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Figure A1.1 Branched-chain amino acid biosynthetic pathways in S. cerevisiae.
L-Leucine and L-valine are both synthesised from 2 molecules of pyruvate, while 
L-threonine is synthesised from L-threonine.  Many enzymes in the L-leucine/ L-valine
and L-threonine biosynthetic pathway are in common.  The arrows indicate the direction 
of the reaction.
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Figure A3.1 (Continue)
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Figure A3.1 Cellular response to a range of extracellular L-threonine
concentrations.  These graphs show the intracellular concentration of the 20 amino 
acids in response to L-threonine concentration between 0-100 mM, 30 min after the 
addition in wild-type cells.  



Appendices

211

L-Aspartate

0

0.1

0.2

0.3

0.4

0 2 4 6 8
Time  (h)

C
on

c.
 ( μ μ

m
ol

/ 1
08  c

el
ls

)

L-Asparagine

0

0.05

0.1

0.15

0.2

0.25

0 2 4 6 8
Time  (h)

C
on

c.
 ( μ

m
ol

/ 1
08  c

el
ls

)

L-Cysteine

0

0.2

0.4

0.6

0.8

0 2 4 6 8
Time  (h)

Co
nc

. (
μm

ol
/ 1

08  c
el

ls
)

Glycine

0

0.5

1

1.5

2

0 2 4 6 8
Time  (h)

C
on

c.
 ( μ

m
ol

/ 1
08  c

el
ls

)

L-Serine

0

0.5

1

1.5

0 2 4 6 8
Time  (h)

C
on

c.
 ( μ

m
ol

/ 1
08  c

el
ls

)

Figure A3.2 Intracellular concentration of selected amino acids in response to 
glycine.  These graphs show the intracellular concentration of L-aspartate, L-asparagine,
L-cysteine, glycine and L-serine in response 10 mM glycine addition in wild-type cells.  
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Figure A3.3 Intracellular concentration of selected amino acids in response to
L-serine.  These graphs show the intracellular concentration of L-aspartate, L-asparagine,
L-cysteine and L-serine in response 100 mM L-serine addition in wild-type cells.  
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Figure A3.4 Intracellular concentration of selected amino acid in response to
L-threonine.  These graphs show the intracellular concentration of L-alanine, L-aspartate,
L-cysteine, glycine, L-lysine, L-methionine, L-serine, L-threonine and L-tryptophan in 
response to 10 mM L-threonine addition in wild-type cells. 
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Figure A3.5 Intracellular concentration of selected amino acid in response to
glycine and L-serine co-addition.  These graphs show the intracellular concentration of 
L-aspartate, glycine, L-serine and L-threonine in response to 10 mM glycine and 100 mM
L-serine co-addition in wild-type cells.
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Figure A3.6 Intracellular concentration of selected amino acids in response to
glycine and L-threonine co-addition.  These graphs show the intracellular 
concentration of L-aspartate, glycine, L-serine and L-threonine in response to 10 mM 
glycine and 10 mM L-threonine co-addition in wild-type cells.
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Figure A3.7 Intracellular concentration of selected amino acids in response to 
L-serine and L-threonine co-addition.  These graphs show the intracellular 
concentration of L-aspartate, glycine, L-serine and L-threonine in response to 100 mM 
L-serine and 10 mM L-threonine co-addition in wild-type cells.
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Figure A3.8 Intracellular concentration of selected amino acids in response to 
glycine, L-serine and L-threonine co-addition.  These graphs show the intracellular 
concentration of L-aspartate, glycine, L-serine and L-threonine in response to 10 mM 
glycine, 100 mM L-serine and 10 mM L-threonine co-addition in wild-type cells.
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Figure A4.1 HPLC Chromatogram of methionine sulfone and (A) tryptophol and 
(B) L-kynurenine sulphate. Commercial standards of tryptophol and L-kynurenine
sulphate have been derivatised with PITC prior to separation via HPLC.  Internal 
standard (methionine sulfone) has been added to both preparations for the determination 
of the relative elution time of tryptophol and L-kynurenine.  The internal standard has an 
elution time of 19.785/20.375 min respectively in Figure A and B. L-Tryptophol has an 
unique peak at 46.626 min and L-kynurenine has two unique peaks: one major and one 
minor peak at 55.090 and 49.966 min respectively. 

AInt. Std.

Tryptophol

Int. Std.

L-Kynurenine 
(Minor)

L-Kynurenine 
(Major)

B
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Figure A4.2 Mass spectrometry analysis of HPLC elution from the minor peak of 
L-kynurenine sulphate separated at elution time of 49.966 min. (see Figure A4.1)  
(A) Chromatogram displaying the time of elution of L-kynurenine using LC-MS.  (B)
Eluent time between 8.53 to 8.90 min in the liquid chromatography (LC) separation was 
subjected to mass spectrometry analysis using ESI-MS for the determination of the 
molecular mass of hydrolysed L-kynurenine.  When hydrolysed, PITC detaches from the 
amine group of L-kynurenine-PITC complex. L-Kynurenine has a MR of 191.95 amu. 
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Figure A4.3 Mass spectrometry analysis of HPLC elution from the major peak of 
L-kynurenine sulphate separated at elution time of 55.090 min. (see Figure A4.1)  
(A) Chromatogram displaying the time of elution of L-kynurenine using LC-MS.  (B)
Eluent time between 9.89 to 10.55 min in the liquid chromatogram (LC) separation was 
subjected to mass spectrometry analysis using ESI-MS for the determination of the 
molecular mass of hydrolysed L-kynurenine.  When hydrolysed, PITC detaches from the 
amine group of L-kynurenine-PITC complex. L-Kynurenine has a MR of 191.95 amu.   
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Figure A4.4 Mass spectrometry analysis of HPLC elution from the peak of 
tryptophol. (see Figure A4.1)  (A) Chromatogram displaying the time of elution of 
tryptophol using LC-MS.  (B) Eluent time between 0.04 to 1.31 min in the liquid 
chromatography (LC) separation was subjected to mass spectrometry analysis using 
ESI-MS for the determination of the molecular mass of hydrolysed tryptophol.  When 
hydrolysed, PITC detaches from the amine group of tryptophol-PITC complex.  
Tryptophol has a MR of 144.09 amu.    
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Figure A4.5 Tryptophol as a replacement for L-tryptophan. An overnight culture of 
wild-type and trp1, trp2, trp3, trp4 and trp5 cells (mutants that requires L-tryptophan for 
growth) were washed twice with SDmin (no amino acid supplement) to minimise any 
L-tryptophan carryover.  The cells were then diluted to give an optical density O.D.600 of
0.1 and 1.0.  20 �l of cells were spotted onto (A) SC agarose plate; (B) SC without 
L-tryptophan agarose plate and (C) SC without L-tryptophan & with tryptophol agarose 
plate.  Plates were incubated at 30°C for two days before being photographed.  
Biological replicate showed the same results, but were not shown here.
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Figure A4.6 Intracellular tryptophol concentration in response to tryptophol.
Wild-type cells were grown in SC medium without L-tryptophan (control, •• •) and in SC 
medium without L-tryptophan & with 1 mM tryptophol (• •). All cultures were initially 
grown in SC medium without L-tryptophan prior to the time-course. 
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Figure A4.7 Determination of the optimal temperature for heat shock experiments.  
Wild-type cells were grown in SC medium without L-tryptophan as described in Section 
2.9, with the exception of cells not being heat-shocked at 50°C.  Instead, it was grown at 
30°C (•• •) and a tube of sample was taken every 15 m until 1 hour.  The samples were 
diluted appropriately with YEPD medium, plated onto YEPD plates and incubated at 
30°C for a period of 2 days.  The number of colonies observed was compared to the 
initial time 0 plate and the percentage of survival was determined.  This experiment was 
repeated at: 35°C (• •); 40°C (• •); 45°C (• •); 50°C (• •); 55°C (• •) and 60°C (• •) being 
the heat-shock temperature. The data presented here represent a biological triplicate 
experiment and the error bar represents 1 standard deviation.
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Figure A4.8 Heat-shock analysis in aro8/ aro9 DKO cells.  aro8/ aro9 DKO cells 
were initially grown in SC medium without L-tryptophan and were transferred to SC 
medium without L-tryptophan (control, • •); with 1 mM L-tryptophan (• •); and without 
L-tryptophan & with 1 mM tryptophol ( • •).  The data presented here represent a 
biological triplicate experiment and the error bar represents 1 standard deviation.
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Figure A4.9 Nicotinate concentration and heat-shock resistance in selected BNA 
mutant cells. (A) wild-type, (B) bna2 and (C) bna1/ bna6 DKO cells were initially 
grown in SC medium without L-tryptophan and were transferred to SC medium without 
L-tryptophan (control, •• •), SC medium without L-tryptophan & with 0.01 mM nicotinate
(• •), SC medium without L-tryptophan & with 0.1 mM nicotinate (• •) and SC medium 
without L-tryptophan & with 1 mM nicotinate (• •). The data presented here represent a 
biological triplicate experiment and the error bar represents 1 standard deviation.
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Figure A4.10 Effect of kynurenate in wild-type and bna3 cells during heat-shock.  
Wild-type and bna3 cells were initially grown in SC medium without L-tryptophan and 
were transferred to SC medium without L-tryptophan (control, wild-type = •• • ; bna3 =
• •)  and SC medium without L-tryptophan & with 1 mM kynurenate (wild-type = • •;
bna3 = • •).  These cells were grown at 30°C for 30 min before being heat-shocked at 
50°C for a period of up to 90 minutes.  Samples were taken every 10 min and the 
number of viable cells recovered from the shock was compared with the initial amount 
to determine the percentage survival.  The data presented here represent a biological 
triplicate experiment and the error bar represents 1 standard deviation.
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Figure A4.11 L-Tryptophan metabolism in tat1/ tat2 DKO cells. Intracellular
concentration of (A) L-tryptophan; (B) tryptophol and (C) L-kynurenine were measured 
in both wild-type and tat1/ tat2 DKO cells.  Wild-type cells were grown overnight in 
SC medium without L-tryptophan until the optical density O.D.600 reaches 1.0.  The 
culture was mixed with equal volume of fresh, pre-warmed SC medium without 
L-tryptophan (control, • •) and SC medium with 1 mM L-tryptophan (• •).  Similarly, tat1/
tat2 DKO cells were grown to an optical density O.D.600 of 1.0, in SC medium without 
L-tryptophan and mixed with fresh, pre-warmed SC medium without L-tryptophan (• •)
and SC medium with 1 mM L-tryptophan (• •).
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Figure A5.1 Amino acid metabolism in anaerobiosis.  Intracellular concentrations of 
amino acids not shown in Figure 5.3 – 5.5 were determined in wild-type (• •) and gcn4
( • •) cells grown aerobically and in wild-type ( • •) and gcn4 ( • •) cells grown 
anaerobically in synthetic complete anaerobic (SCAN) medium.  All cultures were 
initially grown aerobically in SCAN medium prior to the time-course.  
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Figure A5.2 (continue)
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Figure A5.2 Effect of L-serine omission on anaerobic cells (other amino acids).
Intracellular concentration of amino acids not shown in Figure 5.7 were determine in 
anaerobic wild-type (• •) and gcn4 (• •) cells grown in synthetic complete anaerobic 
(SCAN) medium and in anaerobic wild-type (• •) and gcn4 (• •) cells grown in SCAN 
medium without L-serine.  All samples were initially grown aerobically in SCAN 
medium prior to the time-course.  
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Figure A5.3 (continue)
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Figure A5.3 Effect of L-threonine omission on anaerobic cells (other amino acids).
Intracellular concentration of amino acids not shown in Figure 5.9 were determined in 
anaerobic wild-type (• •) and gcn4 (• •) cells grown in SCAN medium and in wild-type 
(• •) and gcn4 (• •) cells grown in SCAN medium without L-threonine.  All cultures were 
initially grown aerobically in SCAN medium prior to the time-course.
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Table A3.1 List and description of transcription factors that regulates the genes 
listed in Table 3.13.  Description and binding site information were from 
YEASTRACT (Teixeira, et al., 2006).
Transcription 
factor

Binding sites Description

Arr1p
(YPR199cp)

TTAATAA Transcriptional activator of the bZIP family, 
required for transcription of genes involved in 
resistance to arsenic compounds

Bas1p
(YKR099wp)

TGACTC Myb-related transcription factor involved in 
regulating basal and induced expression of 
genes of the purine and histidine biosynthesis 
pathways; also involved in regulation of 
meiotic recombination at specific genes

Cbf1p
(YJR060wp)

RTCACGTG
RTCACRTG

Helix-loop-helix protein that binds the motif 
CACRTG, which is present at several sites 
including MET gene promoters and 
centromere DNA element I (CDEI); required 
for nucleosome positioning at this motif; 
targets Isw1p to DNA

Fhl1p
(YPR104cp)

Transcriptional activator with similarity to 
DNA-binding domain of Drosophila forkhead
but unable to bind DNA in vitro; required for 
rRNA processing; isolated as a suppressor of 
splicing factor prp4

Gcn4p
(YEL009cp)

TTACGTAA
TGATTCA
TGACTGA
TGACTMT
RRTGACTC
TGACTC
TGASTCA
TTGCGCAA
TTGCGTGA
GCACGTAG
CACGTG

Transcriptional activator of amino acid 
biosynthetic genes in response to amino acid 
starvation; expression is tightly regulated at 
both the transcriptional and translational levels

Gcr1p
(YPL075wp)

CTTCC
CWTCC

Transcriptional activator of genes involved in 
glycolysis; DNA-binding protein that interacts 
and functions with the transcriptional activator 
Gcr2p

Gcr2p
(YNL199cp)

Transcriptional activator of genes involved in 
glycolysis; interacts and functions with the 
DNA-binding protein Gcr1p

Hsf1p
(YGL073wp)

NGAANNTTCN
NTTCNNGAAN
NGAANNTTCNNGAAN
NGAAN7GAAN7GAAN

Trimeric heat shock transcription factor, 
activates multiple genes in response to stresses 
that include hyperthermia; recognises variable 
heat shock elements (HSEs) consisting of 
inverted NGAAN repeats; post-translationally 
regulated

Leu3p
(YLR451wp)

CCGN4CGG
CCGGNNCCGG
CCGTTAACGG

Zinc-finger transcription factor that regulates 
genes involved in branched chain amino acid 
biosynthesis and ammonia assimilation; 
positively regulated by �-isopropylmalate, an 
intermediate in leucine biosynthesis

Mcm1p
(YMR043wp)

TTACCNAATTNGGTAA
T2WC2YA2WN2G2WA2W2
DCCYW3NNRG
CCYW3NNRG
CCTAATTAGG

Transcription factor involved in cell-type-
specific transcription and pheromone response; 
plays a central role in the formation of both 
repressor and activator complexes
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Transcription 
factor

Binding sites Description

Met4p
(YNL103wp)

TCACGTG Leucine-zipper transcriptional activator, 
responsible for the regulation of the sulphur 
amino acid pathway, requires different 
combinations of the auxiliary factors Cbf1p,
Met28p, Met31p and Met32p

Oaf1p
(YAL051wp)

CGGN3TNRN8/12CCG Oleate-activated transcription factor, acts alone 
and as a heterodimer with Pip2p; activates 
genes involved in �-oxidation of fatty acids 
and peroxisome organisation and biogenesis

Pho2p
(YDL106cp)

Homeobox transcription factor; regulatory 
targets include genes involved in phosphate 
metabolism; binds cooperatively with Pho4p to 
the PHO5 promoter; phosphorylation of Pho2p 
facilitates interaction with Pho4p

Rap1p
(YNL216wp)

ACACCCRYACAY
ACACCCAYACAYYY

DNA-binding protein involved in either 
activation or repression of transcription, 
depending on binding site context; also binds 
telomere sequences and plays a role in
telomeric position effect (silencing) and 
telomere structure

Sok2p
(YMR016cp)

Nuclear protein that plays a regulatory role in 
the cyclic AMP (cAMP)-dependent protein 
kinase (PKA) signal transduction pathway; 
negatively regulates pseudohyphal 
differentiation; homologous to several 
transcription factors

Ste12p
(YHR084wp)

TGAAACA Description Transcription factor that is 
activated by a MAP kinase signalling cascade, 
activates genes involved in mating or 
pseudohyphal/invasive growth pathways; 
cooperates with Tec1p transcription factor to 
regulate genes specific for invasive growth

Swi4p
(YER111cp)

CACGAAA
TTTTCGCT

DNA binding component of the SBF complex 
(Swi4p-Swi6p), a transcriptional activator that 
in concert with MBF (Mbp1-Swi6p) regulates 
late G1-specific transcription of targets 
including cyclins and genes required for DNA 
synthesis and repair

Tye7p
(YOR344c)

Serine-rich protein that contains a basic-helix-
loop-helix (bHLH) DNA binding motif; binds 
E-boxes of glycolytic genes and contributes to 
their activation; may function as a 
transcriptional activator in Ty1-mediated gene 
expression

Yap1p
(YML007wp)

TTACTAA
TGACTCA
TGACTAA
TKACAAA

Basic leucine zipper (bZIP) transcription factor 
required for oxidative stress tolerance; 
activated by H2O2 through the multi-step 
formation of disulphide bonds and transit from 
the cytoplasm to the nucleus; mediates 
resistance to cadmium

* A = adenosine, C = cytidine, G = guanosine, T = thymidine. 
Multiple nucleobases: B = C + G + T, D = A + G + T, H = A + C + T, K = G + T, 
M = A + C, N = A + C + G + T, R = A + G, S = C + G, V = A + C + G, W = A + T, 
Y = C + T 
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