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Abstract

MRNA translation is one of the fundamental and wettrolled cellular process requiring
the combined function of a large number of molecatamponents. The three main stages
of translation, initiation, elongation and terminatare facilitated by more than 20 proteins
known as translation factors. Translatisrihe final step in the flow of genetic informatjo
and regulation at this level allows for an immeeiand rapid response to changes in
physiological conditions. The control exerted a¢ gystems level of translation has not
precisely been characterized. Three different teglms have been employed to

guantitative the control exerted by the respedtigeslation factors.

In the first approach, employing the microscopichtgques, m vivo intra-cellular
distribution of translation elongation and rele&sgors were analysed with TCM and GFP
tags. The result indicates that the factors areptgsmically distributed which cannot
influence the overall translational control. In thecond approach, the protein expression
levels of the elongation and release factors weratdd progressively to explore their
control effects on global translation regulationheT endogenous promoter of each
translation factor was substituted by tB#7 synthetic promoter to regulate the expression
level in response to varying concentrations of dgxline. Measurement of protein
synthesis rate and the growth rate at differen¢lewof the elongation and release factors
provide insight to system-level control. The resultdicate that the elongation factors
eEF1A and eEF2 and the release factor eRF1 exemexpectedly high degree of control
over translation rate. Moreover, these factorsn@lwith elongation factor eEF3 were
found to be functionally dedicated to translationcontrast to eEF1B and eRF3, which is
evidently multifunctional. In the third approachmathematical model has been developed
to represent the control landscape of the tramsiatimachinery. This translation model is a
powerful tool that will be used in the quantitatiaealysis of translation whdawo factors
are made limiting at a tim&he extensive study carried out on the translaticegulation

of Saccharomyces cerevisiae reveals an interesting observation of the involeetrof each
translation factors. For the first time, the queive measurement of the translational

regulation reveals the translational regulationrexeby individual translation factors.
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Chapter 1

Introduction

1.1. Translation : A fundamental process for life

Translation is one of the fundamental processasat@ur throughout all the kingdoms of
life. It is a very complex and very well controllguiocess involving many proteins and
RNA molecules. Protein synthesis is one of the reastrgy-consuming cellular processes,
and is carried out by highly complex molecular maety. During translation, messenger
RNA (mRNA) is decoded and synthesized into spe@fioteins. Due to the enormous
molecular investment and underlying complexity, reatage of translation is precisely
monitored to avoid errors. Translation consistsfailir stages, initiation, elongation,
termination and recycling (reviewed in Kapp and dabr, 2004a). During initiation,
ribosome, other initiation factors and methionyitiator transfer RNA (Met-tRNA
assemble at the initiation codon of MRNA to steahslation. During the elongation stage,
MRNA is decoded with appropriate transfer RNA (tRNAnd the polypeptide is
synthesized. Elongation continues until the stogocoon the mRNA is recognized that
leads to termination. During termination, the newlynthesized polypeptide is released
from the ribosome. The last stage is recycling whéibosomal subunits, initiation and
elongation factors dissociate from the mRNA andobee free to function in subsequent

translation reactions.
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1.2. Essential components of translation machinery

1.2.1. Ribosomes

The ribosome is &arge ribonucleoprotein particle that consists afumber of ribosomal
RNAs (rRNA) and a collection RNA binding proteingne architecture of the ribosome is
highly conserved from one kingdom to other. Betwepecies the core structure of the
ribosome is conserved however there are differenneshe protein components as
resultantly the overall mass and dimensions ofith@somes. The yeast ribosome, 80S has
two subunits, the large subunit (60S) and the smatunit (40S). The 60S subunit is
composed of three rRNA molecules: 28S rRNA of 3882leotides, 5.8S rRNA of 158
nucleotides and 5S RNA of 21 nucleotides whereagl@$ subunit contains one rRNA; the
18S of 1798 nucleotides. There are 42 proteindénlarge subunit with a mass ratio of
61% RNA to 39% protein and in small subunit thenee 22 proteins giving a mass ratio of
54% RNA to 46% protein (Verschoor et al., 1998)e Tibosomal subunits 40S and 60S
associate during translation to form 80S. The pngiec ribosome consists of large (50S)
and small (30S) subunivhich forms a70S ribosome. The 50S subunit contains two
rRNAs: 23S RNA of ~2900 nucleotides and 5S RNA @26 nucleotides and the 30S
subunit consists of 16S RNA of ~1500 nucleotideke Targe sub-unit has about 30
proteins whereas small subunit has about 20 p{Sichmeing and Ramakrishnan, 2009)
The crystal structure of the 70S ribosome from érégthasroadenedhe understanding of
the ribosome and its involvement in each stage minstation (Schmeing and
Ramakrishnan, 2009)Mammalian ribosomes differ from yeast ribosomes size.
Mammalian rRNAs are 10% larger in the 40S subund aearly 33% larger in the 60S
subunit. Not all ribosomal proteins are essentallie survival, though, they are important
for the optimal assembly, stability, function ofethibosome and accuracy of translation
(Baronas-Lowell and Warner, 1990, Alksne et al.93)9 The majority of the yeast
ribosomal proteins have homologous in mammals dpart Ribosomal Protein Large sub-
unit 28 (rpL28) which has only been identified irammals and plants (Verschoor et al.,
1998). However, it is believed that the internaatéees such as the mRNA tunnel,
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polypeptide exit tunnel, peptidyl synthesis regiénP and E site are strikingly similar in
all species.

Multiple ribosomes bind to the mRNA during tranglat The number of ribosomes
translatinga singlemRNA depends upon the length of the mRNA and #oriirement of

the resultant peptideMathews et al. 2000)in eukaryotes, each ribosorbeundto an

MRNA occupiesl0-15 codongMathews et al. 2000 The mRNA binds the 40S subunit
where its codon interacts with tkemplimentaryanticodon of the tRNA. In the ribosome,
there are three binding sites for tRNA, the A, Rl & sites. The A site binds to the
incoming aminoacyl-tRNA, the P site holds the pdylttRNA attached to the nascent
polypeptide chain, and the E site where the detaryl®-site tRNA moves after peptide-
bond formation before its removal from the ribosqi®ehmeing and Ramakrishnan, 2009).

1.2.2. mRNA

The cellular-level of mRNA is determined by trangtion rates, active transport of the
MRNA to the cytoplasm and mRNA degradation rateatuvhtion of mRNA varies from
prokaryotes to eukaryotes. In eukaryotes, mRNA tguks a series of molecular processes
such as 5’ cap-structure formation, 3’ poly (A) farmation and mRNA splicing prior to
translation. The translation factors recognisedhstauctures therefore they serve to ensure
that the mRNA is not degraded before translatidmesE structures are necessary for the
initiation factors to recognize the non-degradedNARand for the mRNA transport to the
cytoplasm. Eukaryotic pre-mRNA can contain introtee non-coding regions which are
removed before translation and exons, the codiggmns. The removal of introns from pre-
MRNA messages is through a process called spliglnigh can occur in several different

ways, allowing a single gene to encode multiplégns (Geoghegan et al. 1979).

Many studies have demonstrated that the mRNA Ipeslio distinct regions within the cell
(St Johnston. 1995). This is believed to be armiefiit way to localize the proteins. Specific
localisation of a few mMRNA molecules is presumalhore energy efficient than

transporting many protein molecules (Johnston aaskd, 2001). The number of times
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each mRNA is translated is based on the requirewnfeie protein that it encodes. Recent
studies have indicated that mRNAs are also stardubdies called as P-bodies for future
use or prior to degradation (Parker and Sheth, RGARNASs can exhibit a range of life-

spans in bacteria varying from seconds to hourgeast cells varying from less than 1 min

to more than 60 min and in mammalian cells varyiogh minutes to days.

1.2.3. tRNA

tRNA plays one of the most important roles in mR&Anslation: amino acid delivery.
tRNA is a small RNA molecule with 73-93 nucleotideslength (Hou, 1997). In yeast
there are approximately 275 genes that code forAtRTere is a unique tRNA for each
codon. tRNA has an acceptor stem which is the pagéng of the 5'-terminal nucleotide
with the 3’-terminal nucleotide. The terminal 3’ aheiotide contains a CCA sequence that
recognises the amino acid and a covalent bondrimsefd between the amino acid and the
tRNA during aminoacylation. The aminoacylation datalyzed by 20 molecules of
aminoacyl tRNA synthetase (Hou, 1997). The anticosiem of the tRNA recognises the

MRNA codon during translation.

There are two classes of tRNA present in all orgasi Initiator tRNA and elongation
tRNA. Initiator tRNA binds to the P site of the odome and the elongation tRNA binds to
the A site. Moreover, the initiator tRNAs are naipable of binding to the A site of the
ribosome to be part of elongation (Varshney etl#193). Initiator tRNAS possesses some
unique sequence/structures, 1) A mismatch betweemuacleotides 1 and 72 (CI-A72) at
the end of the acceptor stem, 2) the presencesafgaence of three guanines and three
cytosines at the bottom of the anticodon stem fogrihree consecutive G-C base pairs,
and 3) the presence of a purine-11-pyrimidine-2gelyaair in contrast to a pyrimidine-11-
purine-24 base pair in other tRNAs (Varshney et #93).The important feature for
targeting the tRNA to the P site on the ribosomeeiseved to be the three consecutive G-C
base pairs in the anticodon stem (Varshney et1893). Studies have shown that an
elongation tRNA can be changed into an initiatdl&Rby introducing a CI-A72 mismatch
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and with an anticodon sequence change to whicwaltbe elongation tRNA to function in

initiation (Varshney et al., 1993).

1.3. Translation in prokaryotes and eukaryotes

The process of translation is conserved in all #orgs of life. Even though the underlying
molecular mechanism remains the same, there acffispifferences in the four stages of
translation from species to species. The transigiethway is more complex in eukaryotes
than in prokaryotes (McCarthy, 1998). In bacterignslation is coupled with the

transcription process and believed to be fastemn thaeukaryotes (reviewed in Kapp and
Lorsch, 2004a). In contrast, in eukaryotes, thé/ funscribed mRNA has to be exported

from the nucleus, to the cytoplasm, where it ingtated.

1.3.1. Initiation

One of the most important differences between prakec and eukaryotic translation

initiation is the number of initiation factors inved in the process. The 3 initiation factors
in the prokaryote are replaced by at least 12atitn factors in eukaryotes (Figure 1.1)
(Kapp and Lorsch, 2004a). Translation initiatiorbarcteria is facilitated by factor 1 (elF1),
2 (elF2) and 3 (elF3). All the initiation factomsvblved in eukaryotic initiation are listed in

Table 1.1.

Translation initiation consists of four major ev&ent) formation of the ternary complex and
association of initiation factors with mRNA, 2) asmtion of the small subunit (40S) with
MRNA, 3) identification of the initiation codon and) binding of the 40S and 60S

ribosomal subunits.
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Table 1.1 : List of all yeast translation initiation factors with respective subunits.

Protein Subunit Gene Mass Function Reference

Name name (kDa)

elF1 NA* SuUll 123 Component of a complex involved  Cui et al.,
recognition of the initiator codon; 1998

modulates translation accuracy at the

initiation phase

elF1A  NA* TIF11 174 Forms complex with elF1 and40 Maag et
and scans for the start codon. C- al., 2005
terminus associates with elF5B and N

terminus interacts with elF2 and elF3

a SUIl2 347 Involved in identification of the Laurino et
start codon; phosphorylation of Ser51 al., 1999
is required for regulation of translation

by inhibiting the exchange of GDP for

GTP
SUI3 31.6 Involved in the identification of the Donahue
elF2 tart codon: dto be i ved et al.,
start codon; proposed to be involve 1988
in mMRNA binding
Y GCD1 57.9 Involved in identification of the Laurino et
1 start codon; binds GTP when al., 1999

forming the ternary complex with
GTP and tRNAi-Met

a GCN3 34.0

B GCD7 42.6 The guanine-nucleotide exchange

v GCD1 65.7  factor for elF2; activity requlated by ~ Pavitt et
elF2B _ al., 1998

S GCD2 709  Phosphorylation of elF2.

€ GCD6 81.2
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v} RPG1 110.3 Form subcomplex that stimulates Phan et
ITIF32 binding of MRNA and tRNA(i)Metto  al., 2001
p PRT1 88.1 ribosomes
Y NIP1  93.2 Involved in the assembly of Valasek et
preinitiation complex and start al., 2003
codon selection
elF3 o TIF35 30.5  Subunits of elF3 which are Phan et
€ TIF34 38.8 essential for translation al., 1998
d HCR1 29.6 A substoichiometric component Phan et
of elF3 required for processing of al,, 2001
20S pre-rRNA; binds to elF3
subunits Rpglp and Prtlp and
18S rRNA
DEAD-box RNA helicase Caruthers
elF4Al/ TIF1/ that couples ATPase activity to %3‘0
Il NA® TIE2 45.1 RNA binding and unwinding,
interacts with elF4G
Has RNA annealing activity; Altmann
elF4B NA* TIF3 48.5 contains an RNA recognition motif iggg
and binds to single-stranded RNA
The elF4E-cap complex is Fortes et
: i ) a{., 2000
CDC3 responsible for mediating cap-dependen
elFAE NA* 3 24.3  mRNA translation via interactions
with translation initiation factor elF4G
TIF46 Interacts with Pablp and elF4A and  Neff and
elF4Gl/ 31/ also has a role in biogenesis of the Sachs,
NA* 107.1 1999
Il TIF46 large ribosomal subunit
32
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N-terminal domain functions as a Das et al.,

GTPase-activating protein to mediate 2001

hydrolysis of ribosome-bound GTP;

elF5 NA*  TIF5 452 _ o
C-terminal domain is the core of
ribosomal preinitiation complex
formation
GTPase, required for general Leeetal,,
translation initiation by promoting 2002
elF5B NA* FU2N1 112.3 Met-tRNAiMet binding to ribosomes

and ribosomal subunit joining;

homolog of bacterial IF2

Pablp NA* PAB1 64.3

Part of the 3'-end RNA-processing Kessler
and Sachs,

complex, mediates interactions 1998

between the 5' cap structure and the
3' mRNA poly(A) tail, involved
in control of poly(A) tail length,

interacts with translation factor elF-4G

Ded1p NA* DED1 65.5

Required for translation initiation of  lost et al.,

all yeast mMRNAs 1999

NA* - Not applicable

1.3.1.1. Ternary complex formation and interaction of initiation factors with

MRNA

The first step of eukaryotic translation initiatios ternary complex formation by the
assembly of eukaryotic initiation factor 2 (elF2)daMet-tRNA (Figure 1.1). Prior to this
assembly, elF2-GDP is converted to elF2-GTP by suitig initiation factor 2B (elF2B).
elF2 has ~100-fold higher affinity for GDP than fGTP (Panniers et al., 1988), hence

elF2B is essential for recycling of elF2-GTP. elE2& heteromultimer, with three subunits
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of a total molecular mass of ~125 kDa (Laurino ket 8999). They subunit of elF2
interacts with both GTP and Met-tRNAIi (Erickson ahldnnig, 1996, Naranda et al.,
1995). They subunit of elF2 is homologous to the eukaryotanghtion factor 1A (eEF1A)
and prokaryotic elongation factor Tu (EF-Tu) (Kyftes and Woese, 1998).

Concurrent to the ternary complex formation, th&aeyotic initiation factor 4F (elF4F)
complex, consisting of eukaryotic initiation factbk (elF4A), 4B (elF4B), 4E (elF4E) and
4G (elF4G) binds to the mRNA cap (7-methylguanogin&inding of this complex is
thought to unwind secondary structures found in3hantranslated region (5 UTR) of
MRNA (reviewed in Kapp and Lorsch, 2004a). elF4&dbidirectly to the 5’-cap structure
of the mRNA. The highly conserved electron-richptophans in elF4E have high
specificity for the positively charged 7-methylgoame of the eukaryotic mRNA 5’-cap
(Marcotrigiano et al., 1997). Secondary structunenfl near the 5’-cap of the mRNA can
inhibit interaction with 40S. elF4A is RNA-dependent ATPase and has been proposed to
function as a RNA helicase that unwinds the secgnaad tertiary structure in the 5’-ends
of mMRNAs (Linder, 1992). elF4B, an RNA-binding et is believed to assist elF4A in
unwinding structures in mRNAs (Altmann et al., 1298nother RNA-dependent ATPase
of the DEAD box family, Ded1p is also believed ® involved in unwinding the 5-UTR
secondary structure (lost et al., 1999, Berthdlal,e2004).

Addition to 5’-cap binding proteins, one initiatidactor, poly (A) binding protein (PAB),
binds to the 3’-poly (A) tail of eukaryotic mMRNA.AB contains four RNA recognition
motifs (RRMs) which recognise the poly (A) tail dfe mRNA. More than one PAB
protein can simultaneously bind to the poly (A) with approximately one PAB molecule
bound per 27 nucleotides of the mRNA poly (A). Theerage length of a yeast mRNA
poly (A) tail is 70 nucleotides and possibly 2 @ RAB molecules can bind to the poly (A)
tail of an mRNA (Baer and Kornberg, 1980, Baer &minberg, 1983). The RRM of the
Pablp contain the binding site for elF4G and thiy (&) tail of an mMRNA with Pablp
form a multivalent attachment site for elF4G (Getyal., 2000). The interaction between
Pablp and elF4G can potentially form a circulancdtire to the mRNA. Moreover, it has

been suggested that PAB may interact with the G@&urst directly indicating that in

28



Chapter 1 — Introduction

addition to facilitating mRNA binding to the 43S#ary complex, the poly(A) tail and
PAB may influence ribosomal subunit joining as w@&hchs and Davis, 1989, Proweller
and Butler, 1996). It has been proposed that @radtion of the mRNA is a quality
control mechanism in eukaryotes to verify that noh¢he truncated mRNA is translated.
In contrast, this quality control step is seemdé¢oabsent in prokaryotes where proteins
synthesized from aberrant/truncated mMRNAs are degrdéreviewed in Kapp and Lorsch,
2004a).

1.3.1.2. Association of mRNA with 40S

In bacteria, loading of the 30S ribosomal subumitoomRNA is accomplished through
complementary base pairing between the 3’ endeo 885 rRNA (the anti-Shine-Dalgarno)
and the purine-rich Shine-Dalgarno sequence locapstream of the initiation codon in
MRNA. The Shine-Dalgarno sequence is usually ~1€edaupstream of the initiation
codon, therefore the peptidyl site (P site) of sheall ribosomal subunit is placed near the
initiation codon the 30S binds to the mMRNA (review@ McCarthy, 1998). Thus, in
bacteria, association of 30S subunits with mRNA #ral recognition of the start codon

occur as a single process.

In eukaryotes, the processes of association of wifts MRNA and identification of the
initiation codon occur separately and require aoldi# initiation factors. Before
association of the mRNA with 40S, the ternary careIF2-GTP-Met-tRNA binds with
the 40S ribosomal subunit. This interaction is lfeted by several initiation factors,
namely eukaryotic factors 1 (elF1), 1A (elF1A) addelF3), collectively known as the
multifactor complex (MFC) (Asano et al., 2000). Tiesulting 43S complex ( 40S- elF2-
GTP-Met-tRNA-eEF1-eEF1A-elF3) is loaded onto the mRNA with hied¢p of elF4G and
Pab1p which are bound to the 3’-poly (A) tail of MR (Asano et al., 2000).
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Figure 1.1 : Schematic representation of eukaryoti¢ranslation initiation. Eukaryotic
initiation is facilitated by 13 initiation factord’he met-tRNA and the initiation factors
bind to the 40S ribosomal sub-unit to form a 438\plex. Subsequently, 43S is loaded on
to the mRNA facilitated by the cap-binding facttw§orm 48S. 43S scans the mRNA from
5’ to 3’ to identify the initiation codon AUG. Ondée initiation codon is identified, 60S
associates with the 40S and starts poly-peptidéegis.
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The elF3 protein complex facilitates the binding bujth the ternary complex and the
MRNA to the 40S subunit and plays an important noléhe assembly of the translation
initiation complex (Valasek et al., 2002). elFiseteromultimeric complex comprised of
five core subunits in yeast (Phan et al., 1998hwitombined molecular mass of 360 kDa.
This complex allows access to the ternary compiealtering the conformation of the 40S
subunit, and may also allow the mRNA to access4b® sub-unit to 40S. It has been
suggested that the small factors such as elF1 l&id\amight alter the local conformation
of the elF2 binding site in the 40S subunit wheréeslarger factor such as elF3 might
distort the conformation of the entire 40S subuaifacilitate easy access of the ternary
complex. This theory explains the requirement fdarge initiation factor such as elF3 in
the 43S complex (Kapp and Lorsch, 2004a).

1.3.1.3. Identification of the initiation codon ina cap-dependent translation

The 43S complex binds to mMRNA and initiates scagproh the mRNA in a 5 to 3
direction to identify the translation initiation @on, AUG. The scanning process is not
clearly understood however, elF1 and elF1A aredghoto be involved in the process (Cui
et al.,, 1998, Maag et al., 2005). It has been esstgg that the scanning movement is via
diffusion which is facilitated by the unwinding aiRNA structure by elF4A and Dedl
allowing the ribosomal subunit movement (Kapp awdsch, 2004a). elF4A and Ded1 are
thought to hydrolyse ATP to drive the unwindingroRNA secondary structure (Kozak,
1980). As the ribosomes move from 5’ to 3’, the mfRNecondary structure reforms
behind it, preventing retrograde movement of tlamglating ribosome (Kapp and Lorsch,
2004a). Even though the bacterial 16S rRNA is \s#nyilar to eukaryotic 18S rRNA, 18S
lacks the Shine-Dalgarno sequence that allows ig@sytification of the initiation codon.
Instead, the 43S is loaded on the mRNA via the mRidp and then scans to locate the
start codon.
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1.3.1.4. Association of 40S and 60S ribosomal subitsn

Subunit joining is the final step of the translatimitiation. Once the initiation codon is
identified, codon-anticodon base pairing takes eldetween the Met-tRNAand the
initiation codon. In contrast to elongation, whehe codon-anticodon base pairing is
confirmed in the Aminoacyl site (A site) of the esdbme, in the initiation stage codon-
anticodon pairing happens at the P site and regjeilfel to perform the inspection (Cui et
al., 1998). Energy required for this base pairsgrovided by the GTP hydrolysis of elF2.
After confirming the codon-anticodon base pairie$f-1 induces elF2 to initiate GTP
hydrolysis. The main function of elF2 is to provitde energy required for the release of
Met-tRNA; from the ternary complex (Huang et al., 1997).2eGDP, elF1, elF1A, elF3
and elF5, disassociate from the ribosomal subdtet ¢he codon-anticodon base pairing.
This facilitates binding of the ribosomal large saih (60S) to the 40S-mRNA-Met-tRNA
complex. This event is triggered by the GTP hydsislyof eukaryotic initiation factor 5B
(elF5B). It has been reported that the bindingl66B to the 60S ribosomal subunit may
bring a structural change on the subunit facilitgtthe docking of the small subunit
(Passmore et al., 2007, Marintchev et al., 2008 ifteraction between the elF5B and the
C-terminus of elF1A stimulates ribosomal subuninijog and elF5B-GTP hydrolysis. This
triggers elF5B-GDP to be released from the iniatcomplex (Acker et al., 2006). elF5B
promotes the release of elF1A from the 80S to ertipyA site for first aminoacyl-tRNA
(Fringer et al., 2007). elF5B-GDP disassociatemftbe 60S ribosome after the formation
of 80S. This completes the initiation stage andideto the next stage of translation;

elongation.

1.3.1.5. Additional translation initiation factors

In addition to the core initiation factors, a numbéproteins are believed to be involved in
translation initiation directly, for example eukatig initiation factor 5A (elF5A) (Kang

and Hershey, 1994). This factor was previously kmaésvbe an initiation factors, however,

recently shown to be part of the elongation cy@eegio et al., 2009). Although it is an
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essential protein in yeast, the functions of tlastdr is not clear. However it has been
shown that the mutations of this factor have aecifbn the elongation cycle and thereby

translation.

1.3.2. Elongation

Unlike the initiation and termination stages ofnshkation, the mechanism of translation
elongation has been highly conserved across tlee tkingdoms of life. Elongation begins
when the peptidyl tRNA is at the P site and theitd of the ribosome is vacant (Figure
1.2). In eukaryotes the translation elongation €ysl known to be facilitated by at least
three elongation factors and in yeast four elowogatactors known to be involved (Table
1.2). The first step of elongation involves theindaly of aa-tRNA to the ribosomal A site
and this event is carried out by eukaryotic elolgafactor 1A (eEF1A). eEF1A is a
guanidine binding proteins (G-protein) and is ndiynéound as a complex with GDP.
However this is the inactive form of eEF1A and ttansition between active and inactive
is based on whether GTP or GDP, respectively, imddBourneet al. 1990). Recycling of
inactive eEF1A-GDP to active eEF1A-GTP is perfornmgdeukaryotic elongation factor
1B (eEF1B), a guanidine nucleotide exchange fdG&fF).

There is more than 30% sequence similarity betviekereEF1A across the species, with
higher identity in the GTP binding domain (Merriakd Nyborg 2000). eEF1A has three
functional and structural domains, of which domaibinds the nucleotides and this GTP
binding domain is highly conserved (Merrick and Nidp 2000). Domains 1 and 2 bind to
eEF1B, and domain 3 is responsible for actin bigdMunshi et al. 2001). In yeast eEF1B
contains two subunits, eEFdBand eEF1B (Saha and Chakraburtty, 1986). eER1Eas

catalytic activity whereas the function of eER1B unknown.

eEF1A-GTP binds to aminoacyl tRNA to form the teynaomplex (aa-tRNA-eEF1A-
GTP). The ternary complex enters the A site ofrthesome where the codon-anticodon
base-pairing is examined. After the codon-anticotbase pairing is confirmed, eEF1A

undergo hydrolysis resulting tRNA-mRNA duplex. eBFEDP releases the aminoacyl

33



Chapter 1 — Introduction

tRNA into the A site and detaches from the ribosofrtee ribosomal peptidyl transferase
centre catalyzes the formation of a peptide boraden the incoming amino acid at A site
and the peptidyl tRNA at the P site (Moore and t3t2003). The result is a deacylated
tRNA in a P/E hybrid state with its acceptor endha exit (E) site of the large ribosomal
subunit and its anticodon end in the P site ofdimall subunit (Green and Noller, 1997).
The peptidyl-tRNA is in a similar hybrid state (A/Rith its acceptor end in the P site of

the large subunit and its anticodon end in thet& ai the small subunit.

The hybrid state of the tRNA is resolved in theosgtmain event in the elongation cycle,
translocation. In this process the deacylated-tRhAves fromP/E hybrid site to E sitand

the peptidyl-tRNA from A/P hybrid state to the ResiThe translocation event is facilitated
by eukaryotic elongation factor 2 (eEF2), in a Gdépendent manner (Jorgensen et al.,
2006). eEF2 is another highly conserved factor stmtes 36 % sequence identity across
species. eEF2 is a monomer with six structural demehese domains are organized in
such a way that it divides the protein into twaustaral blocks. The N-terminal region
contains the domains | ,Il and G’ and the C teriniagion contains the domain Ill, IV and
V (Jergensen et al.,, 2003). A major structural con&étional change occurs when this
protein binds to the ribosome. The N-terminal ragiontains the GTP binding site which
can bephosphorylated to render the protein inactive (Naand Palfrey 1987). The
translocation of peptidyl-tRNA indirectly cause trepositioning of the ribosome to the
next codon of MRNA. The movement of the ribosoméh®next codon must be efficient
and accurate in order to maintain the protein ssgithin-frame. After translocation, eEF2

leaves the ribosome, allowing the nexttRNA-eEF1A-GTP to enter the A site.
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Figure 1.2: Schematic representation of the eukarym translation elongation cycle.

The ribosome reads mRNA from 5’ to 3' and decodesmRNA sequence to synthesise

the appropriate poly-peptide. eEF1A brings the ananylated tRNA to the A site of the

ribosome and the peptide bonds are formed at thieePTranslocation of the ribosome to
the next codon of the mRNA is facilitated by eEFBe tRNA in the E site of the ribosome

is removed by eEF3. All the elongation steps araticaed until the stop codon is
recognised by the release factors.
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The major difference between the elongation stdgeeast and that of other organisms is
the presence of an exclusive translation elongatamtor for fungi that facilitates the
removal of tRNA from the E site of the ribosomey#bast, the deacylated-tRNA from the E
site is removed by eukaryotic elongation factoreEK3). eEF3 has been shown to be
essential for the viability of yeast (Qin et al99D). eEF3 exhibits ribosome-dependent
ATPase and GTPase activities (Dasmahapatra andréthaky, 1981) and possesses a
nucleotide binding motif typically found in membmassociated ATP Binding Cassette
(ABC) proteins (Qin et al., 1990). eEF3 is mainbumhd in the polysome fractions and is
required for each round of peptide bond formatidnand et al., 2003, Kapp and Lorsch,
2004a). eEF3 is hypothesised to facilitate theasseof deacylated-tRNA from the E site
that enables the efficient binding of the aa-tRN&-&A-GTP ternary complex to the A site
(Triana-Alonso et al., 1995). In some higher euktay, some of the ribosomal proteins are
suggested to have similar functions to eEF3. Thexe been reports of ATPase activity in
the ribosome to remove the E site deacyl-tRNA (Roaet al., 1994). However, there is
no evidence of an eEF3 homologous ribosomal pratelmgher eukaryotes (El'skaya et al.,
1997). eEF3 binds near the ribosomal E-site wheigedapable of influencing the binding
capacity of the head of 40S subunit and the Lk shadth of which contribute to the affinity
of tRNA for the E-site. The ribosome undergoes af@onational change at this stage
allowing the E site to open up and release the tRANAdersen et al 2006). Interaction of
eEF3 with eEF1A has been proved and eEF3 believbd tompeting with actin to bind to
eEF1A (Anand et al., 2006).

1.3.3. Termination

Termination occurs in response to the identificatod the stop codon in mRNA at the A
site of the ribosome (Figure 1.3). This resulthydrolysis of the ester bond between the
polypeptide and tRNA in the P site and the releddthe completed polypeptide from the
ribosome. In yeast, the stop codon is recognizetthdyukaryotic releasing factor 1 (eRF1)
which is stimulated by the GTPase activity of eyk#ic releasing factor 3 (eRF3) (Table
1.2). The peptidyl transferase centre of the ribmsas believed to catalyse the ester bond

hydrolysis reaction (Kisselev and Buckingham, 2000)
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Table 1.2 : List of yeast elongation and releasedsors and their respective subunits.

Protein Subunit Gene Mass Function Reference
Name name (kDa)
eEF1A NA* TEF1/ 50.0 Functions in the binding reaction Schirmaie
TEF2 of aminoacyl-tRNA (AA-tRNA) r and
to ribosomes; may also have a Philippsen
role in tRNA re-export from , 1984
the nucleus
Stimulates nucleotide exchange Kinzy and
to regenerate eEF1A-GTP for \{\é%(?slford,

the next elongation cycle; part of
a TEF5  22.6 ) N
the EF-1 complex, which facilitates
eEF1B binding of aminoacyl-tRNA to the

ribosomal A site

Stimulates the binding of aa-tRNA Jeppesen

. . et al.,
y TEF4 46.5 toribosomes by releasing eEF1A 2003
from the ribosomal complex
Catalyzes ribosomal translocation Justice et
. . - . al., 1998
during protein synthesis; contains
EFT1/ diphthamide, the unique post
eEF2 NA* 93.3 _ - o
EFT2 translationally modified histidine

residue specifically ADP-ribosylated by
diphtheria toxin

Stimulates the binding of Anand et
aminoacyl-tRNA (aa-tRNA) to al., 2003
ribosomes by releasing eEF1A

eEF3 NA*  YEF3 115.9 _
(Teflp/Tef2p) from the ribosomal
complex; contains two ABC cassettes;

binds and hydrolyzes ATP
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Involved in the termination of Stansfield
eRF1 NA*  SUP45 49.0 translation and Polypeptide release it98|5
factor
Catalyse the nucleotide exchange Salnikova
. . etal.,
of eRF1, altered protein conformation 2005

creates the [PSI(+)] prion, a dominant
eRF3 NA*  SUP35 76.6 cytoplasmically inherited protein

aggregate that alters translational

fidelity and creates a nonsense

suppressor phenotype

NA* - Not applicable

There are three stop codons in mMRNA: UAA, UAG ar@AJIn bacteria, the different stop
codons are recognized by two release factors, RIELRF2; RF1 recognises UAA and
UAG where as RF2 recognises UAA and UGA (Scolnitlkale 1968). In yeast eRF1
recognises all the three stop codons. The GGQ ywdtith is required for the activation of
the polypeptide-tRNA hydrolysis, is a universalbnserved motif in all the class 1 release
factors across all organisms (Seit-Nebi et al.,1200he eRF1 has three functional
domains: the first two are required for the ideadfion of the stop codon, binding with the
ribosome and triggering the hydrolysis of polypdettRNA, and domain 3 is required for
binding with eRF3 (Frolova et al., 2000).

eRF3 is an essential GTPase protein and its interagvith eRF1 is required for the
optimum efficiency of translation termination (Zlrauleva et al., 1995). In bacteria, it has
been reported that the counter part of the eRF®&iproRF3, is required for the release of
the RF1/RF2 complex from the ribosome after polyideprelease (Grentzmann et al.,
1994). There is no sequence homology between eRIFRE3 apart from the GTP binding
domain (Zhouravleva et al., 1995). eRF3 binds t®@Idependently of eRF1. Yeast eRF3
has three domains and the carboxyl domain is vieryas to that of eEF1A. This domain is
essential for cellular viability and the GTP-depemidactivity whereas the function of

domains 1 and 2 remains unclear (Paushkin et 8l7)18Both eRF1 and eRF3 interact via
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their C terminal regions. eRF3 has been shownrtd bther proteins including cytoskeletal
assembly protein Slal and the translation elongaiéator eEF2 (Bailleul et al. 1999).
eRF3 is also important for the dissociation of eRFdm the A site of the ribosome
(Freistroffer et al. 1997).

1.3.4. Recycling

Recycling is the fourth and last stage of trangtativhere all the translation factors and
ribosomal subunits are disassociated to be usadather round of translation (Figure 1.3).
Recycling is much more clearly understood in baatdran in yeast. After the termination
stage, ribosomes remain bound to mRNA and the gpdgiRNA at the P/E site of the
ribosome. In bacteria, the elongation factor EFA@ the ribosome releasing factor (RRF)
are required for the recycling (Pisarev et al., DORRF recognizes the complex structure
of the ribosome and binds near the A site. As altethe ribosomal subunit and associated
translation factors are released. Along with EFRRF disassociates ribosomal subunits
from mRNA and tRNAGTP-hydrolysis seems to be required to promoteséparation of
subunits and the GTP is believed to be contribbte&F-G. TheGTP hydrolysis by EF-G
could be used to trigger the release of the facibtee appropriate time (Kapp and Lorsch,
2004a).

In eukaryotes, no factor has yet been identifieicivis dedicated to the disassociation of
the ribosome. There is no RRF homologue in eukasyohowever, recent studies have
demonstrated that elF3, elF1, elF1A and elF3j campte eukaryotic recycling (Pisarev et
al., 2007). elF3 is believed to be the main fagtolved in the disassociation of the
ribosomal subunits and releasing of mRNA and tRMénf the ribosome and elF1 and
elF1A facilitate this activity (Pisarev et al., 200 Although elF1 and elF3 enhance
dissociation of the subunits, their specific rolesRNA and mRNA release are not yet

clearly understood.
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Figure 1.3: Schematic representation of the eukary@ translation termination and
recycling. The stop codon is recognised by the release fa@nd the poly-peptide is
released from the ribosome. Ribosomal subunitsgaVaith translation factors and mRNA
are recycled for another round of translation.
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1.4. Global mRNA translation regulation

Translation is regulated to fine-tune the proteivels in the cell. Its the final step in the
flow of the genetic information, and regulationthlis level allows for an immediate and
rapid response to changes in environmental comditidranslational control was first
hypothesized in early 1960 and highlighted as #semtial part of cell survivgteviewed

in Mathews et al. 2000 However, the mechanisms by which translation istrotied
remain unclear. In a multistep pathway like tratisfg regulation may be exerted at
different levels (McCarthy 1998). There are essd#lytiwo types of translational control:
global translational control where translation obanhof the mRNAs is controlled and
MRNA-specific control, where specific MRNAs are tolied (Gebauer and Hentze,
20049). Global translational regulation normally occbsscontrolling the translation factors
whereas mMRNA specific controls are modulated byci§ipeprotein complexes or micro-
RNA (miRNA), which binds to the 5" and/or 3° UTR$ the specific mRNA. Global
translational regulation is exerted on the cell, ésample during amino acid starvation
whereas the mRNA specific translation control isreégulate specific cellular functions.
Previous studies have shown that there are lochtia@slation controls in some eukaryotic
cells gohnstone and Lasko 200IThis may imply that translation in all organisinssat
maximal levels (Verschoor et al., 1998). The irdedlular concentrations of mRNAs are
believed to be controlling translation rate to saaweent (Mathews et al. 20pGBimilarly,
when the quantity of ribosomes and the amino dogd®mes limiting, global translation is

rapidly repressed (Clemens et al. 1987).

1.4.1. Regulation of translation at the initiation stage

Initiation is the first stage of translation andtimught to be where translation is most
strongly regulated. Translation regulation as @ease to nutrient starvation is conserved
throughout the eukaryotes (Hinnebusch et al., 20Dd)ing amino acid starvation of yeast,
uncharged tRNA binds toGcn2p, a protein kinase that phosphorylates elF2.
Phosphorylation of the elF@ subunit blocks the GTP exchange reaction facidaby
elF2B. As a consequence, global translation is down-régdla(Rowlands, 1988
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However, thephosphorylation of the elF2 subunit activates the translation of the
transcriptional activator GCN4 mRNA. GCN4 activaties transcription of more than 500
genes of diverse functions, the majority of whick avolved in amino acid metabolism
and rescue the cells from amino acid starvatiorhak been reported that the GCN4 is

translated in a cap-independent manner (Hinnebetsah, 2004).

Availability of the mRNA cap-binding protein elF4&iso regulates the global translation
rate. elF4E interacts with elF4G, which is requifedthe cap-dependent recruitment of the
43S subunit to the mRNA. A family of proteins, 4i&ing proteins (4E-BPs), shares the
binding site of elF4E with elF4G. These 4E-BPs hithihe cap-dependent translation by
binding to elF4Einhibiting the interaction of elF4Gvith elF4E thereby inhibiting the
recognition of the mRNA-cap for subsequent cap-ddpet translation (Sonenberg and
Hinnebusch, 2009)t has been shown that the formation of the MR@ #he interaction of
elF5 with rest of the translation machinery are omignt for optimal translation rate
(Hinnebusch et al., 2004)rhe binding of the 40S ribosomal subunits to MRMNA i
considered to be a highly rate-limiting step imsiation (Sachs et al. 1997).

1.4.2. Regulation of translation during elongation and temination stages

Even though most translation regulation is exededng the initiation stage, there is still
signification regulation that can be exerted dutimg elongation and releasing stages. This
occurs when the initiation rate is very fast conegato the elongation rate. As mentioned
previously the ribosome that binds the start coddG) also occupies 4-5 codons
upstream therefore the next. The next ribosomeoonbind to the mRNA if the previous
ribosome has moved approximately 7 codons dowmstrefathe start codon (McCarthy,
1998, Mathews et al. 2000). When the time requioddave the initiation codon exceeds or
becomes the same as that of initiation, elongabecomes rate controlling. It has been
shown that elongation rate is the same for all mBN2-8 amino acid per second per
ribosome in eukaryotes and faster in prokaryoteslidh and Jacobsen 1972). The rate of
elongation can vary as some pausing occurs dueetpresence of rate amino acid codons

or secondary structure in the mRNA. If the pausimigrrupts initiation it becomes the rate
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limiting step of translation (Wolin and Walter 1988ranslation elongation rate is affected
by the phosphorylation/non-phosphorylation of ektign factors. The main factor, which
is affected by non-phosphorylation is eEF2 and tmppens in response to growth-
promoting stimuli, calcium ion fluxes, and otheeats (Mathews et al. 2000). Studies have
shown that the action of eEF1B on eEF1A-GTP regsiwer is the rate-limiting step in
translation elongation. This is important becad=dpontaneous rate of GDP dissociation
from eEF1A is very slow (Janssen et al., 1988), thedprotein has no inherent preference
for the type of nucleotide which it binds (Saha &idhkraburtty 1986).

1.4.3. Translation regulation by non-translating factors

Apart from translation factors, there are othertdex in the cell that regulate mRNA
translation. The concentration or the availabilitiy ribosomes can regulate the rate of
translation. It has been suggested that the trdmslapeed is different for each mRNA
based on its codons (Hou, 1997). Eventhough threrswdficient mRNA in the cytoplasm,
studies have shown that availability of mRNA coulkhulate the rate of translation
(Geoghegan et al. 1979). Both the primary and stamgnstructure of mRNA controls the
translation rate. The primary structure of the &p aegion and upstream of the AUG

sequences play a very important role in determiftviaigslation rate (Mathews et al. 2000).

Due to the variation in the concentrations of siiedRNAS, the rate of translation
elongation can be different for each mRNA (Zhanglet2009). It was believed that the
tRNAs which are highly abundant in the cell areonporated faster compared to tRNAs
which are rare (Zhang et al., 2010). However, ssidnave demonstrated that the
concentration of the tRNA is not proportional t@ ttate of incorporation into the mRNA
(Kanaya et al., 1999). Moreover it has been dematest that some of the codons that code
for rare amino acids are translated with higheesavhen compared to those of the most

abundant amino acids (Bonekamp et al., 1989).

In mammalian systems, micro-RNAs (miRNA) are knowrfunction in gene expression

regulation. It has been demonstrated that the mikMNgulate translation either by directly
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inhibiting translation or by destabilizing the mRN8onenberg and Hinnebusch, 2009). It
has also been reported that in some cases miRNAalate translation (Vasudevan et al.,
2007). Recent studies have also shown that P-bddige a role in miRNA-mediated
translation regulation (Parker and Sheth, 200#gsStgranules, which are observed during
the cell stress or translation repression, are bé&deved to be involved in translational

regulation (Anderson and Kedersha, 2008).

1.5. Translation regulation due to the spatial distributon of translation

factors

A cell is a heterogeneous environment packed waleromolecules. In the cytoplasm the
spatial distribution of the translation factors ¢ena crucial aspect of translation regulation.
Each of the translation factors should be readigilable to ensure that the spatial
distribution of the translation factors is not rkging translational rate. Many of the
translation factors have been visualized to eldeidiaeir distribution within the living cell
(Huh et al., 2003). This study reported that a#t thanslation factors are homogenously
distributed in the cell. However, a recent studyoréed that a number of initiation factors
are observed to have a specific localistation witthie cell (Campbell et al., 2005). The
initiation factors elF2d andy subunits) and elF2By @nde subunits) are shown to localise
in the cytoplasm and continually shuttle betweeecsjr foci within the cytoplasm and a
cytoplamic pool for GDP to GTP exchange (Campbelalg 2005). Most of the other
initiation factors were shown to be distributed thre cytoplasm without any specific
localisation. However, much information about thistribution of the elongation and

release factors is not completely available.

Visualising and tracking molecules within a livellagsing different fluorescent tagging
methods has revolutionised the field of molecul@ldgy. There are a number of
fluorescent probes and protein-tags that have degaloped to improve the visualisation
of cells and molecules. Some of the main techniqoesgsualise the target protein in the
live cells are based on tagging the protein ofregewith fluorescent proteins or pairing it
with peptides which can bind to fluorescent dyesulttng in fluorescence or
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immunostaining with antibodies conjugated to flement dyes. The combination of
advanced microscopic techniques and the wide rahdkiorescent probes that are now
available have complemented and furthered the stfdgene expression and protein-
protein interactions, and have added to the spatigoral understanding of molecular

behaviorin vivo.

The green fluorescent protein (GFP) is one of thestrtcommon fluorescent proteins
identified, which revolutionised the visualisatioh molecules within the cell. GFP emits
green fluorescent light upon appropriate excitati@mimomura et al., 1962). any
different mutants of GFP have been engineered ascaled (RFP), yellow (YFP) and cyan
(CFP) fluorescent proteins to cover a range ofalisation spectra. GFP can be fused with
proteins of interest for visualisation. The molecusize of the GFP has been an issue of
concern as it can affect the functional and loe#ili; properties of the tagged protein.
Numerous smaller fluorescent molecules have beealgged in an attempt to overcome

this issue.

Tetra cysteine motif (TCM) tagging is a relativehew technique for generating
fluorescently tagged proteins that avoids a nunabgaroblems inherent in using the GFP
or its derivatives (Griffin et al, 1998). In thisethod, a stable complex is formed between
biarsenical compounds such as green fluorescergH-lé« red fluorescent ReAsH to an
amino acid sequence containing the tetra cystemtf @ys—Cys—Pro—Gly—Cys—Cys. This
short (approximately 10 a.a.) sequence can bedated at the 5’ or 3’ end of the protein
of interest (Griffin et al, 1998). Upon binding Wwitthe peptides, these dyes emit
fluorescence which can be explored using fluoreso@oroscopes (Griffinet al, 1998).
The rigid spacing of the two arsenics in FIAsH/REAsnables them to bind with high
affinity and specificity to the tetracysteine metiBinding to endogenous cysteine pairs or
lipoamide cofactors, which would cause toxicity armhspecific labeling, is minimized by
addition of a low concentration of antidotes (queng agent) such as 1,2-ethanedithiol
(EDT), which outcompetes endogenous pairs of thilois FIASH binding. As the
tetracysteine motif length is from 6-12 amino acitbas relatively negligible effect on the

structural and functional properties of the protefninterest. Recently this technique has
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been further refined by including some extra flaigkregions to the motif which increases
the specificity of bindingMartin et al, 2005).

1.6. The significance of understanding translatio control

Translational regulation is crucial to protein dygis and irregularities in translational
regulation can cause a range of human disease dinglucancer and metabolic
abnormalities (Silvera et al., 2010). It has belso demonstrated that the over-expression
of elF4E causes cancerous cell growth (Silverd.e2@10). Moreover, over expression of
4E-BP was predicted to be a survival outcome fariew and breast cancers and childhood

rhabdomyosarcoma (Armengol et al., 2007).

In all living organism, there is a balance betweap-dependent and cap-independent
translation. Recent studies have shown that théitidn of cap-dependent translation
causes an increase in cap-independent translatiaihwesults in tumorigenesishe tumor
suppressor 14-3e3 binds to several initiation factors causing théibition of cap-
dependent translation (Wilker et al., 200l contrast, studies of Myc oncogenes have
reported that they inhibit cap-independent trammtatand increase cap-dependent
translation. This results in the reduction of CdKkétels, causing tumorigenesis. Theses
results demonstrate the need of balance in capadepé and cap-independent translation

in a normal cell (Sonenberg and Hinnebusch, 2009).

1.7. The quantitative analysis of translation

The information processing capability of a livingganism with minimal errors has been
investigated not only by experimental methods ted avith a variety of mathematical and
statistical methods. Mathematical modeling has vwalto be an interesting tool to
elucidate complex behavior in biological systemigah be used to identify the underlying
mechanism and quantify the controlling parametdrgjood mathematical model can be

used to validate different hypotheses and undeddtas underlying mechanism. Biological
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processes such as DNA replication, cell divisiond anRNA translation have been
explored using theoretical methods since the eEB§0s (reviewed in May et al., 2004).
Several mathematical models of translation intiatielongation and the whole translation
pathway have been developed to investigate tramisédt regulation. However, these
models have been generally poorly parameterizedlfamiunable to provide much insight

into the functioning of the translation machinery.

1.7.1. Mathematical modelling of translation initiation

A number of mathematical models have been develapedplain the most complex stage
of translation, initiation. In one of the modelgrislational initiation has been explained
using the coding theory (May et al., 2004). The elodvestigates the error identification
mechanisms in translation. In this model transtatias been compared to the decoder in a
communication system and uses the same theoritge afecoder in translation to unfold
errors attached with the decoding. In translatm®RNA sequence of size ‘n’ is decoded
into protein of size ‘k’ and is similar to a decoda a communication system, which
decodes the messages of size ‘n’ to ‘k’, wheredways less that ‘n’. The model was able
to predict and distinguish the coding and non-cgdiegions of a bacterial genome.
Moreover, it could identify the initiation site f@ach of the mRNAs (May et al., 2004).
Another mathematical model of bacterial initiatitbls been developed to study the
translational rate to produce a specific quantftproteins. The model employs the mRNA
folding dynamics, ribosome binding dynamics and thRNA sequence information to
measure the translation rate (Zhang et al., 20A0@ther deterministic model of yeast
translation initiation investigates the controleafch initiation factor upon translation using
flux control coefficients (Dimelow and Wilkinson0@9). A recent deterministic model
based on ordinary differential equations has bemreldped on the aminoacylation and
initiation of yeast translation (You et al., 2010)he model investigates the kinetic
behaviour of translation initiation factors in resge to the amino acid limitation. The
model also examines the changes in the translatibation rate at varying concentrations

of initiation factors and external perturbation®(vet al., 2010).
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1.7.2. Mathematical model of elongation

Recently, a translation elongation model of theran@cid incorporation rate in a ribosome
based on bacterial translation elongation has ldeseloped with both deterministic and
stochastic approaches (Zhang et al.,, 2010). Thigdemovestigated the affect of the
concentration of aa-tRNA-EF-GTP on the elongatiate 10f a single codon. The model has
predicted that limitation of the aa-tRNA-EF-GTP quex has profound differences in the
elongation rate at a single codon. This model datm predict the probability of the
translation outcome, either ribosome frame shifingpremature termination, based on the
aa-tRNA-EF-GTP concentration (Zhang et al., 2010).

1.7.3. Mathematical model of translation including initiation, elongation and

termination

Translation is a very complex biological processrf@athematical modeling and owing to
its complexity and lack of sufficient experimenttta to fit the model, there are very few
models which deal with all three stages of tramsta{Bergmann and Lodish, 1979). A
kinetic rate-control deterministic model for the olé of translation has been developed
which investigates the dependence of the translatite on different parameters, such as
the initiation, elongation, and termination ratenstants, ribosome and initiation factor
reduction. This model predicts that tRNA limitatiatan reduce the elongation rate;
however the length of mMRNA has been predicted i@ affect on the translation rate
(Bergmann and Lodish, 1979). Some conclusions ftbi® model were: 1) for small
physiological values of initiation rate constamtgtiation can be the rate-limiting step; 2) if
termination is not rate-limiting, the overall tréaison rate is proportional to the rate of
initiation; 3) Even if the initiation rate is sostaas to make elongation limiting, it does not
cause ribosomal queuing on mRNA; and 4) when thmit@ation rate is limited, ribosomes
gueue on MRNA (Bergmann and Lodish, 1979).

Another deterministic kinetic model based on baakeranslation has been developed

which investigates the sensitivity of translaticater on kinetic parameters and on the
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concentration of the translation factors (Zouridied Hatzimanikatis, 2007). This model
provides a detailed study of elongation by consnderthe ribosomal blocking of the

MRNA codon during elongation. In contrast to pregidranslation models, this model
predicts that the translation rate is limited byiation, elongation and termination rates. It
was predicted that elements such as ribosomal aocyp ribosomal distribution with

respect to the codon position along with mRNA léngan also have a role in determining
translation rate. The important model predictioreyav 1) As the number of ribosomes
translating mRNA increases, the translation ratge@ses, but after reaching an optimal
level it becomes rate limiting; 2) termination rdtecomes translation rate limiting when
number of actively translating ribosomes were |&8)&f-Tu:GDP removal was one of the
rate limiting step in the elongation (Zouridis aHdtzimanikatis, 2007). However, all the
above models have incorporated a large number afngstions whilst containing very

limited quantitative experimental data.

1.8. Yeast as a model organism to investigate eukatic translation

Saccharomyces cerevisiae is a eukaryotic organism the genome of which canessily
manipulated.S. cerevisiae was the first eukaryote of which the genome was pietaly
sequencedSherman, 2002).Commonly known as bakers’ yea§, cerevisiae shares a
significant degree of sequence similarity with l@glorganisms and processes in yeast can
be easily correlated with processes within othganisms. Moreover, the rapid growth,
well defined genome, easy genetic manipulation,petsed cells and easy DNA
transformation system make it a favourite modelaorgm for study. Yeast is a non-
pathogenic organism and therefore is safe to haBdberevisiae can exist in a haploid and

a diploid state; most mutations are viable andsgige mutations are easily constructed in
haploid strains (Sherman, 2002). A comprehensita Hase of yeast has been developed
with all the published information about its gent®e proteins encoded and phenotypes
related to the gene mutations (http://yeastgenam#.o

Genetic engineering of yeast chromosomes can bemgatished through relatively simple

techniques. Integrative recombination of transfeagnDNA in yeast is readily achieved
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through homologous recombination (Sherman, 200XtraEcopies of genes can be
introduced into yeast strains using plasmids. Geaesbe disrupted, replaced and deleted
from the yeast genome very efficiently and inexperg. Such easy and efficient
molecular techniques have been extensively usetheénanalysis of gene regulation,
structure-function relationships of proteins, chommme structure, and other general
guestions in cell biology (Sherman, 2002). Yeast Ib@en a very popular model organism
to study mechanisms and regulations of translattid@mnebusch et al., 2004). The high
degrees of the evolutionary conservation of thesletional machinery mean that findings

in yeast are easily interpreted to other organisms.
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1.9. Aim of this study

Growing evidence indicates that irregularitiesramslation regulation are related to various
disease states. The control of translation playeey role in determining growth and
responses to appropriate variations in environnheraaditions. However, translational
control has not been a subjected to detailed fasing analysis, particularly at the systems
level. In this study, for the first time, transtaial control is explored at the systems level
employing three different approaches: microscopgchhiques, molecular biology
technigues and mathematical modeling. The projgi@ys a systems biology approach to
generate the first ever comprehensive charactsisti translational control. Rather than
focusing on role of individual factors at a timleg twhole translation pathway is considered
and studied together. With the systems level amprothe data from individual
experimental methods are integrated into an ovenaécontrol in the whole system. As
part of a wider project exploring all parts of tin@nslation pathway, this work concentrates
on translational control exerted by elongation ezldase factors. The project quantitatively
measures the translational control exerted by etboig and release factors and data are
combined and analysed using mathematical modelisgig microscopic techniques, the
possibility that translational control might belaast partially attributable to sub-cellular
localization of the elongation and release faciersvestigated. A variety of molecular
biology techniques are employed to explore theceften translation control when the
elongation and release factors are made limitingsoA the translational control
contributions of the individual elongation and Bde factors are quantitatively
characterised. A mathematical model of the whaadiational pathway is developed to
provide a formal framework for defining transla@ncontrol at a systems level. All
together, this multiple approaches provides a nawdl detailed analysis of the factors and
processes involved in mRNA translation and contabusignificantly to a greater

understanding of translational control.
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Materials and methods

2.1. Strains, plasmids and primers

All the strains, plasmids and primers used in shigly are listed below.
2.1.1. Yeast and bacterial strains

Table 2.1 :Saccharomyces cerevisiae strains

Strain
Strain Name collection Genotype Source
number
PTC 41 PTC 41 MA® ade2-1 ura3-1 leu2-3, M. Tuite,
112his3-11,15can1-100 University
of Kent
PTC 41 ATEF2 PTC354 MATD ade2-1 ura3-1 leu2-3, This study
112his3-11,15can1-100,
TEF2-A
PTC 41 AEFT2 PTC355 MAT ade2-1 ura3-1 leu2-3, This study
112his3-11,15can1-100,
EFT2-A

52



Chapter 2 — Materials and method

PTC 41 ATEF2- PTC356 MATo ade2-1 ura3-1 leu2-3, This study
TEF1-TCM 112his3-11,15can1-100,
TEF2-A, TEF1-tcm:KanMX

PTC 41-eEF1B-TCM PTC357 MATade?-1 ura3-1 leu2-3, This study
112his3-11,15can1-100,
TEF5-tcm:KanMX

PTC 41 AEFT2- PTC358 MATo ade2-1 ura3-1 leu2-3,1 This study
EFT1-TCM 12 his3-11,15can1-100,
EFT2-A, EFT1-tcm:KanMX

PTC 41-eEF3-TCM PTC359 MAdTade2-1 ura3-1 leu2-3, This study
112his3-11,15can1-100,
TEF3-tcm:KanMX

PTC 41-eRF1-TCM PTC360 MAdTade2-1 ura3-1 leu2-3, This study
112his3-11,15can1-100,
VP45-tcm:KanMX

PTC 41-eRF3-TCM PTC361 MAxTade2-1 ura3-1 leu2-3, This study
112his3-11,15can1-100,
VP35-tcm:KanMX

PTC 49 PTC 49 MATa/MA® ade2—1/ade2—1 Thomas
canl-100tan1-100his3— and
11,15his3-11,15 leu2-3/eu2-3 Rothstein ,
trpl-1/trpl-lura3-1iura3-1 1989
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PTC5

eEF1A-GFP

eEF1B-GFP

eEF2-GFP

eEF3-GFP

eRF1-GFP

eRF3-GFP

tetO7-TEF1-ATEF2

tetO7-TEF5

PTC5

PTC296

NA*

PTC308

PTC309

PTC295

PTC310

PTC362

PTC363

MATa&is3A1 leu2A0 met15A0
ura3A0

MATahis3A1 1eu2A0 met15A0
ura3A0, TEF1-GFP

MATa his3A1 leu2A0 met15A0
ura3A0, TEF5-GFP

MATRIS3A1 |eu2A0 met15A0
ura3A0, EFT1-GFP

MATRIS3A1 1eu2A0 met15A0
ura3A0, TEF3-GFP

MATahis3A1 leu2A0 met15A0
ura3A0, SUP45-GFP

MATahis3A1 leu2A0 met15A0
ura3A0, SUP35-GFP

MATo ade?-1 ura3-1 leu2-3,
112his3-11,15can1-100,
TEF2-A, TEF1-PtetO7:KanMX

MAT ade?-1 ura3-1 leu2-3,
112his3-11,15can1-100,
TEF5-PtetO7:KanMX

EuroSCA

RF

Invitrogen

Invitrogen

Invitrogen

Invitrogen

Invitrogen

Invitrogen

This study

This study
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tetO7-EFT1-AEFT2 PTC364 MATo ade2-1 ura3-1 leu2-3, This study
112his3-11,15can1-100,
EFT2-A, EFT1-PtetO7:KanMX

tetO7-TEF3 PTC365 MA® ade2-1 ura3-1 leu2-3, This study
112his3-11,15can1-100,
TEF3-RetO7:KanMX

tetO7-SUP45 PTC366 MA@ ade2-1 ura3-1 leu2-3, This study
112his3-11,15can1-100,
UP45-PtetO7:KanMX

tetO7-SUP35 PTC367 MA@ ade2-1 ura3-1 leu2-3, This study
112his3-11,15can1-100,
VP35-PtetO7:KanMX

PTC 41-pTefEx PTC368 MAJ ade2-1 ura3-1 leu2-3, This study
112his3-11,15can1-100
[pTefEXURA3]

PTC 41 ATEF2 PTC369 MAT ade2-1 ura3-1 leu2-3, This study

112his3-11,15can1-100,
TEF2-A [pTefExURA3]

tetO7-TEF1ATEF2 -  PTC370 MATo ade2-1 ura3-1 leu2-3,

pTefEx 112his3-11,15can1-100, This study
TEF2-A, TEF1-PtetO7:KanMX,
[pTefEXURA3]
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tetO7-TEF5-pTefEx

tetO7-EFT1-AEFT2-
pTefEx

tetO7-TEF3-pTefEx

tetO7-SUP45-pTefEx

tetO7-SUP35-pTefEx

tetO7-TEF1-ATEF2-
pTefEx-TEF1

PTC371

PTC372

PTC373

NA*

PTC374

PTC375

MA@ ade2-1 ura3-1 leu2-3, This study
112his3-11,15can1-100,
TEF5-PtetO7:KanMX,

[pTefEXURA3]

MATa ade2-1 ura3-1 leu2-3, This study
112his3-11,15can1-100,
EFT2-A, EFT1-PtetO7:KanMX,
[pPTefEXURA3]

MA@ ade2-1 ura3-1 leu2-3, This study
112his3-11,15can1-100,
TEF3-PtetO7:KanMX,

[pPTefEXURA3]

MATo ade2-1 ura3-1 leu2-3, This study
112his3-11,15can1-100,
UP45-PtetO7:KanMX,

[pTefEXURA3]

MAd ade2-1 ura3-1leu2-3,112 This study
his3-11,15can1-100,UP35-
PtetO7:KanMX, [pTefEXURA3J]

MATa ade2-1 ura3-1 leu2-3, This study
112his3-11,15can1-100,
TEF2-A, TEF1-PtetO7:KanMX,
[pTefEX-TEF1: URA3]
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tetO7-TEF5-pTefEx-
TEF5

tetO7-TEF3-pTefEx-
TEF3

tetO7-SUP35-pTefEx-
SUP35

tetO7-GCD

tetO7-TIF3

PTC 41-pTefEx-
pDLV-L2/LO

tetO7-TEF1-ATEF2-
pTefEx-TEF1- pDLV-
L2/LO

PTC376

PTC377

PTC378

PTC273

NA*

NA*

NA*

MATo ade2-1 ura3-1 leu2-3,
112his3-11,15can1-100,
TEF5-PtetO7:KanMX,
[pTefEX-TEF5: URA3]

MATa ade2-1 ura3-1 leu2-3,
112his3-11,15can1-100,
TEF3-PtetO7:KanMX,
[pTefEx- TEF3: URA3]

MATo ade2-1 ura3-1 leu2-3,
112his3-11,15can1-100,
VP35-PtetO7:KanMX,
[pTefEx- SUP35: URA3]

MATo ade?-1 ura3-1 leu2-3,
112his3-11,15can1-100,
GCD112-PtetO7:KanMX

MAT o ade?-1 ura3-1 leu2-3,
112his3-11,15can1-100,
TIF3-PtetO7:KanMX

MAT o ade2-1 ura3-1 leu2-3,
112his3-11,15can1-100
[pTefEx: URA3] [pDLV-
L2/LO:HIS

MAT o ade?-1 ura3-1leu2-3,112
his3-11,15can1-100, TEF2-A,
TEF1-PtetO7:KanMX, [pTefEx-
TEF1:URA3]|[pDLV-L2/L0: HIY

This study

This study

This study

This study

This study

This study

This study
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tetO7-TEF5-pTefEx-  NA* MAT a ade2-1 ura3-1 leu2-3, This study
TEF5- 112his3-11,15can1-100,
pDLV-L2/LO TEF5-PtetO7:KanMX, [pTefEx-

tef5: URA3] [pDLV-L2/LO: HIS]

tetO7-EFT1-AEFT2-  NA* MAT o ade2-1 ura3-1 leu2-3, This study
pTefEx- pDLV-L2/LO 112his3-11,15can1-100,

EFT2A, EFT1-RetO7:KanMX,

[pTefEx: URA3] [pDLV-L2/LO:

HIY
tetO7-TEF3-pTefEx-  NA* MAT a ade2-1 ura3-1 leu2-3, This study
TEF3- pDLV-L2/LO 112his3-11,15can1-100,

tef3-RetO7:KanMX, [pTefEx-
tef3: URA3] [pDLV-L2/LO: HIY

PTC 41tetO7-SUP45- NA* MAT a ade2-1 ura3-1 leu2-3, This study
pTefEx- pDLV-L2/LO 112his3-11,15can1-100,
sup45-RetO7:KanMX, [pTefEx:
URA3] [pDLV-L2/LO: HIS]

PTC 41tetO7-SUP35- NA* MAT o ade2-1 ura3-1 leu2-3, This study
pTefEx-SUP35- 112his3-11,15can1-100, sup35-
pDLV-L2/LO PtetO7:KanMX, [pTefEx-sup35:

URA3] [pDLV-L2/LO: HIS]

NA* - Not applicable
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Table 2.2 : Bacterial strains

Strains
Name Genotype Remarks
DH5a F endAl ginV44 thi-1 recAl relA1 Used for storage/cloning of
gyrA96 deoR nup@80dacZAM15 plasmids
A(lacZYA-argF)U169, hsdR17(
mK+)1 A~
BL21 F ompT gal dcm lon hs@g®s mg) An E. coli strain with DE3, a
(DE3) MDE3 [lacl lacUV5-T7 gene 1 ind1 prophage carrying the T7 RNA
sam7 nin5]) polymerase gene and l&cl
Transformed plasmids containing
T7 promoter driven expression are
repressed until IPTG induction of
T7 RNA polymerase from a lac
promoter.
Top 10F  FJlact Tn10(tef)] mcrA A(mrr- Used for storage/cloning of

hsdRMS-mcrBC)80lacZAM15 plasmids
AlacX74 deoR nupG recAl araD139
A(ara-leu)7697 galU galK rpsL(S)r

endA1L
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Table 2.3 : List of plasmids

Plasmid name

Remarks Source

pPNEWTC

pUG6

pSH47

pCM225

pTefEx

pTrpEx

Contains TCM tag arilanMX4 selective marker. This study
Used as PCR template for TCM addition.

Contains loxp-kanMX-loxp cassette for gene Gildener et al
deletion. Used as PCR template to generate yed§196

selective marker.

Contains there recombinase gene under controlGildener et al
of a GAL promoter ant)RA3 selective marker. 1996
Used for excision of the loxp-kanMX-loxp

cassette

Contains kanMX-tTAetO. Used as PCR Belli” et al
template to prepare doxycycline regulatable 1998

promoter strains.

Contain§EF1 promoter andJRA3 selective This study
marker. Used for preparing the gene

complementation plasmid.

Contain§RP1 promoter andJRA3 selective This study
marker. Used for preparing the gene

complementation plasmid.
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pTefEx-eEF1A  Contain$EF1 promoter,TEF1 gene andJRA3  This study
selective marker. Used for preparing the gene

complementation plasmid.

pTefEx-eEF1B  ContainSEF1 promoter,TEF5 gene andJRA3  This study
selective marker. Used for preparing the gene

complementation plasmid.

pTefEx-eEF3 Contain§EF1 promoter, TEF3 gene andURA3  This study
selective marker. Used for preparing the gene

complementation plasmid.

pTefEx-eRF3 Contain§EF1 promoter SUP35 gene andURA3  This study
selective marker. Used for preparing the gene

complementation plasmid.

pDLV-L2/LO Plasmid used for the double luciferase assay. Thais study
plasmid contains both the firefly and renilla gene
with TRP1 andDCD1 promoters respectively.

Plasmid containkllS marker.
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2.1.3. Primer sets

Table 2.4 : List of oligonucleotides used for theemoval and confirmation of theEFT2
gene.

Name Sequence (5" - 3))
EFT2Del-E TTTTGGTGTTTAGCATTCAGACTCAAAGACCACAAACACAAACTATA
ACATAATTGCAAGCAGCTGAAGCTTCGTACGC
EFT2Del-R GCCCAATACATTACGACAAAAACTGAAAAAGTTAAATAATTAAAAA
TTGTTTAACCATTCGCATAGGCCACTAGTGGAT
EFET2Del-Check-E CTTAAAAGTTTTTTTTCATTTTGTGAGCTTATTCTTCTTTTCTATATAT
TCTTGATATCT

EET2Del-Check-R ATCGAAATAACACTATAGATGGTAAGTATACGTGAGAATAAACTACA
AAAAAGTCAAAAGG

Table 2.5 : List of oligonucleotides used for consgiction and verification of the
TCM tagged strains

Name Sequence (5’ - 3’)

TEF1-TC-F AGACATGAGACAAACTGTCGCTGTCGGTGTTATCAAGTCTGTTG
ACAAGACTGAAAAGGCCGCTAAGGTTACCAAGGCTGCTCAAAA
GGCTGCTAAGAAACACCGTTGGTGTTGTCCTGGT

TEF1-TC-R TAAATCAACATTTGGACTGTCGCCTGTTAAGATATAACTGANAA
AAGAGGGGAATTTTTAGATACTGAAATGATATTTTATAACTATA
GGGAGACCGGCAGAT

TEF1-TC-CHECK-F GCTGTCGGTGTTATCAAGTCTG

TEF1-TC-CHECK-R TTGGACTGTCGCCTGTTAAG

eEF1B-TC-F CCTTGGATGACTTGCAACAAAGCATTGAAGAAGACGAAGAECA
CGTCCAATCTACCGATATTGCTGCTATGCAAAAATTACACCGTTG
GTGTTGTCCTGGT

eEF1B-TC-R AATAAACACGATTCCTTATATAGTGGTTACACAAATTAGTAATA
ATGTTTCGTGTGCAGTCGAAAAGTTTATCGTTCAAATAACTATAG
GGAGACCGGCAG

eEF1B-TC-Check-F TTTCGGTATCAAGAAGTTGCAAATTAACTGTGTGTCGAAGATG
ACAAGG
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eEF1B-TC-Check-R

eEF2-TC-F

eEF2-TC-R

eEF2-TC-Check-F

eEF2-TC-Check-R

eEF3-TC-F

eEF3-TC-R

eEF3-TC-Check-F

eEF3-TC-Check-R

SUP45-TC-F

SUP45-TC-R

SUP45-TC-CHECK-F

SUP45-TC-CHECK-R

eRF3-TC-F

eRF3-TC-R

eRF3-TC-Check-F

GAATATGAAAAGAGATATACATAACTTGAATATTCCCGGAATAA
ATTCAA

GTGAAATTGTTCTTGCTGCTCGTAAGAGACACGGTATGAAGAA
GAAGTTCCAGGCTGGCAAGAATATTACGACAAATTGCACCGTTG
GTGTTGTCCTGGT

GTTCGATTGTAAACATTCGGAATATAACTATATGACAAAAATGT
GTAAGAAAATAATATATAAGTCTATTACCATACTATTAACTATA
GGGAGACCGGCAGAT

CGACCATTGGTCCACTTTAGGTTCTGACCCATTBGCCAACCTC
TAAGG

CCTCCCCCTCTACAAAGGGGGCGGTAATACGAASIGTCCATTT
TTATGA

AATTGAGAAAGAAGAAGAAGGAAAGAATGAAGAAGAAGAAG G
AATTGGGTGATGCTTACGTTTCTTCTGACGAAGAATTCCACCGTT
GGTGTTGTCCTGGT

AGATGTCTGACTAATGGAACGCTTTTTCTTTTAAATAATGCTTT
CTTTATAATAAGGAAGTTGCGTCTATATTTTACCATAACTATAGG
GAGACCGGCAGAT

TATGGGTAACAAGATTGCCGGTGGTAAGAAGAAGAGAAGTTG
TCTTCTG

AAAGGGTATGAGGCAATGCTCAATTTGCCTGAGORAGAATGT
ATGAAA

AAGTTAATTTTGAACAACTAGTTGATGAATCTGAGGATGAATAT
TATGACGAAGATGAAGGATCCGACTATGATTTCATTCACCGTTG
GTGTTGTCCTGGT

TATACACGGTCCTCTAAACCCACTATGTACTTTCAACAAGGAA
TTAGCTCAATATAGAGCAAAAGGTTTACCAAGTATATAACTATA
GGGAGACCGGCAGAT

AAACTTCGGTGCTACCTTGG

ATTTGACAGGTGGGCTAGTG

ATTACCCTCAATTAGGTAGATTCACTTTGAGAGATCAAGGACC
ACAATAGCAATTGGTAAAATTGTTAAAATTGCCGAGCACCGTTG
GTGTTGTCCTGGT

TATTTTTATGAAATTCTAGATATATTGAGAGGTGAAGTTTACCTT
GTTTATGGTATATGGTACAAAAAGAACTAAACTAATAACTATAG
GGAGACCGGCAGAT

GGTCATCGCTGTTTTAGAAACTGAAGCTCCAGTTGTGTGGAAA
CTTACC
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eRF3-TC-Check-R CCGGGGAAGGGTTATGATGAAAACGTGATTGAAGESTTGAAA
CCTTGCT

Kan-Check-F CTGGCTGACGGAATTTATGC

Kan-Check-R ACTGAATCCGGTGAGAATGG

Kan-End-F GAATGCTGGTCGCTATACTG

Table 2.6: List of oligonucleotides used for constiction and verification of the tetO7
promoter strains

Name Sequence (5’ - 3’)

eEF1A-Doxy-F AATAAACGGTCTTCAATTTCTCAAGTTTCAGTTTCATTTTTCTTGTT
CTATTACAACTTTCAGCTGAAGCTTCGTACGC

eEF1A-Doxy-R CGATAACGACAACGTTAATGTGAGACTTCTCTTTACCCATTTTGTA
ATTAAAACTTAGATGCATAGGCCACTAGTGGAT

eEF1A-Doxy-Check-F  CCGAGTTGGAGGACATCA

eEF1A-Doxy-Check-R CCAAAACCCAAGCGTACT

eEF1B-Doxy-F AAGAAGCGCTTTAGAAATCAAAGCACAACGTAACAATTTGTCGAC
AACCGAGCCTTTGAACAGCTGAAGCTTCGTACGC

eEF1B-Doxy-R AGCCAAAGAAGCGTTTAATTGTTTCAAAGTTTCAATCTTGGAGAA
ATCGGTGGATGCCATGCATAGGCCACTAGTGGAT

eEF1B-Doxy-Check-F  TCTTAGGGCTCAGAACCTGCAGGTG

eEF1B-Doxy-Check-R CATACCCTTCAATGTATGACTTGTC

eEF2-Doxy-F GAACAAGGTGATCTTTTTCCTTTAGTTGATATTAATCCCGGGTAAA
CTTCCGTGTTGCACCAGCTGAAGCTTCGTACGC

eEF2-Doxy-R ACGCACATTGGTAACTTTGTCCATTAAAGAACGCATTTGGTCAAC
AGTGAAAGCAACCATGCATAGGCCACTAGTGGAT

EFT1_Doxy_F100 ATACCGAATTTGATGATGAACTATTCACTGAAGACGATGGGTACA
ACTCTCAGCTGAAGCTTCGTACGC

EFT1_Doxy_R20 AGTAAAAAAACCAGTGAAGCGTTTAATACAACAGTAGTATGCAAT
TGAGAGCATAGGCCACTAGTGGAT

eEF2-Doxy-Check-F  TATAAAGTAGAAAATTCATACCTTT

eEF2-Doxy-Check-R  CGACGTGAGCAATAACGGACATGTT

64



Chapter 2 — Materials and method

eEF3-Doxy-F

eEF3-Doxy-R

eEF3-Doxy-Check-F
eEF3-Doxy-Check-R

SUP45doxF

SUP45doxR

doxSUP45up
doxSUP45down

eRF3-Doxy-F

eRF3-Doxy-R

eRF3-Doxy-Check-F

eRF3-Doxy-Check-R

AAATTTTTTCGCTTCCTCGAGTATAATTATCTCATCTCACTTTCAT
ATAAGATAAGAAGCAGCTGAAGCTTCGTACGC

AACAGATAACTTCTGGAATAGTTCTTCTAGAACCTTAATGGATTGC
TGGGAATCAGACATGCATAGGCCACTAGTGGAT

TCTTTTTCTTTTTTTGCGTTGGTGA

TTTCGTGTCTGTTGTCAGCAGTGGC

TCACTGTATTTTTAACTGATATACTGTTGGTGTGGCCTTABGACA
CCTTTATTTCTTAACAGCTGAAGCTTCGTACGC

AGATTGGACCAACTTCTTGACCTTCCAGATCTCAATATTTITTCA
ACCTCGTTATCCATGCATAGGCCACTAGTGGAT

CCGGATTATTCCGTTGAC

CGAGGCAGTACCATATTC

ATGTACATTACAACCGGGTATTATATCTTACATCATCGRTAATAT
GATCTTTCTTTATGCAGCTGAAGCTTCGTACGC

ACCGTTCTGGCTGTATTGCTGGTAGTTTTGCTGATTGGCCTTGGT
TTGAATCCGACATGCATAGGCCACTAGTGGAT

TTGTCACTTCTTACCTTGCTCTTAA

ATCTGTTGTTACCTTGTTGTTGGTT

2.2. Growth and storage of bacterial and yeast cell stias

2.2.1. Bacterial culture

Bacterial cells were grown at 3T in Luria-Bertani (LB) broth (Ready mix 25 g/l
ForMedium) or on LB agar medium with bacto-agag % (w/v) added to the LB broth.
Media was supplemented with 106/ml ampicillin (Sigma) for plasmid selection as
appropriate. The bacterial colonies for blue-wlsiteeening were grown in LB-agar plate
with 100 mM Isopropyp-D-1-thiogalactopyranoside (IPTG) and 40 mg/ml XkGa
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2.2.2. Yeast culture

Yeast cells were routinely grown in yeast extragptpne-glucose medium (YPD) (1 %
yeast extract (w/v), 2 % peptone (w/v) and 2 % ogbac (w/v) or ready mixed medium
(ForMedium). Agar plates were prepared by addingo 2agar (w/v) to the appropriate
medium. Yeast selective medium was prepared bynmi%x.9 g/l Yeast Nitrogen Base
(YNB, readymade media mix, ForMedium) with apprafei amino acids. Yeast strains
expressing the kanamycin resistance gd@aMX) were selected in medium with 150
pHg/ml Geneticin (G418, Sigma). The PTC 41 stragdus this study lacks th&DE2 gene,
this results in the accumulation of the adenine syithesis intermediate
phosphoribosylaminoimidazole in the cell causingkgaound fluorescence (Stotz and
Linder, 1990). Therefore extra adenine (1@@ml) was added to avoid auto-fluorescence
during microscopic experiments. Doxycycline semngiti of the yeasttetO7 promoter
strains was determined by adding appropriate caret@ns of doxycycline (1 ng/ml — 200

ng/ml) to the growth media. All the strains werewn at 30°C unless otherwise specified.
2.2.3. Short and long-term storage of yeast and bacteriatrains

For short-term storage, bacterial and yeast stra@re grown overnight on the appropriate
plates at 37C and 30°C, respectively and stored af@. For long-term storage, glycerol
stocks were prepared by adding sterile glycerol oternight cultures to a final
concentration of 20 % (v/v). The cultures were rdixkoroughly, snap frozen on dry ice
and then stored at -8C.

2.2.4. Antibiotics

Table 2.7 : List of antibiotics used in this study
Working concentration

Antibiotics Abbreviation Source
Ampicillin Amp 100 pg/ml Sigma
Geneticin G418 150 pg/ml Sigma
Doxycycline Doxy 200 pg/mi Sigma
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2.3. Cell methods

2.3.1. Generation of transformation competent bacterial cls

1-2 ml of the an overnight culture of appropriaéeterial strain was diluted into 100 ml LB
broth and grown at 3%C with constant agitation (200 rpm) until the crdtueached O

of 0.5-0.6. The culture was kept on ice for 10 @md then harvested by centrifugation at
4000 rpm at £C for 10 min. The cell pellets were resuspendeg earefully in 50 ml ice
cold 0.1 M CaCl and kept on ice for another 30 min before cergefion at 4000 rpm at 4
°C for 10 min. The pellet was resuspended in 4 nitefcold 0.1 M CaGland stored on
ice for a minimum of 2 h. A final concentration 20 % glycerol was added and 200

aliquots were snap frozen on dry ice or liquidogen and stored at -81C.

2.3.2. E.coli transformation

An aliquot of glycerol stock of the competent cellas thawed on ice for 30 min.p2 of

the desired plasmid DNA was added to 200f the bacterial cell suspension and was
incubated on ice for 30 min. Cells were then héaeked at 42°C for 40 sec and
immediately transferred to ice for a minimum of Bin250ul of LB media was added very
carefully and incubated for 1 h at 3z with constant shaking (200 rpm). Cells were then

spread on LB agar plates with 10§¢/ml ampicillin and incubated overnight at %7.
2.3.3. Saccharomyces cerevisiae transformation

The yeast transformation procedure was adaptedraified from Guldener et al., 1996
Yeast strains were incubated overnight in YPD metlia0°C with constant agitation (200
rpm). Cells were resuspended in 50 ml of YPD tdagting ODyoo of 0.2 and grown to an
ODggo Of 0.7-1.0. The cells were then harvested by degation at 4000 rpm at % for 5
min. The cell pellet was resuspended in 1 ml ofilstevater and transferred to a 1.5 ml
eppendorf tube and centrifuged at 5000 rpm for 4. Mhe cell pellet was washed twice in

1 ml of sterile water and resuspended in freshgpared sterile TE/LIOAc (10 mM Tris—
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HCIl pH 7.5, 1 mM EDTA, 0.1 M LiOAc pH 7.5 adjustedth dilute acetic acid). The cells
were harvested and resuspended in GODTOE/LIOAc. For chromosomal integration ~5
mg/ml (12ul) of the tranforming DNA (generated by PCR) wax@a with 5ul of freshly
denatured salmon sperm DNA (10 mg/ml, denature®2dC for 1 min, then chilled on
ice). 50pl of cells in TE/LIOAc were added to the DNA andxeul carefully. 30Qul of
freshly prepared sterile 40 % PEG/LIOAc (50 % PEG,mM Tris—HCI pH 7.5, 1 mM
EDTA, 0.1 M LiOAc pH 7.5 adjusted with dilute aaethcid) was added to the mixture
immediately and carefully mixed. Yeast cells witle tDNA fragment were incubated for
30 min at 3°C with constant agitation (200 rpm) and heat shddke 15 min at 42C.

To recover the transformed cells, 8@0sterile water was added, mixed carefully and the
pellet was collected by centrifugation at 13000 rfon 10 sec. The cell pellet was
resuspended in 1 ml of YPD and incubated for 2-a8 80°C. After 2-3 h of growth, cells
were collected by centrifugation at 13000 rpm fOrskc, resuspended in 2(Dof YPD
and spread onto appropriate agar plates. Plates imeubated at 38C until colonies were
visible. After 24-48 h these plates were replicatgd onto a new appropriate agar plates to

eliminate any false positive colonies.

2.4. DNA purification and recombination method

2.4.1. Isolation of plasmid DNA from bacteria

1-2 ml of an overnight culture of appropriate baele strains was harvested by
centrifugation at 4000 rpm for 5 min. Plasmid DNAsvpurified using a QlAprep Spin
Miniprep kit (QIAGEN) according to the manufactuserinstructions. The collected

plasmid was resuspended in@®f sterile water and stored at’€.

2.4.2. Saccharomyces cerevisiae genomic DNA preparation

5 ml of appropriate medium was inoculated with yieast and incubated overnight at 30
°C (shaking at 200 rpm). Cells were harvested byrifegation at 4000 rpm for 5 min. The

cell pellet was washed twice in 1 ml of sterile @aind centrifuged at 4000 rpm for 1 min.
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The cell pellet was resuspended in 1 ml of buff§d A Sorbitol, 50mM Tris-HCI pH 7.5,
10 mM EDTA and 1 % 2-mercaptoethanolul5f 10 mg/ml Lyticase (Sigma) andub of

10 mg/ml RNase A (Promega) were added and incutwt8@°C for 1 h. The suspension
was centrifuged at 13000 rpm for 1 min and the swdant was discarded carefully. The
pellet was resuspended gently in 1 ml of buffedB nM Tris-HCI pH 7.5, 10 mM EDTA
and 0.5 % SDS (w/v)) and incubated at’65for 10 min. 15Qu of 8 M KOAc was added
and mixed by inverting the tube and incubated a@nfar 5 min. The suspension was
centrifuged at 13000 rpm for 1 min and the supamatas collected and transferred into a
fresh 2 ml micro-tube. To precipitate the genomiAD 2 vol of isopropanol were added to
the supernatant and mixed by inverting. The DNAgbelas collected by centrifugation at
13000 rpm for 1 min. The supernatant was discaedetithe pellet was washed in 70 %

ethanol. The DNA pellet was air dried and resuspdnd 50ul of sterile water.

2.4.3. Polymerase chain reaction (PCR)

DNA products were amplified from plasmid or genomiNA using the PCR method. The
reactions were carried out either in a MJ-Mini (Blad) or a DNA Engine (MJ-Research
now Bio-Rad) instrument in 0.2 ml micro-tubes (Epgerf). The High Fidelity Expand
Polymerase PCR system (Roche) was used for theifemafpbn of DNA to be used in
plasmid or strain construction for its proof-reaglicapability ensures correct DNA
sequence duplication. RedTaq Ready-Mix (Sigma) wsed for routine analytical PCR.
PCR reactions with Expand Polymerase were prepsedfinal volume of 50 pl reactions,
by adding primers, genomic DNA/plasmid, appropribtéfer, dNTPs and polymerase,
according to the manufacturer’s instructions (T&bR). RedTaq contains all the necessary
components for PCR excluding primers and genomicApksmid template. PCR
reactions using RedTaq were prepared by addingl ©® fhe RedTaqg along with primers,
genomic DNA/plasmid and sterile water to make alfimolume of 20 pl. The first
denaturing temperature was set t0°@8to denature the template DNA. In the PCR cycle,
the denaturing and annealing temperature for pagmere set according to the primers

melting temperature and the extension temperatuees calculated based on the expected
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product size. A polymerisation step at 72 °C fomb was included after 30 cycles to
ensure all amplification reactions had reached detan.

Table 2.8 : PCR mixture table for expand high fidgty enzyme

Component Volume (20 pl reaction) Volume (50 pl @&ction)
Nucleotide mix 0.5 pl (200 uM each of dNTP), || (200 uM each of ANTP)
PCR primer mix 0.5 pul (300 nM each of primer) pl (300 nM each of primer)
Template DNA 0.5 pul (0.1 - 250 ng) 1 pl (0.1 - 2

Expand High Fidelity 0.25 pl 5 ul

buffer

Expand High Fidelity 0.3 pl 0.75 pul

Enzyme mix

Sterile water To make upto 25 ul To make upto 50 pl

2.4.4. PCR product purification

PCR amplified DNA products were purified from theCR reaction using
phenol/chloroform DNA extraction and ethanol préeaifion. To isolate the DNA from the
protein within the PCR reaction mix, an equal voduwf phenol:chloroform:iso-amyl
alcohol-24:23:1 (Sigma) was added to the DNA sofutand mixed thoroughly by
vortexing. The two liquid phases were then sepdrhtecentrifuging for 5 min at 13000
rom. The aqueous phase containing the PCR produasscollected very carefully and
transferred into a clean 2 ml micro-tube. 0.1 vatumh 3 M NaAc and 2.5 volume of 100 %
ethanol was added to the isolated DNA solutionrandwell. This mixture was kept at -80
°C for 20 min and then centrifuged for 20 min at0Q@ rpm. The supernatant was
discarded and the DNA pellet was washed with 70t8arel. After air drying for 10 min,
DNA was resuspended in 10 pl of sterile water.
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2.4.5. Cloning : Restriction enzyme digestion and ligatiorof vector with DNA inserts

Purified DNA fragments and plasmids were digestéth @wppropriate restriction enzymes
(New England Biolabs) and ligated into the despl$mids. Plasmid and DNA fragments
which were to be ligated together were digestedsegsarate reactions with the same
restriction enzymes. Reactions were carried ou2@sul final volume with 1 - 5 pl of
plasmid (~ 1 pg) or PCR product (~0.2 ug), 2 pullefx reaction buffer and 1-2 ul of
restriction enzyme(s). Incubation periods, tempeest and buffer compatibility were
adjusted according to the manufacturer's recommendato maximise the restriction
enzyme performance. The digested plasmids and DNynfents were purified as

explained in2.4.4and were resuspended in 10 pl of sterile water.

Ligation reactions were set up as a final volumd®ful with Quick ligase enzyme (New
England Biolabs) or T4 DNA Ligase (New England Bigd), 3 pl of the digested and
purified DNA fragment, 1 pl of the digested andified plasmid and buffer according to
the manufactures directions (Table 2.9). The lggateaction was kept at room temperature

for 30 min and was transformed into competent @dlsxplained in 2.3.1.

Table 2.9 : Ligation mixture and concentration

Components Volume (10 pl reaction)
digested and purified DNA fragment 3 ul (150 — 200

digested and purified plasmid 1 pl (50 ng)

10 x Quick ligase buffer 1l

Quick ligase enzyme 1l

Sterile water To make upto 10 pl volume

Genetic complementation vectors for 07 strains were constructed using the blue-
white screen technique with the TA Clonfhigit (Invitrogen). Using High Fidelity Expand
Polymerase PCR system, the desired gene was asdpfibm the genomic DNA. High
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Fidelity Expand Polymerase PCR system has a noitégergependent activity that adds a
single deoxyadenosine (A) to the 3" ends of PCRIymts. Linearized vector supplied in
TA Cloning® Kit has single 3" deoxythymidine (T) residues thifaw PCR inserts to ligate
efficiently with the vector. The ligated samples &ansformed to the TOP10F" competent
cells and plated into a LB-agar plate with 100 nedpropylp-D-1-thiogalactopyranoside
(IPTG) and 40 mg/ml X-Gal. The plate was kept &tG3dvernight and the white colonies
were picked and tested for the positive insertnFthe TA vector, DNA fragments were

re-digested and re-cloned into any other vectoegsired.

2.4.6. DNA sequencing

All the plasmids constructed were sequenced by fillerdIWG Operon DNS sequencing
service. 50-100 ng/ul of purified plasmid DNA wased with 2 pmol/ul of primers for an
final volume of 15 ul for the sequencing. The sewpes were analysed using the sequence

alignment module of Clone manager Software (ScBBftware).

2.5. Electrophoresis

2.5.1. Agarose gel electrophoresis

Agarose gels to separate and visualise DNA fragsnerte prepared by melting agarose (1
%) in TAE buffer (40 mM Tris-HCI, 0.11 % v/v glatiacetic acid, 1 mM EDTA, pH 8.0)
with Ethidium bromide (0.2 pg/ml) or 0.1 % of SYB®&fe DNA gel stain (Invitrogen). The
gel was poured in the DNA gel casting tray with lveeimbs and was allowed to
polymerise at room temperature. The DNA samplesefectrophoresis were prepared by
adding 1 pl of 5x concentrated DNA loading dye (3@%v) glycerol, 0.25% (w/v)
bromophenol blue, 0.25% (w/v) xylene cyanol) iftqul of DNA solution. The DNA
samples along with the GeneRuler™ 1 Kb DNA Lad@&0(— 10000 bp, Fermantas) were
electrophoresed at 100 V in 1 x TAE buffer in a Ba&ol horizontal gel tank. After
electrophoresis the DNA bands were visualised ugsiby transilluminator (Biorad).
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2.5.2. Denaturing polyacrylamide gel electrophoresis (SDSAGE)

Proteins were resolved by electrophoresis on pse-4e620% SDS-polyacrylamide gels
(NuSep Ltd) in HEPES buffer (100 mM Tris, 100 mM PES and 3 mM SDS) using a
Biorad Electrophoresis system. Protein samples weked with 10 pl SDS-gel loading
buffer (0.20 % w/v bromophenol blue, 4 % w/v SDS®), % v/v glycerol, 200 mM
dithiothreitol (DTT), 100 mM Tris-HCI, pH 6.8, 0.% bromophenol blue), were heated for
5 min at 95°C and electrophoresised. The protein samples veiftiged at 13000 rpm
for 10 sec before loading. Protein samples alory thie PageRuléF Plus (10 — 250 kDa;
Fermantas) protein marker were electrophoresiseto@tV for 1-2 h until the protein
marker was separated as desired. If required ribieip gels were visualised using a UV
transilluminator or were used for Western blotting.

2.6. Microscopy techniques

Visualisation of fluorescently tagged proteins (T@Wd GFP) was performed on live cells
grown in YNB media with all amino acids, glucoseladenine to avoid auto fluorescence.
To visualise the distribution of TCM-tagged protesoupled to the fluorescent dye FIAsH,
5 ml liquid cultures of individual yeast strains neegrown overnight at 38C. The cells
were diluted to an O of 0.2 at 3PC at 200 rpm and grown further to an §gof 0.6. 1

ml of this culture was harvested then resuspendetO0 ul of fresh media. Cells were
incubated at 30C for 1-2 h in the dark with M — 4 pM of FIAsH and 10uM
EthileneDiThiol (EDT). FlasH is supplied as a 2 nddlution in DMSO and a working
stock of 0.2 mM was made by dilution with 20 mM sFHCI pH 7.5. To remove and
guench non-specifically bound FIAsH, the cells wasuspended in 1 ml of SC media with
25uM EDT and incubated on a rotating wheel for 30 mithe dark. Cells were harvested
and resuspended in 1 ml of SC media withuBSEDT and incubated for another 15 min.
After another wash with 1 ml of SC media without EDhe cells were resuspended in 10
ul of SC media. The cells were mounted onto slidegted with 0.5 % poly-L-lysine. Poly-

L-lysine-coated slides were prepared by spreadif@®poly-L-lysine on to the slides. The
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slides were incubated in a humid chamber to pregeaporation before gently removing

the excess poly-L-lysine with running water anddaying.

For visualisation of GFP tagged proteins, 5 mliliqoultures of individual yeast strains
were grown overnight at 3. The cells were diluted to an @g@of 0.2 and grown further
at 30°C at 200 rpm to an Qfay of 0.6. 100ul of the culture was resuspended in 1 ml of
medium and 1Qul of the cells were mounted onto 0.5 % poly-L-hysiooated slides for

visualisation. Clear nail varnish was used to Heakides of the cover slips.

Rhodamine conjugated phalloidin staining of actithim cells expressing TCM tagged
eEF1A was performed on fixed cells as describe@&hyss and Kinzy, 2005. Yeast cells
growing in log phase (Odg of 0.6) were collected and a final concentratiéd 66 (v/v)
formaldehyde (methanol free) and 0.5 % (v/v) Tridr100 was added for the fixation of
the cells. Cells were fixed by incubation for 30nnaind then pelleted by centrifugation at
4000 rpm. Then the pellets were resuspended inpPhate buffered saline (PBS) (137 mM
NacCl, 2.7 mM KCI, 4.3 mM N&HPQ, and 1.47 mM KHPO, adjusted to final pH 7.4) with
0.5 mM MgC} and 4 % (v/v) formaldehyde for further fixationrf@0 min at room
temperature. The cells were washed once with PBfréeaddition of phalloidin
conjugated to rhodamine (Invitrogen) to a final eamration of 0.6uM in PBS and
incubated for 1 h at room temperature in the dafast samples were subsequently
washed three times with PBS. Cells were mounte®.6n%o poly-L-lysine coated slides

before visualisation.

The DNA in the nucleus of the yeast strains expngs3 CM-tagged elongation and
releasing factors was visualised with 4',6-dianoeaphenylindole (DAPI). The TCM-
tagged strains were first treated with FIAsH ascdbsed above and after mounting on to
the poly-L-lysine coated slidesl of 10 ug/ml DAPI was added to the cells and incubated
for 1 h before visualisation.

All of the cells were visualised with a Zeiss LSMIO6confocal microscope with a 100x

Plan-Apochromat oil objective (Numerical Aperturel)l An argon laser (540 nm) was
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used for visualization and images were analyzedh &itiss LSM software (Carl Zeiss

Microlmaging, Inc.).

2.7. Growth analysis of yeast strains

Growth analyses of the yeast strains that cont@lM Tags and\EFT2 strain were carried
out in YPD medium. Overnight cultures were dilutatb 20 ml to ORy 0.1. Cells were
grown at 3°C at 200 rpm and the QR was determined every hour until the @freach
1.0. The Ol points for individual strains along with the wilgee cells were plotted
against time. The slope of the curve was determaret compared with that of the wild-
type cells. The wild-type growth curve slope serasda reference, and the percentage of
the growth with respect to the wild-type strainwgtio was determined.

The strains containing &tO7 promoter were grown overnight in YNB media without
methionine and with 2 % glucose. The culture wéstelil to an Olgy 0.2 and grown for
another 8 h. The cultures being incubated withaxtydycline were diluted to Odgy 0.01,
and those with doxycycline were diluted to angg®.02 and grown for 17 h. In the 17 h
period the gene unddetO7 promoter expression will be completely controlleg the
concentration of the doxycycline in the medium.hLig identified to be the optimum time
period for the complete doxycycline effect to occuDifferent concentrations of
doxycycline were used for differetetO7 strains to compare growth. After growing for 17
h, cultures were diluted to specific OD’s such tia strains reach about @0.4 after 4
h. This ensured that the strains were at the saowtly stage when the experiments were
performed. The differences in the slope of the ghoaurve indicate the effect that an
addition of a specified concentration of doxycyelimas on cell growth rate. The g@pto
which the strains have to be diluted was calcul&i@sked on the doubling time using the
formulae:

No = N/ 2°

Where N is the OD which the cultures had to be dilutedlitas the ORg required after 4
h, in this study Nis 0.4, and G is the number of generations thieiis go through.
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G is calculated as
G =log (M{/ Mg)

where Mis the final ORy and M is the initial ORge The doubling time of strains was

calculated as T/G where T is the total time theéuzalgrown for.

ODs were measured every hour for 4 h and afteroft growth the cultures were used to
determine the level of protein. Growth rate wascalaited by plotting the Odgy points
against the time and the slope of the curve isroieted. The slopes of individuétO7
strains were compared to the slope of the wild-tgfvains and the percentage of growth

rate was calculated.

2.8. Cell counting

The number of yeast cells per 1 ml of culture ie flogarithmic growth stage was
determined using Cellometer auto M10 software (@editer, Peqglab). 20 ul of the cell
culture was collected and placed on the slidesigeavby the manufacturers and analysed
using the M10 software. The focus was correctedcfear visualisation and counting.
Mean diameter, cell size and the distribution o tiell population with cell size were
obtained.

2.9. Western Blotting

Cells were harvested by centrifugation from 10 miltwe grown to Olgy 0.4
(approximately 3x10cells/ml). The protocol for the extraction of pwt from cells for
Western blotting was adapted from von der Haar,72@iefly, the cell pellet was
resuspended in 200 ul of lysate buffer (0.1 M Na©OH®5 M EDTA, 2 % SDS, 2 % 2-
mercaptoethanol) and was incubated at’@0for 10 min. 5 pl of 4 M acetic acid was
added, vortexed for 30 sec and incubated #C9fbor another 10 min. 50 ul of 4x loading
buffer (0.25 M Tris-HCI pH 6.8, 50 % Glycerol andB % bromophenol blue) was added
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to the mixture and proteins were separated usiagtrelphoresis as explained in section
2.5.2. After electrophoresis, gels were washedansfer buffer (5.8 g Tris Base, 0.37 g
SDS, 2.9 Glycine, 200 ml methanol) for 30 min t;moxe the HEPES buffer. The protein
was subsequently transferred to Hybond-C Extraol@lulose membrane (Amersham
Biosciences) in transfer buffer in a semi-dry tfandlot cell (Bio-Rad) at a constant
current of 11 V and 400 mA for 60 min.

Table 2.10 : List of antibodies used in this study

Name Antigen Dilution Source

A-eEF1A yeast eEF1A 1:5000 Dr. Jenna Hutton

a-eEF1B yeast eEF1B 1: 4000 Munshi et al, 2001

a-eEF2 yeast eEF2 1:10000 Ortiz et al, 2006

a-eEF3 yeast eEF3 1:10000 Ortiz et al, 2006

a-eRF1 yeast eRF1 1:5000 Von der Haar and
Tuite, 2007

a-eRF3 yeast eRF3 1:5000 Von der Haar and
Tuite, 2007

a-Hex Yeast Hexokinase  1:2000 Sigma

a-FITC Rabbit antibody 1:4000 Sigma

After transfer, the membrane was incubated with TB&er (6.06 g Tris with pH 6.8,
8.766 g NaCl) with 5 % milk powder (w/v) for 30 mén room temperature. The membrane
was incubated overnight at®C with TBS buffer, 5 % milk powder and the apprepei
primary antibody (Table 2.10) with 10 % sodium &zidll the primary antibodies were
raised in rabbit. After incubation with the primamgntibody the membrane was
subsequently washed 3 times with TBS buffer. Theh@d membrane was incubated with

a second primary antibody (control, anti-HexokinaseTBS buffer, 5 % milk, Tween
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(0.05 %) and 10 % Sodium Azide for 1 h at room terafure. The membrane was then
washed three times with TBS buffer. Then the membnraas incubated with Fluorescein
isothiocyanate (FITC) labelled anti-rabbit secogdamtibody,a-FITC (Sigma, Table 2.10)
in 5 % milk, TBS buffer and 10 % Sodium Azide, fioh at room temperature. The FITC-
conjugated secondary antibody is light sensitive, al subsequent procedures were
performed in the dark. The secondary antibody \ae®d in goat. After incubating with the
secondary antibody, the membrane was further waSheghes with TBS buffer before
drying. The dried membrane was scanned using thieddlar Dynamics Typhoon 8600

scanner and the fluorescence was quantified usiageéQuant software (GE Healthcare).

2.10. Polysomal gradient analysis

Polysomal gradient profiles were generated basetherprotocol adapted and modified

from Sagliocco et al., 1993.

2.10.1. Cell collection

20 ml of growth medium was inoculated with yeasgwn overnight at 36C (200 rpm)

then diluted in 100 ml of medium to an @pof 0.2. The culture was further grown at 30
°%C (200 rpm) and collected at @3 of 0.5. A final concentration of 100 pg/ml of
cycloheximide was added directly to the flask anxeah thoroughly to arrest the activity of
ribosomes on the translating mMRNA by inhibitingnskation elongation. Subsequently,
cells were harvested by centrifugation at 4000 ap@’C for 5 min. The cells were washed

twice in sterile water and stored as pellets a0
2.10.2. Cell lysis

The cell pellets were thawed and resuspended iml16f cold cell lysis buffer (10 mM
Tris-HCI pH 7.4, 100 mM NacCl, 30 mM Mgglwith 100 pg/ml of cycloheximide. Cells
were harvested by centrifugation at 4000 rpm dC4for 5 min. The cell pellet was
resuspended in 600 ul of cell lysis buffer and gfarred into a 2 ml micro-tube. An equal
volume of glass-beads (Acid treated from Sigma)evaetded and cells were broken with 6

rounds of vortexing and cooling (30 sec each). Tihenmixture was centrifuged at 12000

78



Chapter 2 — Materials and method

rpm at 4°C for 20 min and the supernatant was ci@tk and transferred to clean 1.5 ml

eppendorf tubes.

2.10.3. Preparing sucrose gradients

14%, 26%, 38% and 50% of sucrose solution was pedpa sucrose gradient buffer (50
mM Tris.HCI pH 7.4, 50 mM NECI, 12 mM MgC}) to make 14 - 50 % sucrose gradient
for separating the ribosome subunits and polysofnesV Dithiothreitol (DTT) was added

to each of the solutions. 2.75 ml aliquots of eacicrose solution were poured into
Beckman SWA40 ultracentrifuge tube placed in dry iTee densest solution was poured
first followed by other sucrose solutions, eaclywdit being frozen before addition of the

next.

2.10.4. Gradient centrifugation

Sucrose gradients were thawed at room temperdd0f.ul of the cell lysate was very
carefully applied to the top of the gradient. Themtcifuge tubes were balanced by adding
extra cell lysis buffer if required. Samples wetacpd in pre-cooled SW 40Ti Beckman
rotor. The gradients were centrifuged at 4 °C &@089rpm for 2.5 h in Beckman optima

Le-80K centrifuge.

2.10.5. Polysome trace and fraction collection

Polysome traces were collected using the denséglignt fractionator (ISCO Model 185).
The sucrose gradients were displaced upwards hy @énsity (55%) sucrose solution
pumped through a syringe needle piercing the b&dkeotube, which push the gradient
very slowly upwards, passing a UV detector andughoto collection in 2 ml tubes. The
UV detector measures the concentration of the gradiolution (A280) and the reading is
traced on a chart. Subsequently the fraction iteci@d in the pre-arranged tubes. 2 ml
micro-tubes were labelled and arranged on theifnraatollector. For these measurements

the UV/rotor was set with a sensitivity of 2.0 00,1baseline adjusted to 4.0, lamp current
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to 200 A, rise to 2.5 sec, chart speed of 15 ctfier/counter 0.6 ml, and flow rate 0.375

ml/min.

2.11. In vivo protein synthesis

In vivo protein synthesis of exponentially growing yeastscwas measured using a method
adapted from Sachs and Deardorff (1992). Yeast getlwing with an Ok, of ~ 0.4 were
diluted to an Olgy 0.1 in pre-warmed YNB-Met medium with concentratiof
doxycycline ranging from 0 — 100 ng/ml. The cultuvas incubated at 3% for 15 min.
Labelling mixture with 1°S]-methionine was prepared by adding 1.5 }i$]fmethionine
(14.3 mCi/ml, Perkin Elmer) to 100 ul of the freslpirepared 2 times concentrated TEM
(TCA 25%, 0.25 M EDTA and 166 mM methionine). Fifresh 2 ml micro-tubes were
prepared containing 0.5 ml of TEM to collect thenpées. After 15 min of growth in at 30
°C, 100 pl of the labelling mixture was added todhkure. 0.5 ml samples were taken at O
min and every 2 minutes thereafter for a total @hiinutes. The samples were transferred
to the 2 ml micro-tube containing 50 TEM. These samples were vortexed for 3 sec and
heated at 95C for 20 min before cooling on ice for 10 min. Tsamples were filtered
through GF/C filters (Whatman) in a vacuum manif@\dillipore) and the filtered were
washed first with 2 ml of the TEM and then with 2 @h 95 % (w/v) ethanol. The filters
were collected in fresh 2ml micro-tubes and tramstéto clean scintillation vials. 1.5 ml of
Optiphase HiSafe 3 scintillation solution (PerkimEr) was added to each vial arfdS]

incorporation was counted on a scintillation cou ®erkin Elmer) for 1 min.

2.12. Dual luciferase assay

Dual luciferase assays were performed with the dueferase reporter assay system
(Promega). The protocol was adapted as describé&dcbiabb et al., 2005. All the reagents
were prepared as described by the manufacturestef@&promoter strains containing the
pDLV-L2/LO plasmid for the luciferase assay werewn overnight in YNB-Met-His
media with 2 % glucose. The culture was diluteénoODQyy, 0.2 and grown for 8 h. The

strains without doxycycline were diluted to @B0.01 and those with doxycycline were
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diluted to an Olgy 0.02 for 17 h. Different concentrations of doxylaye were used to
repress protein expression levels to 80% and 60%he wild type. The Oy was
measured after 17 h and the growth rate was mehasealescribed in the section 2.7.
Based on the growth rate, the strains were diltdexh ORyo such that the Of3o reach 0.4
after 4 h of growth. 180 pl of the culture at expotial growth stage (Odgy ~ 0.4) was
collected in four 1.5 ml eppendorf tubes for theags

45 ul of the 5 x passive lysis buffer (PLB) was edido the 180 ul of cells and votexed for
20 sec for cell lysis. After allowing cell lysisrfanother 10 sec, 5 ul of this cell lysate was
added to 40 pl of the firefly luciferase reagenar(l) in the luminometer tube. Samples
were allowed to equilibrate for 10 sec and thea,fitefly luciferase activity was measured
using the Iluminometer (BERTHOLD Technologies LumiaB 9507). After the
measurement of the firefly luciferase activity, gdbof the Renilla luciferase reagent and
firefly quenching (STOP & GLO) reagent (1 ul of Bt& Glo Substrate and 100 pul Stop &
Glo Buffer) was added immediately. After allowin@® kec of equilibration time, the

Renilla luciferase activity was measure using thmihometer.
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Spatial Distribution of elongation and release faars

3.1. Introduction

3.1.1. Visualisation and distribution of translation factors

Comprehensive knowledge of the intra-cellular l@edion of proteins is crucial to
understanding their functional roles and interadio Translation factors are highly
expressed in all stages of cellular growth andrimétdion about their distribution within the
cell is relevant to translation control. Previoydlye localisation of most yeast proteins,
including translation factors, has been investigatsing GFP or epitope-tagging methods
(Huh et al., 2003, Kumar et al., 2002). In thessbgl studies most of the translation factors
are shown to be located in the cytoplasm. Howeseident has been presented that the
initiation factors elF2  andy subunits) and elF2By(and ¢ subunits) have a specific
localisation in the cytoplasm which results in siational regulation (Campbell et al.,
2005). Moreover, the elF2 components were founshiattle between specific foci within
the cytoplasm and a less restricted, diffuse cgop pool for GDP to GTP exchange.
However, other initiation factors, such as elF4RIE5, elFAG1, elF4E, and elF3b were
observed to be distributed in the cytoplasm witheny apparent heterogeneity (Campbell
et al., 2005).

In the high throughput global analysis of the disttion of yeast proteins fused GFP (Huh
et al., 2003http://yeastafp.yeastgenome.gr@EF1A has been shown to be homogenously
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distributed in the cytoplasm, althouglbthing is known about the other elongation and
release factors. Yeast genome wide epitope-taggithigGFP shows that all the elongation
factors are located in the cytoplasm and eRF3 wedigied to be located in the nucleus

(http://bicinfo.mbb.yale.edu/genome/localiz&umar et al., 2002). However, this study

failed to determine the localisation propertie®l¥2 (@ andy subunits) and elF2B @nde
subunits). Therefore at present the distributiorelohgation and release factors remains

unclear.

3.1.2. Aim of this work

In this study, sub-cellular localisation of thenséation, elongation and termination factors
within yeast Gaccharomyces Cerevisiae) was examined using the tetra-cystiene motif
(TCM) and GFP fluorescent tagging methods. Foralisation of protein distribution in

live cells the tag of choice (TCM or GFP) was fusethe C-terminus of the genomic copy
of the elongation and termination factor genessiam be fused either to the N or to the C
terminal of target genes, a choice that can befgignt in obtaining accurate localization

data. N-terminal reporter fusions may disrupt thenpter sequences, and can result in
anomalous protein localizations. C-terminal taggmtpws gene expression levels to
remain under the control of the endogeneous pransgguences, ensuring proteins are

expressed at wild-type levels, but many still affgotein function and/or localization.
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3.2. Results

3.2.1. Construction and phenotype analysis oAEF T2 strains
In S cerevisiae, the elongation factor eEF2 is encoded by two gé&#f&@1 (chromosome
XV) and EFT2 (chromosome V). Pairwise sequence alignment ofeheo genes using

ClustalW2 fttp://www.ebi.ac.uk/Tools/clustalw2/index.hjml shows 99% sequence

identity. Sequence alignment of the proteins codgdboth of the genes shows 100%
sequence identity, indicating that both of the gesrecode theame protein. Therefore, one
of these gene&FT2, was deleted so thBF2 protein was encoded by only one gene which
could be tagged using TCM to explore the cellulatrdbution. This strategy confirmed that
all of the eEF2 expressed had a TCM tag.

The loxPKanMX-loxP gene disruption method was used to constheAEFT2 strain
(Figure 3.1). The gene disruption cassette (1.7ih the KanMX gene was PCR
amplified from the plasmid pUG5 using primers EAD@-F and EFT2-Del-R (Table 2.4)
and transformed into PTC41 yeast cells (Figure)3.Zhe KanMX cassette, with gene
specific flanking regions, replaces thH&T2 gene from the yeast chromosome IV.
Subsequently, th&anMX gene from theAEFT2 strain was removed using the single
recombinase technique. TAEFT2 strain was transformed with tleee expression plasmid
pSH47 under the control of the inducil#A\L1 promoter. Expression afe recombinase
was induced by growing the transformed cells in géPactose medium. Thee gene is
expressed within 2 h of growth in galactose mel@eby the recombinase on tkanMX
gene cassette results in the excision of KlaaMX gene from the yeast chromosome.
Elimination of KanMX andEFT2 genes were further confirmed by PCR using EFT2-Del-
Check-F and EFT2-Del-Check-R primers (Figure 3.2b).
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Step 1

Transformation in yeast cells

5 .
5 .
. .
5 .
. K
* loxp loxp %

PCR amplification
of the cassette

Double recombinase between
KanMx and EFT2 gene

Step 2
Transformation of pUG6
B plasmid in yeast cells
Step 3
" Removal of the KanMx gene
from yeast chromosome o

Single recombinase with the
activation of CRE gene

Figure 3.1: Schematic representation of the gene ldéion method using loxP double
recombinase. Step 1:KanMX and loxp cassette was PCR amplified from the pUG6
plasmid and transformed into the yeast cell. Du¢hodouble recombinase activity, the
KanMX cassette replaced tHeFT2 gene from the yeast chromosome. Step2: pSH47
plasmid with thecre gene was transformed into tA&FT2 strain and grown in galactose
media to activate there gene. Step 3: expression of tbee gene activates the single
recombinase to remove tKk@nMX gene from the yeast chromosome.
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Figure 3.2: PCR confirmation of the AEFT2 strain construction. A) Agarose gel
showing the PCR amplification of loxRanMX-loxP gene cassette (1.7 Kb) from pUG6
plasmid. This cassette was transformed into thetyesll to replac&FT2 gene. The first
lane is the DNA ladder (Generuler) and the secane is the PCR product of the PUG6
plasmid using EFT2-Del-F and EFT2-Del-R primersH)R confirmation oEFT2 gene
deletion (~350b) (lane 2). The PCR was prepareqdguie genomic DNA of thaEFT2
strain with EFT2-Del-Check-F and EFT2-Del-Checkinyers.

After construction of the\EFT2 strain, the growth phenotype was analysed by comgpar
it with that of the wild type. The growth companisshows that thaEFT2 strain has 80%
wild-type growth rate (Figure 3.3a). The expressewel of the eEF2 protein in theEFT2
strain and wild-type cells were measured by Wedbdotting using a polyclonal antibody
(Table 2.5) against the eEF2 protein. The exprasiuels of eEF2 in all strains were
calculated relative to a loading control (Hexokeasvhich is identified on these blots
using a specific antibody. This study shows a 2B#tuction in the eEF2 level compared to
the wild-type (Figure 3.3b). Th&TEF2 strain (Constructed by Helena.Firczuk, University
of Manchester) was used to generate a eEF1A-TCaihsio study the cellular localisation
of eEF1A factor. Along wittAEFT2 strain, the growth phenotype ATEF2 strain was also

analysed relative to that of the wild-type cells.
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Growth curve
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—e— ATEF2
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a-eEF2

a-Hexokinase

Figure 3.3: Growth rate analysis ofAEFT2 strains. A) The growth curve analysis of the
AEFT2 strain shows a 20% reduction in growth when congé&rehat of the wild type. All
growth points were taken as the average of thrdep@ndent experiments B) Level of
eEF2 protein in wild-type andEFT2 strain. There was a 25% reduction in eEF2 protein
level due to the deletion &FT2 gene that codes eEF2.

3.2.2. Construction of TCM-tagged elongation and releas&actors

Cellular localisation of the translation elongatemd release factors was explored using the
TCM tag. The TCM tag was amplified from thpeEwWTC plasmid (Martin et al., 2005)
using gene specific primers and the cassette wasndsomally integrated and fused to the

C terminus of the elongation and release factonege
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—

PCR amplification of the TCM cassette

Transformation
in yeast cells

Chromosomal integration of TCM cassette
at the C-terminal of the gene of interest

Figure 3.4: Schematic illustration of the chromosoral fusion of the TCM-tag to the C-
terminus of the elongation and release factor gendhe TCM cassette including the
KanMX gene and TCM tag was PCR amplified using geneifspewrimers and was
transformed into the yeast cells. The TCM tag waeited between the ORF and the stop
codon of the yeast gene. The strains with TCM vegie selected by growing on YPD with
G418.

All the translation elongation and release factemags were C-terminally fused with TCM
tags (Figure 3.4) using primers listed in Table. PEmers were designed such that the
TCM tag was integrated between the open readimgdrand the stop codon. Integration of
the TCM tag was confirmed by growing the strainssetective media of YPD with G418
(150 ng/ml). The integration of the TCM tag at the desitecation was further confirmed
by PCR amplification (Figure 3.5).
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Figure 3.5: PCR confirmation of the TCM integration in translation elongation and
release factors (1.7 Kb)Gene specific primers were used to confirm the TCAdsette
with KanMX gene ATEF2 strain was used to construct the eEF1A-TCM stramtAEFT2
strains were used to construct the eEF2-TCM straiisthe remaining TCM-tagged
strains were constructed in a PTC41 wild-type bemlkgd.

3.2.3. Phenotype analysis of TCM tagged elongation and rehse factor strains

The growth rates of all the strains containing eoofosomally TCM-tagged elongation or

release factor were analysed to determine any lgesgrowth deficiency. The growth
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analyses revealed that the eEF1A-TCM strain greavsamilar rate to the wild-type strain,

whereas eEF1B-TCM strains showed slightly slowemwin (Figure 3.6a). The protein
levels of both eEF1A and eEF1B in the TCM strairsavcompared with those found in

the wild-type cells. There were no differences ewidin the eEF1B protein level in the

Western blot data (Figure 3.6b).

A Growth curve
25

2.0 1 —e— PTC41
—e— eEFIA-TCM
—e— eEF1B-TCM

ODgoo

1 2 3 4 5 6 7 8 9 10 1
Time (h)
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B Qb‘ Q\Y '\ib '
< & X
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Figure 3.6: Phenotype analysis of eEF1A-TCM and eEIB-TCM. A) The growth rates
of eEF1A-TCM strains are comparable to that ofwlid-type strain. This reveals that the
eEF1B-TCM strain showed a slight decrease in graBjthNVestern blot analysis of the
protein expression level of eEF1A and eEF1B in syijde and TCM strains. There were no
reductions in the level of eEF1A and eEF1B protem&EF1A-TCM and eEF1B-TCM

strains due to TCM integration.
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Figure 3.7: Phenotype analysis of eEF2 and eEF3 TCHltrains. A) The growth curves
of eEF2-TCM and eEF3-TCM were compared with thatthe wild type. eEF2-TCM
showed slower growth which is consistent with detetof the EFT2 gene however no
growth difference was observed in the eEF3-TCMirstr8) Western blotting of cell
extracts and probing with EFT2 and eFT3 antibodidsxokinase is a loading control.
There was no significant difference in the celldéwel of eEF3 factor in eEF3-TCM strain.

Average of three independent experiments showsght slecrease (8 %) in the level of
eEF2 observed in the eEF2-TCM strain.

The growth curves of eEF2-TCM and eEF3-TCM stramese compared with that of wild-
type cells (Figure 3.7a). There was no apparefgréifice in the growth rate of eEF3-TCM
strains when compared to wild-type cells. Howettee,eEF2-TCM strains showed slightly
slower growth which was also observed in Ag=T2 strain. The eEF2-TCM strain showed
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a consistent reduction in protein level. This degoé reduction in protein expression was
similar to that observed upon deletion BFT2 (AEFT2 strain) while the eEF3 level

remained the same in both wild-type and the eEFB}BEGain (Figure 3.7b). This indicates
that the TCM tag is not interfering with any fumctal or structural properties of the

factors.
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Growth curve
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(@)

T T T T T T T
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Figure 3.8: Phenotype analysis of eRF1 and eRF3 TCHtrains. A) The growth curves

of TCM-tagged release factors showed no appardiereince in growth rate compared to
wild type. B) The Protein level of the release factors was detextnand compared with

that of the wild-type and Hexokinase was used astmntrol to determine the comparative
level of the release factors. There were no deesemsthe levels of either eRF1 or eRF3.
This confirms that the integrated TCM tag is ndeeting the expression level of release

factors.
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The release factors, eRF1 and eRF3 were also Graiyntagged with TCM. The growth
rates of the two strains were also compared with \lid-type strain. There were no
differences in the growth rate or protein levettwé strains containing eEF1-TCM or eRF3

compared to un-tagged wild-type strains (Figur@a28d 3.8c).

3.2.4. Cellular morphology and translational control

Previous studies have shown that changes in thieiprexpression levels of translation
factors can have a significant influence on celrphology (Munshi et al., 2000) and can
influence translational regulation (Gross and Ki2e¥)7). The cell morphology of each of
the TCM tagged elongation and release factor straisis analysed to identify differences
in the cell shape or size. Average cell diametes we&asured using the Cellometer Auto
M10 software (Cellometer, Peqglab) (Table 3.1). &bthe TCM strains, the average cell
diameter was smaller than the wildtype. For furtiverification, cells were further
categorised into sub-populations on the basis bfdi@meter. Cells were categorised as
small: with cellular diameters less than 5um, ageravith cellular diameters between 5-10
pm and large: with cellular diameters larger th@nuin. During logarithmic cell growth
95% of the cells are either small or average, tihg that the cells are actively budding,
whereas in stationary growth phase 80% of the matlulation is either average or large
indicating that the cell division has decreaseds Tbservation confirmed that there is no
apparent difference in the cell morphology when paraed to that of the wild-type (Figure
3.9).

Table 3.1: Average cell diameter of TCM tagged traslation elongation and release

factors compared to the wild-type cells in stationgy and log phase.

Growth pTCAL eEF1A- eEF1B- eEF2- eEF3- eRF1- eRF3-
phase TCM TCM TCM TCM TCM TCM
Log 7.3 6.1 6.4 6.6 6 5.9 5.8
Stationary 7.7 7 5.9 7.1 6.2 5.8 6.6
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Cell morphology at the log growth phase
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Figure 3.9 : Cellsize distribution of strains containing TCM-taggedfactors compared

to that of the wild-type cells.A) during logarithmic growth more than 95% of e TCM
strains fall in the category of <5pum and 5-10 pngerindicating that the cells are actively
dividing, B) whereas the stationary growth phase distributiothefcellular size indicate
that more than 80% of the cells are in 5-10um &k@en category
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3.2.5. Interaction between eEF1A and actin

Previous studies have suggested that the bindingllefA to filamentous actin may
regulate its organisation and thereby function aintaining of the cell’s shape. Also, over-
expression of this factor in yeast has a very sgtraffect on cell morphology and the
distribution of actin (Munshi et al., 2000). Thigtative interaction was investigated here to
determine if the eEF1A-TCM strains exhibit any ahet actin organisation. Calculation of
the cellular diameter of the eEF1A-TCM-containirgls showed no difference in the cell
size when compared with wild-type cells (Figure)3.Bhe distribution of actin in the
eEF1A-TCM strain was analysed using fluorescentdangine-conjugated phalloidin.
Phalloidin selectively binds and stabilizes polymmed, filamentous actin without binding
monomeric actin and its non-specific staining igliggble. Phalloidin is cell-impermeable,
so cells to be stained have to be fixed and detéqgermeabilized. Cells to be stained
should not be fixed with methanol because methdimakion destroys the phalloidin-
binding site on actin, thereby eliminating stainirignder normal conditions, budding yeast
cells show a high concentration of actin at theofiphe bud (Munshi et al., 2000). Munshi
and co-workers (2000) demonstrated that when eBFd#\over-expressed, actin filaments
were disorganised and distributed along the leonftthe bud. Images presented in Figure
3.10 reveal that in eEF1A-TCM actin is concentrated fa bud tip with the same
distribution as that observed in wild-type cellgisTfurther shows that the TCM tag has no

affect on cell morphology or the distribution otiac
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PTC41 eEF1A-TCM

Phase image

Phalloidin

Figure 3.10: Rhodamine-phalloidin staining of actinin a yeast strain expressing
eEF1A-TCM. Both wild-type and the eEF1A-TCM strains showedcancentrated
distribution of the actin on the bud tip (shownngsarrows). The actin filaments were not
disorganised in the eEF1A-TCM strains confirmingeifiect on the actin distribution due

to TCM tags.
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3.2.6. Cytoplasmic distribution of elongation and releasdactors observed with TCM
tag

TCM-tagged elongation and release factor straingewacubated with appropriate
concentrations of FIAsH dye before microscopic wsial (Section 2.6). FIAsH is a cell-
permeable dye that binds the four cysteine residiiethe TCM-tag and upon binding
fluoresces green. The concentration of FIAsH (241MM) was optimised for each strain to
ensure maximal image quality and cell viability.lI€avere treated carefully to avoid any
stress conditions. In log phase, all the elongatiactors and release factors were

distributed homogeneously throughout the cytopléSigure 3.11).

Phase image
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Phase image

Figure 3.11: Distribution of TCM tagged translation factors in log phase.A) TCM
tagged release factoBy TCM tagged elongation factors and wild typd the factors were
found to be homogenously distributed through oatdytoplasm.
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eEF1A

eEF2

eEF3

eRF1

eRF3

Figure 3.12 : DAPI staining of the TCM tagged elongtion and release factorsThere is
no overlap between fluorescence, confirming thattitanslation factors are only distributed
in the cytoplasm but not in the nucleus
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Yeast strains expressing TCM-tagged elongationrafehse factors were incubated with
DAPI; a fluorescent dye that binds strongly to DIHAd is therefore a good marker for the
nucleus. The elongation and release factors wesaalised with DAPI to determine any
presence of the TCM-tagged factors within the rugleThe images show no overlap
between DAPI and TCM fluorescence indicating tha¢ translation factors are not

distributed within the nucleus (Figure 3.12).

3.2.7. Cytoplasmic distribution of elongation and releasdactors confirmed using
GFP tag

The sub-cellular distribution of TCM-tagged elongatand release factors was compared
with that of GFP-tagged elongation and releaseofactThe GFP tag was chromosomally
fused to the c-terminus of the endogenous elongatial release factor gene. The growth
phenotype of the GFP tagged elongation and rekeasers was compared with that of the
wild-type strain (Figure 3.13). The strains expmeg®EF1A-GFP and eEF2-GFP proteins
contain both the genes coding these proteins. THe t@gs are fused with TEF1 and EFT1
genes respectively. There was no difference obdervehe growth rate of these strains.
These data confirm that the chromosomally GFP-taggeins display a wild-type growth

rate which indicates that the addition of a C-ter@hiGFP tag to these translation factors

creates no adverse effects.

The intra-cellular distribution of the GFP-taggetbngation and release factors was
examined in the log growth phase of the yeastrstiraihe images show that, as observed
for the TCM-tags, elongation and release factoes lmwmogenously distributed in the

cytoplasm (Figure 3.14).
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Growth curve
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—e— cEF1B-GFP

eEF2-GFP
—e— cEF3-GFP
—e— eRF1-GFP
—e— eRF3-GFP

o DGOO
i
o

Time (h)

Figure 3.13 : The growth curve comparison of all tbe GFP-tagged elongation and
release factors with wild-type cellsThere was no significant growth phenotype observed
in the GFP tagged strains.

A GFP Phase image Merged

PTC41

eRF3
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Phase image Merged

eEF2

eEF3

Figure 3.14: Distribution of GFP-tagged elongatiorand release factors in log phase.
A) Distribution of release factors (b) elongati@ttors and wild typeAll the factors were
found to be distributed homogenously in the cytspla
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3.3. Discussion

3.3.1. Deletion of theEFT2 gene causes growth defects and eEF2 factor reduantiin

S. cerevisae

In yeast, two genes code for the eEF2 translatamtof, EFT1 and EFT2. These genes
produce peptides with 100% amino acid identity. ER@2 gene was deleted in this study
and theEFT1 gene was fused with the TCM tag for the localwatstudy. The growth
curve analysis of the\EFT2 strain shows a clear decrease in the growth effay.
Moreover, a decrease in the eEF2 level was alserodd in theAEFT2 strain. Similar to
the eEF2 factor, eEF1A is encoded by two genes,1T&tl TEF2. However, defective
growth was not observed KTEF2 strain. The growth defect observed in #t&-T2 strain
suggests that expression of eEF2 from a single apgnye is not sufficient for the
endogenous protein expression level of eEF2 fantdrnormal growth of the yeast strain.
This shows that both of the genes of eEF2 are medjor normal growth of the yeast
strains. Reduction in the protein expression lawdicates that, even though both genes are
expressing the same protein, tBET1 gene might be contributing about 75% dEeT2
gene might be contributing about 25% of the to@&F2 protein in the yeast cell. The
decrease in the growth rate exhibited byAR&T2 strain might be the result of decrease in
the protein expression level of eEF2 factor. Howgetlee reduction in the growth rate of
these strains is unlikely to affect the distribotaf the eEF1A and eEF2 factors within the
cells. ATEF2 and AEFT2 strains were used to construct the TEF1-TCM andZE=FTM

strains respectively.

3.3.2. TCM tags — a new fluorescent tag to investigate ptein localisation in living

cells

Visualising and tracking the proteins within theirig cell to elucidate the distribution,
interaction and dynamics of the proteins of intehes been of great importance. GFP has
been used intensively to achieve these goals.Butdlatively large size of GFP (23 kDa)

is of concern as it could potentially affect thedegenous behaviour of the protein.
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Specifically GFP can form dimers and trimers thatmesult in aberrant localisation of the
fusion proteins, affect dynamics and protein-proteiteraction. Work by the Tsien lab
(Griffith et al., 1998) has generated the small)(ala.) TCM-tag which would be expected
to have a lower probability of causing the probleheg might be associated with the larger
GFP-tag. The TCM tag can be attached either aCtterminal or N-terminal of the protein
of interest. The tag binds to the membrane permedipes, FIASH/ReAsH resulting in

green/red fluorescence respectively upon binding.

For the first time, the yeast elongation and redetctors were tagged with TCM to
visualise their distribution. Phenotypic analysisT&€M-tagged yeast strains exhibited no
effect on the cell growth, cell shape, tagged pndivel or actin distribution. Only, TCM-
tagged eEF18 exhibited slower growth when compared to wild-tygedls. The cellular
function of the eEF18 C-terminus domain is unknown. However, the slowsywth
observed with eEF1B-TCM strains might be due toaduerse effect of the C-terminal
TCM tag on eEF1A-eEF1B complex formation (Figuréa3. This may cause slower
translation, which results in slower growth. Anathgossibility is that the eEF1B is
involved in another cellular process other thangfation which is also affected by the C-
terminal modification of the factor. None of thehet factors showed any phenotypic
changes due to inclusion of a TCM-tag indicatingt tthe TCM-tag has no adverse effect
on the strains and the tagged proteins are extgoitormal behaviour.

3.3.3. Cytoplasmic distribution of elongation and releasdactors

Even though yeast translation initiation factorséhdeen intensively studied for their
distribution within the cell and the effect of thelistribution over translation regulation,
very little has been known about the distributidrelmngation and release factors. In this
study, for the first time, all yeast elongation aedmination factors were C-terminally
TCM-tagged to explore their distribution and cdmition to translation regulation. The
TCM-tag has a minimal effect on the endogenous \iebn of the protein. The intra-

cellular distribution of the elongation and reledaetors were explored with live-cell

imaging techniques. The growth phenotype and protgpression levels of each of the
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elongation and release factors were measured thrroothat the factors are displaying

wild-type protein behaviour.

Yeast elongation and release factors all were gbdeto be cytoplasmically distributed in

the yeast cells. The nuclei of cells in strainsregping TCM-tagged elongation and release
factors were visualised using DAPI to determine tivbethe elongation and release factors
might also be evident in the nucleus. But the irsag&ealed no evident of the presence of

these factors in the nucleus.

3.3.4. Actin intra-cellular organisation is unaffected by TCM tagged eEF1A

The interaction of eEF1A and actin has been dematest in numerous organisms and the
over-expression of eEF1A in yeast causes altemtiorthe intra-cellular distribution of
actin (Munshi et al., 2000). To determine if theifun of the TCM-tag to eEF1A causes
actin re-organisation, TCM-tagged strains were alised by confocal microscopy Figure
3.9 shows that there are no alterations in tha alistribution and the cell size or shape due
to TCM-tagging of eEF1A. In yeast, actin has a ialéud formation and localises on the
bud tip. It has been suggested that the regulatic@EF1A also causes enlargement of the
yeast cells and the loss of the ability to form $@Elunshi et al., 2000). Actin localisation
to the bud tip was observed in TCM-tagged eEF1Ar@sgIng yeast strain as observed in
the wild-type cell (Figure 3.20 This study confirms that the cell shape, sizebod
formations are not altered by TCM tags.

3.3.5. GFP tags confirms the cytoplasmic distribution of Bngation and release

factors

The intra-cellular distribution of elongation arelgase factors in yeast was examined with
GFP tags in order to provide an alternative meahsletermining their cytoplasmic
distributions. In yeast, only the eEF1A distributizvas investigated previously using the
GFP tag. It was demonstrated that GFP-tagged ek& Hffusely distributed within the
cytoplasm (Huh et al. 2003). The same cytoplasnsitidution of eEF1A was observed in
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this study. All the other elongation and releasetdiss were also found to be dispersed
within the cytoplasm (Figure 3.14). The growth pbigpes of the yeast strains with GFP-
tagged elongation and release factors were exanainédshowed no growth defect due to
the tags. These data suggest that the yeast suratihsGFP-tagged translation factors
exhibit similar behaviour to that of the wild-tym#rains and strains with TCM-tagged
proteins. Overall, the above data conclusively destrate that yeast elongation and release
factors are cytoplasmically distributed. Furtherendhese data confirm that since the
elongation and release factors are cytoplasmicdibyributed throughout the cell, the

spatial distribution of these factors might notdffecting the translational rate.

3.4. Conclusion

The intra-cellular distributions of the elongatiand release factors were analysedivo

in order to ascertain whether sub-cellular hetemedgg might play a role in the control of
translation. The factors were tagged with both T@M GFP tags to observe their cellular
distribution. The results indicate that the tratiska elongation and release factors are
homogenously distributed in the cytoplasm of thd. CEhis suggests that the spatial
distribution of elongation and releasing factors aot affecting the translational control.
Thus the sub-cellular distributions of the factoe aot an aspect to be considered in the
mathematical modelling of the translational controyeast cells. The study also confirms
that the elongation and release factors are ngeptan the nucleus of the yeast cells. The
study also demonstrates the utility of the smail tBCM, which can be chromosomally
integrated in to the genome to enable visualisatibthe proteins of interesh vivo with

very little probability of functional defects.
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Rate control analysis of elongation and release fars

4.1. Introduction

MRNA translation is one of the most important anellveontrolled cellular processes
requiring the combined function of a large numbdr molecular components. In
Saccharomyces cerevisiae, 13,000 protein molecules per cell per secondpaseuced by
the translation machinery (von der Haar, 2008)n3lationis the final step in the flow of
the genetic information, and regulation at thiseleallows for an immediate and rapid
response to changes in physiological conditigisCarthy, 1998)However, the processes
that facilitate the precise regulation of translatare not clearly defined. Regulation of a
multistep pathway like translation involving morkah 20 translation factors, can be
exerted at different levels. However, most of tlamslational controls are believed to occur
at the initiation stage of translation. Neverths]ekter stages of translation namely
elongation and termination, are also actively imredlin the translational control (Mathews
et al. 2000). Previous studies of translation rejoih suggest that the rate of translation
depends on the rate of initiation, the rate of g&dion/termination and the

activation/repression of mMRNA (Mathews et al. 2000)

Multiple or individual steps have been found capatil regulating translation. One of the
very first steps of translation is the GDP to GT®ehange in elF2, facilitated by elF2B,
which can control translation globalliR¢wlands, 1988)Togetherwith elF2, the mRNA

cap-binding protein elF4E is thought to regulate global translation rate. Loading of the
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40S subunit onto mMRNA together with other transhainitiation factors is also one of the
important steps in translation regulati®achs et al. 1997). In addition, translationgate
shown to be dramatically repressed when the amands devels are limited (Clemens,
1987). It has been suggested that the absolutdigesuof ribosome and mRNA are not a
rate-limiting factor in translation but this view bn limited validity in the context of
system analysis (Henshaw et al. 19719wklver, MRNA could be translation rate-limiting
due to its secondary structure at the 5 cap regiod upstream of AUG sequences
(Mathews et al. 2000). When the translocation &f tibosome from the AUG codon is
slower than the initiation rate, the elongation draes extremely rate-limiting. The
presence of mRNA encoding rare amino acids, thergty structure in the mRNA and
phosphorylation of elongation factors can causeo@umiformity of the elongation rate
(Wolin and Walter, 1988).

Recent studies of translation control have idesdifits role in many disease states and
irregularities in growth (Silvera et al., 2010). Mever, a quantitative study of translational
control at the systems level has not been availablthis study, for the first time, using a
combination of molecular biology techniques, thepanse coefficients of the individual
elongation and release factors have been determified response coefficient, the
relationship between the intracellular abundance aontrol exerted by respective
translation factors over the translation ratestiesen investigated. In addition the impact on
translation and cellular growth rates due to thredase in the cellular levels of translation

factors above endogenous levels were investigated.
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4.2. Results

4.2.1.Construction and confirmation of tetO7 promoter elongation and

release factor strains

Intra-cellular levels of the elongation and relets®ors were repressed by substituting the
endogenous promoter by the doxycycline regulat&dt(@7 promoter. TheetO7 cassette
comprises of th&anMx4 gene as a selective marker, the tetracycline a¢gjle tTA gene
and thetetO7 promoter (Figure 4.1). Doxycycline binds to thétgene which suppresses
the activation oftetO7 promoter, consequently reducing the expressiothefupstream
gene (Belli” et al 1998

tet0,

Figure 4.1: Schematic representation ofetO7 cassette and the promoter substitution.
The endogenous promoter of the elongation and selé&ctors were substituted with the
doxycycline regulatabléstO7 promoter. TheetO7 cassette was introduced into the yeast
chromosome by homogenous recombinase. The levgkiné expression is doxycycline
dose-dependent.

The tetO7 cassette was PCR amplified from the pCM225 plagifiable 2.3) using gene
specific primers (Table 2.6). All the primers usedhis study for the promoter substitution
and for the confirmation of the promoter substdns are listed in the Table 2.6. The gene
specific tetO7 cassette was transformed into yeast cells andtiystolonies were
confirmed by PCR. ThétO7 cassette replaced the endogenous promoter ofethe of

interest by targeted chromosomal homology subgiitut
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tetO7 cassette
~4000 bp
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Figure 4.2 : PCR amplification of thetetO7 cassette from genomic DNAo confirm the
tetO7 cassette integration with elongation and releasedtors. Generuler is the marker
DNA ladder used in the agarose gel. The PCR prooluttietetO7 cassette of size ~4000
bp for the promoter substitution of A) eEF1£tQ7-TEF1) and eEF1Bt&O7-TEF5)
respectively B) eEF2tétO7-EFT1) and eEF3t¢tO7-TEF3) and C) eRF1tgO7-SUP45)
and eRF3 tetO7-SUP35) factors. Gene specific primers were empulole confirm the
integration.

Strains withtetO7 promoter substitution were confirmed by PCR ampid the cassette
from the genomic DNA of theetO7 strains. TheetO7 promoter region was PCR amplified
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using gene specific primers and the PCR productsiné ~ 4000 bp confirms the

substitution of the desired gene promoter (Figugg. 4

- Doxycycline + Doxycycline
+ G418 - G418

PTC 41
eEF1A

+ Control
PTC 41
eEF1B

+ Control

PTC41 |

eEF2 |

+ Control

PTC 41

eEF3

+ Control

PTC 41

eRF1

+ Control

PTC 41

eRF3

+ Control

Figure 4.3: Serial dilution to determine the doxycygline sensitivity of elongation and
release factorstetO7 promoter strains. Ten-fold dilutions of all the strains are spotted o

to the YPD plates with G418 (15M) and YPD plates with doxycycline (@M). Serial
dilutions of the elongation and release fat&b®7 strains. ThaetO7 strains are resistant to

the G418 due to the kanMx selective gene and semsit doxycycline. However the wild-
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type strains (PTC 41) are not sensitive to doxyogcbut are non-resistant to G418. +
Control tetO7-GCD11) strain confirm the doxycycline sensitivity of tfeectors.

Strains with thetetO7 promoter were further confirmed by examining thaéixycycline
sensitivity. Ten-fold serial dilutions of exponeaily growingtetO7 elongation and release
factors strains were spotted on YPD with G418 (b)) and YPD with doxycycline (2
uM) plates (Figure 4.3). Strains with tk@O7 promoter grew normally on YPD with G418
plates though exhibit repressed or no growth on Yddes containing doxycycline. In
contrast, the wild-type strains grow normally ire thresence of doxycycline but growth is
repressed in the presence of G418. An initiatiatoiatetO7-GCD11 (Dr. Helena Firczuk,
University of Manchester) strain which is sensitivéhe doxycycline was used as a control
in the serial dilution to confirm the doxycyclinersitivity of the elongation and release
factors.

4.2.2.Growth curves and intra-cellular protein level analsis of tetO7

promoter elongation and release factor strains

Endogenous promoter substitution may cause vamidtiothe protein expression levels
which can have an effect on cellular growth ratay Aariations in the protein level and
growth rate of theetO7 strains were examined. All the strains were graanvNB media
with all amino acids and cell density in liquid ke was determined by measuring the
optical density (O.D.) at a wavelength of 600 nnD{g)) at one hour time points. The
protein expression level under the control of te&7 promoter was determined by
collecting samples in the exponential growth ph@8Bsy = 0.6) and quantified using
Western blotting (Figure 4.6).

tetO7-TEF1, tetO7-TEF5 andtetO7-EFT1 strains showed approximately 20-30% reduction
in the protein level (Figure 4.6 A, B and C) wheréatO7-TEF3 showed approximately
70% reduction (Figure 4.6 D). InterestingtgO7-SUP45 strains showed approximately
60% increase in the intra-cellular protein levelg(ffe 4.6 . Whereas theéetO7-SUP35
intra-cellular level was approximately 50-60% reeldi¢Figure 4.6 E
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Figure 4.4: Growth curve comparison of thetetO7 constructs of elongation and release
factors strains with the wild-type cells (PTC-41).A) tetO7-TEF1 and wild-type B)

tetO7-TEF5 and wild-type CetO7-EFT1 and wild-type D)XetO7-TEF3 and wild-type, E)

tetO7-SUP45 and wild-type and RetO7-SUP35 and wild-type.
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Growth curves of th¢etO7 strains were compared to that of the wild typexplore the
effects of reductions in translation factor levets growth.tetO7-TEF1, tetO7-TEF5 and
tetO7-EFT1 (Figure 4.4 A, 4.4 B and 4.4 C) strains were grgvapproximately 10-20%
slower growth when compared to that of the wildetfpTC41) cells. The reduction in the
growth rate correlates with the reduction in thetg@in level. Similarly, the growth rate of
tetO7-TEF3 (Figure 4.4 D) was reduced to 50-70% of that efwhld-type cells similar to
the protein expression level. Interestingly, theréase in the protein level of release factor,
eRF1 was not reflected in the growth curve. Thamfnocurve oftetO7-SUP45 was very
similar to that of the wild-type (Figure 4.4 E) iodting no effect on the growth due to
promoter substitution. On the contrary, the proteuel of the eRF3 strain was about 50-60
% of the wild-type, however, theéetO7-SUP35 (Figure 4.4 F) growth curve was

approximately similar to wild-type cells with a gvth difference of about 5%.

4.2.3.“Top-up’ to increase the protein expression levelfoelongation and

release factors

The differences in protein expression levels ole@drdue to promoter substitution were
rescued by transformation ¢&tO7 strains with specific ‘top-up’ plasmids. In order
return the protein levels in thetO7 strains to wild-type levels, individual elongatiand
release factor genes were cloned into a yeast €xdprevector. The elongation and release
factor genes were PCR amplified (Figure 4.5A, 4.3GE, 4.5F and 4.51) from the
genomic DNA of the wild-type and cloned into singlepy plasmids pTefEx or pTrpEx.
The plasmids expressing the individual translatewiors were transformed into thetO7
strains. The pTefEx vector has thgd? promoter which is stronger than thgd? promoter

in the pTrpEx vector. Both plasmids contain thBA3 gene as a selective marker. The
growth and doxycycline resistance of the transfaliteO7 strains were examined. Ten-
fold serial dilutions of the strains containing ske‘complementation’ plasmids were
spotted on YNB media without uracil (URA) and withthout doxycycline (Figure 4.5B,
4.5 D, 4.5F, 4.5H and 4.5J).
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Figure 4.5: PCR amplification of the elongation andrelease factor genes and serial
dilutions of the tetO7 strains with genetic complementationThe elongation and release
factor genes were PCR amplified from the genomicADif the wild-type cell (A, C, E, G
and I). These genes were cloned to the pTefEX pthemmd transformed into thietO7
strains to rescue them from the decrease in theiprexpression level. The increase in the
protein expression level of the elongation and astefactors resulted in reduction of
growth defect. The serial dilution of thetO7 strains with the ‘top-up’ vectors exhibit
growth improvement (B, D, F, H and J). TteeO7 strains with the complementation vector
are resistant to G418 and not sensitive to doxymgclThis indicates that the protein
expression level of elongation and release fachnesrescued through complementation

vector.
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Figure 4.6: Western blot analysis of the protein heels of tetO7 promoter elongation
and release factors with or without ‘top-up’ plasmids. Reduction in the protein
expression level of eEF1A itetO7-TEF1 strain (A), eEF1B inetO7-TEF5 strain (B),
eEF3 intetO7-TEF3 strain (C), eRF3 inetO7-SUP35 strains were increased to the wild-
type level using the ‘top-up’ vectors pTefEx. Howevthe protein expression level of
tetO7-EFT1 was not improved through complementation vectbrscontrast, the protein
expression level detO7-SUP45 strain was increased after promoter substitution.
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The ‘top-up’ vectors restored the protein exprassavel and thus growth rate back to the
wild-type level. The strains with ‘top-up’ vectoveere expressing elongation and release
factors from the f&g1 promoter and thus the strains were partially taststo doxycycline.
Protein expression levels of eEF1A in tteO7-TEF1 strain were increased from 70%
growth to 97% (Figure 4.6A). The increase in thet@n expression level rescued the strain
from the growth defect (Figure 4.7 A). The prot&mel of eEF1B was very low; it was
approximately 50% of the wild type level and wasr@ased to the wild-type level through
the complementation vector (Figure 4.5 Bhe reduction in the protein expression level of
eEF1B had a limited effect on growth rate. Everutig the ‘top-up’ vector was employed
to reduce difference in the growth rate of wild¢ygndtetO7-TEF5 strains (Figure 4.7 B
eEF3 expression level in thetO7-TEF3 was only up to 30% of the wild-type level.
However, the protein expression level was increase®2 % through the ‘top-up’
complementation vector (Figure 4.6.(his also improved the growth of thetO7-
TEF3strains to the wild-type level (Figure 4.3.C0he reduction in the protein expression

level oftetO7-EFT1 was not improved with by the ‘top-up’ complemeratplasmid.

The protein level of theetO7-SUPA45 strain was observed to be higher than that ofuitee
type (Figure 4.6 F). However, the strains wereheeitesistant to doxycycline nor showed
any increase in growth. Since there is no reductiothe protein level or growth, no
complementation vector was required fetO7-SUP45 strains (Figure 4.6 E). However, an
appropriate concentration of doxycyline (3 ng/mgsaemployed to bring the protein level
to the endogenous level. As enormous differenceéhe protein expression level was
observed inetO7-SUP35 strains compared to wild-type and this differem@es decreased
with the ‘top-up’ complementation vector (Figur& D). Even though, there was not much
variation in the growth rate of thetO7-SUP35 strain with wild-type cells, growth of the
tetO7-SUP35 strain was improved through complementation vectbigure 4.7 D).
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Figure 4.7: Growth curve comparison for the elongabn and release factor strains
with ‘top-up’ vectors. The genetic complementation technique was emplayeescue the
growth defects and protein level reduction observethe tetO7 strains. The black line is
the wild-type cell growth, red line represents #tiins with no genetic complementation
and the green line represents the strains with tgenemplementation. AjetO7-TEF1
strain growth was improved by ‘top-up’ plasmidsnr@5% of the wild-type level to 98%.
B) tetO7-TEF5 exhibited small growth defect and the differen6@&) was recovered by
‘top-up’ plasmids. C) ThétO7-TEF3 strain exhibited very high sensitivity to the prater
substitution; however, the growth defect was reddue‘top-up’ plasmids. D) Even though
the growth oftetO7-SUP35 strains was very similar to that of the wild-tygae small
difference was complemented by the ‘top-up’ plagmid
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4.2.4.Growth rate and cellular protein level measurementof elongation

and release factor strains at varying concentratios of doxycycline

The ‘topped-uptetO7 strains were studied for their responses to vgrgioncentrations of
doxycycline (2 ng - 25 ng). Individual elongationdarelease factors were titrated over a
range of doxycycline concentrations with and withihie ‘top-up’ vectors (Figure 4.8). The
reduction in the growth rate and cellular level @dbngation and release factors was
measured. The growth rates were measured as esglainsection 2.7. Protein samples
were collected and the intra-cellular concentratioin each factor at the particular

doxycycline concentration was quantified via Westaotting.

The growth rate of thestO7-TEF1 strains with different concentrations of doxycgeliwvas
plotted (Figure 4.10 A and B). ThetO7-TEFL1 strains showed a very sensitive reduction
with increasing concentrations of doxycycline. Evieough the growth rate o&O7-TEF5
(Figure 4.10 C and D) was reduced with higher cotre¢ions of the doxycycline, the
strains exhibited lower sensitivity. Until the Iéw# eEF1B factor was decreased below
80% with doxycycline, the growth rate was not dcadly affected. ThetetO7-EFT1
growth rates have been observed to reduce verydlyapit higher concentrations of

doxycycline (Figure 4.10 E
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Figure 4.8 : Translation elongation and release faor expression level with varying
levels of doxycycline The expression level of the elongation and relefastors were
repressed with different concentrations of doxyeyel(0-25 ng). Most of the elongation
factors were repressed to 60 % of the endogenous leith approximately 10 ng
doxycycline (A, B, C, D). However, eRF1 was obseérvi® be more sensitive to
doxycycline (E) whereagetO7-SUP35 requires higher doxycycline to repress the
expression level of eRF3 factor.
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Figure 4.9: Western blots showing the protein level of the elongation and release
factors in the tetO7 strains before and after complementation with ‘topup’ vectors.
Different concentrations of doxycycline was empldye systematically reduce the level of
each of the factors. With the expression from thmmlementing plasmids, the reductions
in protein expression were increased to the wildetyevel. Varying concentrations of
doxycycline were employed to reduce the proteinresgion level of factors from 100 —
80%, 80 — 60%, and below 60 %.
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Figure 4.10: Growth rate measurement ofetO7 elongation factor strains over varying
concentrations of doxycycline with and without gengc complementation. The growth
rate was measured as a percentage of the wildeglpgrowth. Growth rate detO7-TEF1
strains without (A) genetic complementation wasubtb% of the wild-type level which
was rescued by genetic complementation (B). Owemnge of doxycycline concentration,
the growth rate of the strain was progressivelyiced from 100% to 40%. The growth rate
of tetO7-TEF5 strains without genetic complementation (C) wasuat®5% which have
been rescued to be 95% with the external supplyhef gene (D). Over a range of
doxycycline, theaetO7-EFT1 strain exhibits a systematic reduction in groveter
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Figure 4.11: Growth rate comparison of the eEF3 andelease factors over a range of
doxycycline concentrations with and without ‘top-up plasmids. A) The tetO7-TEF3
strain growth was about 30% of that of the wildeygnd showed very sensitive growth rate
decreases with doxycycline level. B) The growtle ra@itthetetO7-TEF3 strain was restored
by ‘top-up’ plasmids and the strains exhibited ardase in the growth rate. C) The growth
rate of tetO7-SUP45 was not reduced with promoter substitution, howeaegradual
reduction in the growth rate was observed in respdo varying levels doxycycline. D)
ThetetO7-SUP35 strain growth rate was not varied with teO7 promoter. E) TheetO7-
VP35 strain was observed to have much more stable growmith the addition of
doxycycline. Higher levels of doxycycline have beeed to reduce the growth rate to 40-
60% of the wild-type level.
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The tetO7-TEF3 growth rate was markedly reduced because of t&@7 promoter
substitution. Even at a limited level of doxycyéjrthe growth rate was strongly reduced
(Figure 4.11 A. Through the ‘top-up’ plasmids, the growth rate loé tetO7-TEF3 strain
was restored to the wild-type range and the stshmwed a very significant reduction in
growth rate (Figure 4.11)BWhen compared to the elongation factors, eRF1 droate
changed by the promoter substitution. However,rg xapid change in the growth rate was
observed with increasing concentration of doxyeyeluse indicating or implying that the
factor is essential for the cell survivedtO7-SUP35 strains showed a very different growth
rate pattern when compared to thated®7-SUP45 strain.tetO7-SUP35 strain growth rate
was not much affected by the promoter substitufligure 4.11 C) and even with higher
concentrations of doxycycline, the growth of theaist was not significantly reduced. The
growth rate remained unchanged until the doxycgctipncentration was increased to 12
ng/ml (Figure 4.11 D). This indicates that the eRF&ein may not be that essential for the
growth of thetetO7 strains.

4.2.5.Protein synthesis rate measurement aetO7 promoter strains with

varying concentrations of doxycycline

As with determination of the growth rate, proteiynthesis of thetetO7 strains was
measured over a range of doxycycline concentratidhe protein synthesis rates of the
tetO7 strains were measuréuvivo using a>°S-methionine incorporation. ThetO7 strains
were grown and samples were collected as explames®ction 2.11. IndividualetO7
strains of the elongation and release factors weeated with varying concentrations (1 ng -
25 ng) of doxycycline. The protein synthesis rdteach level of the translation factors was

measure along with the growth rate.
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Figure 4.12 : Protein incorporation in thetetO7 elongation factor strain with different
concentrations of doxycycline.One of the protein incorporation experiments wei®O7-
TEF1 strains without (A) and with (B) complementatiolagmids. Protein incorporation
experiments with eEF2 (E)tetO7-TEF3 strains without (C) and with (D) the
complementation plasmid.
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Figure 4.13 : Protein incorporation in the tetO7 release factor strain with different
concentrations of doxycycline.One of the protein incorporation experiments weti®O7-

TEF3 strains without A) and with B) complementation gptad. Protein incorporation
experiments ofetO7-SUP45 strain (C)tetO7-SUP35 strains without (D) and with (E) the

complementation plasmid.
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tetO7-TEF1 andtetO7-EFT1 showed similar changes in the protein synthedis when
treated with doxycycline (Figure 4.12 B and E). Tgretein synthesis rate for these two
factors was reduced considerably with a low amafigioxycycline (Figure 4.12 B and E).
The protein synthesis rate t#O7-TEF5 was not much altered when at high levels of
doxycycline (Figure 4.12 D). Conversely, eEF3 wdssasved to manifest a strong
dependence of protein synthesis on the concentrafiadoxycycline (Figure 4.13 B). The
protein synthesis rate of thetO7-SUP45 strain was observed to decrease drastically in
response to low doxycycline concentrations (Figdrg3 C). In contrastietO7-SUP35
protein synthesis was observed to be unchangedidty ¢oncentrations doxycycline
(Figure 4.13 E).

4.2.6.Protein synthesis and growth rate at above the phiydogical levels

of translation factors

An important question in relevance to rate coninalhe translation machinery is whether
physiological levels of translation factors areaimy way limiting to protein synthesis. In
order to address this question, the intra-cellplatein concentrations of the elongation
and translation factors were increased above thgsiglbgical level to identify any

variation in growth or protein synthesis rate (Feg4.18 and 4.19). The wild-type cells
were transformed with the pTefEx plasmid with indiwal elongation and release factors.
Each of the strains with increased protein expoes$evels of translation factors were
analysed for any changes in the growth or protginthesis rate. However, none of the
tetO7 elongation factor strains exhibited any variatiorthe protein synthesis or growth
rate. In contrast, the eRF1 strain exhibited a kimalease in the growth rate, but not in the

protein synthesis rate.
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4.2.7.Investigation of the possible involvement of elong@n and release

factors in scanning competence

The mRNA scanning by the 40S ribosomal sub-unitémtify the AUG start-codon in the
initiation step is dependent solely on the inibatifactors. The involvement of elongation
and release factors in the scanning process isowiknTo investigate any possible role of
the elongation and release factors in the scanmiogess, double luciferease assays (DLA)
with firefly (Photinus pyralis) and sea pansy proteiRéehilla reniformis) were employed.
The DLA exploits the difference in the biochemicafjuirement for the luminescence of
Renilla andfirefly luciferase proteins (McNabb et al., 2005). Both the=fly luciferase and
Renilla gene were cloned in the pDLV-L2/L0 plasmid withryiag length of 5° UTRs. The
firefly gene was cloned with therkp»; promoter and had a long 5 UTR (1240 nucleotides
in length) whereas thRenilla gene was cloned with theydpd; promoter with a shorter 5’
UTR (41 nucleotides in length) (Figure 4.14). THasmid contains théllS3 gene as a
selective marker. The plasmid was transformed ihéxetO7 elongation and termination

strains and grown in selective medium with or withdoxycycline.

(A) (B)

L0 & Renilla

L2 (1240 nt)

Firefly

"Rty 17,

Figure 4.14 : Schematic representation of the pDL\-2/LO plasmid employed in DLA
experiments. The plasmid contains two luciferase genes, theflyirgene with a long 5’
UTR (L2) and the Renilla gene with a shorter 5° UTIR). The plasmid also contains a
HIS3 marker gene. The ratio between firefly and Rerilii@inescence was measured to
determine any possible scanning role of elongamhrelease factors.
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Employing the DLA experiments, the ratio betweea liiminescence of thierefly (with a
long UTR) andrenilla (with a short UTR) gene were measured to anallyseability of
individual factors to promote scanning efficiend@he involvement of the elongation and
release factors in the scanning process was exdrbyeeducing the intra-cellular protein
expression level of the factors to 80% of the viiide level and examining the effect on the
scanning efficiency. The ratio between the lumieese of the firefly and Renilla enzymes
was compared with the wild-type cell luminescenedior Reductions in the protein
expression levels of the elongation and releastorfmavere not observed to have any

significant effect on the scanning efficiency (Fig4.15).

Double Luciferase Assay (DLA)

0.25

0.20 4

0.15 A

0.10 4

Ration of firefly luminescence
to renilla luminescence

0.05 4

0.00 -
WT eEF1A eEF1B eEF2 eEF3 eRF1 eRF3

Figure 4.15 : The ratio between the luminescence dfe firefly and Renilla luciferase

of the elongation and release factors with the wiltype. The ratio between the
luminescence encoded by theefly (with a long UTR) andrenilla (with a short UTR)
genes was measured to detect any potential invewerof the elongation and release
factors in the scanning efficiency.

4.2.8.Polysome profiling of thetetO7 strains

The polysome profiles of th&etO7 strains expressing a 20% reduction in the level of

initiation, elongation and release factors were ngrad to identify changes in the
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monosome to polysome distribution. Polysome prefilere obtained from cells harvested
during exponential growth (QOfgy 0.5). Yeast strains were treated with cyclohexaimi

(100 pg/ml) to inhibit translation elongation ahd$ retain ribosomes bound to mMRNAs.

Priliminary data of the polysome traces of yeashiss in which the elF2 level was
decreased to 80% of the wild-type level reveal g wtrong decrease in the polysosme
peaks of the trace (Figure 4.16 B). Moreover, th@es an increased accumulation of
monosomes. However, when the level of elF4B wasedsed, the polysome-monosome
ratio was not significantly changed (Figure 4.16 @) contrast to the initiation factor
profiles, the elongation factor profiles had largetysome peaks when compared to that of
the wild-type. Reduction in eEF1A (Figure 4.16 D)daeEF2 (Figure 4.17 A) yielded
similar profiles in which the polysomal peaks weanereased. Reduction in the factors
eEF3 (Figure 4.17 B) and eRF1 (Figure 4.17 C) & &0 the wild-type level caused rather
smaller increase in the polysome-monosome ratiovéver, the polysome profile was not
much altered when the protein expression levelRFZwas reduced to 80% of the wild-

type level (Figure 4.17 D).
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Figure 4.16 : Polysosme profiles of the initiatiorand elongation factor strains with
wild-type. A) PTC 41 B) elF2 c) elF4B and D) eEF1A. The ttatisn factors were
reduced to 80% of the wild-type level. The polysadistributions of theetO7 strains were
examined during exponential growth (€& 0.5). The polysomes of the initiation and
elongation factors strains were compared with dhatild-type. Lower levels of elF2 result
in polysomal reduction and reductions in the eldiogafactor elF1A have increased
polysomal fractions.
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Figure 4.17: Polysome traces of thetO7 strains with reduced levels of elongation and
release factors.A) eEF2 B)eEF3 c)eRF1 and D)eRF3. The proteinesgon level of the
translation factors was reduced to 80% of the wjfze level. Polysome traces of eEF2,
eEF3 and eRF1 showed increases in the polysome.pdalvever polysome levels hardly
changed in the eRF3 strain.
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4.2.9.Response coefficients of the elongation and releagifactors

The protein synthesis rates at different levelghef elongation and release factors were
measured using thim vivo 3*S-methionine incorporation method. The protein levef
individual elongation and release factors over186 — 80 % range relative to the wild-

type level were plotted against the correspondeyehse in the protein synthesis rate. The
response coefficient (R is the gradient of the plot of protein level ddrtslation factors in
the 100% -80% ranges against the protein synthatgs Similarly R was measured from

80 % to 60 % of the physiological level. The resmrtoefficient reveals the control
extended each of the elongation and release fadi@sponse coefficient mostly falls

between 0 to 1 and high response coefficient ite&atronger control over translation.
However, the R values below 80 % may be influenced by a complemkgnation of
factors related to larger reductions in gene exwes and therefore at this stage it is

difficult to interpret with full confidence the Higr values of B values.

Table 4.1 : The overall response coefficient and stem specificity ratio of elongation
and release factors

Translation J

factor name " Ry R, R

eEF1A 0.063 0.897 0.897 0.99
eEF1B -0.007 -0.007 0.946 0.63
eEF2 - 0.937 0.937 1.02
eEF3 -0.012 -0.012 1.057 1.06
eRF1 0.162 0.748 0.748 1.10
eRF3 0.022 0.022 0.635 0.29
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Figure 4.18: Measurement of response coefficient (R of the elongation factors.The
intra-cellular level of the elongation factors wessestematically reduced about 100%-80%
and respective protein synthesis rate were measBrgd the data were plotted together to
obtain the R value. This indicates the dependence of the twfinsl rate over the
concentration of the elongation factorO7-TEF1 (A), tetO7-EFT1 (C) andtetO7-TEF3

(D) shows a very sudden decrease in the proteitneyis whereatO7-TEF5 (B) shows a
stable protein synthesis for a while and then reduthe results indicate that eEF1A, eEF2
and eEF3 have better control over the translahan that of eEF1B.
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Figure 4.19: Measurement of response coefficientRR() of the release factorsThe

intra-cellular level of the release factors wastaystically reduced from 100%-80% and
beyond and the protein synthesis rates were mahsB@h set of data were plotted

together to obtain the Rvalue. This indicates the dependence of the @tinsl rate on the

concentration of the release factors. The protgmhesis rate is very sensitive to the
reduction in the level of eRF1, however, the prosinthesis rate was not reduced until the
level of eRF3 was reduced to around 20% of the gewlaus level.

4.2.10. System specificity ratio of the elongation and rekesing factors

Most of the components of the translation machinany likely to function solely in
translation; however there are a number of faatdneh are though to be involved in other
cellular functions. However, the degree of “dedmrat of the components to the translation
pathway has not previously been defined in an ateuguantitatively meaningful manner.
The system specificity raticRf?) is defined here as the relationship between théein
synthesis rates and the growth rate. To measurgydtem specificity ratio, the level of the
individual translation factors are titrated doworfr 100 % — 40 % of the wild-type level
and the corresponding growth rate and protein ggmhrates were measured and plotted

against each other.
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Figure 4.20: The system specificity ratios (B) for the elongation factors. The intra-
cellular levels of the elongation factors were sysdtically reduced from 100%-80% and
respective protein synthesis and growth rate wexasored. Both the data sets were plotted
together to obtain the R value of individual factors. The gradients for tel®ngation
factors eEF1A, eEF2 and eEF3 were observed to R&ealues of around one indicating
that they are dedicated factors of translation wherthe & of eEF1B was significantly
lower than one indicating its involvement in anotbellular function (Table 4.1).
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Figure 4.21: The specificity coefficients (B) of the release factorsThe intra-cellular
levels of the release factors were systematicatuced from 100%-80% and respective
protein synthesis and growth rates were measureth e set of data were plotted to
obtain the R° value for each factors.

4.3. Discussions

4.3.1.Complementation with ‘top-up’ vectors rescued the penotype of
the tetO7 strains

Most of thetetO7 constructs were observed to support restrictedymtoon of elongation
and release factors compared to wild-type cellsiemehe absence of doxycycline. As a
consequence, decreases in growth rate were obskmw#te tetO7 strains. This reduction
in protein expression was rescued by the introdnatif a plasmid containing the gene of
interest expressed under the control of the TEFRIP promoter in théetO7 strains. Two
plasmids, pTefEx with {2z promoter and pTrpEx plasmid withrd®1 promoter were
employed for the complementation. Even though robshte elongation and release factors
exhibit reduction in the protein expression levsd#RF1 was over-expressed with tiet#7
promoter. The eRF1 protein level in theO7 strain was 60% more than that of the
endogenous promoter expression. However, no inedegsowth rate or protein synthesis

rate was observed due to the over-expression of eRF
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In the absence of the ‘top-up’ vector, the eEF1étgn expression level and growth rate of
tetO7-TEF1 strains were observed to be approximately 75 %hefwild-type. However,
with genetic complementation, the protein expressewvel and growth were enhanced to
about ~97% of the wild-type. Even thougO7-TEF3 strains were expressing eEF1B
protein at about 50 % of the wild-type level, thewth rate remained similar to the wild-
type. Reduction in the protein expression levelthe strain was complemented by the
pTefEx-eEf1B plasmid and the growth rate was imptbto about 98% of the wild-type
level. Similar totetO7-TEF1 strains,tetO7-EFT1 strains were found to have about 85% of
the protein expression and growth rate. Howevey réaductions in protein expression and

growth rate were not rescued by ‘top-up’ vectors.

The tetO7-TEF3 strains were identified to manifest severely retl@EF3 production
levels due to the promoter substitution. The grovetie and the eEF3 protein expression
levels were reduced to about 30 % of the wild-tigwel. The drastic differences in growth
rate and protein synthesis level were rescueddprup’ vectors. After complementation,
the strains were observed to have about 97 % opitbiein expression and growth when
compared to that of the wild-type cells.

In contrast to the other strains considered heRF1¢etO7 strain exhibited a higher
expression level of eRF1. The strains synthesibedita60 % higher eRF1 than that of the
wild-type cell. ThetetO7-SUP35 strains exhibited drastic reductions in the eRE#@&ssion
level. However, growth was not detectably influehdaey the reduction in the eRF3
expression level. The small difference in the glowate and protein synthesis rate
observed in théetO7-SUP35 strain was rescued with the ‘top-up’ complementatiising
pTefEx-eRF3 plasmid.
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4.3.2.Response coefficients reflects the translational ntrol exerted by

elongation and release factors

The examination of R values for the elongation and release factorsalevavo different
kinds of response. Elongation factors such as eE&id\ eEF2 exhibited very high;R
values whereas eEF1B and eEF3 have relatively lgw vRlues (Figure 4.18). The

elongation factor eEF1A was observed to have thees®’ and R} values (0.897). The

elongation factor eEF2, was observed to have aehigbsponse coefficient of 0.9368.
Similar to eEF1A, eEF2 also exhibited identicgl Bnd R} values. This shows that the
translation rates are highly sensitive to even matichanges in the levels of eEF2 and
eEF1A near the physiological levels. Moreover, dbserved response coefficients clearly
indicate that the absolute sub-cellular concemnatif a factor and the level of control that

it exerts on translation are not obviously coresiat

Protein synthesis was barely affected by the reolustin eEF1B and eEF3 down to 85 %
of the wild-type level. In these two cases, beldw8 of factor abundance, there was high
sensitivity of translation to changes in factor cemtration. The eEF1B factor was
measured to have an;Bf about - 0.007 and R of about 0.946. The eEF1B factor
facilitates the exchange of GDP to GTP in eEF1A anthus efficiently catalytic. The
reduction of eEF1B level up to 85 % might not sfigaintly influence facilitation of the
recycling of eEF1A however; below 85 % of the wiyghe level of eEF1B might have a

considerable effect on eEF1A recycling and thusiced the translational rate.

In the case of eEF3, the]Rvalue was observed to be -0.012 anjl f® be 1.057. This

indicates that the translation rates are not altdrg small reductions in the elongation
factor eEF3 level. After reducing the eEF3 factelolw 85 % the response coefficient was
1.057 which exhibits a high reduction in the tratishal rate. Overall, the above
observations indicate that the factors eEF1A, e&f@® eEF3 exert stronger control over

translation than eEF1B.
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The release factors were also observed to mamieskinds of behaviour. The eRF1 factor
has a higher Rvalue than eRF3 (Figure 4.19). As pointed out Fa& élongation factors,
these results indicate that eRF1 exerts more doowey translation than eRF3. For eRF1,
the R’ and R values were observed to be the same, 0.748. Ttamsla much more
sensitive to variations in eRF1. eRF3 hag Rnd Rvalues of 0.022 and 0.635
respectively. These data indicate that translasamot particularly affected by a reduction
in the eRF3 protein level. However, the Ralue of eRF3 was lower than those of eEF1B
and eEF3, indicating that this factor might haw&sleontrol over translation than all other

translation elongation and release factors (Figu2e).

1.2+

eEF1A eEF1B eEF2 eEF3 eRF1 eRF3

J J J
ER ER BER
+1 1 2

Figure 4.22 : Response coefficients of the elongati and release factors The
expression level of the elongation and releasefaatere altered from 120-100 % (R,
100-80 % (R) and 80-60 % (R). The R/, was calculated as the slope of the line
connecting protein synthesis rate to the factoccentration over 100%, Rvas calculated
as the slope of the line connecting protein synshede to the factor concentration at 100 -
80% and Bwas calculated as the slope of the line connegtintgin synthesis rate to the
factor concentration over 80-60%.
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4.3.3.System specificity ratio : the degree of “dedicatin’ of translation

factors

If the factors are dedicated only to translatidre slope of the linear curve between the
protein synthesis and growth rate will be approxetyaequal to 1 whereas if the factor is
involved in other cellular functions other thannskation then the slope will be <1.
Elongation factors eEF1A, eEF2, eEF3 and releastorf&@RF1 were observed to have a
similar patterns of system specificity dependerteigure 4.20 A, C, D and 4.21 A). The
eEF1A R® ratio was measured to be 0.99 (Table 4.1) indigathat the factor is a
dedicated factor in translation. SimilarlR® values of eEF2, eEF3 and eRF1 were
observed to be 1.02, 1.06 and 1.1 respectivelyléTali). The data indicates that all of
these factors are more involved in translation tivarany other cellular functions. In
contrast, the elongation factor eEF1B and the seldactor eRF3 were identified to have
lower R® values (Figure 4.20 B and 4.21 B). TR& values of eEF1B and eRF3 were
observed to be 0.63 and 0.29, respectively. Thigiation indicates that these factors are
involved in other cellular functions in addition tioe translation. System specificity ratio
analysis reveals that the elongation factors eEEEL2 and eEF3 and release factor eRF1
are mostly functionally involved in just translatizvhereas eRF3 and eEF1B are involved

in other cellular functions in addition to trangat (Figure 4.23).
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Figure 4.23: The system specificity ratio (®°) of the elongation and release factors.
The specificity ratio was measured as the slopd@fcurve between the protein synthesis
rate and the growth rate of tt@O7 strains with varying levels of elongation and asiag
translation factors. The specificity ratio iderdsi the functionally dedicated translation
factors. If the ratio is 1, it indicates that tlaetor is mostly involved in translation whereas
<1 indicates involvement in other cellular funcson
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4.3.4.Response coefficient and specificity ratios when algation or

release factors are expressed at levels higher thanld-type

The response coefficient (R and specificity ratio for elongation and releéaetors were

also determined at above physiological levels termene if this had any effect on protein
synthesis or cell growth rates (Table 4.1). Theahaellular levels of the elongation and
release factors were increased to 120% of the eming level. Interestingly, none of the
strains showed any significant increase in prosgimhesis or growth rate (Figure 4.18 and
4.19). This raises an interesting question as tp mehincreases above physiological growth
and protein synthesis rates are attainable. It msgiggests that there may be further
mechanism(s) to control the level of growth ratd protein synthesis rate even though the
translation factors are increased to above theiploggcal level. This is also an indication
that the translation and growth rate of yeast isntamed at an optimum level that is

dictated by precisely controlled properties of éiméire systems.

4.3.5.Scanning competency data show no participation ofil@ngation and
release factors in the 40S scanning

The 40S scanning process to identify the initiattmadon is a poorly understood step in
which the small ribosomal subunit, 40S, is repotiede capable of scanning more than
1000 nucleotides to identify the AUG codon (Kapm drorsch, 2004a). The DLA was
employed to determine if reducing the protein com@ion of elongation or release factors
had any effect on the scanning and AUG recognitiorction of the 40S subunit. In the
DLA assay, the luminescence activity Rénilla andFirefly genes are proportional to the
efficiency of scanning of the 5° UTR by the 40S asttier translation factors. Scanning
competency of each of the translation factors waterdhined as the ratio of the
luminescence oFirefly versusRenilla. Measurement of scanning competency reveals any
influence on the efficiency of the scanning proc@$e data show that when the elongation
and release factors were reduced to 80% of thegemawis level, no key variation in the

scanning efficiency was observed. The experimeostiakrvations strongly suggest that the
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elongation and release factors do not play a rokhé mRNA scanning process of the 40S
ribosomal subunit, and demonstrate that the ifotiafactors are exclusively responsible for
controlling this step.

4.3.6.Reduction in the level of initiation, elongation ad termination

factors alters polysome distribution

Polysome distribution analysis is an efficient wtayobserve changes in the interaction
between ribosomes and mRNA. Any alteration in ttamdlation factors and ribosomal
association with the mRNA has an impact on the gmtye distribution which can be
visualised by this technique. Polysome profilegedst strains were generated to determine
the polysome distribution in response to changestira-cellular concentrations of the
translation factors. The 40S and 60S peaks in tiigspme profile represent the non-
translating ribosomal subuits whereas the polyspeaks represent actively translating 80S
ribosomes. The 80S peak itself corresponds to aic@tion of both non-translating 40S-
60S ‘couple’ and translating 80S particles. Theanuellular levels of the initiation,
elongation and release factors were reduced to 80%e endogenous level and the

polysosme traces were compared with those gendratedvild-type cell cultures.

When the endogenous level of elF2 was reducediaradse in the level of 40S ribosomal
subunits along with a decrease in the polysomespeak observed (Figure 4.16 B). elF2 is
involved in the delivery of Met-tRNA to the ribosenwhich is an essential event in the
translation initiation step. Therefore it is likglyat a reduction in the cellular concentration
of this factor would have a very strong impact be identification of the initiation codon

and on the polypeptide synthesis. Reduction of elBRId affect the association of 40S
and 60S, resulting in the accumulation of monosoara$ a decrease in the number of
actively translating polysomes. However, a drasgduction in polysomes was not
observed with a reduction in the elF4B protein emt@tion. Even though there is a
decrease in the polysomal peaks when comparecetwitt-type trace, it is not as marked
as the decrease observed with elF2 protein lewvkict®on. elF4B indirectly binds to the

MRNA cap with other initiation factor and the retiao of this factor may not affect the
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active translation to a high extent. The resulticate that elF2 has a very crucial role in

the translation and a reduction in this factor iagulate translation.

When the eEF1A protein levels were decreased, twase an increase in the polysome
peaks (Figure 4.16 D). eEF1A is involved in theivadly of aa-tRNA to the ribosome
which is an essential event in elongation procgssisequently the reduction in the cellular
concentration of this factor would have a very highpact on the elongation cycle,
blocking the ribosome on the mMRNA from continuinghnelongation. This explains the
observed increase in the polysome peaks when tteiprcellular level of eEF1A was
reduced. Similarly, when the eEF2 protein levelsendecreased, the polysome level was
increased (Figure 4.17 A). eEF2 factor is involwedhe translocation of the ribosome on
the mRNA. The reduction in the protein level of @k#ould have attached the ribosome to
the mRNA resulting in an increased level of polyesn60S monosome accumulation was
not observed when the level of eEF2 or eEF3 wascesti Reduction in the eEF3 level
also caused an increase in the polysome peakshdumcrease was not as marked as that
observed with eEF1A or eEF2.

Reductions in the release factors were observethaice an effect on the polysome
distribution. Even though the increase in the pmiys peaks was not as marked as those
observed with the elongation factors, a reductiorthie protein level of eRF1 caused an
increase in the polysome peaks. eRF1 identifiesttakte of the stop codons in the
eukaryotic translation pathway. The reduction iis factor can cause read-through mRNA
or slow down termination thus potentially causingueue towards the end of the mRNA.
The reduction in eRF3 level was not observed teseamuch effect on the polysome
profile. The polysome trace was very similar tottbithe wild-type equivalent indicating
that eRF3 reduction was not affecting the polysdm&ibution. Both of these observations

agree with the results obtained by the proteinfnpaation experiments.
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4.4. Conclusion

In order to determine quantitatively the controbggd by elongation and release factors
during translation, the expression of these facias repressed and resulting variations in
protein synthesis were measured. The elongatiaorfa@EF1A and eEF2 and the release
factor eRF1 were observed to exert the greatestraloaver translation. The protein
synthesis rate was sharply reduced when thesersactre expressed at 80% of wild-type
level. However, eEF3 exerted the greatest effeetr eranslation when it was repressed
from 80 — 60 % of the wild-type level. eEF1B andF8Rwvere observed to have the least
control over translation compared to other elormgaéind release factors.

These observations were reinforced by the polysproéles. The elongation and release
factors were made limiting in the cell and the esponding polysome distributions were

analysed. The data indicates that when the eEFtAe&ir2 expression is repressed in the
cell, the polysome levels were increased. Thigkealyl to be the result of reductions in the

elongation rate. Reduction in the eEF3 and eRFZEldewalso resulted in increased

polysosme levels; however; the increase was nbigiisas observed with eEF1A and eEF2
factor reduction. This indicates that the elongatrate is not strongly affected by the

reduction in eEF3 and eRF1 over the 100 % - 80¥gea

The system specificity ratio of the elongation aredease factors was measured to
determine which factors function solely in the si@tion pathway and which factors may
play a role in other cellular processes. The facelF1A, eEF2, eEF3 and eRF1 were
observed to be solely involved in the translatiathpray. A reduction in the cellular

protein concentration of factors results in a prtipoal reduction of protein synthesis and
growth. In contrast when the eEF1B and eRF3 faciese reduced, growth decreased
faster than the protein synthesis rate suggeshiagthe reduction in these factors affects
some other cellular function(s) in addition to station. All of the above types of data are
of relevance to the development of a comprehengantitative model for the process of

translation (chapter 5).
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A mathematical model of yeast translation

5.1. Introduction

Eukaryotic mRNA translation is a highly sophistextand precisely controlled molecular
process. Translation is one of the fundamentalge®es that are well conserved across all
Kingdoms of life. Through translation, informatios passed from mRNA to proteins.
Translation comprises mainly of three stages:atidn, elongation and termination. The
nature of fourth stage, recycling, is not underdtao the eukaryotic system. In yeast,
MRNA translation is controlled by more than 20 @iéint proteins and vast amounts of
RNA molecules. Each of the translation steps islifaied by a number of translation
factors. The translation factors are critically mn@ant components of the system. Apart
from these components, mMRNA, tRNA and ribosomalsitb constitute essential parts of
the translation machinery. A vast amount of experital work has been carried out to
understand this complex process, most of it takhmg form of studies of the roles of
individual components. Depending on the environmeodnditions and intrinsic capacity
of the mRNA, the translational rates differ for ivmidual proteins (Siwiak and
Zielenkiewicz, 2010). There are numerous exampléstranslational control being
exercised via the initiation step (Sonenberg anghelbusch, 2009, Mathews et al., 2000),
yet the protein synthesis pathway can also be ratellilat the elongation and termination
steps (Wang et al.,, 2001) and the interplay betwd#esse steps is not understood.
Mathematical modeling is a very powerful tool tacanporate all experimental data to
understand how a complex process such as tramsldtioctions. Precise control of
translation is difficult to understand without qtitative understanding based on an
adequate mathematical model. A mathematical moaelbe used to develop a system-

level view of the whole pathway rather than lookadgthe individual components of the
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system. Several studies were been carried outquslyi to understand the complexity of
the translation pathway using mathematical modgllim the late 1960, translation was
modelled as a set of kinetic reactions and ribo$g@ragression steps (McDonald et al.,
1968). This was considered to be the first attetoptonstruct a mathematical model of
translation. The model was later extended and neablib incorporate ribosomal crowding
and its overall effect on translation (Heinrich d&apoport, 1980).

This study states that initiation and elongatios @te-limiting whereas termination has no
control over translation under the regular celldanditions. Ribosomal crowding has been
incorporated in a translation model for the baatesystem as well as considering
elongation as a set of ribosomal states (Zourdd Hetzimanikatis, 2007). This model

takes into account possible variations in the eding cycle due to differences in the
amino acid codons in the mRNA. However, all of thewmodels lack appropriate

experimental data to verify the results they obsérand therefore provide little insight into

the true nature of translation control.

There are a number of software packages developetiodel and simulate complex
biological processes. COPASI (COmplex PAthway Shator) has been employed to
construct and simulate the translation model (Hoeipal., 2006). COPASI converts the
biochemical reactions into mathematical formulagiosuch as ordinary differential
equations. Moreover, COPASI can accommodate diftayges of analyses such as steady

state analysis, sensitivity analysis and metalwmidrol analysis.

In this work, a mathematical model for the eukayanRNA translation has been
developed. As well as considering every elemenséep in the initiation, elongation and
termination stages, ribosomal blocking at the AlWGognition stage of initiation and the
translocation stage of elongation has been incatpdr This model examines rate-limiting
steps in translation and variations in translatiate as a consequence of reduction in
translation factors. The translation model hasetieren filled to the experimental data in
order to allow us to simulate translational contmtler physiological conditions.
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5.2. Results

5.2.1.Yeast translation machinery

The three main stages of mMRNA translation areifatgéld by specific factors. Initiation is a
series of reactions in which the ribosomal smabuwsit associated with mRNA and
identification of the initiation codon after whiche large ribosomal subunit binds to the
small subunit to synthesis polypeptide. Elongaisthe cycle of reactions in which amino
acids are added to the growing poly-peptide chB@nmination is the one step reaction that
occurs after the identification of the stop codontbhe release factors, after which the
translation complex disassociates. According todimeent consensus of translation, there
are 13 translation initiation factors, 4 elongatfantors and 2 termination factors involved
in the process. Apart from the translation factting, ribosomal subunits, mRNA, tRNAs
and aa-tRNAs are also included in the model. THeema of the translation model is
represented here using petri-net (Figure 5.1). &8ctions have been formulated to
represent the whole of translation process inclydithe elongation cycle. The
concentrations of the translation components ia thodel are listed in Table 2.11. The
total amount of ribosome subunits are estimatedhis model based on the ribosome
concentration. In this model the ribosomes arerteghas large bodies moving in a step-
wise manner. Prokaryotic ribosomes are reportedctupy 12 codons during elongation
(Mathews et al. 2000) however, since the eukarydimsomes are known to be larger than
the prokaryotic ones, the ribosome is assumed verch5 codons of an mRNA during
translation. The model constituents for the genen&NA translation and all mRNA

species are assumed to have the same parametes.valu
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5.2.2.Model formulation

The mathematical model of the yeast mRNA transtapathway was developed as a
deterministic system of ordinary differential eqaas. The model was developed in
Complex Pathway Simulator (COPASI) (Developmensigar 4.5.31) (Hoops et al., 2006)
with the script developed in Perl (Dr. Juergen Bablniversity of Manchester). The three
stages of translation: initiation, elongation aedrtination, were described using 33 key
reactions with a subset of elongation reactionsémh codon. The model was built with 19
translation factors, mRNA, tRNA, 40s, 60s and 80silbosome and the intermediate
complexes. Mass action kinetics was applied fortdshe initiation and releasing steps
whereas blocking kinetics was introduced to descthe identification of the initiation

codon and the translocation stage in elongatioh.thid set of differential equations are

listed in appendix -1.

5.2.2.1. Parameter values

The concentration values for all the translatioatdes and reactions used in this model
were taken from the published literature (Table).5The kinetic values are taken as the
default values from the model (appendix - 2). Tést of the parameters were optimized
using experimental data with the parameter optiti@samodule of COPASI. The cell
volume was selected as 42xQ (Jorgensen et al., 2002). The model was fitedhe
experimental data (protein synthesis rate) using plrameter estimation module of
COPASI (appendix -3).

Table 5.1 : List of translation factors in the trarslation model along with their
corresponding concentrations values

Name of Concentration
. Gene name . Source
Species (particle/cell)
elF1 SuUIl 2.50E+05 von der Haar and McCarthy, 2002
elF1A TIF11 3.51E+04 Ghaemmaghami et al., 2003.
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elF2o

elF2Ba

elF3a

elF4A

elF4B

elFAE

elF4G1

elF5

elF5B

Pabl

Ded1

eEF1A

eEF1B

eEF2

eEF3

eRF1

eRF3

Met-tRNA

40S

60S

aa-tRNA

MRNA

tRNA

Sul2

GCN3

1.71E+04

8.97E+03

RPG1(TIF32) 5.27E+04

TIFL/TIF2

TIF3

CDC33

TIF4631/
TIF4632

TIF5

FUN12

PAB1

SPP81

TEF1/TEF2

TEF5

EFT1/EFT2

TEF3/YEF3

SUP45

SUP35

1.06E+05

2.40E+04

1.42E+04

9.76E+03

4.83E+04

1.34E+04

1.98E+05

5000

3.77E+02

190549

8.27E+04

8.71E+05

1.31E+04

7.89E+04

640000

222000

222000

12800000

4900780

6400000

Ghaemmaghami et al., 2003
. Ghaemmaghami et al., 2003.

Ghaemmaghami et al., 2003.
Ghaemmaghami et al., 2003.
Ghaemmaghami et al., 2003.
Ghaemmaghami et al., 2003.

Ghaemmaghami et al., 2003.

Ghaemmaghami et al., 2003.
Ghaemmaghami et al., 2003.
Ghaemmaghami et al., 2003.
This study
Ghaemmaghami et al., 2003.
von der Haar, 2008.
Ghaemmaghami et al., 2003.
Ghaemmaghami et al., 2003.
Ghaemmaghami et al., 2003.
Ghaemmaghami et al., 2003.

This study

This study

This study
This study

Chu and Maley, 1980

This study
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5.2.2.2. Model assumptions

Translation is a complex pathway and most of thampaters, including the concentration
of factors and the rate of the reactions are nacurately determined. A number of
assumptions were employed in the formulation oftthaslation mathematical model. The

translation steps and factors which are not watlisd were omitted in the model.

Assumption 1: Each ribosome physically covers 15 don of the mRNA

The ribosomes were assumed to cover 15 codonsgdtranslation, thereby blocking the
binding of another ribosome (and subsequent iotiadf translation and translocation) on
this stretch of mMRNA. If the seventh and eighthawlare covered by the ribosome P and
A site respectively, 7 codons upstream and dowastreill be blocked by the ribosome in
the initiation and translocation states.

Assumption 2: Concentration of the aa-tRNA and theelongation rate for individual

codons was assumed to be the same

The concentration of the aa-tRNA in the cell wasuased to be the same for all amino
acids. Similarly, the codon-anticodon base paifomgall the amino acids was assumed to
be the same. This implies that the elongationigat®t limited by the concentration or rate

of rare aa-tRNAs.

Assumption 3: mRNA length assumed to be 20 codons

The translation model developed is applies to taieegal MRNA translation in yeast. To
implement the model, the mRNA translation lengtlhssumed to be 20 codons. However,

the model can be extended to study mRNA of anylsizger than 15 codons. 15 codons is

the minimum length required for the ribosome todbim an mMRNA.
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5.2.2.3. Model construction

The model for translation is constructed basechemtodel first proposed by McDonald et
al., 1968 and later extended by Heinrich and Rapp@d®80. A number of assumptions
were employed to simplify the complex model (settid.13.3. The model is a
deterministic model generated using perl scriptsaaset of differential equations and
analysed in COPASI. Most of the initiation stages eonsidered to follow mass action
kinetics. The elongation and termination stagesepitranslocation are also constructed as
mass action kinetics. However, the subunit joinimghe initiation stage and translocation
in the elongation stage are constructed by consigleibosomal occupation of regions of
MRNA. Ribosomes are assumed to block 15 codons®@mRKRNA during subunit joining
and translocation. Blocking rate equations werentdated (Juergen Pahle, University of
Manchester) to represent different stages of ekimgaand blocking properties of the

ribosome.

If ‘" is the codons occupied by ribosome and {fiXthe probability that thd'icodon of the
MRNA being translated is occupied by the fronthef tibosome, then the probability that

the initiation codon is free can be represented as
1 |
Wo=[1-> X
I =
Where,WI is the probability of the initiation site beingé.

Then the rate of initiation blocking can be represd as
Vi'= 8 S ki Miot Wit
Where \{*is the rate of blocking, :9s the first substrate (40S), 8 the second substrate

(60S), M is the total concentration of mRNA in the translatand W is the probability
of initiation site being free.
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Similarly, in the translocation stage, the fluxestfanslocation can be formulated as
Vj =5 kj Xj Miot \Nj+1

Where { is the flux through translocation; IS the substrate (80S), ik the first order rate
constant and W is the conditional probability that the j+1 pasitiis free provided that

the {" position is occupied. It can be written as

5.2.3.Mass conservation

The model was constructed in COPASI. After modelstauction, the mass conservation of
the model was determined. Mass conservation rektare algebraic sums of chemical
species that are constant in any state of the m@debps et al., 2006 If the model
satisfies a mass conservation relation for a spethen that species could be represented as
an expression of all the compounds that specieslvad with. In COPASI mass
conservation is calculated using an algorithm deedrby Vallabhajosyula et al., 2006.
Total concentration of each of the individual facto the translation pathway remains
constant in the model. Mass conservations are Uielpf validating the mathematical
conditions of the model. If one of the translatifactors is not occurring in the mass

conservation relation it means that the model akdn.

5.2.4.Time course simulations of the model

The model was simulated over a time period to a®althe behaviour of individual
components of the model. In time course simulatibesmodel behaviour is observed over

a period of time with certain parameter values ((Fég5.2). COPASI calculates the time
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courses for deterministic models using the LSODAegrator (Petzold. 1983). The
translation model was simulated up to 10000 seab&erve the behaviour of the system.
The model behaviour can be explored over duratiotnee specified for the time course

simulations. The time series simulation of the niedkre plotted to analyse the result.

(A) Concentrations, Volumes, and Global Quantity Values

1e-09
Be-10

fie-10

mol /1

4e-10

2e-10

T ‘ r T T |
0 20,000 40,000 60,000 80,000 100,000
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(B)
Concentrations, Volumes, and Global Quantity Values
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Figure 5.2 : Time course simulation of the translabn model. Time course behaviour of
the model before parameter fit. The model defaalues are used as the initial kinetic
parameters (appendix -2). A) Formation of the 888, initiation stage of translation where
the 40S associates with 60S B) 80S_aa-tRNA _eFF2_@rmation for the whole
elongation cycle and C) formation of 80S_eRF1_eRH® in the termination stage where
translation is completed and all the factors disgec
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5.2.5.Steady state calculation

After confirmation of mass conservation relatidme model was simulated to find a steady
state. In steady state, the concentrations oflibentcal species in the system do not change
over time. Using COPASI steady states are deteaniiseng three different methods 1) the
Newton—Raphson method 2) Forward integration ofQBd=s and 3) Backward integration
of the ODEs. Both the integrations are carried uihg ODEs solver LSODA. COPASI
can use either one of these methods or a combmatithe three. Steady state calculation
in COPASI is based on Schuster et al., 1999. Taesltation model was able to predict a
steady state with the Newton—Raphson and forwaegjiation method. The model found
the resolution at 1e-09 without accepting any negatoncentration in the model
simulation. The resolution distinguishes the snsall@lues of the concentration change of

species from zero. The model steady state fluxetisied in Table 5.2.

Table 5.2 : List of all the reaction fluxes throute translational pathway.

Reactions Particle
Flux (1/s)

1. elF2_GDP + elF2B = elF2_GDP_elF2B 305.013
2. elF2_GDP_elF2B = elF2_GTP + elF2B 305.013
3. elF2_GTP + Met-tRNA = elF2_GTP_Met-tRNA 305.013
4. elF3 + elF5 = elF3_elF5 305.013
5. elF2_GTP_Met-tRNA + elF3_elF5 = elF3_elF5_elFZPGMet-tRNA 305.013
6. elF1 + elF3_elF5_elF2_GTP_Met-tRNA = elF1_elAB5eelF2_GTP_Met-tRNA 305.013
7. 40S + elF1A = 40S_elF1A 305.013
8. elF1_elF3_elF5_elF2_GTP_Met-tRNA + 40S_elF1A413S 305.013
9. elF4E + elF4G = elF4E_elF4G 305.013
10. mRNA_cap + Pabl = mRNA_Pabl 305.013
11. elF4E_elF4G + mRNA_Pabl = elF4E_elF4G_mRNA_Pabl 305.013
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12.
13.
14,
15.
16.
17.
18.
elF4B + elF4E + elF4G + elF5 + elF5B_GDP + Pabled D+ mRNA_cap
19.
20.
21.
22.
23.
24,
25.
26.
27.
28.
29.
30.
31.
32.
33.

eRF3_GDP

elF4A + elF4B = elF4A_elF4B

elF4E_elFAG_mRNA_Pabl + elF4A_elF4B = elF4E46IFMRNA_Pabl_elF4A_elF4B
43S + elF4E_elFAG_mRNA_Pabl_elF4A_elF4B -> 48S

48S + Ded1 -> 48S_Ded1

elF5B_GDP =elF5B_GTP

48S Ded1 + elF5B_GTP -> 48S_Ded1_elF5B_GTP

60S + 48S_Ded1_elF5B_GTP -> 80S_1 + elF1 +&HF&IF2_GDP + elF3 + elF4A +

eEF1A _GDP + eEF1B = eEF1A_GDP_eEF1B
eEF1A_GDP_eEF1B = eEF1A_GTP + eEF1B

eEF1A GTP + aa-tRNA = aa-tRNA_eEF1A GTP
eEF2_GDP =eEF2_GTP

eEF3_GDP = eEF3_GTP

aa-tRNA_eEF1A_GTP + 80S_1 = 80S_aa-tRNA_eEFIFR A
80S_aa-tRNA_eEF1A GTP_1->80S _aa-tRNA_1 + edEEDP
eEF2_GTP + 80S_aa-tRNA_1 =80S_aa-tRNA_eEF2_GTP
80S_aa-tRNA_eEF2_GTP_1 ->80S tRNA 1+ eEF2_GDP
80S _tRNA 1+ eEF3_GTP ->80S tRNA eEF3 GTP_1
80S tRNA eEF3 _GTP_1->80S_2 + eEF3_GDP + tRNA
eRF3_GDP =eRF3_GTP

eRF1 + eRF3_GTP = eRF1_eRF3_GTP

eRF1_eRF3_GTP +80S_tRNA_eEF3_GTP_20 -> 80S_tRER3_GTP_eRF1_eRF3_GT

80S_tRNA_eEF3_GTP_eRF1_eRF3_GTP -> 40S + BBA + eEF3_GDP + eRF1 +

P

305.013

305.013

305.013

305.013

305.013

305.013

305.013

6100.25

6100.25

6100.25

6100.25

6100.25

305.013

305.013

305.013

305.013

305.013

305.013

305.013

305.013

305.013

305.011
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5.2.6.Parameter Estimation

As described in previous chapters, the proteint®sis rates at varying levels of initiation,
elongation and release factors have been meassirmggi protein incorporation experiments.
These experimental data were employed to set @nstron the translation model
(appendix -3). The experimental data comprised afssoncentration values for individual
translation factors and the corresponding proteinthesis rates. The total (maximal)
protein synthesis rate was set at 13000 moleceles(gon der Haar, 2008). The
incorporation of this extensive set of new data itite model represents a major step-
change in the development of a quantitatively megfol understanding of translational

control.

The experimental data were mapped onto the modgdtermine the unknown parameters
in the model. The parameter estimation functiothen COPASI software was employed to
calculate the fit the model to the experimentalbserved parameter values. Parameter
estimation minimises the distance between the maeiulation values and the

experimental data and the distance is derived fideast-squares approach.

-

O(p) = Z ,-Z ;‘Z o O (X ki — Y (P J)

whereX i,j,k is the experimental value of variablat measurementwithin experiment
and the corresponding simulated data point is gbsel k,i,j ( p) wherep is the vector of
parameter values used for the simulation. It isartgnt that the data for the different

variables be of comparable magnitude so each gobw@alues for each variable in each

experiment is multiplied by a weight «, (Hoops et al., 2006
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5.3. Discussion

5.3.1.Integration of ribosomal blocking into the initiation and

translocation stages of translation

A deterministic kinetic model of eukaryotic trarigd@ has been developed in order to
understand the translational control exerted byviddal translation factors. The model
focuses on every elementary step in the translgieahway and considers the ribosomal
blocking exerted during initiation and elongatiofeast ribosomes are estimated to block
15 mRNA codons during translation. In the moddlpsiomal blocking is introduced in two
states, first, at the ribosomal subunit joiningpstiuring initiation and second during
translocation step of elongation phase. The coraiide of the blocking phenomena
ensures that two ribosomes do not collide durimgndiation. The termination stage of

translation is mass action kinetics involving twanslation release factors.

During initiation step the ribosomal subunit joigiis only possible if the AUG codon and
the seven codons downstream of the AUG codon dreanaipied. Similarly, translocation
of the ribosome from" codon to j+I' codon is only possible if the j¥8codon is

unoccupied. Multiple initiation events can only eéaglace if the previous ribosome has
moved sufficiently far away (seven codons) from thaiation site so that the next
ribosome can bind to the initiation codon. Ribosomanslocation depends on the
conditional probability that the codon adjacenthie codon occupied by the front of the

ribosome is free, given that the previous codarc@upied by the front of the ribosome

5.3.2.Steady state determination and parameter estimationof the

translation model

The translational model was analysed using theveoft COPASI with mass action kinetics

for most of the translation steps. However, subjaniing in initiation and the translocation
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state in elongation were represented using a ‘iMgckrate constant for ribosomal
possession of mMRNA codons. After construction, thedel was simulated to find the
steady state. In a complex model like translatimost of the parameters are unknown.
However, using the algorithms incorporated in CORAI® steady state of the model was
determined. The model with the steady state wathduremployed for the parameter

estimation.

Most of the kinetic parameter of the translatiogusrently unknown. It is very crucial that

the model is used to predict the unknown kineti@peeters for the reactions in translation.
For predicting these parameters, the model waslatatuwith the experimental data. From
previously explained experiments (Chapter 4), thiecentration of each of the translation
factors and their corresponding protein synthesie are known. 5 experimental data set
were used for each of the translation factors. fdrameter estimation simulation was able
to find a set of values for each of the reactiarelics based on the model fitting with each
of the data set. These resulting data set fordhetion kinetics can be further analysed to
estimate each of the reaction kinetics. The extf@mation about the mass action kinetics

will enable the model to predict the translatioc@htrol better.
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5.4. Conclusions

Translation is one of the most challenging biolagipathways to mathematically model
and quantitatively understand due to the complexdty lack of enough experimental data.
Construction of mathematical model is meaningfullyonwith strong quantitative
experimental data. Until now, most of the translatmodels were deficient of quantitative
experimental data to construct and predict the dyidg mechanism precisely.

In this work, a new type of detailed translationdabhas been developed that incorporate
an extensive set of experimentally determined raetrol data. This is the first ever
example of a model that includes all three steptheftranslation process and incorporate
such precisely measured quantitative data. The mede constructed in perl script and
analysed in COPASI which enables to easily incaomany further information of the
translation pathway. In the current study, the agermRNA length being translated was
considered to be 20 codons, however, the lengtheomRNA can be easily changed. The
steady state of the model was determined usinditfezential equation solver in COPASI.
Concentrations of individual translation factorghmiespective protein synthesis rate were
incorporated into the model to estimate each of kinetic parameters. Employing the
parameter estimation algorithms in COPASI softwdhee model was fitted with the

experimental data.

At this stage of the translation model constructithe model was able to converge to the
steady state and was fitted with the experimerdatd €or better estimation of the parameter
values. The parameter estimation of the model medua vast amount of data which
require careful statistical analysis to estimateheaf the unknown kinetic parameters of the
model. Once the kinetic parameters are estimatecigaly, the mathematical model of the
translation is available as a valuable tool for ensthnding the nature of control in the

eukaryotic translation system.
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General Discussion

6.1. MRNA translation and understanding the control meclanism

MRNA translation is a highly conserved cellulargass in which the information encoded
by the mRNA is deciphered by the ribosomes withdiygport of a number of proteins. In
Saccharomyces cerevisiae there are more than 20 translation factor protaiiectly

participate in this complex cellular phenomenone Thntrol of translation is a critical step
in the regulation of cell growth and adaptatiorettvironmental conditions. Translational
control is identified to be a crucial component a#ncer development. Both global
translational control and mRNA-specific translatibrcontrol are reported to promote
tumour cell survival, angiogenesis, transformationasion and metastasis (Silvera et al.,
2010). Quantitative understanding of these contr@s essential components in

understanding the highly sophisticated and welkeoved process of translation.

In this study, employing three different approachegh resolution microscopy, molecular
biology and mathematical modelling, comprehensiv&rol of the yeast mRNA translation
has been quantitatively assessed. This study pfgceducidates the mode of control
exerted by individual translation factors at diffletr stages of translation. The imaging
approach explores the cellular distribution of slation factors to determine if these could
be rate limiting in global translation. Employingolacular biology techniques, the
translation factors have been made limiting indak to identify their controlling influence
on translation. Finally, employing a mathematicabdalling approach, the whole
translation pathway is theoretically represented,dentify the system-level control of
translation. These approaches seek to explaindaptations in translation in response to

different environmental conditions. Given the hdggree of conservation of the translation
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machinery, the principles of translation contralaiated using yeast as a model organism

are relevant to all other higher eukaryotes.

Previous studies have shown that translation cbmrexerted at several different steps
within the translation pathway. Specifically, mdinan thirteen protein factors participate in
eukaryotic translation initiation and this stepbelieved to be one of the most regulated
stages of translation. Cells under nutrient lingitconditions are known to regulate global
translation by phosphorylating elF2. This resultstie inhibition of elF2B mediated
recycling of elF2 to its active form and causesbglotranslational regulation. Further
initiation regulation occurs at the mMRNA cap idéaétion step. The initiation factor,
elF4E, an mRNA cap binding protein has been sugdetst be a rate limiting factor in
translation initiation (Koromilas et al., 1992). &ddition translation termination has been
identified as a key step in the translation reguiatmechanisms (Sonenberg and
Hinnebusch, 2007). Translational control of speafiRNAs is a principal aspect in early
embryonic development and differentiation (Sonegb&nd Hinnebusch, 2007). Recent
studies have reported that up-regulation of thégmmcexpression levels and activity of the
initiation factors is associated with different @dse conditions such as cancer and heart
diseases (Silvera et al., 2010). These studies hauessed on the control exerted by
specific factors whereas this study looks at thadlation pathway entirety to determine the

relative control exerted by each factor acrossathele process

6.2. Intra-cellular distributions of elongation and release factors do not

suggest any form of spatial control on translation

The intra-cellular distribution of elongation anelease factors was explored employing
TCM and GFP tagging. Each gene encoding a traaslédictor was genetically modified to
have a TCM or GFP tag at the C terminal end. Mdatmg the genome of the yeast is an
elegant yet easy method to modify selected protieires living cell. TCM tags are short
fluorescent peptides of 10-12 amino acids, whichlmafused with the protein of interest to
visualise itin vivo. The elongation and release factors were observed trytoplasmically

distributed in the exponential growth phase. Tharihution patterns observed with the
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elongation and release factors with TCM tags wdemtified to those obtained with the
GFP tagged distribution analysis. This confirmst thfae cytoplasmic distribution of
elongation and release factors observed in thidystas not altered by TCM or GFP
fluorescent tags. To determine any possible presefcelongation and release factors
within the nucleus cells were also labelled with)Aa DNA stain. The data indicates that
none of the elongation and release factors is ptestesignificant levels in the nucleus of
the yeast cells. The data demonstrating the honmogedistribution of the elongation and
release factors suggests that the spatial disiibatf the elongation and release factors are

not a rate limiting aspect of global translation.

Characterisation of the intra-cellular distribusoof the individual factors in the molecular
process is essential in order to a better undeistgnof the process of translation.
Translation factors are some of the most highlytlssised, utilised and functionally
essential proteins in the cell. Thus, availabiihd accessibility of these factors is crucial to
the translation process. Previous studies have rstibat most of the translation initiation
factors are cytoplasmically distributed in the dgluh et al., 2003, Kumar et al., 2002).
However, initiation factors such as elR2 gndy subunits) and elF2By(ande subunits)
have reported to assume a specific localisatidgharcytoplasm, which could in term play a
role in translational regulation (Campbell et 2D05). The sub-cellular distributions of the
elongation and release factors have not been gatljéc imaging analysis. In this study,
the translational elongation and release fact@shown to be cytoplasmically distributed.
This agrees with the distribution analysis caroed with the GFP-tagged eEF1A as part of
the global yeast protein localisation study (Hulalet 2003). In this the distribution of all
the elongation and release factors were exploregnsiely using GFP and TCM
fluorescent tags. This study suggests that tha-reHular distribution of the elongation
and release factors are not a translational radtig step because the factors are

homogenously distributed in the cytoplasm and tgadailable for translation.
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6.3. The response coefficient reflects the degree of alational

regulation exerted by the elongation and release ¢tors

Translational regulation is vital for the rapid pesse and adaptation to environmental
changes and therefore precise understanding cfléteonal control is crucial. In this study,

the intra-cellular protein expression level of #lengation and the release factors were
reduced and the corresponding protein synthesis veds measured. The response

coefficient (R’), the gradient of the ratio between the intratdefl level of individual

translation factors and the corresponding protegintresis rate, was determined. The
response coefficient explains the control of tramgh rate exerted by each of the
translation factors studied. The response coefficie measured from 0 to 1 with a high
response coefficient indicates higher control avanslation. When the gradient between
the protein concentration and the protein synthredesis higher, it suggests that the protein
synthesis rate is more affected with even the gmalanges in the protein expression level
of that factor.

The endogenous promoters of the individual elongadind release factors were substituted
with the Doxycycline regulatable synthetietO7 promoter. Expression levels of the
translation were titrated down from 100 % to 60 P4he physiological level with a range

of concentrations of doxycycline. The response faneht was calculated by reducing the
level of translation factors to 100 — 80 % of theysiological level. Bwas calculated as

the response coefficient when the level of facteese reduced to 80 — 60 %.

As mentioned previously, regulation of translatisnthought to be exerted at different
stages of the initiation phase of translation ($deeg and Hinnebusch, 2009). However,
recent studies have also reported that the elargatiep exerts a strong influence on
translational control (Wang et al., 2001). Howewamprehensive knowledge about these
controls is yet to be determined. As initiationyplauch an important role in translation
regulation, extensive studies have been carriedovat many decades to determine the

specific control exerted by initiation factors. dnquantitative translational control study,
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the response coefficients of translation initiatfantors elF1A, elF4E, elF4G1 and elF5B
were measured (Sangthong et al., 2007). Additignkltge differences in the intra-cellular
concentration of the translation factors have hdentified (von der Haar and McCarthy,
2002; von der Haar, 2008). However, the relatigngi@tween the intra-cellular abundance
of individual translation factors and their contmlder translation has remained unclear. In
this study, the response coefficients of the eldogaand release factors were determined
from which the relative translational control ewertby each of these factors can be
identified.

The elongation factors eEF1A and eEF2 were obsetwedave a very high response
coefficient. The high response coefficient (0.8®Dserved for eEF1A can be clearly
understood by analysing the functions of theseofacin the translation elongation cycle.
eEF1A factors are responsible for delivering thenaacyle tRNA to the ribosome. The
elongation cycles are reported to be subject tatdiron by the rare amino acids. Also,
eEF1A availability to deliver the amino acids isi@eal. Delay in the amino acid delivery
due to the reduction in the factor eEF1A can hageeat impact on the translational rate.
The eEF2 factor is responsible for one of the nessential steps in the elongation cycle
translocation and in this study the factor was olesto have a high response coefficient
of 0.937. In translocation the ribosomes moves faora codon to the next available codon
of mMRNA. A limitation in eEF2 activity could prevetranslocation and cause ribosome to

stall on mRNA. This can cause a reduction in #te of translation.

However, eEF1B and eEF3 exhibited lowe} Ralues. This could be explained by the
functional roles these factors fulfil in translatieEF1B recycles eEF1A factors by GDP to
GTP conversion. However, other studies have sugdesitat eEF1A has a similar
preference for GTP and GDP (Janssen et al., 188fven at a reduced eEF1B levels,
eEF1A might be recycled to its active form. eEF@nsunique factor in the fungi group and
this factor functions to remove the tRNA from theike of the ribosome. Unexceptionally,
eEF3 exhibited a very low Rvalue yet has a very highjRvalue. This indicates that
translation was not much affected when the levedEf3 was reduced to approximately 85

% of the endogenous level. However, when the proipression level was further
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reduced, the translation rate was reduced signifizaThe eEF3 protein has been shown to
present at approximately 871000 molecules perveeith is significantly higher than the
expression level of other elongation and releaseifa (Ghaemmaghami et al., 2003). The
above studies suggest that there may be an exteslSF3 in the cell with respect to
translation so that the cell can afford to lose sahthis pool without suffering significant

reductions in translation rate.

The release factors were also observed to havalistinctive response coefficients. Yeast
strains with reduced levels of eRF1 were obsernadhdve a significantly reduced
translational rate. eRFL1 is responsible for thatifieation of the stop codon in the mRNA.
Reductions in this factor can cause non-recogniiotme stop codons, which results in the
accumulation of proteins with extended c-termirReductions in the eRF1 may also cause
the ribosome to become stalled on the mRNA due rtedaction in the termination rate.

This can cause reductions in the global translatioste. However, eRF3 was observed to
have a lower R and R} indicating that the reduction in the expressiarel®f this factor

has minimal affect on translation. eRF3 provides ¢émergy required for the interaction
between the stop codon and the eRF1. However,adtverlresponse coefficient can be
explained by suggesting that there must be somer déictor facilitating the binding of

eRF1 or that this could be possible without enegysumption.

The affect of reduced protein expression levelrafslation elongation and release factors
on the global translation were observed by analysime polysomal distribution. The
factors were reduced to the 80% of the wild-typeslleand the polysomal profiles were
compared and analysed with wild-type polysomal ifgef The polysome profile of cells
expressing reduced levels of eEF1A and eEF2 ohdetwehave increased level of
polysosmes and 60S monosome. This could be thectngbahe reduced elongation rate
which causes the ribosomes to stall on mRNA. Pohesdaistribution of the cells
expressing reduction level of other elongation egldase factors were also observed to
have a increased polysomal level, but not as negabserved for eEF1A and eEF2. These
observations suggest that the reduction in thel lef/éhe factors eEF1A and eEF2 has a
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high impact on the rate of the translation and éhkestors play a significant role in the

regulation of global translation.

In this study effect on translation rate exertedolgr-expression of elongation or release
factors were explored. Interestingly, even when d¢langation and release factors were
increased to 120% of the wild-type level, the protgynthesis rate was not increased.
Moreover, over expression of the factors not exédiany protein synthesis inhibition.

This indicates that the translation and growthgatewild-type yeast are optimally set by

the physiologically normal translational machinery.

6.4. System specificity of the elongation and releasedirs

A number of these factors are identified to be imed in other cellular functions distinct
from the translation process. The relationship ketwtranslation and the growth rate were
explored in this study. This study determined wHettors functioned solely in translation
and which played a role in translation and othélulze processes. The growth rate and
protein synthesis rate exhibit a linear relatiopstund the gradient of the line (the system
specificity ratio, R°") was measured. From the system specificity rati® translation
factors which function solely in translation werdemtified. If the factors are solely
involved in translation, the system specificityioawill be approximately equal to 1
whereas if the factor is involved in other cellufanctions apart from translation then the

slope will be <1.

The elongation factors eEF1A, eEF2 and eEF3 wesergbd to have aR* values of
approximately 1. The growth rate to protein synitheate relationship of these factors was
linear with a gradient of 1. eEF1A, eEF2 and eE#8kEted 0.99, 1.02 and 1.0%° values
respectively. The elongation factor eEF1A has besported to be involved in actin
organisation in yeast cells (Munshi et al, 20019wdver, theR®" values of the factors
suggest that the reduction in eEF1A has no additiaffect on the growth rate that is
attributed to this role in actin organisation. Téestem specificity ratio reveals that the

reduction in the growth rate observed with lowerls of eEF1A was due to the reduction
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in protein synthesis rate. eEF2 and eEF3 have Ibleemnght to function only in the
translation pathway and tHe*® value agrees with this (Justice et al., 1998, Ananal.,
2003). The translation elongation factor eEF1Blendther hand, was observed to have an
RS value of 0.63. When the factor was reduced, tlsvtr rate reduced faster than the
translation rate. This strongly suggests that eERd8a role in atleast one cellular process
other than translation. While, eEF1B is not knownbe involved in any other cellular
function apart from translation (Kinzy and Woolforti995, Jeppesen et al., 2003), this
requires further investigation.

The release factors were observed to have twodistinctR*® values. eRF1 was observed
to have a very higiR*® value, 1.10. The reduction in eRF1 abundance lebes with a
reduction in the growth rate and protein syntheats. This suggests that eRF1 is only
involved in the translation pathway. In sharp casittr eRF3 was observed to have a lower
R value, 0.29. This reveals that when eRF3 is mauliéing, the growth rate is reducing
quicker than the protein synthesis rate. This datggests there is another cellular function
of eRF3 in addition to the translation process. 2RHnown to protein aggregates, and to
act as a prion in yeast (Derkatch et al., 2001e Tdwer system specificity ratio might

therefore be the result of prion activity.

6.5. Building a mathematical model of the translation pahway

Decades of study have generated a vast amountoofmation about the steps, components
and regulation of mRNA translation. These data nietbe integrated in to a systems
framework for a better understanding of the undegyproperties of this process.

Mathematical formulation of the translation couleldpowerful tool to visualize translation

in a systems level. However, there are very fewntjteive experimental data to study

translation mathematically.

In this study, a detailed comprehensive model @ndlation has been developed

incorporating an extensive set of quantitative ddfakaryotic translation has been

represented as a set of differential equationsgusitass kinetics combining with a
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representation of mMRNA occupances to elucidateskasional control. The respective
concentrations of the translation factors were wéeri from previous studies
(Ghaemmaghami et al., 2003). In addition to consititen of every detail of the translation
stages, the subunit association and elongatioredyave been modelled considering the
ribosomal occupation of mMRNA codon. Eukaryotic sbmes are assumed to occupy 15
codons of the mRNA during translation. This dethileformation has been incorporated
into the model and a separate kinetic law whichs@ers this ‘blocking’ phenomenon has
been incorporated. These blocking kinetics enshaie ribosomes do not collide with each
other during translation. The model has been coastd using perl script and simulated
using the software COPASI. The model was succdgdetermined steady state and was
fitted with the rate control data to estimate tireelic parameters. The parameter estimation
of the model has produced a subset of data whisthtdhae precisely analysed to estimate
the unknown paramters of the model. After the esiiom of all kinetic parameters, the
model can be used to predict and analyse diffdreh&vioural scenarios for the translation
pathway. The model can be used to analyse theatamterted by individual translation
factors over the translation and the result carcdrapared with the experimental data.
These comparisons between the model predictionseapdrimentally observed control
responses can determine the quality of the modwed.Model can be further used to predict
sensitivity of the pathway towards reduction in éx@ression of more than one translation

factor and the resulting change in translationakp.

Due to the complexity and lack of the quantitatidata available for the translation
pathway, most of the previous models address onéy siage of translation. Prokaryotic
translation is less complex and most of the parame&tlues are known. This encouraged
formulation of mathematical models of prokaryotianislation covering all three stages of
translation (Zouridis and Hatzimanikatis, 2007) wéwer, most of the reaction parameters
have not been determined experimentally in a ewlt&rysystem. In another study on
bacterial translation, the initiation step has bemuelled to help find ways to increase the
translation efficiency and thus to boost proteields (Zhang et al.,, 2010). The model
incorporates the mRNA folding dynamics, ribosomadmg dynamics and mRNA

sequence information to represent the translaata r

173



Chapter 6 — General discussion

An earlier deterministic model of yeast translatioitiation investigates the control of each
initiation factor over translation using flux coaltrcoefficients (Dimelow and Wilkinson,
2009). However, this model lacks experimental datait the model and the kinetic
parameters used in it are completely based onghienzed values. The aminoacylation and
initiation of yeast translation have been modelleing ordinary differential equations
(You et al., 2010). The model investigates the tkitnbehaviour of translation initiation
factors in response to amino acids limitation ardngines the changes in the translation
initiation rate at varying concentrations of initisn factors and external perturbations.
Even though the nutrient limitation model was bagedxperimental data, the response of
the translation rate with varying concentrationstlod initiation factors was based on
assumptions. In a recent work, a complete tramsiatmodel for the yeast translation has
been developed (Siwiak and Zielenkiewicz, 2010)isThmodel concentrates on the
differences in the translational rate of the indual 64 codons on the mRNA. However,
this model does not explain the overall translatrate and the effect of individual
translation factor on the translational rate. Moo the model lacks experimental support.
Very few models attempt to incorporate all threagss; initiation, elongation and
termination of translation with all the minute dietaand enough experimental data to
support the model. And all of these models sufiemf being under-parameterized.
However, the eukaryotic translational mode consedién this study incorporates all three
stages of the eukaryotic translation pathway. Meeeoit is constructed based on an
extensive set of quantitative experimental datacivi@nables it to confidently determine
other kinetic parameters in the model. Thus, thasdlational model is a useful tool to

analyse and predict translation pathway behaviours.

6.6. Future directions

A systems biology study integrating experimentalfetermined parameters and
mathematical modelling was performed to better tstdad translational control in yeast.

Because of the importance and the complexity ofttheslation pathway, many studies

have sought to determine the translation mechanismst focusing on individual factors.
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This systems level study now provides a platfornr fieveloping a far deeper
understanding of translational control in eukargot@ particular, quantitative studies of
translation control exerted by the elongation aetease factors in nutrient limiting
conditions or at varying temperatures will be fasrsenlightening in the context of a high
guality model. A further aspect of importance iattthe level of parameterization will be
continuously increased over time, thus improvidimg predictive power of the model. For
example more accurate determination of intracellditector levels can be determined
employing quantitative mass spectroscopy technicgieh as QconCAT (Pratt et al.,
2006). The absolute concentration of the transidaators can be employed to improve the
current observations as well as included in thastetional model. Also, any possible
change in the distribution of elongation and retef@stors with varying growth conditions
such as temperature or carbon and nitrogen nus@ntes can be explored. The change in
the growth condition might cause translational fagon and cause subcellular

redistribution of translation factors to regulatelzl translation.

The mathematical model of translation can be furteéned to understand the changes in
control in response to multi-site variation in campnt activity. Currently, most of the
reaction kinetics in the eukaryotic translation hpedy is missing. This additional
information about the kinetics of each of the ttatienal steps would improve the
predictive power of the translation model. The #ddal data will include newly
determined values for the on and off rates fooathe interactions between the translation

machinery components.

The striking similarity between the yeast and hurtranslational mechanisms means that
the model is also relevant to human cells. Iderdtion of the influence of translation
factors and their control in many diseases coulm@lly lead to development of new
gene/protein-targeted therapies for treatment ekdhdiseases. New approaches from
systems biology, combining molecular biology andtheaatical modelling can be
employed to decipher mRNA translation role in hundiseases. Further, specific target
components of the translation apparatus can bdifiéenfor the development of cancer

therapeutics.
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Appedix -2

NO: Reaction Kinetic values Source

1 elF2_GDP + elF2B = elF2_GDP_elF2B k1: 280 I/(mol*s) This
k2: 10 1/s study

2 elF2_GDP_elF2B = elF2_GTP + elF2B k1: 20000 1/s This
k2: 0.5 l/(mol*s) study

3 elF2_GTP + Met-tRNA = elF2_GTP_Met-tRNA k1:20000 I/(mol*s)  This
k2: 0.1 1/s study

4 elF3 + elF5 = elF3_elF5 k1:20000 l/(mol*s)  This
k2:0.1 1/s study

5 elF2_GTP_Met-tRNA + elF3_elF5 = k1:20000 I/(mol*s) ~ This
elF3_elF5_elF2_GTP_Met-tRNA k2:0.1 1/s study

6 elF1 + elF3_elF5_elF2_GTP_Met-tRNA = k1:20000 I/(mol*s)  This
elF1_elF3_elF5_elF2_GTP_Met-tRNA k2:0.1 1/s study

7 40S + elF1A -> 40S_elF1A k1:20000 I/(mol*s)  This
study

8 elF1_elF3_elF5_elF2_GTP_Met-tRNA + 40S_elF141:20000 l/(mol*s)  This
-> 43S study

9 elF4E + elF4G = elF4E_elF4G k1: 3e+006 l/(mol*s) This
k2: 0.01 1/s study

10  mRNA_cap + Pabl = mRNA_Pabl k1:20000 I/(mol*s)  This
k2:0.1 1/s study

11  elF4E_elF4G + mRNA_Pabl = k1:20000 I/(mol*s) ~ This
elF4E_elF4G_mRNA_Pab1l k2:0.1 1/s study

12 elF4A + elF4B = elF4A_elF4B k1:20000 I/(mol*s)  This
k2:0.1 1/s study

13 elF4E_elFAG_mRNA_Pabl + elF4A elF4B = k1:20000 I/(mol*s) ~ This
elF4E_elFAG_mRNA_Pabl elF4A elF4B k2:0.1 1/s study

14 43S+ elFAE_elFAG_mRNA_Pabl_elF4A_elF4B ->k1:20000 I/(mol*s)  This
48S study

15  48S + Ded1l = 48S_Ded1 k1:20000 I/(mol*s) ~ This
k2:0.1 1/s study

16  elF5B_GDP = elF5B_GTP k1:20000 1/s This
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17

18

19

20

21

22

23

24

25

26

27

28

29

30

k2:12 1/s

48S_Ded1 + elF5B_GTP = 48S_Ded1_elF5B_GTP k1:20000 I/(mol*s)
k2:0.1 1/s

60S + 48S_Dedl1_elF5B_GTP ->80S_1+elF1+ K:20000
elF1A + elF2_GDP + elF3 + elF4A + elF4B + e|F4E|A2/(mo|/\2*S)
+ elF4G + elF5 + elF5B_GDP + Pabl + mRNA ¢

eEF1A_GDP + eEF1B = eEF1A_GDP_eEF1B kl: 7.5e+007
l/(mol*s)
k2: 117 1/s
eEF1A_GDP_eEF1B = eEF1A_GTP + eEF1B kl: 1e+006 1/s
k2: 25 l/(mol*s)
eEF1A_GTP + aa-tRNA = aa-tRNA_eEF1A_GTP  k1:20000 l/(mol*s)
k2: 0.1 1/s
aa-tRNA_eEF1A _GTP + 80S_1 =80S_aa- k1l: 1.948e+06
tRNA_eEF1A_GTP_1 I/(mol*s)

k2: 1000 (1/s)

80S_aa-tRNA_eEF1A_GTP_1 ->80S_aa-tRNA_1 +k1 :100000 (1/s)
eEF1A_GDP

eEF2_GDP = eEF2_GTP kl1: 20000 1/s
k2: 0.11/s

eEF2_GTP + 80S_aa-tRNA_1 = 80S_aa- k1:10000 (I/(mol*s))
tRNA_eEF2_GTP_1 k2: 1000 (1/s)

80S_aa-tRNA_eEF2_GTP_1->80S_tRNA_1+  k1: 250000 (1/s)

eEF2_GDP
eEF3_GDP = eEF3_GTP k1: 20000 1/s
k2 0.11/s

80S_tRNA 1 + eEF3_GTP -> kl:1.5e+06
80S_tRNA_eEF3_GTP_1 (/(mol*s))
80S_tRNA_eEF3_GTP_1 ->80S_2 + eEF3_GDP +K: 20000 (1/s)
tRNA mMRNA_tot : 4.9e+06

mol/l)
eRF3_GDP = eRF3_GTP k1: 20000 1/s

k2: 0.1 1/s

study

This
study

This
study

This
study

This
study

This
study

This
study

This
study

This
study

This
study

This
study

This
study

This
study

This
study

This
study

208



31

32

33

eRF1 + eRF3_GTP = eRF1_eRF3_GTP k1: 3.5e-006
l/(mol*s)
k2: 13 1/s

eRF1_eRF3_GTP + 80S_tRNA_eEF3_GTP_20 -> k1: 20000 I/(mol*s)
80S_tRNA_eEF3 GTP_eRF1_eRF3_GTP

80S_tRNA_eEF3_GTP_eRF1_eRF3_GTP ->40S +k1 : 2000 1/s
60S + tRNA + eEF3_GDP + eRF1 + eRF3_GDP

This
study

This
study

This
study
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Appendix — 3: Protein synthesis rate with respectactor concentration used
model fitting

[elF1A | Translatio [elFAG Translatio Translati
] n rate 1] n rate elF2a | on rate
497 95 213 85 100.00 94.71
115 95 118 85 94.54 86.10
71 94 95.31 85.37
92 95 83.25 82.59
54 90 : '
90 97 87.89 81.64
50 85
77 90
42 80 Translati
[elF5B] on rate
37 8 [Dbp5] trans;
20 — 100 100
114 105
30 99
94 106
24 99
Transla 79 97
tion 22 94
elF4A 65.5 97.5
rate 18 90
64 89
67 66 15 84
56 80
78 74 12 78
40 75
83 85 9 76
28 57.5
89 90 5 70
86 94 4 66
Transla Transla
tion IF3 tion Translati
e rate
elF2B | rate elF1 | onrate
99 65
100 62 97.35 99.38
93 56 9 66 99.25 95.20
94 51 92 69 96.96 92.98
93 46 105 69 97.61 86.08
95.53 76.96
86 45 %8 n
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Transla Transla Translatio
tion eEF1 | ton eEF1B/| nrate
Pabl rate A rate
103 66 73 87 9400 | 9400
92 59 70 78 80.73 03.18
83 53 67 70
76.40 88.59
77 50 62 70
48 32 61 67 72.59 83.17
67.28 78.68
translati Translatio
eRF3 | onrate eEF3 | nrate
translatio [H 2]
n rate yp
95.00 88.05 97,61 94.58
100 100
90.00 87.37 94.00 9412 103 .
87.00 87.00 91.30 93.80 101 52
98 54
86.00 83.00 87.41 88.35
98 48
86.09 82.63 gas1l | 8587 94 27
88 17
Translati
eRF1 | onrate 81 20
Translati 79 13
98.00 92.00 eEF2 | onrate
93 91
90.19 85.00
91 83
83.00 75.00 87 76
85 70
79.00 68.63
83 69
71.43 64.90

211



