) Endomembrane localisation includes membranes in the Golgi region and endocytic
organellegHabermanret al., 2001) Localisation to the nucleanembrane has been reported

to be cell cycle dependaniSalinaet al, 2002) Dynactin is able to control microtubule
dynamics and recruit proteins to the plus ends of microtubu@sintyne et al., 1999)
Localisation to the cell cortex allavfor dynactin to influence rotatioal movement of he
mitotic spindle and direct movement of motile ce{Skop and White, 1998; Goncet al.,

1999; Dujardiret al., 2003)

Although the data give(Gillet al., 1991; Paschait al., 1993; Skop and White, 1998; Gonczy

et al, 1999; Quintynet al., 1999; Habermanat al, 2001; Salinat al., 2002; Dujardiret al,,

2003) suggests highly unique and specific roles for dynactin, in all examples highlighted
dynactin is implicated in the regulation of dynein targeting and/or recruitment. However
given dynein is able to bind cellular cargo without dyna€Tia et al., 1999) and that intact
dynactin is essential for metazoan viabilipcgrailet al., 1995) it would seem that dynactin

does far more than bind dynein and facilitate motor processivity.

4.2 eEF1A interacts with the dynactin complex in yeast

4.2.1 eEF1A levelsaffect the growth dynamics of dynactin complex mutants

As discusse@EF1Ahas a well characterised interaction with actibecause of thisve

overexpressed EF1n an array of strains deleted for genes that are known to interact with,
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or control the function of actinSynthetic interactions betweeeEF1Aand deleted gene
products were initially assessed using the Singer Rotor high throughput screening rotsot. Cell
weregrown overnight in biological triplicate at 30 °C in 384 plelles. They were then plated

at the same density onto agar plates and growth was assessed after 36 hours atG9ISC.
were plated as biological triplicates in rows, with thEFloverexpressing strasplated in

the row below (fortable seeApp.J)

TEFIoverexpression resulted waried effects across the array ofams with some colonies
showing a dramatic reduction in growth and others showing no difference between the
deletion stran and the strain overexpressiideF1It was observed that many of the deletions
that resulted in significant differences in growth came from theeesial activator of dynein

the dynactincomplex(see figure 4.2(for the full arraysee App.2

In the parpl and n O | &timins TEFloverexpression had neignificanteffect on colony
formation compared to the deletion strains suggesting these were potential interactive
partners ofeEF1AHowever, in then O addp 2 y 3frmins the inhibitory effect ofEF1
overexpression was greater than in the wild tyjoether implicatingeEF1Aas an inhibitory

interactive partner of one of the other components of the dynactin complex.
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Figure 4.2 Array of viable actin mutant strains with TEF1overexpressed. Strains that had been deleted
for genes known to interact with, or control the function of actin were assayed for synthetic interactions with
eEF1A Strains were arranged horizontally in biological triplicate. Cells containing the control plasmid were
in the upper row, with theTEF1overexpression veor in the row belowShownare the Gitsdfrom this screen
that are components of the dynactin complex.

As a therewere a number ofnteractionsbetween eEF1Aand different components of the
dynactin complexthis was selected as the primary target for #wgeriments reported in the
remainder of this chapter. Further interrogation of the dynactin complex was performed, with
the addition offurther deletion strains that were not present in the kla actin muant
screenn Y A LpLEOHeY) the largest ofhe dynactin subunits, and the major component of
the extending arm, andh f R dp24) the smallest of all the dynactin subunitmd a

component of the hinge joint between the arpl rod and the nip100 arm.

In total there were six viableleletion strainsthat were characterised using high resolution
growth analysis (as previously describ@dypl, ncapl,ncap2,njnmi, nldb18 and nnip100

(see figure 4.8 When TEF1was overexpressed in the wild typ&rain an increase of
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approximately 17% was observed in the dbling time. Deletion ofARR, the major
component of the dynactin backbone, resulted in a decrease in doubling time to 92% that of
the wild type, but overexpression @fEFlin the p | Nddtant resuled in a rescue othe
doubling time similar to that observed in the wild type witBFloverexpression. Deletion of
both CAR and CAR genes which encoderthologues ofthe mammaliarcapZactin capping
protein, resulted inan increase in doubling time t&24% and 113% respectivelJEF1
overexpression in both of these strains resulted in a further increase in doubling time to 153%
that of the wild type. Dation of Jnml orthologue of dynamitin, caused an increase in
doubling time of 114% relative to the Mitype, withTEFoverexpression resulting inmainor
rescueto 110% of the wild typéevel Deletion ofLdbl8had the most severe growth defect
with an increase in doubling time of 139% relative to wild type, WilFloverexpression
causing a further increase to 172% relative to the wild type. The final gene delstiéi)0,
orthologueof p15@"ed resulted in no significant growth defect with an increase in doubling
time to 104% of the wild type, overexpressionlaf1in then y A Ldwtamtonly had a minor

effect on growth increasing to 109% that éthe wild type (see figures 4-& and-c).

Upon comparison of the lag time of theseastrs, a similar varied effect wabserved, to that
seen when the doubling timerasquantified (see figures 3.8 and-c). TEFloverexpression
in the wild type resultedn a similar increase in thag time to117%that of the wild type
suggesting thaTEFIhas a similar influence over bophhases of growth. Unlike the effect of
TH-1in wild type cells, no correlation between lag phase and doubling tiasobserved in
the dynactin mutants. With the exception of tipeO | radtant, TEF bverexpression resulted
in a decrease in lag phase in all the dynactin mutants. Lag phase jn kb mutant was

reduced to 78% of the wild type time, wiffEFloverexpression further decrsing the lag
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time to almost 50%he wild type duration. Interestingly, although the O | &dsip O LJH
mutants caused a similar reductiomlag time to 69% and 6386 the wild type respectively,
TEFloverexpression in these mutants had dramaticalljferent effects on lag time.
Oveexpression o EFin thep O I rhatant resulted in an increase in lag phase similar to the
observed change in doubling time, increasiag time to 160% that of the wild type. In the
n O rodiant the opposite effect was observed, with the lag timeno© | delis withTEF1
overexpressed exhibiting a reduction of lag time to 67% that ofwiiid type. Deletion of
Jymlresulted in a reductiof the lag time to 65% that observed in the wild type withF1
overexpressiofinducinga recovery of this to 89%. Thef R énmant had a lag phase similar
to the wild type withTEFloverexpression causing a reduction to 74% that of the wild type.
The fnal mutantp y' A Ldesmlted in a reduction of the lag phase to 67% that of the wild type

with TEFJoverexpressiofinducinga minor recovery up to 78% of the wild type rate.

The variation observed upon comparing the growth dynamics of the dynactin muratits i
presence of endogenous and el¢sd levels ofeEF1Andicate ahigh degree of interaction
between these highly conserved proteinsEF1Ais a well characterised multifunctional
protein that appears to play roles in many essential cellular functiodsraeraction between
eEF1Aand the dynactin complex, another highly conserved and interactive complex, makes
logical sense allowing these two promiscuous components to allow further cross talk and
interplay throughout a dynamic range of cellular funcgoand processes, offeringEF1A

influence over a large array of regulatory mechanisms.

To characterise the far reaching effects of eEF1A on several cellular compdmenés

analysis was performed utilising a varied array of techniques.
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Figures 4.3 za-c. Growth analysis of dynactin mutants with  TEF1overexpression. za shows the doubling
time of the dynactin with and withoufTEF1overexpressionzb shows the lag time of the dynactin mutants
with and without TEF1overexpressiorgc is a compilation ofhe lag time and the doubling time of the dynactin

mutants with the TEF1 overexpression values over the control plasmid valpeslues are represented by
asterisks, *=<0.5, **=<0.05, ***=<0.005
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4.2.2 eEF1A levels effect chromosome segregation in_dynactin _complex

mutants

Dynactin is known to participate chromosome alignment and nuclear positionamtd it has
been previously shown that deletion of dynactin subunits results in aberrant spindle pole
body positioning and chromosome segregat{®daruyamaet al, 2002; Yelet al., 2012) To
check for ploidy aberrationsesulting from improper chromosome segregation cells were
analysed using FACS to check intercalation of propidium iodRl¢ allowing for

guantification of genomic content within individual cells.

Cells were grown overniglaind re-inoculated in selectiveleuto an Oy of 0.2. They were

then grown at 30 °C until they reached angaf 0.7. 1 x 10cells wereharvestedand fixed

by addition of 1 ml of 70% EtOH-&0 °C whilst vortexing. Cells were rehydrated and Pl was
FRRSR (G2 | TFAylFf O2 ysdWssipdibringd2sihg 2 FAGR0r flovid K Y & |
cytometer and fluorescence microscopy, as desctilmethe Mderials and methods (Section

2.6.3)

Using FACS analysis of Pl stained cells we were able to sholEfBlverexpression imwild

type yeast cells resulted in no significant alteration to the distribution of cells during the cell
cycle. It was observed hawer, that all peaks in the FACS spectrum shifted significantly to
the right indicating increased levels aérgpmic content (see figure 3&-f). Observation of
these cells by fluorescence microscopy confirmed that aetlse presence oélevated levels

of TEFlexhibited larger and brighter nuclei, but had normal nucldistribution (see figure

3.10 3.
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Figure 4.4 za-f, FACS analysis of cells stained with propidium iodide. Data was captured using the BD
FACSCalibur flow cytometer and analysed usin@ B-ACSStation data management systeRurther
guantitative analysis was perfoned and is shown in figure 4.Bata in purple represents parent strains, with
TEF1 overexpressing strains in green.

Analysis of the dynactin mutants revealetthat as previousl discussedsection 4.2.2)
deletion of some of thedynactin components results in aneuploidy, and we were able to

observe a significant increase in multinucleate cbllfluorescence microscopysée table
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4.2). Overexpression oTEFlresulted in a similar observable shift in all peaks across the
dynactin mutantgsee figure 4.3 indicating that this aberration occurs independeragfiyany
phenotypes influenced by the interactions betweeBF1Aand the dynactin complex. When
ARHA was cleted, an extra peak to the right of the two main peaks was obse(geé figure
4.4¢b), and when this was visualisegifluorescence microscopy it correlated to a population
of multinucleate cellsthat was not seen in the wildype cells (see figure 4.5c).
Overexpression ofEFIn then | Ndhdkant resulted in the disappearance of the extra peak
when analysed by FACS (see figure 4B), however,this did not correlate with the
fluorescence microscopy imagesasincrease in the occurrence of multineate cellswas
observedsee figure 4.5d). Deletion ofCAR andCAR resulted in adecrease in the quantity
of cells in the hploid population compared to the wild type cellgd there was also a
noticeable shoulder to the right of this population inglimg significant genomic
heterogeneity within the samplésee figures 4.4 and ¢. Overexpression ofEF1in both
these strains induced a rescue of both the unbalanced haplghbbid populations and the
heterogeneity observed in the mutanfsee figuregl.4cand d. Microscope analysis of these
strains showed further similarity to the wild type strain with a very low occurrence of
multinucleate cells and larger and brighter nuclei in the presence of elevevetslof eEF1A
(see figures 4.8-h). Then 2 y ahain y A Lantamts exhibited similar genomic distribution
to that of the wild type cells withhe addition ofa slight peak to the right of the diploid
population (see figures 4.4 and j. Overexpression ofEFlin both these deletion strains
resuted in an almost complete ablation dhe third peak, with more cells present in the
haploid population(see figures4.4 e and J. Microscopy analysis of these strains differed
however. In then 2 y Mutant nuclei appeared to be smaller and diranthan in he wild

type strainand in any of the other dynactin mutantsSTEFloverexpression in thga 2 Y Y m
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mutant resulted in larger, brighter nuclei, similar to those observed in the other strains with
elevated levels of eEF18ee figures 4.5and j) Then y A Lanutamt exhibited the highest
proportion of multinucleate cells in the presence of endogenous levels of eEF1AEk1d

overexpression héino significaneffect on this (see figures 4kband 1)

WT Aarpl Acapl Acap2 Ajnm1 Anip100
Control k
plasmid ’
Tefl over- h « i . | 3
expression ® <

Figure 4.5 a-I, Microscopy of Pl stained cells. Cells were stained with propidium iodide and visualised by
fluorescence microscopylhe top row shows cells containing the control plasmid, with tHsottom row
corresponding tocells withTEF1overexpression. Cells with elevated levelgeBF1Aappeared b have larger,
brighter nuclei than cells with endogenous levels.
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Table 4.2- Proportion of cells quantified using FACS and microscopy

FACS analysis* Microscopy

% of cells that
appear
multinucleate
WT 32.69 54.19 7.05 0.46
WT-TEF2 29.65 59.89 6.03 0.43
parpl 22.04 53.90 15.10 5.04 20.83
parpl+TEF2 3.68 37.93 49.29 7.34 30.52
ncapl 22.53 46.75 17.73 9.86 3.66
ncaplAEF2 7.88 44.27 39.87 6.32 4
ncap2 16.81 60.81 18.56 3.62
ncap2HEF2 41.74 54.62 2.12 4.18
njnm1 32.94 56.65 7.86 4.52
NninmM1+TEF2 4.51 48.78 40.10 5.10 3.55
nnip100 29.01 55.75 11.38 3.04 22.91
Nnnipl00HEF2 36.43 42.16 7.94 23.88

FACS analysis shows cells that were either haploid, diploid or possessed a different quantity of propidium
iodide to either of those populations. Microscopianalysis shows the percentage of cells from 300 that
possessed more than one nucleus at the inectrpoint in its cell cyclefThese peaks may not correspond to
each othe due the shift observed upon TEF1 overexpression.

-

4.2.3eEF1Alevels affect spindle organisation E1 32 AObPu | OOA1T 60O

Dynactinplays arole in chromosome alignment and spindle organisation during mitosis, as
well as driving spindle checkpoint inactivati@cheverret al., 1996; Howelet al,, 2001) As

the spindle check point is known to prevent aberrant chromossewregation, and therefore
aneuploidy we checked for aberragpindle organisation in the presence of elevated levels

of eEF1Aas this would be indicative @EF1Aaving a direct influencerocell ploidy.
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Spindle organisation was assessed using immunofluoresositiecells grown to mid log
growth and then samples prepareals described in the Material and methodsection
2.6.1.3) Tubulin was detected with a primary murine antilyoraised aginst betatubulin.
Betatubulin is encodedby the TUB2gene and forms a dimer with alphtubulin that
polymerises to form microtubules. The secondary antibody was annamise TXRED

conjugate allowing ease of distinction from tb&Adye, DAPI.

When visalised using fluorescence microscopy wild type cells possessed normal spindle
morphology with intact spindles originating from the spindle pole body and spanning the
length of the cell from one tip in the mother cell, to the polar opposite tip in the déargh
(see figure 4.@). TEFDbverexpression in wild type cells appeared to have no significant effect
on spindle formation, and the majority of cells observed had normal spiraiteeugh the
intensity was diminished in approximately 30%tloé population (see figure 4.8). In both
these strains spindle pole bodies also appeared to loctdidbe poles of the nucleus and
migrated to the poles of the mother and daughter celisrectly. Then I Nchdiant exhibited

the most severe phenotypebserved in the dynactin mutants with the majority of cells not
possessing obvious spindle pole bodies. They also exhdnitagparenuncontrolled growth

of spindles that frequently continued to grow upon reaching the cell pole. This caused
spindles to wap around the cell cortex and cells appeared to contain many overgrown
spindles. These cells also had severe ploidy defects possessing multiplgsaeechggure 4.6

c). InterestinglyTEFloverexpression in th@ | Nddtant appeared to induce a signifidan
rescue of both the spindle pole bodiefect and the uncontrolled grevth of spindles (see

figure 4.6d).
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Control Tef1 overexpression

Spindle

Nucleus

Figure 46 a-Ah EIi 1 O1 1 £ O1 OAOGAAT AA T £ xEIT A OUPA AT A 3A0OPu O
levels of eEF1AGenomic content can be observedldse, stained by DAPI, the spindles appear red as they
were probed using a TxRed secondary conjugate.

How elevated levels cdEF1Anduce such a dramatic rescue in the: Nddtant is, as yet,
unknown. Deletion o/ARP1results in the collapse of the dyndo complex, which in turn
results in the aberrant spindles observed in thé Ndwitant (figure 3.11 c)Arplforms short
stable octameric polymers similar in structure to those formed by actieE&4. As known to
stabilise actin it is a possibility thactin could replacérplin the Arplrod of the dynactin
complex resulting in the restoration of the complépland Actp share 47.1%dentity at

the polypeptide level andrpland Arpl) are known to cecycle with actin filamentgEckley

and Schroer, 2003fFurthermore, actirbindsthe dynactin componentarpl, Arplip and p62
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in vitro (Garceset al, 1999)reinforcing its potential as a viable substitute farplin the
dynactin complexWhether it is the stabilisation of actin byEF1A or another, as yet,
unknown mechanism that results in the poteditiablity of actin to replaceArpl in the

dynactin complex is unknown.

Further analysis of the effect &#EF1Aon the spindle pole bodies wild type cellswvas
conductedby utilising the yeast GFP collection, a collection that covers thueeters of tre
S.cerevisiaproteome(Huhet al., 2003) The collection containgenestagged at the carboxy
terminal end of open reading frames with the coding sequenc@exjuorea ictoria GFP.
These were tagged chmwsomally using oligonucleotiedirected homologous
recombination simultaneously introducing theerminal GFP tag and alsetableHIS3tag.
We used theTUB4GFP strain to allow visualisation of the spindle pole bodiel&! encodes
gammatubulin, a conserved component of microtubule orgsing centres in eukaryotes and
is involved in nucleating microtubules from the nuclead cytoplasmidaces of the spindle
pole body. TheTUB4GFPexpressing strairwas transformed with the control plasmid
(pCG124)mnd the TEFloverexpression plasmipCG454)and colonieswere selected and
grown to midlog phase. Cells were visualised lbyefluorescence microscopy as détdali in

the Material and methods (section 2.6.1.3).

+Aadz f Aal i AGFF with Bothienddgdmoudzhinkl ¢levated levelgBF1Ashowed
normal spindle pole body distribution throughout the cell cyaieconcurrence wh the
observation made by immunofluorescendé&EFloverexpressiomesulted in brighter spindle
pole bodiesand a greater cytoplasmic intensity suggestinglayfy ONB I &S Ay (KS

wbulin.¢ KS Ay ONBI a$ 2 eelScotbdhiexplainedhighiediovels cdEF1A
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exertingstress on DNA replicatiomUB4levels have previously been observed to increase in

abundance in response to various stresses exerted on DNA repli¢akanhet al,, 2012)

Control plasmid Tef1 overexpression

Tub4-GFP

Figure 4.7 a and b, Fluorescerce microscopy of Tub4GFP strains.

4.2.4 Increased levels ofeEF1Ainduce Arpl translocation

We have observed that upon deletion ARH cells develop a severe aneuploidy phenotype
with approximately 20% of cells appearing multinucleate when visualiseftlbsescence
microscopy(see table 4.2)Immunofluorescence results indicated that upon deleidARRA
cells also develop severe microtubule defdstse figure 4.6 ¢and it is reasonable to assume
that this is what leads to the aneuploidy phenotypeeyiously mentioned. Upon
overexpression teEF1Ave observed a rescue tie spindle defect in th@ | Ndwdiant (see
figure 4.6 d)out a worsening of the aneuploidy with approximately 30%@lfsappearing
multinucleate (see table 4.2This indicates that the defects in spindle formation and ploidy
upon deletion ofArpl are separable and interestingly althougiF1Aoverexpression can

alleviate one it results in worsening of the other.

To observe the direct effect of EFloverexpressioron Arpl we utilised the yeast GFP

collection to visualiséArpl in the presence of endogenous and elevated levelgBF1A
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When visualised by fluoresgee microscopy ArpGFP waprimarilycytoplasmic with several
clearly defined features that werécalsed to the spindle pole bodies and microtububes

well as decorating what wer&ctin filamentgsee figure 4.7 aConsideng the canonical roles

of dynactinin microtubule anchoring at the spindle pole boatyd regulation of microtubule
dynamicqQuintyneet al., 1999) and thatArplis known to cecycle with actifMelkiet al.,
1993) this localisation was to be expected. OverexpressiomBFlinduced a dramatic
trandocation of Arplto the nucleusbut the mechanim that caused this is currently not
understood(see figure 4.7 b)As previously discussedEF14Aas been reported to play a role

in nuclear export but under normal conditions it has not been shown to enter the nucleus

(Caladcet al., 2002)and no known role foeEF1An nuclear import exists.

Andysis of theeEF1Aand Arpl sequences using nhuclear localisation sequence (NLS)
prediction softwarg Kosuget al., 2009)indicated thatArplhasno predicted NLSs, amiEF1A
only has a single low scoring (5.2 of 10) NLSAnalysis of the GFRis3 G&erminally tagged
Arplalso revealed no NLS ruling out simple shuttling into the nucleus via traditional transport

mechanisms
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Control plasmid Tef1 overexpression

Arp1-GFP

Figure 4.8 a and b, Fluorescence microscopy of Arp2GFP strains. a showsArpl decorating microtubules
and actin filaments b shows translocation dhrplto the nucleus in the presence of elevated levelsEfF1A

Further characterisation of thether dynactincomponents was attempted using other GFP

strains but they all lacked a strong enough signal to be detected by fluorescence microscopy.

4.3 Mutations in _eEF1Acause spindle pole body defects and effect Arpl

lo calisation

Previous studieon eEF1Ahave primarily focussed onits canonical role during protein
synthesis and its nenanonical roleas an actirbinding protein. Work from the Kinzy lab
focussed on introducing point mutations @EF1Ato0 elucidate residas that effect actin
binding andrates of translation.As previously discusseddy revealed twoclasses of
mutationsthat rescued the growth defect observed upekF1Aoverexpression. fe first

were those which did not affect the rate of protein synthedisat resulted in a disorganised
actin cytoskeleton and reduced actin bundling, although actin binding was unalteretio
(Gross and Kinzy, 2009)he second class of mutations caused severe actin phenotypes along
with slowed growth and decreased levels of translation initiafl@noss and Kinzy, 200TYe

acquired the strains characteed in these studiesisolated the overexpression plasmids and
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using marker swapped GFP tagged straimse able to analyse the effects the point

Ydzi b G A2y & aBdArplp lodhldadiatt A Y

4.3.1 Point mutations in_eEF1Aeffect Arpl localisation

To see if the actin binding ability eEF1Aaffected its influence orpllocation the Arpi
GFPRexpressing straiwas transformed with an array @EF1/Aoverexpression plasmids with
point mutations introduceknown toaffectactin binding.These plasmidaere aTEFIURA3

fusion to prevent degradation &gEF1AGrossand Kinzy, 2005)

Overexpression of the wild typeEF1AUra3pfused protein resulted in a similar translocation
of Arplto the nucleus as was observed whelaF1Avas overexpressed as an unfused product
(see figure 4.9 a)The translocation was not as\&ere as with the unfused proteibut this
was likely due to &ower level ofeEF1/verexpressioneven though the fusion wastended

to drive higher levelsf eEF1AFour of theeEF1Anutations N329D Y355C, F308L, N305S and
S405Presulted in a recueof Arpl localisation similar to the wild type, although some
showedpotential localisation to the mitochondria, whiclvasnot observed in the wild type
cells (see figures 4.9 b,c,d and.d)ynactin is known to be involved in the regulation of
subcellular mitochondrial locatio(WVaradiet al, 2004)and it appears thaeEF1Aromotes

the interaction betweenArpl and the mitotondria. The two other mutations K333E and
N329S resulted ian almost complete loss of ArgdFP signal. Only very faint localisation to
the actin filaments was visible (see figures 4.9 ¢ and d) strongly indicating a requirement for
eEF1An Arplfulfilling its role as a member of the dynactin complErese data suggestat

the residues oeEF1Ahat affectits ability to bind actin also influence its ability to induce
translocation ofArplto the nucleus, and, furtherore residues N329 and K33Bassertial

for normal Arpl distribution. As can be seen in figure 4.10 N329 and K333 are in close
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proximity to each other close to the bodary between domains Il and Buggesting this

region is likely to be involved the interaction betweermrplandeEF1A

a pTEF1-URA3 b N329D Y3 55C

e N3055 fS405P g N329S

Figure 4.9 a-g, Arp1-GFP witheEF1Aoverexpressed with various point mutations. eEF1Afused to URA3
was overexpressed in ArpGFP. Point mutations that are known to effect actin binding and translational
fidelity were introduced to observe their effect okrpl localisation. All of the mutations resulted in a rescue
of Arpl translocation tothe nucleus that was observed upon overexpression of ledRr1Aand eEF1Afused

to URAS.
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i \@ /

Figure 4.10 Model of yeast eEF1Ashowing mutations known to rescue the growth defect observed
when TEFLlis overexpressed.

4.3.2 Point mutations in_eEF1Ahave no significant effect on spindle pole bodies

Further characterisation of theEF1Amutants was carried duby expressing them in the
Tub4GFPexpressingstrain. Although no ifference in spindle pole body localisatiovas
observed whermEFlvas overexpressefsee figure 4.7)deletion ofARHA resulted in spindle
defects(see figure 4.6)Our aim was to utilise theEF14boint mutations to see iéltering the

interaction betweeneEF1/Aand Arplhad any observable effect on spindle pole bodies.

When we overexpressed wild typeEF1Afused to URA3a similar increase in Tub@FP
fluorescencentensitywas observed as in the unfused overesgsion system, but there was
no observable difference in Tub4 localisation. None of the point mutations appeareave
an observable effect on Tub4 localisation throughout the cell cgirilar to both thdJRA3

fused and unfused overexpression strairadl the mutants resulted in an increase in

93



Chapter 4: eEF1A is involved in cell cycle regulaimaynactin mediated interactions

fluorescence intensity relative to the wild type with exceptiontbé F308L mutanthat

exhibited similar fluorescence intensity tioe wild type.

a pTEF1-URA3 b N329D Y355C

d F308L 3 $40! g N329S

Figure 4.11 ag Tub4-GFP witheEF1Aoverexpressed with various point mutations. eEF1Afused b URA3
was overexpressed in Tub@FP. Point mutations that are known to effect actin binding and translational
fidelity were introducedto observe their effect on Tub4p localisation. Naofethe mutations resulted imltered
Tub4 location, but all but the F308L mutant caused an incre@sd ub4 fluorescence.

4.4 Discussion

In this chapter we utise results derived froma high throughput screening method to
elucidate a novel, putative interactive partner @EF1AThrough overexpression GEFI1n

an array of strains deleted for genes that are known to interact with or control the function
of actin, we were able to identify a cluster of proteins that delivered a synthetic interaction
with eEF1Ahat belonged to the dynactin complex. Furthavedigation into the interaction
betweeneEF1Aand other components of the dynactin complex yielded significant data that

indicated an interaction betweeeEF1Aand at least one component of the dynactin complex.
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4.4.1 eEF1Aoverexpression rescues dynactin dependant aberrations

FACS and microscopy arsagyof dynactin mutants with endogenous andvaled levels of
eEF1Ashowedthat deletion of components of the dynactin complex resulted imi§icant
genomic heterogeneity, witih EFloverexpression reducing ¢hobservable heterogeneity in
all the dynactin mutants suggesting a role é&F1An regulating the cell cycle in response to
genomic integrity. TEF1overexpression also resulted in thablation of the third peak
observed in then I Ndhdtant although wherobserved by microscopVEFIoverexpression
induced an increase iobservable multinucleate cells. Because of tlgngicant homology
between Arpland Actl, and because of the strofignctional and physicainteractions
betweeneEF1Aand Arplwe had observed up to this poirthe remainder of our efforts were
focussed on elucidating the mechanism treEF1Autilised to interact with Arpland the
dynactin complexWe observed that th@ I Nthdéant exhibited severe spindle aberrations,
with most cells possessing seemingly uncontrolled spindle growth resulting in spindles
positioned along the cell cortex, but also forming aberrant patterns throughout the
cytoplasm. Overexpression ®EFIn then | Ndudkant resulted in the rescuef the spindle
aberrations but not the aneupoidy as observed by microscopy. This demonstrated that
overexpression oBEEF1Awas able to rescue the spindle defeckat not the aneuploidy
induced upon deletion oArpl It is possible thaeEF1As able to stabilise actimishort
filaments that are hen able to substitute for Arpih the dynactin complexThis could result

in therestoration of the complex that then able to either fully or partiallgompleteits roles.
HoweEF1Aoverexpression is able to rescue the spéndefect whilst causing a more severe
aneuploidy defect is unclear. One possibility is thatels ofeEF1Aare involved in the
regulation of cell cycle check points and elevated levesEbfl Aesult in the bypass of these
essential steps of cell growtlwe do not however see a marked increase in aneuploidy in the
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wild type cells with elevated levels eEF1Andicating that this may not be the cadecould

also be true that Arpls involved in the regulation of cell cycle check points and deletion of
Arplresults in diregulation of controlled growthFurthermoreit may not be that be that
Arpl alone is involved in cell cycle regulatjdmut the entire dynactin complexf TEF1
overexpression is able to restore the dynactin complex it is possibleittlttes so in an
inadequate manner in which it is unable to fulfil all of its roles. It may be able to restore correct
positioning of the cytoplasmic spindldsut it is possible that due to the absence of actin
fibres in the nucleus that actis unableo substitute for Arplin the dynatin complex within

the nucleus. fiis would result in correct positioning of the cytoplasmic spindles but aberrant

nuclear spindles, potentially inducing aneuploidy.

4.4.2 Domains Il and Ill of eEF1Amediate Arpl translocation to the nucleus

It is well known that residues in domains Il and IBEF1Aare essential for its ability to bundle
actin (Gross and Kinzy, 2005Ve have found that werexpression ofeEF1Aresults in
significant translocation ofrplto the nucleus via a mechanigimat is yet to be definedWe
have clearly demonstrated that the residues in domains Il and lieEF1Aknown to be
involved ineEF1Ainding to actin are also involved in its ability to mediAtpltranslocation
to the nucleusMutation of any ofthese residues resulted gEF1Averexgession no longer
causingArpl translocation to the nucleus. Upon overexpressionfair of the six eEF1A
mutants N329D Y355C, F308L, N305S and $48FR appeared to localise to actin,
microtubules and spindle pole bodies, as observed in the wild tgpe, @s well as apparent
localisation to the mitochondria although this was not confirmed usingocalisation
microscopy.Two of the mutantsK333E and N329S resulted in the loss of defined -&pR

fluorescence indicating an inability 8fp1to bind to other cellular components suggesting
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that interactions betweenrArpl and its interactive partners are facilitated ®EF1AN its

native form.

Thesedata suggesthat eEF1/Aplays a significant role in cell cycle dynamics via mediation of
Arplinteractions with the dynactin complex and other interactive partners. It is also possible
that eEF1As able to stabilise actin in a form that can substitute Asplin the dynactin

complex in then | Nhudiant.
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Chapter 5 Conservation of eEF1A interactions in

humans
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5.1 Introduction: eEF1A2 is an oncogenic isoform of the eukaryotic

elongation factor 1A

As previouslydiscussedeEF1Ais a highly conserved protein that is required during the
elongation step of mtein synthesis. Throughoueukaryotic specieseEF1Ahas been
characterised to fulfil the same canonical role, as well as other moonlighting funclibas
different isoforms & eEF1Acan be expressedat different stages ofdevelopment or
differentially expressed in various tissuédthough highly conserved, sharing 92&tino acid

identity amongst isoform&é humans, these proteins display distinct expression patterns, and
unique interaction profiles (see figures 5aland b).The interaction profiles showm figure

5.1 suggest that eEF1A1 plays a greater role in translation, as can be seen by the cluster of
ribosomal proteingRps8,Rpl3, etceEF1A2 appears to have a strongpiactions with the
nucleoporingRanbpl, Rangapl, etahd also several proteins involved gsponses to JAK

STAT signalling{pnl, Socsl, etc).

Elevated levels of eEF1A2 have been found in many tumours, and expression of eEF1A2 in
non-native tissus is known to induce tumourigenegi&snandet al,, 2002) Following on from

our studies in yeast we aimed to characterise overexpression of the oncogeRitA2n

human cellsand to ask whether eEF1A overexpressielated phenotypes are conserved in
higher eukaryotesTo do this we utilised the Invitrogen Ripsystem, allowing us to rapidly
generate stable cell lines overexpressing eEF1A2 maintained in the presence of the antibiotic
Hygromycin. We used human embryonicriag cells (HEK293) for sevamsonsthe first is

that kidney cellsdo not normally express eEF1A2nd so overexpression should mirror
expression of eEF1A2 in normal tissue during the onset of tumourigenesis. The second reason

for using HEK293 cellss that they are a rapidly growing adherent cell line, facilitating
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observation of the cytoskeletorFinally HEK293 cellsere chosen over NIH3T3s (mouse
fibroblasts) despite being transformedpecause it has been reported that the CMV
(cytomegalosviruspromoter utilised in the FIgn systemis downregulated over time in

murine and rodent cells due to histone deacetylatiatthough the mechanism that mediates

this is unknown.
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Figure 5.1 a and b, Known and predicted protein interactions with eEF1A1 and eEF1A2 . Both a and b show the primary protein in red, with known apdedicted
protein interactions indicated by the connections. Generated using string.db(Brgnceschiniet al,, 2013).
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5.2 Generation of eEF1A2 overexpression HEK293 cells

5.2.1 Cloning eEF1A2 into the pcDNAS/FRT expression vector

To study the effects of eEF1A2 overexpression in human cells we generatedina Flp
expression vector that induced overexpression of eEF1A2 isolated from a human breast

tumour (Anandet al,, 2002)

A pcDNA3.0 overexpression pladmontaining eEF12was kindly provided by Jonath&ee
(University of Ottawa, Canadalsing this and the pcDNAS5/FRT expression vector we
performed double digests witlHindllland Xhol resulting inexcision of eEF1A2 from the
pcDNA3.0 vector, and a liagsed fragment of pcDNAS/FRT that we ligated together (see

figure 5.2 a and b) using the method described in section 2.4.9

pcDNAS bands excised

10,000 =»

3,000 =

eEF1A2 bands excised

1,000 =p-

eEF1A2 band excised

Figure 5.2, a) Digest of pcDNA5/FRT and pcDNA3.0 containing eEF1A2 and, b) digestion of ligated products.
a) shows a double digésof pcDNAS5S/FRT and of pcDNA3.0 containing eEF1A2, these were digested with
Hindlll and Xhol, A and B are duplicates of the pcDNA5 digest, and C and D are duplicates of the pcDNA3
containing eEF1A2 digest, bands highlighted were excised and ligated togethelescribed in the materials

and methods. b) shows the ligated product (E), it also shows single cuts using Hindlll (F) and Xhol (G), and it
shows the double digest using both Hindlll and Xhol (H), the highlighted band shows eEF1A2.
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5.2.2 Transfection of the pcDNAS/FRT-eEF1A2 overexpression vector into

HEK293 Flp-in cells.
HEK293 Fim cells were transfded as described in Chapter @ection 2.4.11). Cells

containing the control vector (pcDNA5.0) or the eEF1A2 overexpression vector
(pcDNAS.0/1A2ere confirmed by their ability to grow in media containing Hygromycin, and

a sensitivity to Zeocin. eEF1A2 overexpression was confirmed by western blotting and probing

for eEF1A2 using a rabbit polyclonal to eEF1A2 (abcam, ab82912), see figure 5.3.
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Figure 5.3, Western blot showing eEF1A2 overexpression in HEK293 cells.Western blots were probed

with an antibody specific to eEF1A2. Total protein was detected using fluorescent sypro Teke
monoclonals were isolated for the eEF1A2 overexpressing cell line and for the wild type. All experiments were
carried out with eEF1A2 monoclonal 3 as this had the highest levels of expression.
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5.3 Overexpression of eEF1A2 results in an increased gr owth rate in

HEKZ293s

Because we had observed alterations in growth rate, cytoskeletal defects and genomic
aberrations in yeast cellthese were the primary targets for characterisation in the HEK293
cells We began byassessing growth using the ACEA Bémaes Xcelligence RTCA DP
Analyser. Thigs an automatedsystemthat allows growth analysis of adherent cell lines by
continuous measurement of the impedance of an electric curgarbss a gold plated well
(see figure ) . As cells grow over the elecie at the bottom of he well the impedance
increases anthe system converts the impedance to an arbitrary value called Cell Index (Cl).
Cl is also affected by the strength of a@edidhesion to the surfacndcells with more focal

adhesions will resuin a higher CI.

Growth analysis on HEK293 cells was performed as dedcin the Chapter Zsection

2.6.2.9.
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Figure 5.4, Schematic view of the Xcelligence electrode with proliferating cells. Each plate for the
Xcelligence system contains 16 wells with each well containing a gold electrode in the bottom as shown in this
figure. The electrode is an incomplete gold meakht when covered with growth media generates a baseline
signal. Addition ofcells to the well affects the ionic environment causing an increase in electrode impedance.
The addition of more cells (proliferation) or the number of focal adhesions will increase the impedance. This
value of impedance is converted to an arbitrary valdmown as the cell index (Cl)mage taken from
http://www.aceabio.com.

Analysis of the wild type andEF1AZoverexpressing cells revealed that in HEK293 cells
elevated levels oEEF1A2nduceal a reduction in doubling time, as previously reported to
occur in NIH3T8ells(Anandet al., 2002) HEK298ellswith endogenous levels @EF1ADad

a doubling time of approximately 26 hours, with an increasekfr1AZ2evelsinducing a
reduction of 23% to approximately 20 hours (see figuield. Cells overexpressiriEF1A2
alsoadhered to the surface more rapidlf{see figure %&-c). Tis rapid adherencenaybe due

to the effect of the interaction okeEF1AZ2with actin, promotng actin remodelling and a
greater number of focal adhesionsowever further experimentation would be required to
test this possibility.Further evidence thateEF1A2promotes stronger adhesion to the
substrate can be observed at the peak of the growthveusee figure B-a) where it is clear

that the eEF1A2 overexpression kneach a higher CI thaine wild type cells. There are two
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possible reasons for the higher Cl observed at around 100 hours into the assay, the first, as
discussed, is thatEF1AZromoted strongerfocal adhesiors to the surface. The second is

that eEF1A2nhibited apoptosis and the cells wegeowing on top of each other resulting in
multiple layers of cells for the current to pass through. However, either reason, indicates that

HEK293 cells respoerd in an aberrant manner to elevated levelseEF1A2
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Figure 5.5 a-c Growth curve and doubling time of wild type and eEF1A2overexpressing HEK293 cells.
Growth analysis was performed using the Xcelligence plate reader, figl@Shows the entire growth curve

over the period of almost 10 days, this allowed us to not only capture the growth of the cells, but also the death
kinetics. Figure %-b shows the doubling time of the wild type and eEF1A2 overexpressing cells taken during
the maximal log phase of growthigure 55-c shows the first seven hours of the assay highlighting the rapid
adherence by the cells overexpressing eEF1A2.
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5.3.1 HEK293 cells with increased levels ofeEF1A2respond to drugs

To further understand the féect of increased levels oEEF1A2on HEK293 cells growth
analysis was performed in the presence of various inhibitory drugs. It was hoped that eEF1A2
might confer sensitivity to some of the drugs and resistance to others, thereby elucidating a

possible mechanisnt utilises to effect cell growth.

The drugs chosen wemdocodazoleand RapamycinNocodazole was chosen for its known
effects on microtubule polymerization as we had observed effects on the spindl€EBY
overexpression in yeagsee section 4.2.3Rgamycin was chosen for its inhibitory effect on
the TORtarget of rapamycin) pathway otponents of the TOR pathway were elucidated as
potential interactive partners ofEF1Aluring this studynot discussed in this thesjs)OR is
also known to play a @nificant rok in the development of cancefFor a review see

Beauchamp & Platanias, 2013)

When grown in the presenoaf Rapamycin wild type cells exhibited a moderate increase in
doubling time of approximately 14% 30 hourswhethergrownA Y mMn 2 NJ HAs >a 0 a
5.6 a and b). Wild type cells also showed iacrease in lag phase of almost 50 hours
suggesting a dramatic effect on the TOR pathway and an inability of the cells to respond to its
nutritional environment. Treatment of theeEFA2 2 GSNBELINB&aaAy 3 OStf &
Rapamycin resulted in a similar increase in doubling time observed in the wild type cells to
approximately 30 hours. HowevedzL}2y | RRAGA2Y 2F wWn >a 27
overexpressingeEF1A2an increase in doubling timef 42%was observed, resulting in a

doubling time of almost 38 hours. The lag phaseBF1A2verexpressing cells was affedt

similarly to the wild type cells with an increase in pdogise growthof almost 50 hours.
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Figure 5.6 a and b, growth analysis of HEK293 cells with endogenous and elevated levels of eEF1A2
treated with Rapamycin. Treatment of HEK29%ells with Rapamycin caused a similar increase in lag and

log phase growth rates. However treatment of teEF1A2l OAOA PGP OAOOET ¢ OOOAET xEOE
observable sensitivity in this cell line.

Addition of2 mM Nocodazole to the growtmedia resulted in n@ffect onthe maximal rate
growth of wild type cells with a doubling time of approximately 26 hqae® figure5.7 b).
Upon addition of Nocodazole to wild type cells thgiowth dynamicsmimickedthat of the
eEF1A2verexpressing lingvith a more rapid adhesion to the substraé@d an increase in

the final peak intensity prior to cell deatsee figures.7 a). However, it is not known if this is
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due toan ircrease in the rate of growth aimply due to an increase in focal adhesions made
by the cell.leEF1ADverexpressing cellsxhibited sensitivity to Nocodazole with aedrease

in both the ratelagtime and log phases of gwah, with an increase of a doubling time of 5%
relative to the untreated eEF1A2overexpressing cells taking the doubling time to
approximately 23 hoursThe initial adhesion phase of tlreEF1A2verexpressing cells was
also affected wth cells gpearing to settle on, and attach tinve substrate far sloweand

similar to that observed fowild type cells.

eEF1A2 overexpressi@onferredsensitivity to both drugs suggesting that cells with elevated
levels of eEF1A2 are unable to tolexadditional stress imparted by drug treatments. It is
possible that eEF1A2 overexpression has deleterious effects on both pathways affected by
the separate drug treatments. As discussed in chapt@e8tion 3.4eEF1Anay play a role

in nutrient sensing, which in part, is mediated by TOR signalling, and in chgpeatién 4.2)

it was documented thaBEF1Aalso plays a significant role irfacilitating the functions of
dynactin, the activating complex of dynein, whiahturn plays a role in spindle formation. It

is therefore probable that in the presence of elevated levels of eEF1A2 areislready
burdened and the extra stress from treatment with any drug is enough to further impede

growth.
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Figure 5.7 a and b, growth analysis of HEK293 cells with endogenous and elevated levels of eEF1A2
treated with Nocodazole. Treatment of HEK293 cellsvith Nocodazole, treatment appeared to have no
significant effect on the growth of wild type cells but resulted in a decreafskath lag and log phase growth
rates ineEF1AZverexpressing cells.
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5.4 eEF1A2 overexpression results in similar genomic aberrations as

observed in veasit.

As discusseth the introduction (section 1.2.EF1A2 expression is limited to certain tissue
types in higher eukaryotes with expression in abnormal tisspesmoting tumour
development. Tumour development is known to océiecause of aberrations in genomic
content resulting in altered metabolism andonstitutive growth signals resulting in
uncontrdled proliferation We observed in our yeast system that when analysed by FACS,
overexpression of eEF1A resulted in a significant shifbldA peaks to the right when
analysed by FAGSee figured4.4) and bigger, brighter nuclei when visualised by micopsc

(see figure 4.5) suggesting that cells containethcreased levels of DNAor that
overexpression offEF1 resulted in incomplete chromosome condensation and increased
uptake of DNA staining dyeBo answer the questioa lthé&s phenotype is conservetirough

to higher eukaryoteld gve performed the same assay t{EK293 cells.

Cells were grown in a T75 flask to 70% confluence aypsittized,counted and1x10 cells
were pelleted and fixed in 1 mL eR0°C 70% EtOH whilst vortexing. The cells were then
NEKERNI GSR FYyR tL ¢la FRRSR (2 | FAylLf 02y O0S

all analysis was performed using the FACSCalibur flow cytometer.

Analysis of thevild type celldy FACE&vealed two peaks representingd completehaploid

sets (2Candcells that have undergone genome duplication (4C) in preparation for mitosis,
(see figure B a). Analysis of these cells by fluorescence microscopy revealed miist ce
contained a single, spherical nuclghat filled approximately 6&/0% of the total cell volume
(see figure 5.®). Overexpression #EF1A2n the HEK293 cells resulted in a similar dhift

the rightin the FACS spectrum, as was observed in yeast ogerexpression of EF1(see
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figure 5.8a). How eEF1A in yeast and eEF1A2 in HEK293 cells cause this change is not
understood, but it appears to correlate with cells that possess larger nuclei whemvels

by microscopy (see figure 5@ suggesting annability of cells to correctly segregate
chromosomes.Overexpression ofeEF1A2resulted in the majority of cells containing

abnormal, elongated nuclésee figure 5.&), and asmall proportionthat were multinucleate.

200
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Figures 5.8 a-c, HEK293 cells stained with Pl and analysed by FACS and fluorescence microscopy.
HEK?293 cells expressing endogenous and elevated levels of eEF1A2 were stained avithtRén analysed
using FACS (eshows the peaks shift to the right in the cells containing elevateeélewf eEF1A2 lForescence
microscopy (b and xshows a HEK293 cell with endogenous levels of eEF1A2, and HEK293 cell with elevated
levels of eEF1A2 containing an elongated nuclelnsages were acquired using a 60x objectivurple line
represents the peental cell line, and the green line is the eEF1A2 overexpressing cell line.
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5.5 eEF1A2 overexpression _induces microtubule aberrations in

HEK293 cells

As we had previously observed an interaction between yeast eEF1A and components of the
dynactin complexesulting in microtubule defects, and the effects of eEF1A overexpression
on genomic content appeared to be conserved from yeashumans we next asked the

j dzS & G Atieng was lady observable interaction between eEF1A@ mnicrotubules in

HEK?293 cellg?

To assess mictabule integrity in HEK293 celiise cellshad to be grown on coverslips coated
with poly-lysine to facilitateadherence as they are only seadherent and do not stick to the
glass coverslips. Cells were grown to 70% confluence and theruriofluorescence was
performed as desdoied in chapter 2 (section 2.6.1.4Hlthough repeated on several occasions
this procedure yielded poor success ratesth very few cells adhering to the surface, and
fewer of those acquiring the fluorescent sigrighis meantlere were not enough observable
cells to generate any statistically significant conclusigpstween 6080 per sample)
However,there were consistent differences observed between the samplesliscussed

below.

Wild type cellsexhibited a slghtly more elongated, slender morphologyompared to the
eEF1A2 overexpressing cells that appeared larger, rounder and squdttewvild type cells
had longer more defined microtubuleshat exhibited an ordered arrangement emanating
from the cell polesn an astral arraysee figure 5.9). The microtubules in theeEF1A2
overexpressing cellackedthe organisation ghibited bythe wild type cells with microtubules
growing in aberrant patternsith no obvious point of origiisee figure 5.%). DAPI staining

of the nucleus allowed the observation of the nuclei that were larger in the eEF1A2
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overexpressing cell line @m in the wild type. Ris observationwas in concurrence with the

microscopyacquiredfrom the Pl staining (section 5.4).

AN

Figures 5.9a and b, Immunofluorescence of HEK293 cells allowing visualisation of the microtubules
and the nuclei. HEK293 cells wergrobed using an anttubulin primary anti-body with a TexRed secondary
anti-body (red), they also stained with DAPI (bluedrrows on 59-a show the origin point of many of the
microtubules that can be seen to project along the length of the cell. Arrows 8 Show highlight some of
the microtubules that appear to be growing in a disordered manner.

5.6 Human eEF1A isoforms expr essed in veast do not function to

replace veast eEF1A

As we had seen conservation of eEF1A interactions from yeast to human cells we asked
whether they were functionally redundant. To do this we utilised a yemairsgenerated in

W2 Ky a Olah (Ndveksgy@&WarwickjFirczuket al., 2013}that had TEFXeleted and

where TEF1was placed under control of a TetO7 promoter, allowing almost complete
ablation of native eEF1A expression through addition of doxycycline to the growth medium
We transformed tis strain with a plasmid expressing either yeaBF1or humaneEF1ADr

eEF1Aall under control of the strong constitutivEDH3promoter (plasmids were provided
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by Chris GrantUniversity of Manchester) When groyt Ay (G KS LINBaSyoOS
Doxycyclie, enough to suppress expression of nafiieF1the only source of eEF1A came
from the plasmid based expression allowing us to observe the ability of human eEF1A
isoforms to fulfil the role of yeas®tEF1AAIl analysis was performed by assessing growtth ra

as a measure of cell fithess.

Knockdown of nativd EF1in the wild type strain resulted in vepoor growth and cells that
had a maximal doubling time of almost 8 hours, 3.5 times longer than the wild (gpe
figure 5.10a pale blue traceand 5.10b). BecauseeEF1Avas expressed at low levels we had
hypothesised that cells would struggle to grd#xpression oFEFXesulted in a slighihcrease

in doubling timerelative to the wild type, probably due to thwxicity associated with
elevated levels ofEF1A as previously discusgeection 3.2) Knockdown of native eEF1A in
the TEFloverexpression strain had no eftean growth rate as the plasmibasedTEFwas

able to fully compensate for the loss diromosomalkxpressior(see figures 5.10 a red and
pink lines and 5.10). Expression ofEF1ALl in the presence of natiVEFlevels resulted in

an increase in doubling time of 538tiggestingthat eEF1Alinduced increasedlevels of
toxicity relative to yeast eEF1&uppressiorof TEFlexpression induced by Doxycycline
resulted in severe growth retardation when eEF1A1 was the only form of eEF1A available to
the cells, with an observed increase in doubling time of almost 4 times the wild type
suggesting that eEF1A1 is unable to fulfé &ssentialroles required by the yeast cellsee
figures 5.1(a dak and light green lines and 5.1). Expression of eEF1A2 in the presence of
native eEF1A resulted in an increase of 40% in doubling time relative taovittetype

suggesting, similar teEF1A1 expression, that eEF1A2 is confers significant toxicity to yeast

cells. Knock down of eEF1A leaving eEF1A2 as the only eEF1A isoform resulted in a greater
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increase in doubling time than with eEF1AL1, resulting in an increase in doubling time to more
than 4 times the wild type, and barely growing better than cells containing the control plasmid
(see figures 5.1@ dak and light purple lines and 5.16). This suggests that eEF1Al and
eEF1A2 are able to carry out different roles in yeast cells, withA&ERacilitating yeast

proliferation better than eEF1A2.

50

—WT
WT +Dox
—Teflh
Tefl? + Dox
——gEF1A1A
eEF1A17 + Dox
——eEF1A27
Time (hours) eEF1A27 + Dox

Natural log OD6%0
N

Kk

Doubling time (hours)
[=p]

Figures 5.10 a and b, Growth analysis of yeast cells expressing different eEF1A isoforms. a- Cells
containing either yeast eEF1A or human eEF1A1 or eEF1A2 were grown in the presence of Doxyelaiime
suppressed levels of native eEF1A allowing us to monitor the effect of different eEF1A isoforms on yeasts ability
to proliferate. b Doubling times for each of the strains analysed, it is clear to see that eEF1A1 and eEF1A2 are
unable to fulfil the iole of yeast eEF1Apvalues are represented by asterisks, *=<0.5, **=<0.05, ***=<0.005.
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5.7 Discussion of results

Because of the high degree of conservation betwdéFland eEF1A2ve were able to
perform rapid, inexpensive analysis of eEF1A overesmesin yeast to facilitate
identification of interactive partners in higher eukaryotes. Here we have identdfeseral

effects of eEF1A overexpression in yeast that are conserved through to humans.

We have demonstrated that similar to previously psbed data in NIH3T3 cellgEF1A2
overexpression induces an increase in growth ratecells from higher eukaryotes.
Furthermore we have demonstrated that overexpression of eEF1A2 in HEK293 cells results in

similar effects aseen witheEF1A overexpressionyeast.

We have cofirmed that a shift to higher genomic conteimt FACS analysis of Pl stained cells
as observed in yeast cells with elevated levels of eEETAnserved through to HEK293 with
elevated levels of eEF1A2. Although the reawrthe shift is not understoodand likewise

the mechanism that mediates,ieEF1A2 overexpression also results in aberrations in
microtubule arrangementsuggestinga conserved mechanism for eEF1A to modulate cell

cycle dynamics although this clearly needsHertinvestigation to confirnthis hypothess.

Although we have demonstrated that several phenotypes induced by eEF1A overexpression
are conserved through to human celge also demonstrated that yeast and human eEF1A
isoforms appear to ha unique functional profiles and that human isoforms are unable to
substitute for yeast eEF1A $1cerevisiaBy deletingTEF2nd knocking dowi EFlve were

able to ensure that eEF1A expressed from a plasmid was the sole source of eEF1A in the cell.
Thisgave us the ability to identify if eEF1A1 or eEF1A2 were able to substitute for eEF1A in
yeast cellsesEF1A1 expression resulted in better growth of yeast cells than eEF1A2 suggesting

that it is able to carry out at least some of the functions of eEFER1A2 expression however,
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resulted in the complete retardation of growth suggesting that it is completely unable to fulfil
any of the roles required of it by the yeast cell. This is a very strong indication that eEF1A1
and eEF1A2 have different functiomabfiles, which would explain why they are differentially
expressed during development and in different tissueetypFurthermore the inability of
eEF1A2 to function in yeast could be due to its decreased affinity for both GTP and its GEF
eEF1B, reinforcmthat eEF1A2 may have evolved to favour one of its extra functions over its

canonical role during translation elongation.
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Chapter 6: Transcriptome analysis of TEF1

overexpressing cells
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6.1 Introduction

We have observed that eEF1A overexpression in lyetkist and HEK293 cells can induce
growth defects, and genomic and cytoskeledblerratiors. We have also observed that in
yeast TEFloverexpression has alethora of other effects on a wide array of cellular
components and pathways. To assess thebaleffects of TEFloverexpression on calive
carried outa transcriptomeanalysis using microarrayWe chose to use this method as it
would provide us with a large data set that could elucidtte transcriptional alterations

associated witlelevated levels oT EF1.

6.1.1 The affymetrix Yeast 2.0 GeneChip

It is well knowrthat cellular functions can beontrolled throudn the regulatedexpression of
genes inresponse to a varietpf signalling pathwaysMicroarray is a common method for
obsening gene expression profiles on a global scale. This method allowed us to vitalise
effects of TEFloverexpression upon mRN@velsrelative to wild type. In order to generate
thesedatatotal RNA was isolated from yda=ells during log phase growtlihe RNA samples
were sent to Source Biosciences for them to perform the remaining steps of the microarray
process. Followingeverse transcription reactions the cDNA template was hybridised to an
Affymetrix Yeast 2.0 GeneChip array. TAe data obtainedfrom analyses carried out by
Source Biosciences weleen processed usinfpe Bioconductor plugin, affylmg(iVettenhall

et al, 2006) following the worked example found at
http://bioi nf.wehi.edu.au/affylmGUI/Doc/estrogen.htnaind Affymetrix Expression Console
Software found at
http://www.affymetrix.com/estore/browse/level_seven_software_products_only.jsp?prod

uctld=131414#1 3A cut off point was established for genes that were desigddab have
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significantly alterecexpressionthis was denoted athose genes with a-Btatistic greater
than 1.5 Thisanalysisresulted in a total of 319 significantly «pgulated genes and 61

signifcantly downregulated genes in the presence TEFloverexpression

6.2 Pre-processing of data

Prior to any analysis or quality assessment of microarray data, the raw unprocessed data must
be preprocessed to ensure that it is of the highest possible quality and free from variation

due to background noisend variation introduced by technical replicates.

6.2.1 Background correction

As with most fluorescenebased assays, background fluorescence is a problem for
microarrayst is likely to occur even if slides are only treated with labelled sterile watahwhi

is then hybridised to the arragausinga low level of fluorescend® still be detected by the
scanner. Other sources of background fluorescence arespegific binding of the labelled
sample, noise from the scanner or deposits left behind after wegshio reduce background
noise we used the Robust Multirray Average (RMA) algorith(Bolstadet al., 2003) This
algorithm corrects the raw intensity values by log2 transformation and quantile
normalisation. It then fits a lineamodel to the normalised data in order to obtain an

expression measure for each probe set on each array.

6.2.2 Normalisation

Normalisation is used to adjust the data for technical variation, rather than for biological
differences between the samples. Due the nature d the assay the hybridisation process

will always result in variations leading to scaling differences between the fluorescence
intensity levels across arrays. The normalisation process corrects for these differences in

fluorescence intensitipy comparing like for like.
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6.3 Quality assessment of the microarray data set

Prior to any biologicainterpretation of the microarray data set there were a variety
methods employed to ensure that the data was robuBhe first step was to perform
backgound correction andhormalisation ofthe raw dataas described in sectiof.2 above

This was besuse the raw unprocessed data wekely to contain variation due to theariable
nature of technical replication. Norrhgation of the raw data removeal laige amount of the
variation in order to guantee that all interpretation was performed on data that wabust.
Following normalisationran arrayof quality assessment steps wpsrformed to ensure that

the datawere of the highest possible quality. We employegleral statistical methods to
check thantegrity of theraw and normalised data, and visual analysis of artificially generated
images of the residuals was performed to check for any defects present on fheuwffiace.

We also checked RNA degradation to check the quality of the mRNA that was used for the

hybridisation.

6.3.1 Visualising residual images

Prior to any further analysisynthetic images were generataging the affylmgui package
FYR (KS AleF 1B 2Idheke allsed ys B visualise the gene chips to check
for any physical damage thatay result in aberrant reading®amagemay have occurred
through handling or during manufacture. Common abnormalities that cause aberrant
readings are gatches or fingerprints on the coverslip, bubbles under the coverslip, or diffuse

artefactsarsing from irregularities in washing.

Inspection of our residual images (see figure 6.4) aevealed that all of our gene chips
appeared to be well prepared witthe exception of 6.4 which appeared to have an

abnormality caused by either irregular washing or a bubble trapped under the coverslip.
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Other artefacts such as empty patches and striations were observed but they are common

across all affymetrix gene chips

Wild type
a b c
Non—codflg_’__’_/__——-v
probes
TEF1 overexpression

Striations are
normal

s - s Al oo VA el SH s S bal e, A e PN ANINL S 4 ]

Bubble or
washing

irregularity

Figure 6.1, Synthetic images of residuals. Images show negativeesidualsas blue and positive as red. These
images allowed us to visualise the gene chips and inspect them for any aberrations that may result in abnormal
values.

6.3.2 RNA degradation plot

The next quality assessment step was to ensure that the mRNA used for the array was of
sufficient quality RNA degradation can occur during preparatiesulting in a poor measure

2F 3SyS SELINBaaAz2yd 5S53INI RI G o@lyNFOES I3RS o d SiyK
allowedus to easily measure degradation using oligonucleotide arrays. Sequential numbering

2F LISNFSOG YI G§OK ot af the thiheRdBRNA RN ¥ OWNKX SJip Q2 SVi F

alloweda graphical representation of mRNA degradat(see figurés.2). RNA degradation is
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7 A A

NELINS&aSyiSR o0& StS@IFIGSR @rfdsSa 4G GKS o0Q Sy
typically exhibits a slope between 0.5 and laid slopes that are greater than twice this
value are considered to be due txaessive degradation of RNA resultingn poor quality

results.

Figure 6.2 shows that the RNA used for this array was not excessively degraded, meaning that
all samples were of gabquality. The RNA also exhibitsmnilar degradation slopeacross
the five sampleqthree wild type and twoTEFloverexpressiohshowing thatthere was
agreement between the gene chips, and because all the arrays are similar then comparisons

within genes across the ays arestill likely to be alid even if RNAegradation hasccurred.

15 20 25
| |

Mean Intensity : shifted and scaled
10

Probe Number

Figure 6.2, RNA degradation plot. A plot of the five RNA samples analysed using microarray. All samples
exhibited a similar slope suggesting degradation at a similar rate.
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6.3.3 Statistical analysis of microarray data

The stragth in microarray analysis is that it allows us to monitor the expression of almost the
entire yeast genome siultaneously (5,841 of the 6,33genes). However, because of the
enormous quantity of data generated from such a small number of replicatesvitalsto
interrogate the robustness of the data acquirdah achieve this whadput our data through

a variety of statistical analyses that are presented here.

6.3.3.1 Box plotsgenerated using affyimGUI on R

Visualising the data in a box plot is a qum&thod to compare the probe intensity levels

between arraysWhen using box plots it is vital to understand what each point on the plot

means; each end of the box represents the upper and lower quartiles (the median of the

upper and lower half of the datsets). The line across the middle of the box is the median of

the data set for that array. The horizontal lines that are connected to the box by the
GoKAA]TSNERE NBLNBaSyid GKS fINBSaid yR GKS avyl
outliers. Withoutliers (not shown) defined as values that are 1.5 times the interquartile range

from the first of the third quartile (these are the edges of the box).

Using this method it was easy to check that all data, following normalisation, had similar
intensity kevels, and that thergvasno variation to cause a problem when processing the data

further (see figures 6.3 a and b).
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Figure 6.3, Box plots of raw and normalised data. a- A box plot of the raw data indicating that there was
little variation across theassays prior to normalisation. HA box plot of the RMA processed data showing that
following normalisation all arrays had similar probe intensity.

Using box plots also allowed us to visualmebe level analysis. For this we performed
Relative Log Expression (R{gp figure 6.4 athat shows the deviation of gene expression
level for each array, from the median gene expression level for that gene across all arrays. If
an array has a qualifyroblem then it will exhibitifferent values fron the other arrays in the
assay.We also calculated the Normalised Unscaled Standard Error (NV@E9net al,

2004) (see figure 6.4 b) This shows the chiyise distribution of standard error estimates

that are obtained for each gene on each arBgth of these checks confirmed that although
there is \ariation between the wild type an@iEFIoverexpression straingll data fell within

acceptableerror ranges.
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Figure 6.4, Box plots of RLS and NUSE data- A box plot of the RLE data indicating that one of the TEF1"
expression samples showed slighdlifered gene expression levels. A box plot of the NUSE data suggesting
that the TEF1” strains contained more standard errors than the wild type strains.

6.4 Interpretation of microarray data

Following the rigorous checks to ensure tbatr microarray dtawererobust we then sorted
the significant data (genes up or dowegulated with a Bstat greater than 1.5) into groups
for processing using Gene Ontology (& Mapper This method allowanderstanding of

a collection of genes by grouping them aatiog to one of three biological criteria. Sets of
genes were uploaded to the website ht{p://www.yeastgenome.org/cgi
bin/GO/goSlimMapper.pl and then sorted by; cellular component (e.g. nucleus,
mitochondria, etc) molecular function(e.g. signal transducer activity, enzyme binding, etc)
or biological process (e.g. protein folding, rRNA processing@isjering of genes into these
groupsallowed us to checkor enrichment ofspecific terms relating to sugroups. Oncet
had assiged terms to the group of genes the Slitlapper also showed ushich GO terms

were significantly enriched based on the frequency of gene clustering. This was assessed by
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comparing gene cluster frequency to whole genome frequency. From this a ratio was
gererated of cluster frequency to genome frequency, with anything greater th&rding
enriched in the cluster. Here we present only the ddtattwe have defined as enriched (a
complete list of both up and dowregulated gees can be found in the append(see

appendix App.3)

6.4.1 GOSIlim Mapper analysis of significantly up -requlated genes

A total of319genes were found to be significantly-npgulated as defined by the restrictions
previously discussed. This group of genes were uploaded to the GO 8ppeMand then
processed as described section6.4. The first term that the genes were clustered in were
biological processes (see table 6.Zhis showed enrichment for B biological processe3he
most enriched process from the upgulated gene clustewvas carbohydrate transport and 4
of the 6 genes groufHXT1, HXT6, HX&dd HXT9 in this process belong to thdXTfamily

of genes involved in hexose uptakkereassuringobservation with these data veathat the
majority of the processes concur with pieus observations made during this researgbr
example here are several processes that are linked to metabolic processes and the cells
response to apparent starvatidor examplegeneration of precursor metabolites and energy,
cellular amino acid metaddic process, carbohydrate metabolic process aadgponse to
starvation.The highest enrichment was observedtarbohydrate transponith 6 of the 319
genes in the upegulated dataset present, four times more enrichmhéhan observed in the

genome.
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Table 6.2- Go-Slim mappedbiologicalprocesses generated by the wegulated microarray

data set
GO Process Frequency(of Genome Freq/Gen Gene(s) Up requlated
319 genes) Frequency(of Freqg
6,344 genes)
carbohydrate 6-1.9% 33-0.5% 3.8 GLK1,HXT7,HXT6,HXT1,HXT9
transport L2
oligosaccharide 6-1.9% 37-0.6% 3.17 TPS1,NTH1,TPS2,HSP104,TS
metabolic process NF2
lipid transport 9-2.8% 55-0.9% 3.11 DRS2,SWH1,0SH2,DNF2,DNF
UT1,PRY3,UPS1,FAAL
cytokinesis 13-4.1% 95-1.5% 2.73 CDC15,B0I11,SDS24,BOI2,DSI
WE1,MYO3,CHS5,VRP1,MYO
DS1,BNI1,THP1
response to osmotic 12-3.8% 88-1.4% 2.71 CYC8,GPD1,NRG1,GPP2,GRE
stress N1,MYO3,SSK1,MYO5,TCO89
P82,0PY2
endocytosis 12-3.8% 96-1.5% 2.53 DRS2,SWH1,ECM21,SDS24,0
,DNF2,DNF1,MYO3,ENT2,VRI
MYOS5,SCD5
amino acid transport 5-1.6% 47-0.7% 2.29 BAP2,RTC2,AVT6,AUAL,MUF
cellular amino acid 27-8.5% 241-3.8% 2.24 ADH5,HIS7,ILV6,HIS4,CIT2,LY
metabolic process HOM2,UME6,TRP4,HOM3,TRF
UGA1,ARG4,THR1,CPA2,MAE
XP1,SRY1,DPS1,MET17,LEUZ
G7,IDH1,MET4,IDH2,CDC60,A
1
cell budding 6-1.9% 58-0.9% 2.11 BOI1,BOI2,KIC1,MYO3,VRP1,|
05
carbohydrate 27-8.5% 269-4.2% 2.02 UBP14,TPS1,ADH5,GLK1,CIT:
metabolic process H1,TPS2,UME6,GLC3,GPP2,S,
IGD1,PYC1,SOL4,GRE3, TDH1
1,HSP104,GAL2,GSY2,CHS5
45W,TSL1,PFK2,GLO4,SNF2,
89
protein folding 9-2.8% 90-1.4% 2 CNE1,SSE2,AHAL1,EUG1,HSP!
SE1,FLC1,HSP82,CIN2
response to 9-2.8% 96-1.5% 1.87 SUT1,SIP2,CLG1,PCL5,TAX4,/
starvation SNF2,0PY2,ATG13
protein maturation 4-1.3% 46-0.7% 1.86 MAP2,DAP2,RAM2,ATG19
generation of 14-4.4% 160-2.5% 1.76 ADH5,GLK1,GLC3,RGI1,IGD1,
precursor 1,TDH1,GLG1,GSY2,YLR345W
metabolites and 1,PFK2,IDH1,IDH2
energy
ion transport 20-6.3% 229- 3.6% 1.75 DRS2,BAP2,RTC2,DNF2,PIC2,
6,DNF1,AUA1,FET5,TPO2,YHL
C,MUP3,YKE4,COX19,UPS1,P
ATO2,COT1,FAALFLC1
response to heat 6-1.9% 69-1.1% 1.73 TPS1,TPS2,AHAL,HSF1,HSP1
N3
exocytosis 4-1.3% 48-0.8% 1.63 SWH1,0SH2,MYO3,MYO5
cell wall organization 15-4.7% 199-3.1% 1.52 ROT2,YPS7,KIC1,MHP1,TAX4

or biogenesis

N7,MYO3,YPS3,CHS5,MYO5,}
1,HRD1,HPF1,TCO89,FLC1
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cell morphogenesis

biological process
unknown

2-0.6%

62-19.4%

28-0.4%

1139-18%

15

1.08

DOT6,KIC1

FUN19,BDH2,MOH1,YBL113V
A,PAR32,YDR545C
A,GTT3,YELO43W,YELO77W
A,YERO53C
A,YERO79W,YER134C,YER15
ER190€
B,YFLO42C,YFLO67W,YFLO68\
R018C,YFRO35C,YGL117W,Y!
27W,YGR237C,YGR296C
B,AIM17,YHLOS0MX,YHR219C
A,YILO6OW,YILO92W,ASG1,0MN
,YILI77WA,REEL,YJLARS
A,YKLO23W,SEG2,PMU1L,YLL(
W-A,YLLOG67W
A,SKG3,YLR278C,YLR326W,Y
66GA,YLR467%C
A,NAB6,YML133\8,YMR105W
A,YMR160W,ICY1,YMR196W,
LO34W,TOS6,YNL339W
B,YNRO14W,YNRO34W
A,YOL029C,YOL131W,YOL15¢
OR012W,YOR396C
A,YPL109C,YPL28BN PR204C
A

319genes thathad aB-Stat greater than 1.5vere analysed and processes that veegnriched 1.5 timekigher
in the cluster than is found in the genomare displayed hereData is presented in enrichment ordeAlso

includes gene cluster of unknown process.

The seconderm thatthe up-regulatedgenes were clustered by wasotecular function (see

table 6.3. Clusteing by function resulted ii2 functions that were enriched in our up

regulatedgeneset The most significantly enriched function waglrolase activityacting on

glycosyl bonds, which was increased thfelel compared to genomic levelSeveral of the

functions within table 6.3uggested thaT EFbverexpressing cells had to respond to nutrient

deprivation, as suggested by the datatable 6.1. Many oflie functions listed are related to

recycling cellular nutrients for use elsewhere, there are genes that are involved in

carbohydrate storage in the form of trehalose suchT&l.land TPS1and genes that are

involved in the degradation of trehaloseich asNTH1 which is required for thermotolerance

and mediation of resistance to other cellular stresg&ghringeret al., 1997)
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Table 6.3 Go-Slim mappedmolecular functionsgenerated by the ugregulated microarray

data set
GO Function Frequency(of Genome Freg/Gen Gene(s) Up requlated
319 genes) Frequency(of Freqg
6,344 genes)
hydrolase activity, acting 7-2.2% 45-0.7% 3.14 YPC1,ROT2,NTH1,DSE2,PNP:
on glycosyl bonds F1,YDC1
transferase activity, 5-1.6% 39-0.6% 2.67 ARO3,ARO1,RAM2,MET17,MF
transferring alkyl or aryl
(other than methyl)
groups
enzyme binding 7-2.2% 55-0.9% 2.44 ECM21,CYC8,DST1,SSK1,SCI
RS6,GIP3
hydrolase activity, acting 7-2.2% 63-1% 2.2 RIB1,YPC1,HIS7,HIS4,PNC1,0
on carbonnitrogen (but YDC1
not peptide) bonds
lyase activity 9-2.8% 86-1.4% 2 ARO1,TRP2,TCD1,ARG4,YHR!
,APN1,YKL151C,SRY1,MET]
unfolded protein binding 6-1.9% 67-1.1% 1.73 CNE1,HSP42,EUG1,SHY1,HSI
,HSP82
protein binding 11-3.4% 128-2.0% 1.7 CYC8,NRG1,UME6,SSN2,DST
transcription factor S1,IFH1,MET4,SIN3,TFC7,ND
activity
transferase activity, 8-2.5% 96-1.5% 1.67 TPS1,HIS7,TRP4,GLC3,GLG1,
transferring glycosyl 1,GSY2,TSL1
groups
nucleic acid binding 13-4.1% 159-2.5% 1.64 LYS14,NRG1,UME6,ACA1,HS
transcription factor MGA1,STP2,RSF2,BAS1,LEU3
activity 8,TFC7,RLM1
kinase activity 15-4.7% 198-3.1% 1.50 CDC15,GLK1,ARO1,MSS4,HO
SAK1,SIP2,THR1,KIC1,PKP1,S
TPK1,SWE1,YLR345W,PFK:
signal transducer activity 3-0.9% 39-0.6% 15 GPR1,SLN1,SSK1
oxidoreductase activity 21-6.6% 280-4.4% 15 BDH1,BDH2,ADH5,HIS4,MXR:

PD1,YDL124W,ARO1,HOMZ2,E

1,FRD1,FET5,GRE3,AYR1,TDI

AD10,MAE1,HMG2,IDH1,GOR
DH2

319genes that had 8-Stat greater than 1.5vere analysed and processes that weneriched 1.8imeshigher
in the clusterthan is found in the genomare displayed hereData is presented in enrichment order.

The final term that the upegulated genes were clustered by weallular componen(see

table 64). Clustering bgomponentresulted in6 componentsthat were enriched in our up

regulated gene setThe most enriched componentas the peroxisome wh enrichment

increased twefold compared to genomic level$sPD1is an NABdependent glycereB-

phosphate dehydrogenagiat plays a major role itipid biosynthesis via the reduction of
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dihydroxyacetone phosphate to glycei®phosphate, simultaneously oxidig NADH to
NAD+ (see figure 6.3PNC1ls known to play a role in the NAD+ salvage pathway converting
nicotinamide to nicotinic acidGhislainet al, 2002) PEX21, PEX14 and PEX3@ all
peroxisome related proteinsGPD1PNCland PEX2Xre all known to increase iexpression

in response to DNA replication stre§Bkachet al., 2012) CIT2is a peroxisomal isozyme
involved in the glyoxylate cycle catalysing the condensation of acetyl coenzyme A and
oxaloacetate to form citratéKimet al,, 1986; Lewiret al, 1990)and LPX1is a peroxisoral

matrix-localised lipase that is required for normal peroxisome morphology.
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Table 6.4 Go-Slim mappeccellular componentgenerated by the ugregulated microaray

data set
GO Frequency Genome Freg/Gen Gene(s) Up regulated
Component (of 319 Frequencyof Freq
genes) 6,344genes)
peroxisome 7-2.2% 69-1.1% 2 CIT2,GPD1,PNC1,PEX14,PEX21,PEX30,
plasma 33-10.4% 376-5.9% 1.76 BOI1,BAP2,STP22,GLK1,0SH2,GPR1,YDI
membrane ,DNF2,HOM2,MSS4,HXT7,HXT6,FRD1,DM
TR3,SIP2,TPO2,HXT1,CAP2,SLN1,TDH1,
GAL2,YPS3,MET17,PLB1,BNI1,ATO2,FA/
R12,TCO89,0PY2,0PT2
cell cortex 11-3.5% 138-2.2% 1.59 ABP1,0SH2,CAP2,BBC1,MYO3,ENT2,VRI
0O5,BNI1,SCD5,PIN3
site of 18-5.7% 237-3.7% 1.54 CDC15,B0I1,ABP1,0SH2,SEC31,BOIZKI
polarized P2,SWE1,SKG3,ENT2,CHS5,VRP1,MYO5
growth BNI1,YPT11,FLC1
vacuole 20-6.3% 259-4.1% 1.54 RTC2,MCH1,VMAL1,PIB1,AVT6,FET5,TPO;
008C,VMR1,DAP2,ECM14,APE1,VPS38,Y
60W,ICY1,COT1,YDC1,TCO89,FLC1,0Of
extracellular 2-0.6% 27-0.4% 1.5 DSE2,HPF1
region
cellular 45-14.2%  720-11.4% 1.25 FUN19,MOH1,YBL113WYDR545C
component AGTT3,YELO72AYER19GC
unknown B,AUAL,YFLO42C,YFLO67W,YFLO68W,YF

C,YFRO35C,YGL117W,PDE1,YGR127W,Y
6GB,YHLO50WA, THR1,YHR219C
A, YILOGOW,YIL17AAYIL225W
A,AAD10,SEG2,SRY1,GLG1,YLI-066W\
A,YLLO67WA YLR326W,YLR46A(YLR467+C
A, YM.133WB,ISF1,YMR105W
A, YNLO34W,YNL333W
B,YOL029C,YOL131W,YOL159C,YOR012
R396CA,CIN2,YPL283W/ YPR2048

319genes that had 8-Stat greater than 1.5vere analysed and processes that weneriched 1.5 timesigher
in the clusterthan is found in the geome are displayed hereData is presented in enrichment ordeAlso

includes gene cluster of unknown component.
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Figure 6.5, Glycerol3-phosphate dehydrogenase reaction mechanism. This reaction shows how Gpdl
reduces dihydroyacetone tglycerol3-phosphate, whilst simultaneously oxidising NADH to NAD+.

6.4.2 GO Slim Mapper analysis of significantly down -requlated genes

A total of 61genes were found to be significantly dowegulated as defined by the
restrictions previously discussethis group of genes were uploaded to the GO Slim Mapper
and then processed as describedsection6.4. The first term that the genes were clustered
in were bidogical processes (see table 6.5hs table shows enrichment for 13iological
processesnd alarge group of 17 genes that belong to unknown procesAdarge proportion

of the biological processes found to be dowegulated in theTEFloverexpressiorstrain
were involved inRNA processinincluding transcription from RNA polymerase | and Il
promoters, and several translational processes including biogenesis oéniredl and large

ribosomalsubunits.
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Table 6.5- GoSlim mapped biological processes generated by the dowegulated
microarray data set

GO Process Frequency(of 61 Genome Freq/Gen  Gene(s) Down regulated
genes) Frequency(of Freq
6,344 genes)
mitochondrial 5-8.2% 137-2.2% 3.73 PET122,RRF1,PTH1,MRPL
translation MRPL33
transcription from 2-3.3% 64-1.0% 3.3 RRN3,RPB10
RNA polymerase |
promoter
carbohydrate 1-1.6% 33-0.5% 3.2 HXT17
transport
pseudohyphal 2-3.3% 69-1.1% 3 PGU1,HMS1
growth
transcription from 1-1.6% 39-0.6% 2.67 RPB10
RNA polymerase |
promoter
snoRNA processing 1-1.6% 40-0.6% 2.67 RRP45
ribosomal small 3-4.9% 129-2.0% 2.45 LOC1,FCF2,FYV7
subunit biogenesis
rRNA processing 7-11.5% 297-4.7% 2.45 RRP45,NUG1,LOC1,FCF2,
7,RMP1,PUS7
protein folding 2-3.3% 90-1.4% 2.36 EMC5,CUR1
ribosomal large 2-3.3% 88-1.4% 2.36 NOP16,LOC1
subunit biogenesis
ribosomal subunit 1-1.6% 45-0.7% 2.29 NUG1
export from
nucleus
tRNA processing 2-3.3% 105-1.7% 1.94 FMT1,PUS?
mitochondrion 6-9.8% 342-5.4% 1.81 PET122,RRF1,PTH1,MRPL
organization COX17,MRPL33
translational 1-1.6% 60-0.9% 1.78 DED1
initiation
lipid transport 1-1.6% 55-0.9% 1.78 RFT1
DNAdependent 1-1.6% 66-1.0% 1.6 RRN3
transcription,
initiation
sporulation 2-3.3% 132-2.1% 1.57 SPO73,RIM9
biological process 17-27.9% 1139-18% 1.55 YAR023C,YBR298C
unknown A, YCR024C
B,YCR100C,BSC1,NKP1,Y
74W-
AMTC6,RRT14,YLR363W
A,YLR412C
A,AIM34,YMR0O30W
A,YMR230W
A KSH1,YNL162W
A YPR153W

61 genes that had 8-Stat greater than 1.5vere analysed and processes that weneriched 1.5 timeigher
in the clusterthan is found in the genomare displayed hereData is presented in enrichment order.
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The second term that the dowregulated genes were clustered by was molecular function

(see table 6.. Clustering by function resulted i@ functions that wee enriched in our down

regulated gene set with a group of 3fenes of unknown functiorMost of the functions in
GrotS codc O2yaraitsSR 2F 2yfte | aiay3atsS 3ISySs
OAYRAWHEAGLINRGSAY OAQPRRZENAl ONK PAOBNE LIDRYWEA &L A Y 3
the genesPET122and RRFlencode mitochondrial proteins, Petl122 is a mitochondrial
translational activator that is specific for tteOX3mRNA(Naithaniet al, 2003) Rrfl is
essential for mitochondrial translation and respiratory function as it is a mitochondrial
ribosome recycling facto(Kanaiet al, 1998; Teyssieet al, 2003) Rrn3 is required for
transcription d rDNA by RNA polymeras&\hi5 binds SCB (Swidd&pendent cé cycle box)

binding factor at SCB target promotensearly G1 to repress G1 transcription, this repression

can be relieved by phosphorylation of Whi5 by Cd¢&&ellmaret al., 1998; Costarpet al.,

2004)
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Table 6.6- GoSlim mapped molecular function generated by the dowregulated
microarray data set

GO Function Frequency(of 61 Genome Freq/Gen Gene(s) Down regulated
genes) Frequency(of Freq
6,344 genes)
translation factor 2-3.3% 44-0.7% 4.71 PET122,RRF1
activity, nucleic
acid binding
protein 2-3.3% 53-0.8% 4.13 SSS1,SBH1
transporter
activity
signal transducer 1-1.6% 39-0.6% 2.67 1ZH4
activity
hydrolase activity, 1-1.6% 45-0.7% 2.29 PGU1
acting on glycosyl
bonds
protein binding, 1-1.6% 49-0.8% 2 ERG28
bridging
enzyme binding 1-1.6% 55-0.9% 1.78 RRN3
isomerase activity 1-1.6% 58-0.9% 1.78 PUS7
GTPase activity 1-1.6% 59-0.9% 1.78 NUG1
protein binding 2-3.3% 128-2.0% 1.65 RRN3,WHI5

transcription
factor activity
molecular function 30-49.2% 1937-30.6% 1.61 YARO023C,RFT1,YBR283CCR024C
unknown B,YCR100C,BSC1,RRP45,NKP1,!
6,SPO73,BRR6,VMA21,YGR174"
A,MTC6,EMC5,DPH1,RRT14,FCF
V7,LCL2,YLR3623MVYLR412C
A,AIM34,YMR0O30W
A,RIM9,YMR230W
A KSH1,YNL162W
A,C0OS10,YPR153W

61 genes that had &8-Stat greater than 1.5~vere analysed and processes that were enriched, that is present
at a higher frequency in the cluster than is found in the gengraee displayed hereData is presented in
enrichment order.

The final term that the dowanegulated genes were clustered by sveellular component (see
table 67). Clustering by component resulted in four compotgethat were enriched in our
down-regulatedgeneset and a large group of 13 genes from unknown cellular components.
Excluding the extracellular region which comprista single gen®GU1 the most enriched
cellular componentvasthe nucleolus. Similar to biological processes ofdben-regulated

genes (table 6.)6the majority of the genes that are categorised as nucleolar are related to
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ribosomal biogenesis and rRNApessingRRP45, NOP1BIUG1, LOC1, RRT14, FCF2, FYV4,

RMPlandRPB10

Table 6.7- GoSlim mapped cellular component generated by the dowregulated
microarray data set

GO Frequency Genome Freqg/Gen Gene(s) Down regulated
Component (of 61 Frequency Freq
genes) (of 6,344

genes)
extracellular 1-1.6% 27-0.4% 4 PGU1
region
nucleolus 10-16.4% 328-5.2% 3.15 RRP45 NOP16,NUG1,LOC1,RRT14,RRN3,FCF2,
MP1,RPB10
endomembra 8-13.1% 371-5.9% 2.22 RFT1,SSS1,ERG28,SBH1,BRR6,VMA21,EMCS5,!
ne system
cellular 13-21.3% 720-11.4% 1.87 YARO023C,YBR298(YCR0248B,BSC1,YGR174W
component AMTC6,LCL2,YLR442EMRO30WA,YMR230W
unknown AKSH1,HMS1,YPL113C
endoplasmic  7-11.5% 405-6.4% 1.8 RFT1,SSS1,ERG28,SBH1,VMA21,EMC5,COS
reticulum

61 genes that had &8-Stat greater than 1.5vere analysed and processes that were enriched, that is present
at a higher frequency in the cluster than is found in the genqraee displayed hereData is presented in
enrichment order.

6.4.3 Transcription factor analysis using Yeastract

Followinginterrogation of the microarray dataset using GO we then asked the question, was
there a set of transcription factors up or dowegulated in the significantly altered genes
that could induce the mayity of the observed differences through transcriptional regulation.
To perform this analysis we utilised an online tool called YeastME®{ Search for
TranscriptionalRegulatorsAnd Consensuslracking)(Teixeiraet al., 2014. This is a curated
database of more than 206,000 regulatory associations between transcription factors and

target genes irs.cerevisiae

Data acquired from the GO analysis was utilised to elucidate transcription factors that

regulated processes in#&up and dowrregulated data sets by inputting clusters from certain
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processes into the Yeastract site along with the up and doegulatedtranscription factors
from the microarray data seh the potertial transcription factor field. We were then able to
visualise the interaction network between transcription factors and regulated genes using the

visualise networkkommand on the Yeastract websit

6.4.4.1 Regulatory transcription factors of carbohydrate processing

As one of the largest clusters from th&®G@nalysisthe 27 genes found to be upegulated
and involved in carbohydrate processing were analysed using Yeaskthas allowed us to
visualise the interactions between specific transcription factors and theegplated genes
that are invdved in cabohydrate processing. First we compared the inhibitory transcription
factors to the carbohydrate processing clust&e took thetop four inhibitory TFs and
mapped a network with the cluster of genes from carbohydrate procegsiewgyfigures 6.6 a
and b) Figure 66 a shows the inhibitory effeaif Rpn4(Regulatory Particle NeATPasedn

the upregulated genes involved in carbohydrate processiRigN4itself is found at slightly
lower levels (approximately 4%) in tAi&FIoverexpression strainginforcing its position as

an inhibitory TF of these upegulated genes. Rpn4 is known to stimulate expression of
proteasome genes, and it in turn is regulated by the 26S proteasome by a negative feedback
mechanism. Rpnlevels are known to increase artds knownto translocate to the nucleus
upon DNA replication stresXie and Varshavsky, 2001; Tkaathal., 2012) The second
inhibitory TF that is shown (see figure 6.6 b) is Zapl-(&smonsiveActivator Protein 1). Zapl

is a TF that binds to zimesponsive promoters to induce transcription of genes in the
presence of zinc (such ADHY. Zaplis also known to repress other genes in Ipwc. Zapl

wasfound atsimilarlevels in theTEFloverexpession strain
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Figures 6.6, Network of inhibitory transcription factors and up-regulated genes involved in
carbohydrate processing. Red lines and red nodes indicate what genes are regulated by the selected
transcription factor, green lines and green nodéndicate if any other the other transcription factors in the
network regulate the selected transcription factor. 6& shows the regulatory network of Rpn4. &6shows

the regulatory network of Zapl.
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