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Abstract

Abstract

The functioning of cellular networksis governed by nonlinear system dynamics.
The yeast Saccharomyces cerevisiae has long been a preferred model organism
for studying such cellular regulatory systems. Perhaps, the most extensively
studiedgenetic switchinyeastisthe GAL network. Its behaviour arises from the
complexinterplay of multiple feedback loops the interaction of which is deter-
minedby theirbiochemical parameters. Direct estimation of these parametersis
possible only with modeling, which often remains seriously unconstrained. In
order to overcome this barrier we opened each feedback loop genetically and
titrated the protein concentration of the signal transducers. Using quantitative
proteomics, we wereable to determine invivo macromolecularinteraction con-
stants by minimizing the interferencefrom other feedback loops. Some of these
in vivoparametervalues were in good agreement with previously published in
vitro measurements. Moreover the resulting open loop relations along with
equivalence relations, mappedthe parameter space of deterministic bistability
for the GAL network. Feedback splittingandtransition rates successfully predict-
ed bistability region both correlating with the hysteresis behaviour of the sys-

tem and validating the parameter determination in our models.
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Figure 1.1 Galactose network (Courtesy of Becskei, Attila.
2013).Importofgalactose into the cell by Gal2p activates the
signaling cascade and the catabolism. Galactose activates
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Gal4p toinduce expression of the GAL genes.
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state at the lower input threshold, while starting from low
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QOudenaarden A. Nature 2005. ?).
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Figure 1.5: Triple quads contain 3 quadrupoles in series that
are programed to selectively stabilize your ion of interest.
Quadrupoles act as a mass filter. The DC and RF voltages are

tuned to stabilize particular m/z ranges.
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Figure 2.1: Efficient regulation of the proteins were achieved
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Figure 2.2: Actin normalized dilution series results for
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then samples have been taken every 1.5 hours. Decay
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galactose and in 0.2% glucose (redcircles). The expression of
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GAL4 gene. Here we control the Gal4p expression with
doxycycline which inhibits the transcription factor, tTA,
whose expression is constitutive. Addition of doxycycline
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loopis deleted to isolate Gal4p and DNA interaction

Figure 2.9: Gal network 1*'layer protein interaction scheme.
Gal4p production is controlled by Tet-OFF synthetic system.
Gal4p-Galdphomodimer binds to GCY1 (galactose inducible
glycerol dehydrogenase), GAL7 (Galactose-1-phosphate
uridyl transferase), GFP controlled by GALT promoter to
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induce theirexpression.

Figure 2.10: Expression levels of the GFP (black circle), GAL7
(red diamonds), GCY1 (blue squares) at different Gal4p
concentrations. The measurement was performed in 0.5%

galactose. After the differential equation parameter fitting
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one of the key parameters that we found were: Kdca-ona=1.19
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Adair equation has been used for each genes promoter
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concentrations. The measurement was performed in 0.5%
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Figure 2.20: Expression levels of the GFP (yellow diamonds),
GAL7 (blacktriangles), GCY1 (green squares), Gal80p (orange
squares), and Gal4p (blue circles) at different Gal83p
concentrations. The measurement was performed in 0.5%
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Figure 2.21 Control of expression in target genes. Here we
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Addition of doxycycline stops the expression of the
transcriptional activator (Gal4p) and permits us to determine

its decay rate
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Gal1p production is controlled by Tet-OFF synthetic system.
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repression on the GCY1 (galactose inducible glycerol

dehydrogenase), GAL7 (Galactose-1-phosphate uridyl

transferase), GFP controlled by GAL1 promoter transcription.
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Figure 2.25: Change of intracellular galactose concentration
over time. Efficient regulation of the high affinity galactose
transporter Gal2p is controlled by synthetic Tet-OFF system.
Gal2p repressed cells (orange circles), Gal2p induced cells

(green circles)
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after
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Chapter 1 Introduction

The systemsapproachto problem solving uses both computational and experi-
mental data and is composed of several steps. These include modelling of the
system based on information about the interactions between its components,
testing of the model for perturbations in structure and parameters of the sys-
tem, and validation of the model by experiments. Mathematical models can
then be used to identify the recurring dynamic organizational principles. Inter-
actions identified by in vitro experiments can lead to the candidate models ex-
plaining the in vivo mechanism. Although some system-level properties depend
on the time independent or steady-state stimulus response curves, others de-

pend on the temporal behaviour of the system.

Cellular regulation is a result of complex interplay among various mechanisms
such as DNA-protein and protein-protein binding, autoregulation, compart-
mentalization, and shuttling of regulatory proteins. The yeast Saccharomyces
cerevisiae has long been a preferred organism for studying such cellular regula-
tory systems.' The regulatory circuits ofa number of yeast genes have been well
characterized. One of the most extensively studied geneticswitchinyeastis that
of the GAL (Galactose network) genes. In the absence of glucose in the environ-
ment, S. cerevisiae can use galactose as the carbon and energy source through
Leloir pathway. The regulatory network that controls the Leloir pathway en-
zymesis called GAL system (or GAL switch).? The molecularinteractions inherent
in the GAL system have beenestablished through experiments in molecular bi-
ology. Over the past decade, numerous mathematical models have been pro-

posed to explain the system behaviour of the GAL genetic switch.?

In our work we aim to further understand the GAL network dynamic behaviour

and explain network memory by using a deterministic approach. In order to
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model the network behaviour we aim to establish the most important parame-
tersexperimentally whichare namely binding constants of the interacting regu-

latory proteins and their decay rates using mass spectrometry.

1.1 Galactose network in Saccharomyces cere-
visiae
The galactose network (GAL) gene familyin S. cerevisiae consists of three regula-
tory (GAL4, GAL80,and GAL3)and five structural genes (GAL1, GAL2, GAL7, GAL10,
and MEL1),whichenablesitto use galactose as the carbon source.? The structur-
al genes GALT, GAL7, and GAL10 are clustered but separately transcribed from
individual promoters.However, structural genes GAL2 and MEL1 lie on different
chromosomes. The regulatory gene GAL4 encodes a transcriptional activator
Gal4p that binds to the upstream activation sequences (UASG) of GAL genes as a
homodimer and activates the transcription of the genes.” °” The GAL genes ac-
count for the binding of dimer Gal4p to genes with one binding site (MEL1,
GAL3, and GAL80) and genes with multiple binding sites (GAL1, GAL2, GAL7, and
GAL10). Among these, GAL2 has three, GAL7 has two binding sites, genes GALT
and GAL10 share four binding sites and are transcribed in opposite directions.
The repressor protein, Gal80p, self-associates to form a dimer and subsequently
binds to the gene-Gal4p dimer complex and prevents it from recruiting RNA
polymerase Il mediator complex, thereby preventing the activation of GAL
genes.®? 9" Gal3pisa signal transducer that interacts with Gal80p in response
to galactose. Galactokinase encoded by GALT, the first enzyme of the galactose
catabolic pathway, is bifunctional and also has Gal3p signal transduction activi-
ty, albeitwithaweakresponse.' > Thisisa direct consequence ofgene duplica-

tion that is known to have occurred in its evolutionary history.?

30



Chapter 1
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Figure 1.1 Galactose network (Courtesy of Becskei, Attila. 2013). Import of galactose into the cell by Gal2p
activates the signaling cascade and the catabolism. Galactose activates Gal3p and Gal1p. They form a complex
with Gal80p freeing Gal4p to induce expression of the GAL genes.

1.2  Summary of the GAL switch

In the presence ofinducer, galactose and adenosine triphosphate (ATP), Gal3p is
activated to form a complex with Gal80p in the cytoplasm. This leads to shut-
tling of Gal80p from the nucleus to the cytoplasm, thereby reducing the availa-
bility of Gal80p for binding with Gal4p in the nucleus.' Thus, galactose relieves
the repression through nucleocytoplasmic shuttling of Gal80p. Once the switch
is turned on, the product of the gene GAL2 (permease Gal2p) mediates transport
of galactose into the cells, which further activates Gal3p/Gal1p (Figure 1.7). GAL
system consists of three feedback loops, a positive activation of galactose up-
take by Gal2p,anupregulation of the inducer Gal3p/Gal1p to sense intracellular
galactose, and a negative feedback caused by upregulation of the repressor
Gal80p.

1.2.1 Glucose repression

Glucose is the most abundant and preferred source of carbon and energy. Mi-
croorganisms in particular have evolved complex genetic regulatory mecha-
nisms to shut off the expression of proteins required for the metabolic pathways
that are unnecessary when glucose is used as the source of carbon and energy.
Negative regulation by glucose probably allows microorganisms to sustain with
the minimum metabolic machinery required to propagate itself. This phenome-

non is referredtoas carbon catabolite repression or simply glucose repression.
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In yeast, glucose repression is exerted at multiple levels such as transcription,
proteinand/or mRNA stability, translation post-translational modification, etc.In
the presence of glucose (inhibitor media), the synthesis of Gal4p is inhibited
through Mig1p-mediated repression of GAL genes.'> Among these, GAL80, GAL7,
and GAL2 are indirectly repressed through Mig1p-dependent repression of
Gal4p, whereas GAL1, GAL10, GAL4, GAL3, and MEL1T are directly repressed by
Miglp in addition to the indirect repression. In a non-inducing and non-
repressingmedium (NINR, such as raffinose), Gal80p is bound to the DNA-Gal4p
dimer complex in the nucleus and maintains the switch in a repressed state.
Withrespectto GAL switchglucose inhibition occurs at three levels. One, at the
level of galactose transport by reducing the availability of Gal2p, where both
GAL2transcriptionis downregulated and GAL2p decay rate is increased by glu-
cose dependent ubiquitination.? Second, by reducing the level of the signal
transducer, which is at the level of GAL3/GALT and third by far the most domi-

nant mechanism is repressing the transcription of GAL4 via Mig1p.

1.3 Hysteresis memory

Although the existence of multiple stable phenotypes of living organisms ena-
blesrandom switching between phenotypes as well as non-random history de-
pendent switching called hysteresis, only random switching has been consid-
eredin priorexperimentaland theoretical models ofadaptation to variable envi-
ronments. Adaptation of organisms to time-varying and often uncertain envi-
ronments is a classical problem in evolutionary biology. Existence of multiple
phenotypesandrandom switching between them establishes phenotypic diver-
sity within the population and has been suggested as a form of bet-hedging
strategy that increases the chances of survival and growth rates of the total
population.'® Phenotypic multi-stability in biological systemsis related with per-
sistentmemory of history called hysteresis. The term “hysteresis” seems to have
been coined by James Alfred Ewing'’ in connection with the ability of some
magnetic materials to retain their magnetization state long after the magnetiz-

ing magnetic field has been removed. Today it is used much more broadly to
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referto any memorybasedrelationship between an input and state of a system
that does not depend on the rate at which the input varies in time.'® The most
basic,yet non-trivial, hysteresis is exemplified by a bi-stable relay in Figure 1.2,
where the current state of the relayis determined not only by the external input,
butalso by the previousrelay state. The key characteristic of the bi-stable relay
hysteresis is the threshold separation, which is the difference between the val-

ues of the external input at which the state switches.

state
(phenotype)
A
HIGH state

LOW state \I/ l\
|
: Bi-stability : input
1 range | (environment)

Figure 1.2: When the state is high, therelay switches to low state at the lower input threshold, while starting
from low state the relay switches to high state at an upper threshold. Thus, as long as the current input is
within the bi-stability range (i.e. between the thresholds), the relay remembers whether the input has entered
thisrange from below or from above.

1.4 Long term adaptation of GAL network

One of the examples of a bi-stable relay hysteresis in biological systems is the
history dependent behaviour of the GAL network studiedin Saccharomyces cere-
visiae yeast. GAL network can be viewed as a collection of genes associated with
transportand metabolism of galactose. Acar and Becskei? alongwith prior work
of others, demonstrated that two phenotypes each associated with “on” and
“off” state of the GAL network expression can be obtainedfrom the same culture
of genetically identical yeast. The fraction of each corresponding sub-population
depended on the history of the exposure to the inducer. The GAL network was
induced (switched on) when the extracellular inducer concentration (input, ga-
lactose) exceeded an upper threshold. The network was switched off when the

inducer concentration fell below the lower threshold. Both phenotypes remain
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stable through multiple generations of the yeast culture after the extracellular
concentration of the inducer is reduced to lower levels, but not removed com-

pletely.

Complex networks constituting positive feedbacks can store cellular memory by
creating two or more stable states.'® ?° Bistability by simple feedback loops in
synthetic circuits is well understood.?' However, naturally occurring networks
that possess multiple feedbackloops, are much more complicated when making
an analysis of system’s dynamics.? One of the examples of these naturally occur-
ring networks is the GAL, galactose signalling pathway in the yeast Saccharomy-

ces cerevisiae.

The GAL system has three positive feedback loops mediated by synthesis of
Gal1p, Gal3p and Gal2p and a negative feedback effect achieved by synthesis of
Gal80p. These feedbacks prevent the reversion of established phenotypesin the
presence offluctuationsin the environment. Experimentsindicate that the posi-
tive feedback effect through Gal3p or Gal1p positive feedback is necessary to
reliably store long term memory on previous galactose expressions over hun-
dreds of generations.”? ¢’ However, the negative feedback effect via Gal80p
competes with the positive feedback effect of Gal3p to reduce memory stor-
age.”?Thus, the GAL system presents two stable expression states depending on

previous exposure to galactose or raffinose media (Figure 1.3).
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gLf\ 0.05 \

P.,.,YFPflourescence

Figure 1.3: Blue distributions represent cells that were initially grown in 2% raffinose and red distributions
represent the cells that wereinitially grown in 2% galactose for 12 hours. After this 12 hours cells were grown
for 27 hin a galactose gradient (Eigure taken from Acar M, Becskei A, van Qudenaarden A. Nature 2005.%?).

1.5 GAL network signalling layers

The GAL network constitutes a four layer signalling cascade. In the uppermost
layer there is Gal2p, which imports extracellular galactose into the cell (purple
layer Figure 1.4). Subsequently, intracellular galactose binds to Gal3p and Gal1p
to activate them. At this stage (third or greenlayerin Figure 1.4) Gal3p and Gal1p
sequesters Gal80p from Gal4p. Gal1p and Gal3p binds to Gal80p in the cyto-
plasm, depleting Gal80p from the nucleus. The transcriptional activator Gal4p
(firstor orange layerin Figure 1.4), whichis constitutively bound to promoters of
the GAL genes, is then released from the inhibitory action of Gal80p (second or
blue layer in Figure 1.4) and induces the transcription of GAL network genes,
including GALT, GAL2, GAL3 and GALS8O. Since Gal1p, Gal2p, and Gal3p induces
transcriptional activity in GAL genes they constitute the three positive feedback
loops. The opposite effect happens when there is an increase in Gal80p where
the GAL gene expressionis repressed. Hence, Gal80p creates the negative feed-

back loop.
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Figure 1.4: GAL network signalling layers. Import of galactose into the cell by Gal2p activates the signalling
cascade and the catabolism. Galactose induce the sequestration of Gal80p by forming a complex with Gal80p
enabling Gal4p to activate the expression of the GAL genes.

Whenyou have a relatively bignetwork like GAL, one needs to establish most of
the parametersindividually. For this purpose, we isolate different layers of galac-
tose regulatory interactions (Figure 1.4) and measure the previously unpublished
in vivovalues.We use mass spectrometry in order to measure the absolute pro-
tein concentrations and decay rates. Which then we use to fit the dissociation
constants of the regulatory proteins that form the feedback loops using the re-
sponse of MRNA of the regulated genes to calculate the interactions between
regulatory proteins regulate the feedbackloopsin the galactose network which
are governed by four major complexes exist (Gal4p-DNA, Gal4p-Gal80p, Gal1p-
Gal80p, and Gal3p-Gal80p).

Evidently, GAL network’s actual behaviour arises from the complex interplay of
feedback architecture with microscopic biochemical parameters. However, in
orderto understand this interplay it seems we mustfirst comprehensively char-
acterize avast numberofrelevant parameters— species concentrations, reaction
rates, binding constants, and so on. Thisexpanse of biochemical detail presents
a fundamental barriertodevelopinga predictive, experimentally falsifiable de-
scription of GAL network. In order to overcome this barrier we determine the
neededdetails with quantitative proteomics using mass spectrometry selected

reaction monitoring.
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1.6 Quantitative proteomics

The objective of some proteomics experiments is simply to identify the proteins
that are found in a given sample, and this form of analysis is quite descriptive.
Once identified, the accurate quantitation of proteins is a vital aspect of prote-
omics. There are several well-established methods for the quantitation of indi-

vidual proteins, either in solution or using a solid-phase assay.

The quantity of an individual protein can be detected using Immunoassays in
which specific antibodies are used as labelled probes. The western blot or im-
munoblot is a convenient way to compare the abundances of proteins. In this
technique, proteins separated by gel electrophoresis, with different samples
representedindifferentlanes. The antibody may be conjugated on its own radi-
oactive, fluorescent, or enzymatic label which provides a direct detection ora
secondary antibody may be used that recognizes the primary antibody and
therefore amplifies the signal (indirect detection). This allows very small
amounts of proteinto be detected. The accurate quantitation of individual pro-
teins in solution can be achieved using a solid-phase immunoassay in which a
capture antibody specific for the target protein is immobilized on a polymeric
sheet. The adaptation of such assays for proteomic analysis is difficult because
evenifantibodies couldbe found to bind to every protein in the proteome, the
signal intensity for each antigen-antibody interaction would depend not only on
the abundance of the target protein but also on the strength of the antigen-

antibody binding.

There are several methods for determining the total concentration of proteins in
solution, each of which exploits properties that are general to all proteins. One
widely used methodis the measurement of UV (ultraviolet) absorbance. This is a
non-destructive method, allowing the proteins to be recovered for further anal-
ysis. Therefore, itis used not only for quantitation but also to detect protein and
peptide fractions eluting from HPLC columns. The UV light is absorbed by aro-
matic amino acid residues (tyrosine and tryptophan) as well as by peptide

bonds. Other protein assay methods are colorimetric or fluorometric and are
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basedon covalent or noncovalent dye binding or chemical reactions. The Brad-
ford assay measures the degree of binding to Coomassie Brilliant Blue dye. The
Lowry assay and the related BCA (bicinchoninic acid) assay are based on the
reduction of copperionsinthe presence of proteins, resultingin the chelation of
a colourless substrate and the production of a coloured complex that can be
detected usinga spectrophotometer. Most of the methods that we describe are
both destructive suchas radioactive labelling and immunoassays or are general
to all proteins suchas absorbance using differentassays. However, itis necessary
to compare the abundances of thousands of proteinsin parallel across multiple
samples in typical proteomics experiments. One of the most commonly used
and precise ways is based on comparing the abundance of ions across samples

by mass spectrometry.

Systems biology require the detection and quantification of large numbers of
analytes. Proteomic studies are commonly performed using a shotgun ap-
proach, in which the sample proteins are enzymatically degraded to peptides,
which are thenanalysed by mass spectrometry (MS).?* Selected reaction moni-
toring (SRM) has improved upon shotgun proteomic approaches. SRM exploits
the unique capabilities of triple quadrupole (QQQ) MS for quantitative analysis.
In SRM, the first and the third quadrupoles act as filters to specifically select pre-
defined m/z values corresponding tothe peptide ionanda specific fragmention
of the peptide, whereas the second quadrupole serves as collision cell (Figure

1.5).

Q1 Q2 (CID) Q3
—_—
e ) e ]
lonsource ___y oy ——> GRS > o—
o om— . o

Quadrupole Filter ’\

Figure 1.5: Triple quads contain 3 quadrupoles in series that are programed to selectively stabilize your ion of
interest. Quadrupoles act as a mass filter. The DC and RF voltages are tuned to stabilize particular m/z ranges.
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Several suchtransitions (precursor/fragmention pairs) are monitored over time,
yielding a set of chromatographic traces with the retention time and signal in-
tensity for a specific transition as coordinates. The two levels of mass selection
with narrow mass windows resultina high selectivity, as co-eluting background

ions are filtered out very effectively (Figure 1.6).%*

Q2 Q3
_
lon I @ I
Source —> . LJ . Q — .9. .. e o o 0 o o —> Detector
A _ h

Fragmentation

Q1: Peptide mass is selected (parent ion)
q2: peptide is fragmented via collision induced dissociation
Q3: Peptide fragment is selected (fragment ion)

Parent ion to fragment ion mass change is called a “transition”
Usually = 3 transitions are monitored for each peptide of interest

Figure 1.6: Schematicdepiction of triple quads contain 3 quadrupolesin series that are programed to selective-
ly stabilize your ion of interest.

Unlike in other MS-based proteomic techniques, full mass spectra are not rec-
orded in QQQ-based SRM. The selective nature of this mode translates intoan
increased sensitivity three orders of magnitude compared with conventional
techniques.”® In addition, it results in a linear response over a wide dynamic
range up to six orders of magnitude. This enables the detection of low-
abundance proteins in highly complex mixtures. Absolute quantification using
SRM (selectedreaction monitoring) is solemnly dependenton the ratio between
selected standard heavy peptides and their endogenous counterparts (Figure

1.7).%¢

— e E—
NLTSSGDH
GAL1 / YBRO20W
SGDHDISK

.NIVKTSSGDHDKISN 5 NITSS . pHpisk SGDHDISK
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— e [

Unique peptide identifies the protein and transitions identify the parent
NLTSSGDHDISK e SGDHDISK
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NLTSSGDHDISK b NLTSS

Figure 1.7:Schematic depiction of peptide selection and fragmentation in triple quads system.
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1.7 Detection of bistability and hysteresis in

GAL network using input output method

One appealing class of systems in which to study this phenomenon is that of
monotone systemswith inputs andoutputs motivated by applications in molecu-
lar biology modelling. Monotone systems with inputs and outputs constitute a
natural generalization of classical (no inputs and outputs) monotone dynamical
systems, whichare those for whichflows preserve a suitable partial ordering on
states. Our work is grounded upon the rich and elegant theory of monotone
dynamical systems, ¥ which provides results on generic convergence to equilib-
ria,and, more generally, on the precise determination of the locations and num-

ber of steady states.

r-e--- Input

— X

L _ _ _ _ ¥ Output

The line of equivalence ~
4

8t put ,

Input-output response
»

Lgd
Input

Figure 1.8: Steady-state 1/0 (input-output) response curve. The blue line represents output as a function of
input and the dashed black line representsthe line of equivalence. There are three intersection points (A, B,
and C), which represent two stable steady states (A and C) and one unstable steady state (B). Figure has been
inspired from Angeli, 2003.57

The model-independent strategy that is described by Angeli®’ is powerful and
broadly applicable: the steady-state response of a feedback system, if it exists,
will be at one of the self-consistent points where the input-output characteristic
intersects the line ofequivalence. However the converse is not true: not all these
self-consistentintersections represent feedback steady-states. It is theoretically
possible to predict stability properties if the system under consideration is mon-

otone, a subtle technical requirement related to the internal structure of the
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black box; however, there is no direct method to determine if a given black box

is monotone.
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Chapter 2 Results

We have determined the in vivo values of decay rate and the binding constants
of galactose regulatory proteins layer by layer. When you have a relatively big
network like GAL, one needs to establish the parametersindividually by isolating
different parts of the network. Using the feedback splitting, we have determined
galactose regulatory interactions and measured the previously unpublished in
vivo values. We used mass spectrometry in order to measure the absolute pro-
tein concentrations and decay rates. Which then we fit the response by measur-
ing the mRNA of the GAL genesto calculate the interactions betweenregulatory
proteins that control the GAL network. Galactose network feedback loops are
governed by four major complexes (Gal4p-DNA, Gal4p-Gal80p, Gal1p-Gal80p,
and Gal3p-Gal80p). In order to have a more comprehensive picture of the GAL
network dynamic behaviour, we carry our experiments in both galactose and

glucose media. Glucose is a key regulators of GAL network (see section 1.2.1).

2.1 Measurement of in Vivo decay rates of GAL

regulatory proteins

In this section, we are going to measure the decay rates of GAL regulatory pro-
teins using the total concentrations we measure through targeted mass spec-
trometry. Efficient regulation of the proteins were achieved through synthetic
regulation using a tetOFF system (Figure 2.8). Addition of doxycycline stops the
expression of the gene whose protein we are interestedin (Gal1p, Gal3p, Gal4p,

and Gal80p).
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Figure 2.1: Efficient regulation of the proteins were achieved through synthetic regulation using atetOFF
system.

Before measuring the decay rate of GAL regulatory proteins there are two neces-
sary control experiments to be done. First is to measure the sensitivity of the
SRM measurements by titrating a fullyinduced cell with a deletion strain to cre-

ate a gradient and check the precision during the measurement (Figure 2.2).
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Figure 2.2: Actin normalized dilution series results for Galactose network proteins (protein/cell). Cells have
been grown overnight and refreshed in the moming afterwards a dilutionseries been made with their deletion

strains to check the precision of mass spectrometry.

We calculate the protein concentration in the cell pellet by simply measuring
the ratio betweenthe peak intensities of our proteins peptide and the labelled
heavy peptide.By measuring the number of cells by total weight of the protein
we can reach the absolute number of proteins in cell (see section 4.3.1.1-

Absolute quantification of protein concentration by targeted LC-MS).

Ppeak area

Equation 2.1: PrOteinnumber Jeell = Ninjected cell numberNavogadro Hconc

Hpeak area

We can seein the upper figure that the proteomics measurements are reliable
until the 150 protein/cellnoise level. Secondly, we have considered the fact that
translational interference due toa stable remainingmRNA could have an impact

on the protein decayrate. We measure the mRNA decay rates of GAL regulatory
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genes, where we determined that the decay rate of RNA is quite fast compared

to the protein data that we obtained (Figure 2.3).
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Figure 2.3 GAL mRNA decay over time afteraddition of 10 pg/ul of doxycycline. Half-life gal4 mRNA:7.55 min.
After making sure that there is no interference from mRNA and linear range of

detection with proteomics is at least 100 fold. We measure the decay rates of

GAL regulatory proteins.

We assume that protein is produced at a basal rate of b and is degraded at the
rate of y. The production and decay process for the total concentration of pro-
teinis simply modelled by the following differential equation,

Equation 2.2: %GALPT(t) =bga, —Year GALpr(t), GALp(0) = GAL,.

The exact solution of system (Figure 2.4) is given by the following function of

time,

Equation 2.3: GALp7(t) =Y, + Aefot,

Where,

Equation 2.4: Ry = —Vou, A= GAL,— 264 vy, = toa
YG AL YeaL

In what follows, we perform the nonlinear regression using Equation 2.3 and

estimate the parameter values given in equation Equation 2.4.
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Remark 1: In using the nonlinear regression, we will always use the relative

weighting (weighting by %) in our entire data analysis.

Remark 2: In the decay experiments the initial OD 600 was 0.4. We have diluted
the samplesevery 1.5 hours (during sample taking) keeping the cell concentra-
tion lowerthan OD600=1 over the course ofthe whole experiment making sure
the cells were in exponential growing conditions (see Figure 4.25 in section
4.3.1.2.1-Using GFP fluorescent protein and measuring growth during decay

experiments).

2.1.1 Gal4p decay measurement

In this section, we are going to measure the decay rate of the total concentration
of Gal4 protein. Efficient regulation of the key transcription factor Gal4dp is
reached by promoter replacement with tetOFF system. Addition of doxycycline

stops the expression of the transcriptional activator (Gal4p).

The concentration of total Gal4p in galactose and glucose media for different

timesis givenin Table 2.1.

Table 2.1: The total concentration of Gal4 protein in galactose and glucose media.

Gal4p decay in Galactose Gal4p decay in Glucose

Time Galdp SD Time Galdp SD

(Hours) (nM) (nM)  (Hours) (nM) (nM)
0 4236 1181 O 50.25  9.27
1.5 2304 777 15 2606  5.03
3 1120 533 3 12.84 144
45 6.00 269 45 6.20 1.72
6 3.75 108 6 3.26 142
7.5 1.76 047 75 2.05 0.31
9 1.95 249 9 2.12 1.61
10.5 2.17 048 105 1.97 1.80
12 2.55 165 12 2.13 1.32
20 1.81 029 24 2.13 1.68
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Equation 2.3 is now used to find the estimates for the decay rate of Gal4p

(Equation 2.4). Results of nonlinear regression are illustrated in Figure 2.4.
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Figure 2.4: Gal4p decay in galactose and glucose media. Expression has been stopped with 10 pg/pl of doxycy-
cline then samples have been taken every 1.5 hours. Decay measurements of the Gal4p (black squares) in 0.5%
galactose and in 0.2% glucose (red circles). The expression of GAL4 gene was shut off at t=0 hours.

The parameter estimates with the corresponding standard errors and confi-

dence intervals are givenin.

Table 2.2.

Table 2.2 Parameter estimates for Gal4p decay in galactose and glucose media. Expression has been stopped
with 10 pg/pl of doxycycline then samples have been taken every 1.5 hours.

Galactose Glucose
9Gal80p 0.501 UGal80p 0.460
SE scaisop  0.017  SEgcaiop 0.013

For the lower concentrations of Gal4p in galactose medium, the data points are
a bit scattered around the curve. However, the parameter estimates and the
corresponding errors suggest that the results of data fitting are good and relia-
ble.Forthe data valuesin glucose, at lower concentrations, data points are more

deviatedfrom the fit and the errors are higher compared to galactose medium.
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This can be explain by the fact that we are getting closer to the detection limits
of MS/MS.

2.1.2 Gal80p decay measurement

In this section, we are going to investigate the decay process of the total con-
centration of Gal80 protein. Like previous section, the efficient regulation of
Gal80p is reached by synthetic regulation. Addition of doxycycline stops the
expression ofthe transcriptional repressor (Gal80p) and permits us to determine
its decay rate. The concentration of total Gal80p in galactose and glucose media

for different times is given in

Table 2.3.

Table 2.3: The total concentration of Gal80 protein in galactose and glucose media.

Gal80p decay in Galactose Gal80p decay in Glucose

Time Gal80p SD Time Gal80p SD
(Hours) (nM) (nM) (Hours) (nM) (nM)
0 1254.47 151.04 O 1378.81 283.84
1.5 739.21 5596 1.5 676.45 28.99
3 398.84 3.28 3 363.07 16.57
4.5 208.91 4506 45 156.86 27.11
6 149.04 6.19 6 84.04 18.80
7.5 70.45 9.83 7.5 44.20 16.08
9 52.24 1060 9 32.06 10.41
10.5 58.91 9.64 10.5 53.37 13.46
12 57.35 5.63 12 57.95 16.23

Equation 2.3 is now used to find the estimates for the parameters of system

(Equation 2.2). Results of nonlinear regression are illustrated in Figure 2.5.
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Figure 2.5: Gal80p decay in galactose and glucose media. Expression has been stopped with 10 pg/ul of
doxycycline then samples have been taken every 1.5 hours. Decay measurements of the Gal80p (black squares)
in 0.5% galactose and in 0.2% glucose (red circles). The expression of GAL4 gene was shut off at t=0 hours.

The parameter estimates with the corresponding standard errors and confi-

dence intervals are given in Table 2.4.

Table 2.4 Parameter estimates for Gal80p decay in galactose and glucose media. Expression has been stopped
with 10 pg/pl of doxycycline then samples have been taken every 1.5 hours.

Galactose Glucose
9Gal80p 0.461 9Gal80p 0.503
SE scalsop 0.017 SE scalsop 0.013

2.1.3 Gal3p decay measurement

In this section, we measure the decay rate of Gal3 protein. Efficient regulation of
the key transcriptionfactor Gal3p is reached by synthetic Tet-OFF system (Figure
2.1). Addition of doxycycline stops the expression of the transcriptional re-
pressor (Gal80p) and permits us to determine its decay rate. The concentration
of total Gal3p in galactose and glucose mediafor differenttimesis givenin Table

2.5.
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Table 2.5: The total concentration of Gal3 protein in galactose and glucose media.

Time Galactose  Glucose
0 524.9 665.7
1.5 358.4 354.5
3 213.7 197.9
4.5 114.1 111.1
6 75.7 79.4
7.5 37.2 396
9 224 171
10.5 114 8.1
13 53 4.4
20 49 32

Equation 2.3 is now used to find the estimates for the parameters of sys-

tem. Results of nonlinear regression are illustrated in Figure 2.6.
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Figure 2.6: Gal3p decay in galactose and glucose media. The expression of GAL3 gene was shut off at t=0
hours. Expression has been stopped with 10 pug/ul of doxycycline. Samples have been taken every 1.5 hours.
Decay measurements of the Gal4p (black squares) in 0.5% galactose and in 0.2% glucose (red circles).

The parameter estimates with the corresponding standard errors and confi-

dence intervals are givenin Table 2.6.
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Table 2.6 Parameter estimates for Parameter estimates for Gal4p decay in galactose and glucose media. Ex-
pression has been stopped with 10 pg/ul of doxycycline then samples have been taken every 1.5 hours.

Galactose Glucose
ﬁGaHp 0.446 ﬂGaHp 0.528
SE 9Gallp 0.011 SE 9Gallp 0.014

2.1.4 Gallp decay measurement

In this section, we measure the decay rate of Gal1 protein. Efficient regulation of
the key transcription factor Gal1p isreached by synthetic Tet-OFF system. Addi-

tion of doxycycline stops the expression of the signal transductor (Gal1p) and

permits us to determine its decay rate.

Table 2.7: The total concentration of Gal1 protein in galactose and glucose media.

Time Galactose  Glucose

0 3863.0 3641.5
1.5 3127.2 2050.5
3 1655.6 1426.7
4.5 919.8 844.3
6 551.9 584.6
7.5 367.9 357.8
9 184.0 161.1
10.5 90.2 120.2
13 517 79.8
20 429 329

Equation 2.3 is now used to find the estimates for the parameters of system
(Figure 2.7).
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Figure 2.7: Gal1p decay in galactose and glucose media. Expression has been stopped with 10 pug/ul of doxycy-
cline then samples have been taken every 1.5 hours. Decay measurements of the Gal 1p (black squares) in 0.5%
galactose and in 0.2% glucose (red circles). The expression of GALT gene was shut off at t=0 hours.

The parameter estimates with the corresponding standard errors and confi-

dence intervals are givenin Table 2.8.

Table 2.8 Parameter estimates for Parameter estimates for Gal4p decay in galactose and glucose media. Ex-
pression has been stopped with 10 pg/ul of doxycycline then samples have been taken every 1.5 hours.

Galactose Glucose
Fealtp 0425 Yaanp 0.515
SE scanp 0.013  SE scannp 0.018

2.1.5 Conclusion

Having established a synthetic control on transcription of GAL genes and a
methodto precisely measure absolute protein concentration, we looked at the
effect of media on protein degradation and profiled in vivo protein turnoverin
the presence of the carbon source galactose and glucose. Growth in galactose
causes a significant change in the metabolic profile of yeast, resultinginanin-
crease intheirdoubling time from ~ 1.5 to 2 hours. ?” However, the overall distri-
bution of half-lives measuredin this condition was similar to the turnover profile

generatedfor yeast grown in glucose, with an average half-life of 1.5 to 2 hours.
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Thus, glucose dependent ubiquitination of Gal2p is the single example of
change in GAL regulatory proteindecay rate. RNA decay does not interfere with

our measurements since it has a much faster decay rate than proteins.?®

2.2 Determination of in vivo dissociation con-

stants of GAL regulatory proteins

GAL network’s dynamic behaviour arises from the complexinterplay of feedback
architecture with microscopic biochemical parameters. However, in order to
understand thisinterplay it seemswe must first comprehensively characterize a
vast number of relevant parameters— one of the most important being the pro-

tein binding constants.

When fitting the binding constants of the regulatory GAL proteins we can use
the decay data. Samples we obtain from our decay experiments, described in
the previous section (2.1-Measurement of in Vivo decay rates of GAL regulatory
proteins), givesaconcentration gradient of GAL proteins. This enables us to use
the same data to fit the binding constants of the regulatory proteins. By this way

we hit two birds with one stone.

We determine the binding coefficients by fitting a function where the absolute
number of the regulatory proteins control GAL gene’s transcription levels. In
otherwords, we measure the response of the network by using the transcription
levels of GAL geneswhichis controlled by the gradient of the regulatory protein.
We already know that the mRNA decay is muchfaster than protein whichmeans

they reach steady state levels instantly relative to proteins.

We use three genes with different binding sites to measure the response to the
regulatory protein concentration change. Using genes with different binding
propertiesenables ustogeta better fitand provides a better information about
cooperative binding of the proteins. We choose genes that are present consist-
entlyin every one of our constructs to protect the symmetry of our work. We use

GCY1 whichis a GAL4 induced Glycerol dehydrogenase; involved in an alterna-
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tive pathway for glycerol catabolism used under micro aerobic. GCY1 is similar
to GAL3 is controlled by GAL4 and has a single binding site. Another gene we
use is the GAL7, Galactose-1-phosphate uridyl transferase; synthesizes glucose-
1-phosphate and UDP-galactose from UDP-D-glucose and alpha-D-galactose-1-
phosphate inthe second step of galactose catabolism. One of the main reasons
we use GAL7 is that it has a good dynamic range and is present in all of our con-
structs. The third gene we use is the YFP, Yellow fluorescent protein is a genetic
mutant of green fluorescent protein originally derived from the jellyfish Ae-
quorea victoria.In all of our strains, YFP is controlled by a GAL1 promoter. It has
three bindingsitesandit’simportant along with GAL7 to establish our parame-
tersinvolvedin cooperative binding. Using YFP is also important for the fact that
we are using GAL1-YFP mRNA input out system to explain the hysteresis

memory in GAL network.

To demonstrate how we use the GAL genes to determine the protein interac-
tions, let’sassume that fast decaying GAL mRNA is at steady state at that particu-
lar time point during our decay measurements. We can fit, for instance, Gal4p
protein level and GAL mRNA level to find the dissociation constant of Gal4p -

DNA with the following formula.

dGALgna Galdp v
d—t = basalgarmrna — Vnax Galdp + chmp o — 'GALmMRNA decay rate GALmrNa

Then for any time point during our experiment the GAL mRNA enables us to fit

Kb.

Galdp
basalGALmRNA - Vmax Gal4p + KdGaMp _DNA

Y
GALMRNA decay rate

GALmpyna =

Likewise we applied this approach to the rest of the regulatory proteins (Gal1p,
Gal3p,and Gal80p)inorder to measure their decay rates and binding constants
to their counterparts. Of course with the addition of each layer (Figure 1.4) our
functions become more nonlinearand complicated. This is why we use this lay-
eredapproach toisolate the parameters and fix in the upper layers. Current ef-

forts are aimed at fitting the data (decay; section 2.1, binding constant; this sec-
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tion). Next we are aiming at determining the galactose uptake and its metabo-

lism in order to have a complete overview of the system (section 2.3).

2.2.1 Isolation of GAL4: The transcriptional activator

Gal4p homodimer binding to DNA

The regulatory gene GAL4encodesatranscriptional activator Gal4pthat binds to
the upstream activation sequences (UASG) of GAL genes as a homodimer and
activates the transcription of the genes. The GAL genes account for the binding
of dimer Gal4p to genes withone bindingsite (GAL3,and GAL80) and geneswith
multiple binding sites (GAL1, GAL2, GAL7,and GAL10).

In the first layer of the GAL network, the GAL80gene is deleted;as a result, Gal4p
can activate the expression of other genes without any repression from Gal80p.
It is important for our measurements to determine the dynamic behaviour of
Gal4p protein since it is the core transcriptional activator for all the GAL genes
and will lay down the foundation for our investigation of upper levels (Figure
1.4). We have replaced the Gal4p endogenous promoter with doxycycline re-
pressible system. Transcriptional control of Gal4p protein with doxycycline ena-
bles us to precisely create a gradient where we can measure the response of
Gal4p controlled genes. We use targeted mass spectrometry to measure the in
vivo Gal4p concentration. By using a GAL80 deletion strain (AGAL80), we omit
the negative feedback loop that represses GAL gene activation. This basically
isolates the Gal4p-DNAinteractionand enables us todirectly calculate the bind-
ing constant of GAL4p to DNA by fitting the concentration of Gal4p with the
response of the Gal4p target mRNAs (Figure 2.8).
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Figure 2.8 GAL network first layer. Control of expression of GAL4 gene.Here we control the Galdp expression
with doxycycline which inhibits the transcription factor, tTA, whose expression is constitutive. Addition of
doxycycline stops the expression of the transcriptional activator (Gal4p) and permits us to determine its decay
rate. Gal80p feedback loop is deleted to isolate Gal4p and DNA interaction.

Gradedexpression of Gal4p protein with doxycycline enables us to measure the
binding constant of Gal4p to DNA. More specifically we measure the response
by using the transcription levels of a target gene which is controlled by given

level of Gal4p protein (Figure 2.9).
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Figure 2.9: Gal network 1% layer proteininteraction scheme. Gal4p production is controlled by Tet-OFF synthet-
ic system. Gal4p-Gal4p homodimer binds to GCY 1 (galactose inducible glycerol dehydrogenase), GAL7 (Galac-
tose-1-phosphate uridyl transferase), GFP controlled by GAL1 promoter to induce their expression.

We use a set of differential equations for the 1**layer to fit the GAL7/GCY 1/GFP
response (see section 4.4.3). The available biological data expresses the total
concentration of proteins; therefore, we need to first express the free protein
concentrations with respect to the total concentrations by applying algebraic
constrains in our ordinary differential equations. We arrive at the following

equations;
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dGaldp e,

dt = basalG4pfree - ZG4pfree2konG4pG4p + 264’pcnmplex koffG4pG4p - yG4pfree G4’pfree

d C4pcomplex—humodimer

dt

= basalc4pcnmplex - 264’pfreek0nG4pG4p + 2C4’pcomplexkoffG4pG4p

- yC4pcomplex C4’pcnmplex
Where C4 represents [G4:G4] complex. Here, we assume that there is homodi-

merization. The algebraic constrains are;

Galdpiora = Galdpsree + 2 CADcompiex-nomoaimer
We have assumed that Gal4p binds to DNA only as a dimer.” It has long been
known that Gal4 dimerizationis essential for Gal4 function in vivo (Keegan et al.,
1986). *° Addition of homodimerization mechanism to the set of equations not
only reduces the hill coefficients butalso represents a more realistic mechanism
for the Gal4p-DNA interaction. (Compare this number with the previous results
where there was no homodimerization (section 4.1)). We have switched our
equations from hill functionto Adair. This not only enabled us to write promoter
saturation functions in the 2" layer where we use incomplete repression but
also improvedthe model according to Akaike’s Information Criteria (see section
4.4.3.3.3-Comparing models using Akaike’s Information Criterion (AlC)). Follow-
ing set of ordinary differential equations (ODE) represent the Gal4p homodimer-
ization and GCY1 induction by Gal4p homodimer (for the full set of equations,

checksection4.4.3-Galdp homodimerization and Gal4 pHomodimer DNA dissociation

constant).
d 2
a G4pp(t) =bgy — 2 kongms GApr()* + 2 kof faima C4E) —ya G4pr(L),
d 2
I C4(t) = koNgima G4pr()? — kOf fiima C4() —ya C4(0),
dGCYlmRNA C4pcomplex
———— = basalgeyim — Ve — Yecvimrna GCY1,
dt GCY1mRNA C4Peompior + Koy oma GCY1mRNA RNA

We do a global fitovertime where we use the available mRNA dataand the total
protein concentration data we have from our 1° layer measurements (see sec-

tion 4.4.3 and Table 2.1).
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Figure 2.10: Expression levels of the GFP (black circle), GAL7 (red diamonds), GCY1 (blue squares) at different
Gal4p concentrations. The measurement was performed in 0.5% galactose. After the differential equation
parameter fitting one of the key parameters that we found were: Kdcsona=1.19 nM, Kdgais-cas=13.90 uM,
Yca14=0.50 hour', Galactose=0.5%. Adair equation has been used for each genes promoter saturation function
where enhancement factor for cooperative binding was fit as 35.45.

We have measured the effect of glucose media on Gal4p-DNA binding. Our fit-

ting shows that the effect of glucose is not really visible in 1** layer protein DNA

interactions.
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Figure 2.11: Expression levels of the GFP (black circle), GAL7 (red diamonds), GCY1 (blue squares) at different
Gal4p concentrations. The measurement was performed in 0.5% galactose+0.2% glucose. After the differential
equation parameter fitting one of the key parameters that we found were: Kdcapna=1.33 nM, Kdgais-ca4=16.17
UM, Y6a4=0.49 hour™. Adair equation has been used for each genes promoter saturation function where en-
hancement factor for cooperative binding was fit as 39.45. Another important observation would be the fact
that galactose and glucose media does not really affect the Gal4p decay, dimerization and it's binding to DNA.,
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Table 2.9:Fitted parameters of MRNA response to Gal4p decayin 0.5% Galactose and 0.2% Glucose.

Galactose Glucose
Kd GAL4 homodimerization (UM) 1 390 Kd GAL4 homodimerization (UM) 1 61 7
Kd aia-ona binding (NM) 1.19 Kd ais-ona binding (NM) 1.33

We can seein Table 2.9 that neither the homodimerization not the DNA binding
of the Gal4p protein changes due to glucose effect. At this point we can say that

the glucose effect is still solemnly on Gal2p.*’

2.2.2 Isolation of GAL80: The repressor Gal80p ho-
modimer forms a tetramer complex with Gal4p

homodimer

In the second layer of galactose network we will be focusing on the Gal80p de-
cay and the Gal4p-Gal80p binding (Figure 2.12). To determine the affinity of the
Gal4p-Gal80p interaction, we engineered a double deletion strain (see section
4.1) where we deleted two signal transductors (Gal 1p and Gal3p) that sequesters
Gal80p from the nucleus to the cytoplasm. GAL8O0 is a transcriptional regulator
involvedin the repression of GAL genes; involvedin the repression of GAL genes
in the absence of galactose; inhibits transcriptional activation by Gal4p; inhibi-
tion relieved by Gal3p or Gal1p binding. Transcriptional control of Gal80p pro-
tein was achieved with doxycycline. We use targeted mass spectrometry to
measure the invivo Gal80p concentration. We use a AGALTAGAL3 strain where
we delete the maintwo feedback loops upper in the galactose regulatory layer.
This basically isolates the Gal4p-Gal80p interaction and enables us to directly
calculate the binding constant of GAL80p to Gal4p by fitting the concentrations
of Gal80p, Gal4p with the response of the GAL network mRNAs.
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Figure 2.12 Control of expression in target genes. Here we control the Gal80p expression with doxycycline
which inhibits the transcription factor, tTA, whose expression is constitutive. Addition of doxycycline stops the
expression of the transcriptional repressor (Gal80p) and permits us to determine its decay rate. Gal1p and
Gal3p feedback loops are deleted to isolate Gal4p and Gal80 interaction.

In this section we will use the decay data available and the corresponding mRNA
valuesto calculate the Gal4p-Gal80p dissociation constant. Since we isolated the
interaction of Gal80p with Gal4 by deleting Gal3p and Gal1p sequestration we
can use the graded expression of Gal80p protein with doxycycline to fit the
binding constant of Gal80p to Gal4p.More specifically we measure the response
by using the transcription levels of a target gene which is controlled by given
level of Gal80p protein since Gal4p is constant (Figure 2.8). We already know the
Gal4p DNA binding we can fit our mRNA response to calculate the Gal4 Gal80p

homodimerization.
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Figure 2.13: Gal network 2" layer protein interaction scheme.Gal80p production is controlled by Tet-OFF
synthetic system. Gal80p homodimer binds to Gal4p homodimer to repress the GCY1 (galactose inducible
glycerol dehydrogenase), GAL7 (Galactose-1-phosphate uridyl transferase), GFP controlled by GAL1 promoter
expression.

In our model Gal80p-Gal80p homodimer binds to Gal4p-Gal4p homodimer to
inhibit transcription. Parameters like Gal4p homodimerization and decay rate
from the 1*'layer has beenfixed. When we are fitting the response of the mRNA
we have takenincompleterepression of GAL7 and GAL1 (Promoters with multi-
ple binding sites) promoters by Gal80p into account.?? For this, we consider the

following promoter configurations.

C4pcamplex/
AGCY1lpna _ Kdcyp_pna

T = basalgcyimrna — Vnax Tt C4Pcomplex/ N C480Pcomplex/
deap-pna

dC4p —-80p —-DNA

= Yecrimrna GCY1imrna
Where C480 represents [G4:G80] complex. Here, we assume that there is ho-
modimerization for both GAL4 and GAL80 and they bind to each other only as
dimers forming a quadramer. When we increase the binding sites we need to
introduce the incompleterepression by Gal80p which we write it as the factor a
asitcan beseenin GAL7 promoter function(see also 4.4.4.3.1).For GFP we use a
similarapproachwherewe define adifferent g, and an enhancement factor (see

section 4.4.4.3.2).
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C4pcomplex C4pcamplex C4pcom lex C480pcom lex
2b +c 24 2a =22 L
d GAL7 ngyna — basal v C4p—DNA (KdC4p—DNA ) (KdC4p —DNA KdC480p —DNA
dt GAL7ImRNA max C4pcomplex C4pcomplex
1+2 + )2

Kdcyp_pna Kdcappna

- YGAL7mRNA G‘A]-‘7mRNA

Where C4 represents [G4:G4] complex, C80 represents [G80:G80] complex and

C480 represents [C4:C80] complex. The algebraic constrains are;

GaM’pmtal = Gal4pfree + 2 C4’pcumplexfhomudimer + 2 C4’80pcomplexfheterudimer
Gal80ptotal = Gal80pfree + 2 C80pcompLex—homodimer + 2 C480pcomplex—heterodimer
We write the ODE functions for Gal80p and fit the dissociation constant for

Gal4p-Gal80p binding.
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Figure 2.14: Expression levels of the GFP (red diamonds), GAL7 (yellow circles), GCY1 (blue triangles), and Galdp
(black squares) at different Gal80p concentrations. The measurement was performed in 0.5% galactose.

The effects of glucose on galactose network are drastic so we measured if this
effectis originated by Gal80p-Gal4p interaction. We have done the same fitting
for glucose to see the effect of sugar on the Gal80p-Gal4pdissociation constant.

We found that the dissociation constants in both media are quite similar.
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Figure 2.15: Expression levels of the GFP (red diamonds), GAL7 (yellow circles), GCY1 (blue triangles), and Gal4p
(black squares) at different Gal80p concentrations. The measurement was performed in 0.5% galactose+0.2%
glucose media.

Table 2.10:Fitted parameters of mRNA response to Gal80p decay in 0.5% Galactose and 0.2% Glucose.

Galactose Glucose
Kd Gal80p homodimerization (nM) 3945 Kd Gal80p homodimerization (nM) 4713
Kd calsop-Galap (NM) 0.22 Kd calgop-Galap (NM) 0.22

We can see in table above that neither the homodimerization nor the Gal4p
binding of the Gal80p protein changes due to glucose effect. In our fitting we
have also saw that the Gal80p binding to Gal4p is not cooperative (See section

4.4433).

2.2.3 Isolation of GAL3: The signal transducer Gal3p se-
guesters Gal80p

Galactose-activated transcription of the Saccharomyces cerevisiae GAL genes
occurs when Gal3p binds the Gal4p inhibitor, Gal80p. Non-interacting variants
of Gal3p or Gal80p render the GAL genes non-inducible. GAL80Q inhibits the func-
tion of GAL4, presumably by direct binding to the GAL4 protein. The presence of
galactose triggers the relief of the GAL80 block. The key to this reliefis the GAL1
and GAL3 proteins. The long-standing notion has beenthata galactose complex

formed with GAL1 and GAL3 is the inducer that interacts with GALS80.
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In the third layer of our GAL network parameter measurements we determine
the Gal3p interaction with Gal80p. GAL3 is a transcriptional regulator; involved
in activation of the GAL genes in response to galactose; forms a complex with
Gal80p torelieve Gal80p inhibition of Gal4p; binds galactose and ATP but does
not have galactokinase activity; like its paralog, GAL1, that arose from the whole
genome duplication. As mentioned before (section 2.1) the GAL system in S.
cerevisiae has Gal3p positive feedbackloops mediated by Gal3p-Gal80p interac-
tion. Experiments indicate that the positive feedback effect through Gal3p is
necessary to reliably store information on previous galactose expressions over

hundreds of generations.? '

We use a AGAL1AGAL2 strain where we delete the main feedback loops by the
Gal3p paralog Gal1p andthe upperlayer Gal2p feedback whichwe will be deal-
ing with Galactose metabolism and binding section 2.3. By deleting the Gal1p
interactionwe isolate the Gal3p-Gal80p interaction (Figure 2.16). Thisenables us
to directly calculate the binding constant of GAL3p to Gal80p by fitting the net-

work mRNA response to Gal3p gradient.

. . . AGal2 Metabolism
Proteomics _ Signaling | Catabolism

Third layer

AGall  Gal7 Gal10

Gal4 Gald0 Gal3

..... .D_.}Q_/O D A

| o] —

T P tet02 .
Doxycycline O

Figure 2.16: Control of expression in target genes.Here we control the Gal3p expression with doxycycline
which inhibits the transcription factor, tTA, whose expression is constitutive. Addition of doxycycline stops the
expression of the transcriptional activator (Gal3p) and permits us to determine its decay rate. Gal1p and Gal2p
feedback loops are deleted to isolate Gal3p and Gal80 interaction.

Galactose-activated transcription of the Saccharomyces cerevisiae GAL genes
occurs when Gal3 binds the Gal4 inhibitor, Gal80. Non-interacting variants of

Gal3 or Gal80 render the GAL genes non-inducible. In the absence of galactose
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Gal80 binds to Gal4 and prohibits it from activating transcription. In the pres-
ence of galactose, Gal3 binds to Gal80 to prohibit its inhibition of Gal4. We
measure the strength of Gal3p-Galactose binding by measuring the steady state

GAL networkactivationat different galactose concentrationsina Gal3p gradient.

In this section we will use the gradient available for Gal3p concentration and fit
the mRNA expression change of the GAL genes to calculate the Gal3p-Gal80p
dissociation constant. Since we isolated the interaction of Gal3p with Gal80p by
deleting Gal1p whichalso sequesters Gal80p. More specifically we measure the
response by using the transcription levels of GAL genes which is controlled by
the interaction of Gal3p, Gal80p, and Gal4p which is constant (Figure 2.17). We
already calculated the Gal4p-DNA and Gal4p-Gal80p binding from the previous
layers.Using the previous layer parameters (see section 2.1, 2.2.1, 2.2.2) we can
fit our mRNA response to calculate the Gal3p Gal80p heterodimerization disso-

ciation constant.
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Figure 2.17: GAL network 3™ layer protein interaction scheme. Gal3p production is controlled by Tet-OFF
synthetic system. Gal3p sequesters Gal80p to relieve Gal80p homodimer repression on the GCY1 (galactose
inducible glycerol dehydrogenase), GAL7 (Galactose-1-phosphate uridyl transferase), GFP controlled by GAL1
promoter transcription.

In our model Gal80p-Gal80p homodimer binds to Gal4p-Gal4p homodimer to

inhibittranscription.’®'* Parameters including Gal4p and Gal80 decay rates and
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Gal4p-DNA, Gal4p-Gal80 dissociation constants from the 1 layer and 2" layer
have been fixed. We assume that Gal3p monomer binds to Gal80p monomer
sequestering the Gal80p homodimer. With increasing Gal3p we reduce the
number of Gal80p homodimers. In return this frees the Gal4p homodimers to
induce GAL gene expression. Parameters from the first two layers have been
fixed so we solemnly fit the Gal3p-Gal80p interaction. When we are fitting the
response ofthe mRNA we have taken incomplete repression of GAL7 and GAL1
(Promoters with multiple binding sites) promoters by Gal80p into account.** We
use differentlevels of Galactose in order to measure the Gal3p-Galactose bind-
ing. Our measurements we have confirmed (Figure 2.18) the previous findings
by Bhat and Hopper3* where they have shown that overexpression of Gal3p can
activate GAL network. We have added the necessary functions to take Gal3p
Gal80p galactose independent binding. We use the ODE functions from previ-
ous two layers and add the Gal3p components where we consider Gal3p-
Galactose binding, Galactose dependent and independent Gal3p-Gal80p bind-
ing. For the full set of equations see section (Data fitting, section 4.4.5, page

147).
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Figure 2.18: Expression levels of the GFP at different Galactose concentration in a Gal1p concentrations. The
measurement was performed at steady state after 24 hours of Galactose addition to the media.
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Table 2.11:Fitted parameters of mRNA response to Gal3p gradient at different galactose concentrations. The
measurement was performed at steady state after 24 hours of Galactose addition to the media.

Kd GAL3-Galactose (Gal3pA) (mM) 15.35
Kd Gal3pA-Gal80 with galactose (nM) 0.25
Kd Gal3p-Gal80 without galactose (nM) 12.08

Gal3p binds to Gal80p without galactose with the dissociation constant of 12
nM.

2.2.3.1 Effectof glucose on galactose-dependentinteraction of

Gal3p and Gal80p

The effects of glucose on galactose network are drastic. We have repeated the
previousfitting in glucose mediato see the effect of sugar on the Gal80p-Gal3p

dissociation constant.
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Figure 2.19: Expression levels of the GFP (yellow diamonds), GAL7 (black triangles), GCY1 (green squares),
Gal80p (orange squares), and Gal4p (blue circles) at different Gal3p concentrations. The measurement was
performed in 0.5% galactose.
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Figure 2.20: Expression levels of the GFP (yellow diamonds), GAL7 (black triangles), GCY1 (green squares),
Gal80p (orange squares), and Gal4p (blue circles) at different Gal83p concentrations. The measurement was
performed in 0.5% galactose+0.2% glucose.

Table 2.12: Fitted parameters of mRNA response to Gal3p decay in 0.5% Galactose and 02% Glu-
cose+0.5%Galactose.

Galactose Glucose
Kdgalza-Galgo=0.26nM Kdgalza-Galgo=0.28nM

We can see in Table 2.12 that the Gal3p Gal80p interaction is not affected by
glucose (see alsosection 4.4.5). At this point we can say that the glucose effect is

still solemnly on Gal2p.*

2.2.4 Isolation of GALT: Gallp is a degenerate signal

transducer and sequesters Gal80p

Second part of our 3" layer parameter measurements we will open the network
from GAL1, Galactokinase; which phosphorylatesalpha-D-galactose to alpha-D-
galactose-1-phosphatein the first step of galactose catabolism; expression regu-
lated by Gal4p; human homolog GALK2 complements yeast null mutant; GAL1
has a paralog, GAL3, that arose from the whole genome duplication. We will be
measuring the Gal1p decay and fitting the Gal 1p interaction with Gal80p. Galac-
tokinase, GALT, acts as the sole signal transducer in the absence of Gal3p;*
where Gal4p, the transcriptional activator, is auto regulated;’” Gal1p is also a
nucleocytoplasmic shuttling protein that sequesters Gal80p. Gal80 protein has

three binding partners: Gal4p and Gal3p or Gal1p. In the absence of galactose,
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Gal80 bindstoand inhibits the transcriptional activation domain (AD) of the GAL
gene activator, Gal4, preventing GAL gene expression. Galactose triggers an
association between Gal3 and Gal80, relieving Gal80 inhibition of Gal4. We se-
lectedfor GAL3 deletion mutants for Gal80p to bind to Gal1p or Gal4p with and

without galactose to measure the Gal1p-Galactose dissociation constant.

AGal2 Metabolism

Proteomics __ Signaling Catabolism

Third layer

— — =1 Gal7 Gal10
Gal4 Gal80 AGal3 V GaM

..... 'D_.D—z\j!;) pD A

| | ] mm .

o] —

P(mmoz »

O—EI-I]—_

Doxycycline

Figure 2.21 Control of expression in target genes. Here we control the Gal4p expression with doxycycline
which inhibits the transcription factor, tTA, whose expression is constitutive. Addition of doxycycline stops the
expression of the transcriptional activator (Gal4p) and permits us to determine its decay rate.

In this section, the transcriptional control of GAL1 gene with doxycycline ena-
blesusto measure the Gal1p decayrate over time. We use targeted mass spec-
trometry to measure the in vivo Gallp concentrations over time. We use a
AGAL2AGAL3 strain where we delete the main feedback loop by the Gal1p pa-
ralog Gal3p and the upper layer Gal2p feedback which we will be dealing with
galactose metabolism and binding 2.3. By deleting the Gal3p positive feedback
loop we isolate the Gal1p-Gal80p interaction (Figure 2.21). This enables us to
directly calculate the binding constant of GAL1p to Gal80p by fitting the net-

work mRNA response to Gal1p gradient.

Overproduction of the GAL1 protein causes constitutive expression of GAL/MEL
genes even in the absence of galactose (Figure 2.23). Overproduction of the

GAL1 protein (galactokinase) also causes constitutively, consistent with the ob-
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servations that GAL1 is strikingly similarinaminoacid sequence to GAL3 and has
GAL3-like induction activity. A galactose-independent induction by GALT1 is
shown in Figure 2.23 where at 0% galactose with over expression we see net-

work activation.

We use the gradientavailable for Gal1p concentrationand fit the mRNA expres-
sion change of the GAL genes to calculate the Gal1p-Gal80p dissociation con-
stant. We isolated the interaction of Gal1p with Gal80p by deleting Gal3p which
also sequesters Gal80p. More specifically we measure the response by using the
transcriptionlevels of GAL genes whichis controlled by the interaction of Gal1p,
Gal80p, and Gal4p (Figure 2.17). We already calculated the Gal4p-DNA and
Gal4p-Gal80p binding from the previous layers. Using the previous layer param-
eters (see section2.1,2.2.1,2.2.2) we canfit our mRNA response to calculate the

Gal1p Gal80p heterodimerization dissociation constant.

“AD—l
'I' P tet02

Doxycycline O
Gal1p ....

ama KG Vi Gu8n

Galsop ....

Kcsu.cw.

Gal4p

P $ K&%5%  Galgop

Galdp Dimer
Dimer

. K Soko- Gy ok j K Sokp caioe

Mig1p —_|_ j
m _D.D_,_TII

Figure 2.22: GAL network 3" layer protein interaction scheme. Gal1p production is controlled by Tet-OFF
synthetic system. Gal 1p sequesters Gal80p to relieve Gal80p homodimer repression on the GCY1 (galactose
inducible glycerol dehydrogenase), GAL7 (Galactose-1-phosphate uridyl transferase), GFP controlled by GAL1
promoter transcription.

In our model Gal80p-Gal80p homodimer binds to Gal4p-Gal4p homodimer to
inhibittranscription.'®'* Parameters including Gal4p and Gal80 decay rates and

Gal4p-DNA, Gal4p-Gal80 dissociation constants from the 1t layer and 2" layer
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have beenfixed.In our model Gal1p monomer binds to Gal80p monomer reduc-
ing the number of the Gal80p homodimer. Withincreasing Gal1p we reduce the
number of Gal80p homodimers. In return this frees the Gal4p homodimers to
induce GAL gene expression. Parameters from the first two layers have been
fixed so we solemnly fit the Gal1p-Gal80p interaction. When we are fitting the
response ofthe mRNA we have takenincomplete repression of GAL7 and GAL1
(Promoters with multiple binding sites) promoters by Gal80p into account.*® We
use high level of Galactose in both media which enables us to assume that the
Gal1p molecules are already bound to galactose sugar. The binding of galactose
with Gal1p is fitted as well. Our fitting of the data to find the Gal1p Gal80 disso-

ciation constant is quite similar to Gal3p.
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Figure 2.23: Expression levels of the GFP at different Galactose concentration in a Gal1p concentrations. The
measurement was performed at steady state after 24 hours of Galactose addition to the media.

Table 2.13:Fitted parameters of MRNA response to Gal 1p gradient at different galactose concentrations. The
measurement was performed at steady state after 24 hours of Galactose addition to the media.

Kd Gal1p-Galactose (Gal1pA) (mM) 2809
Kd Gal1pA-Gal80 with galactose (nM) 1.52
Kd Gal1p-Gal80 without galactose (nM) 90.81

Gal1p binds to Gal80p without galactose. This has been previously discussed by
Bhat and Hopper.*° The dissociation constant of galactose independent Gal1p-

Gal80p binding is 90.8 nM.
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2.2.4.1 Effectof glucose on galactose-dependentinteraction of

Gal1p and Gal80p

The effects of glucose on galactose network are drastic. We have done previous
fittingin glucose mediato see the effect of sugar on the Gal80p-Gal3p dissocia-

tion constant.
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Figure 2.24: Expression levels of the GFP (yellow diamonds), GAL7 (black triangles), GCY1 (green squares),
Gal80p (orange squares), and Gal4p (blue circles) at different Gal3p concentrations. The measurement was

performed in 0.5% galactose.

Table 2.14: Fitted parameters of mRNA response to Gal1p decay in 0.5% Galactose and 0.2% Glucose+0.5%
Galactose.

Galactose Glucose

KdGaI]a-GaISO=1 14 nM KdGaI1a-GaI80=1 23nM

We can see in Figure 2.14 that the Gal1p Gal80p interaction is not affected by

glucose.

2.2.5 Conclusion

The GAL system of S. cerevisiae was metabolically engineered by construction of
different mutant strains where several layers of GAL network were isolated to
determine the interaction of regulatory proteins. In the first layer of the GAL
network we deleted GAL80(AGAL80).Usinga AGALS8O strain we have isolated the
Gal4p-DNA interaction. We determined the DNA binding activity of Gal4p by
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titrating a known amount of protein and fit the dissociation constant (Ko) for
both Gal4p homodimerization and Gal4p-DNA binding. With increasing
amounts of Gal4p we measuredthe GAL gene activation.We determined a Ko of
1 nM in good agreement with published results for both the truncated Gal4p
DNA binding domain (Vashee et al. 1993) where they found Kd to be 1.3 nM,*°
and for full-length Gal4p (Parthun and Jaehning, 1990) where they claimed the
Kd was 6.4 nM.*' We have found the Gal4p homodimerization to be 13.2 uyM
which is in agreement with previously published in vitro data (Bhat et al. 1997)
for they claimed the a homodimerization in micro molar region.*” Weak ho-
modimerization of Gal4p plays animportant role to reduce the nonlinearity of

the response (See section 4.4.3.3.1).

To determine the affinity of the Gal4p-Gal80pinteraction, we have engineered a
double deletion construct where we removed both Gal3p and Gal1p signal
transductors. Using the double deletion strain we have isolated Gal4p-Gal80p
binding. Controlling GAL80 transcription with doxycycline we measured the GAL
gene response to Gal80p gradient. When Gal80pis at low abundanceGal4p is in
a complex with DNA completely. By titrating this complex with increasing
amounts of Gal80p, we determined a Ko of 0.22 nM. This value is in agreement
with vitro data published by (Melcher et al. 2001) where they claim that Gal4p
Gal80p binding is stronger than Gal4p DNA which is lower than 1nM.? We as-
sumeda stoichiometric binding, indicating that Gal80 dimer molecules bind one
Gal4p dimer complexed with DNA. In our fitting we determined the Gal80p ho-
modimerizationtobe 39 nM which is again in complete agreement with previ-
ous in vitro measurements of Melcher et al. (They claim that Gal80 homodimeri-
zation isaround 20 nM) Gal80p dimerizes with high affinity, and are significantly
stabilized when boundto Gal4p-DNA complexes.Insummary, a series of strong
protein—protein and protein-DNA interactions appears to stabilize all compo-
nents of a DNA-(Gal4p) -—(Gal80p) > complex. It is also important to point out
that in our fits we also showed that Gal80p stabilizes the interaction between
Gal4p and DNA. Our Ko for the Gal4p-Gal80pinteraction is more than one order

of magnitude lower than that determined by (Lue etal. 1987)* using an electro-
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phoretic mobility shift assay which was measured as 6.4 nM, and two orders of
magnitude lower than that determined by Wuetal.1996 (2.4 nM)."! The difficul-
ty in determining the dissociation constant between Gal4p and Gal80p reflects
the complicated linkage between Gal4p and DNA, Gal4p and Gal80p, and
Gal80p and Gal80p. All pairwise interactions within the DNA-bound complexes
have Ko in the subnanomolar range and are stabilized further by neighbouring
interactions. These strong interactions stabilize transient dimer-dimer interac-

tions by positioning dimers in suitable close proximity.

In order to understand the interactions between the regulatory factors, it was
important to putthem into a quantitative framework. In the first and the second
layer of GAL network, we have established the model where Gal80pdimerizes in
with high affinity and that Gal4p forms a heterotetramer with Gal80p on DNA.
Gal80p stabilizes the interaction between Gal4p and DNA. When we moved to
the third layer where signal transductors Gal1p, Gal3p comes into play together

with galactose sugar itself.

Despite extensive experimental and theoretical analysis of GAL network, there
are still some questions remain unanswered. For instance, there are certain un-
resolvedissues concerning the molecular mechanisms involved. For example, in
vitro studies have demonstrated that Gal3p can form a tripartite complex with
Gal4p-Gal80p complex. This indicates that Gal3p can potentially translocate to
the nucleus and bindto the DNA-Gal4p-Gal80p complex to relieve the repres-
sion of Gal80p.* Thisis in contrast to the finding by Peng and Hopper that Gal3p
is cytoplasmic protein. '* #° ¢ However, recent studies reveal that the inducer,
Gal3p, interacts with the repressor protein bothin the nucleus and cytoplasm
indicating that both Gal3p and Gal80p are nucleocytoplasmic shuttling pro-
teins.*’ This raises further questions regarding the effects of these mechanisms
on the working of the switch. In our model we have used the findings of Peng
and Hopper to fit our data where binding of Gal3p to the Gal80p monomer
competes with Gal80self-association in cytoplasm, reducing the amount of the

Gal80p dimer available for inhibition of Gal4p.
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In our fits we found that Gal3p has binds to galactose roughly 2 times stronger
to Gal1p, 15mMand 28 mMrespectively thesevalues are close to previous work
byPlatt et al.,, 2000 where he reported a 21mM for Gal3p and 25 mM for Gal1p.
Gal3p-Galactose complex binds to Gal80p almost 10 times stronger than Gal1p-

Galactose complex whichare close to what Bhat et al 19974 suggested as 5nM.

Although Gal3p and Gal80p interact strongly in the presence of galactose, a
weaker galactose-independent interaction between Gal3p and Gal80p occurs.
Steady-state analysis demonstrates thata 100-foldincrease in the Gal3p relative
to the basal levels in the wild type switches-on the system in the absence of
galactose. The cells achieve roughly 40% of the maximum expression levels.
Previously published dataargues that a 900-fold excess concentration relative to
basal Gal3p expression in galactose is necessary for complete expression. Our
measurements we have confirmed (Figure 2.18) the previous findings by Bhat
and Hopper*® where they have shown that overexpression of Gal3p can activate
GAL network. Our fitted values suggest a dissociation constant of 15nM for

Gal3p-Gal80p and 95nM for Gal1p-Gal80p.

2.3 Galactose metabolism

2.3.1 Galactose transport

Gal2p transports galactose from the medium into the cell. Unlike a wild-type
strain,a GAL2mutant grows on galactose as the sole carbon source, provided its
concentrationisabove 0.02%.Inthe absence of galactose, its induction is unde-
tectable, butitsexpressionisinducedseveral hundred-foldin response togalac-
tose, which means that GAL2is under the positive feedback loop. The biological
significance ofthis loop was evaluated experimentally by expressing GAL2 inde-
pendent of the positive feedback loop. Wild-type strains show a switch-like re-
sponse to varying concentrations while, a gal2 strain shows a linear response. If
Gal2pisexpressed constitutively from a promoter independent of the positive

feedback loop, the linear response as observed in a gal2 strain is retained, but
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shifts upwards compared to the linear response exhibited by gal2 strain. This
implies that the positive feedbackloop of Gal2p expressionis an important ele-
ment of the GAL genetic switch that is required for imparting a switch-like re-
sponse. However, removal of the feedback loops of Gal3p and Gal80p did not

result in the loss of the switch-like property.

The inducer galactose enters the cytoplasm of the cell both by Gal2p-
independent diffusion mechanism (ex. Hxt transporters*®) and a galactose per-
mease (Gal2p)-facilitated mechanism.>°*' The permease, Gal2p, which has both
high affinity and low affinity transport mechanism, facilitates the transport of
galactose from extracellular medium to the cytoplasm, constituting a positive
feedback.’? The GAL switch responses linearly to galactose concentration if
Gal2p is expressed independently of the GAL regulon. On varying the constitu-
tive levels of Gal2p concentration, the expression of the GAL genes can be tuned
in a graded manner.In wildtype, where Gal2p is regulated, the Gal2p concentra-
tion iscommensurate with the galactose in the medium yielding a sensitive re-
sponse. >? Our aim in this section is to measure the Gal2p facilitated galactose
transport. Using a Gal2p gradient we measure the intracellular galactose con-
centration in Gal2p induced and repressed cells (see section 4.3.3). We fit the
transportrate parameters by using the following equation derived from Widda’s
formula of transport®> (For the derivation see section Data fitting-Galactose

transport-4.4.10):

DyE] Gal, Galj, DyE, Gal, Gal;

. _ ZyPHXT ext int Y=GAL2 ext int

Equation 2.5: ] = ( - ) ( - )
L Kypxr+Galext Kypxr tGalint L Ky gars TGlext Kigar2tGaline
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Figure 2.25:Change of intracellular galactose concentration over time. Efficient regulation of the high affinity
galactose transporter Gal2p is controlled by synthetic Tet-OFF system. Gal2p repressed cells (orange circles),
Gal2pinduced cells (green circles).

Transport rates (using Equation 2.5) shows us that Gal2p has a higher affinity to

Galactose and increases the galactose transport significantly.

Table 2.15: Fitted parameters of Galactose transport over time with and without Gal2p after addition of 2%
Galactose.

Estimate Standart error
KdHXT 0.0477393 0.0067476
Kd a2 0.0241379 0.0041674
Dy/L 1.064351 0.1484977
from literature
EHXT (mM) 5.1768152

from our measurements
Induced EGAL2 (mM) 2.3815407
Repressed EGAL2(mM) 0.0193621

Numberof HXTmolecules has beenaveragedfrom previously published data.>*

5556 57

2.3.2 Galactose consumption

The final layer of our galactose metabolism chapter is to show the in vivo con-
sumption rate of galactose and try to explain a novel interaction we have dis-

covered on the process.
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The galactose metabolic pathway iscommonly referred to as the Leloir pathway
after Luis Federico Leloir, who discovered that the intracellular galactose is con-
verted to glucose through four distinct enzymatic reactions. Galactokinase ca-
talyses the conversion of intracellular D-galactose to galactose-1-phosphate.
Galactose-1-phosphate is converted to glucose-1-phosphate by uridyl transfer-
ase. UDP-glucose needed for this reaction is replenished by the conversion of
UDP-galactose to UDP glucose by the epimerase. Glucose —1-phosphate is then
converted to glucose 6- phosphate by phosphoglucomutase. As phosphoglu-
comutase is also involved in converting glucose-6-phosphate to glucose-1-
phosphate during growth on glucose, it is not generally considered as a mem-

ber of Leloir pathway.

Metabolic measurements have been done by using galactose kit from
megazyme (see section 4.3.3). First we make the cell lysate and measure the
concentration of galactose. Experiments have showed us that we do not see any
galactose consumption in Gal2 deleted strains. We can see that both in our ga-
lactose consumption experiment and growth measurement we did in glycerol.
Our initial measurements showed us that there is no galactose consumptionin
deltaGal1 anddeltaGal2 cells. It was expected that galactose would not be con-
sumedin Gal1 deleted cells since Gal1 is the galactokinase which is the first en-
zyme in galactose consumption pathway Figure 2.26. We measured that a galac-
tose inducedwild type cell (Figure 2.26, after t=2 hours) consumes 0.012 mM of
galactose per minute (For detailed galactose consumption calculation see sec-

tion 4.4.9, page 153).
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Figure 2.26: Galactose percentage in WT (blue diamonds) and AGAL1 (red squares) deletion cultures. Meas-

urement has been done over the course of 8 hours where at t=0 hours 0.5% Galactose was added to each
culture.

However the GAL2 deletion strains showed the same behaviour GAL1 deletion
strainwhich was truly unexpected. Since there is no previous publication stating
that Gal1p enzymatic activity is directly linked to Gal2p. We see in Figure 2.27
that Gal2p lacking cells behave as if they are lacking the Gal1p.
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Figure 2.27: Galactose percentage in WT (blue diamonds), AGAL1 (red squares), and AGAL2 cultures. Measure-
ment has been done over the course of 8 hours where at t=0hours 0.5% Galactose was added to each culture.

In order to supportour findings and exclude the possibility that our intracellular
galactose measurements are biased, we grew the cells in glycerol+galactose
media. Should the cells were able to consume galactose they would have had a
division time of roughly 2 hours which is the case for WT cells. For AGAL1 and
AGAL?2 cells we see that the division time is roughly around 6-8 hours which
means the deletion strains are not able to metabolize galactose Figure 2.27. This

also points out that out metabolic measurement are reliable Figure 2.27.
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Figure 2.28: Cell growth in 3% glycerol media with and without %0.5 galactose. Initial OD 600 was 0.1 we have
diluted the samples every 6 hours and multiplied the OD 600 newer value with the dilution factor to determine
cell growth.

Before getting into trying to explain the reasons and mechanism behind the
newly found Gal1p-Gal2pinteraction.We also checked the whether there was a
mutation or a dysfunction in our commercial AGAL2 from EUROSCARF® (see

section 4.1.1-Deletion strains).
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Figure 2.29: Galactose percentagein WT (blue diamonds), AGAL1 (purple circle), Gal2 induced cells withtetOFF
system (green triangles), and Gal2 repressed cells with tetOFF system (red squares) cultures. Measurement has
been done over the course of 32 hours where at t=0 hours 0.1% Galactose was added to each culture.

2.3.2.1 Effect of Gal2p on Galactose metabolism

Our measurements about Gal1p-Gal2pinteractionis truly intriguing where there
has been no previous publications to state this. One of the main contradictory
facts to our finding is the in vitro data showing Gal1p activity without Gal2p.
From our previous measurements Figure 2.27, Figure 2.28, and Figure 2.29, we
trust that there is an interaction between Gal2p and Gal1p. We try to show

whether thereis a direct or indirect interaction between Gal1p and Gal2p. One
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of the clear cut experiments to show whether the Gal1 and Gal2 have a direct
interaction was to tag Gal1 with GFP and add a nuclear localization signal. By
removing Gal1 from the nucleus we can measure whether this affects galactose
consumption or not. GFP has been tagged with YFP and NLS sequences have
been added in order to see if there is a direct connection between Gal1p and

Gal2p (Figure 2.30).

Figure 2.30: NLS cellsimaging, Gal 1-GFP-NLS constructin BY4742 cells where Gal1 has been tagged with GFP.
Fromthe picture we can see that NLS sequence is working well concentrating Gal1 into the nucleus.

After confirming the localization of Gal1 we can measure the galactose con-
sumption by metabolic measurements where we measure the decreasein galac-

tose concentration in media over time (Figure 2.37).
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Figure 2.31: Galactose consumption in Gal1 tagged yeast strains.
We can see from the growth measurement that removing galactokinase from
cytoplasm doesn’t really has an effect on galactose consumption Figure 2.32. WT

cells with Gal1-YFP and Gal1-NLS-GFP-NLS grow equally good in glycer-
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ol+galactose media whereas the growth is slow as expected in only glycerol

media.
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Figure 2.32: Growth of Gal1 tagged cellsin 3% glycerol with and without 0.5% galactose media. Initial OD 600
was 0.1 we have diluted the samples every 6 hours and multiplied the OD 600 newer value with the dilution
factor to determine cell growth.

Further consumption experiments (Figure 2.32) where we integrated the GAL1
tagged plasmidsinto deletion strains also backs up the previous statement that
removing Gal1 from the cytoplasm to nucleus doesn’tinhibit the Galactose con-
sumption which means that Gal1-Gal2 interactionis nota direct protein-protein

interaction.

Next we have investigated the possibility of an indirect interaction between
Gal1p and Gal2p. We have measure galactose consumption in TPK deleted
genes.TPK family genes are cAMP-dependent protein kinase catalytic subunits.
We have used TPK1, 2, and 3 deletion strains. TPK1, TPK2 and TPK3 encode
isoforms of the catalytic subunit of cAMP-dependent protein kinase (PKA), the
effector kinase of the Ras-cAMP signalling pathway. *® *° Through phosphoryla-
tion of various targets, PKA activity regulates processes involved in cell growth
and response to nutrients, in our case specifically sugar. We have not seen any

effect by TPK genes for galactose consumption (Figure 2.33).
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Figure 2.33: Galactose percentage in ATPK1 Gal2 induced cells with tetOFF system (blue diamonds), ATPK1
Gal2 repressed cells with tetOFF system (purple crosses), ATPK2 Gal2 induced cells with tetOFF system (red
squares), ATPK2 Gal2 induced cells with tetOFF system (purple cirde), ATPK3 Gal2 repressed cells with tetOFF
system (blue diamonds), ATPK3 Gal2 repressed cells with tetOFF system (blue crosses), Gal2 induced cells with
tetOFF system (orange circles) cultures. Measurement has been done over the course of 8 hours where at t=0
hours 0.5% Galactose was added to each culture.

In addition we have checked the Gal1p for phosphorylation sites using mass
spectrometry. We could not detect any candidate site where Gal1p can be

phosphorylated.

10" T T T
' T B EE ]
100 | EEm EEE B

W Galip (M)
Galactose consumption after 24 hours (%))|

Gal1p concentration (nM)
Galactose concentration (%)

10° L 1 L 1 " 1 "
1 10 100 1000 10000

Gal2p concentration (nM)

Figure 2.34: Galactose consumption in Gal2p gradient (orange squares) contrdled with tetOFF system culture.
Gal1p concentration varying in Gal2p gradient (black squares). Measurement has been done over the course of
24 hours where at t=0 hours 0.5% Galactose was added to each culture.

However galactose consumption is somewhat correlated to Gal2p amount in
cell.If we write that Gal1p activity directly depends on Gal2p concentration we
get a reasonable prediction about galactose consumptionin the cell. Although

we do have a qualitative picture about galactose consumption depending on
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Gal2p concentrationitis still not well defined to enable us to work with WT cells
(For consumption calculations see section Data fitting-Galactose consumption-

4.4.9).

( Gal2p (t) )n
Equation 2.6: Gallp *= Gallp (kfl:—l”pm)>

(GalZpTax
Using the phenomenological Figure 2.23 we can fit the data where the Gal1p

enzymatic reaction depends on the Gal2p concentration (Figure 2.35).
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Figure 2.35: Galactose concentration in Gal2p gradient (orange squares) after 24 hours. Controlled withtetOFF
system culture. Gal1p concentration varying in Gal2p gradient (black squares). Galactose consumption simula-
tion without Gal1p-Gal2p interaction (purple dash line) Galactose consumption simulation with Gal1p-Gal2p
interaction using active Gal1p (orange dash line). Measurement has been done over the course of 24 hours
where at t=0 hours 0.5% Galactose was added to each culture.

We see that the Gal1p loses its enzymatic activity when Gal2p is less than 100
nM.

2.3.3 Conclusion

The inducer galactose enters the cytoplasm of the cell both by Gal2p-
independent diffusion mechanism (ex. Hxt transporters®®) and a galactose per-
mease (Gal2p) -facilitated mechanism.®' °> The permease, Gal2p, which has both

high affinity and low affinity transport mechanism, facilitates the transport of
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galactose from extracellular medium to the cytoplasm, constituting a positive
feedback.®®* We have determinedthe dissociation rate of Gal2p-Galactose as 0.02
mM and the dissociation rate of HXT transporters were found to be 0.05 mM.
Although the difference may not be as bigas initially one may think. We have to
take into account the fact the measurements have been done in saturating ga-
lactose concentrations withlittle traces of glucose. Meieretal.2002%, improving
upon prior work, pointed out that HXT transporters have a higher affinity to glu-
cose (as Gal2p having a higher affinity for galactose). Moreover, he has shown
that the HXTtransporter’s glucose preference is regulated by glucose fraction in
a competitive media where both glucose and galactose are present. HXTs carry
galactose and glucose almost in equal rates until the glucose level reaches one
tenth of the galactose concentration. This 10 fold fraction represents the point
of switching for HXT transporters where from that point on they mostly
transport glucose. This is also true for Gal2p. It has been previously shown by
Maier et al. 2002 and Reifenberger et al. 1997 that in the absence of galactose
Gal2p transports glucose with almost equal affinity as HXT transporters (HXT
with dissociation constant ranging from 0.1mM to 10mM and on average Ka-
uxt=0.023 mM and Gal2p with Ka-ca2p=0.024). Considering their similar affinities
to glucose it is certainly not off the beaten path to assume that their galactose

dissociation rates would be in similar range in saturating galactose conditions.

We have calculated that a galactose induced wild type cell should consume
roughly 1TmM of galactose per hour (For detailed galactose consumption calcu-
lation see section 4.4.9, page 153). This finding is in parallel with Sellick et al.
2009 where they showed Gal1p Kn=0.25mM, Kea=20s™". When these in vitro val-
ues are used to calculate the galactose consumption we do get a similar con-
sumptionrate. A new interaction between Gal1p and Gal2p has beendiscovered
where we show that without Gal2p, Gal1p does not show any enzymatic activity
although its transducing activity is intact. This finding is very interesting since
there has been no previous publication to state this. One of the main contradic-
tory facts to our finding is the in vitro data showing Gal1p activity without Gal2p.

Gal1p phosphorylates galactose which contradicts with our findings.®* Although
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this does not exclude the possibility ofanindirect effect by Gal2p on Gal1p, itis
certainly discouraging. We went on to trying to explain the basis of this mecha-
nism using different approaches. One of the clear cut experiments to show
whether the Gal1 and Gal2 have a direct interaction was to tag GALT with GFP
and add a nuclear localization signal. By removing Gal1p from the nucleus we
can measure whether this affects galactose consumption or not. We have meas-
ured that galactose was consumed with a similar rate in cells where Gal1p ac-
cumulatedtothe nucleus (Figure 2.30 and Figure 2.31). We have also investigat-
ed some of the possible mechanisms forindirectinteraction between Gal1p and
Gal2p.Firstwe have carried a MS/MS shotgun proteomics measurement where
we checked for possible phosphorylation and post translational modification
siteson Gal1p but our measurements did not yield a viable candidate. Through
phosphorylation of various targets, PKA activity regulates processes involved in
cell growth and response to nutrients, in our case specifically sugar. We have
not seen any effect by TPK genes (PKA proteins) for galactose consumption
(Figure 2.33). There is prior work that may explain a decrease in Gal1p activity.
Some of the publications include de Jongh et al. reporting that overexpression
of GAL1 decreased growthrate by about 30% due to toxicity by Gal-1P accumu-
lation.®> Moreover, it has been shown that lack of glucose reduces the ATP level
in cell effecting the Gal1p activity.®® Although, there are numerous works pub-
lishedexamining the galactokinase activity of Gal1p there is no evidence show-

ing a clear cut repression by Gal2p.

24 GAL network analysis by using in-

put/output matching

The analysis and design of nonlinear feedback systems has recently undergone
some bigchanges due to the discovery of certain basic conceptual notions, and
the identification of classes of systems for which systematic decomposition ap-

proaches can result in effective and easily computable control laws.
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Every system consists of nonlinearities due to varying factors and they play an
importantrole oncreatingmultistable systems. Especially in positive feedback
loops nonlinearitiesare accentuatedresulting systemto diverge into two stable
steady states. Bistability is one of the most important phenomena in cellular

systems since it holds the key to cellular differentiation and memory.

The model-independent strategy thatis described by Angeli etal®’ (discussed in
section 1.7) where the steady-state response of a feedback system being at one
of the self-consistent points where the input-output characteristicintersects the
line of equivalence is used in this section to map the bistability regions in both
reduced (AGAL2AGAL3 strain) and WT Saccharomyces cerevisiae. We use this ele-
gant method not only to examine the network behaviour but also to show the
validity of our parameter determination from previous layers (parameters fitted

in sections 2.1 and 2.2).

2.4.1 Network opening from GALT using a reduced GAL
network (AGAL2AGAL3 strain)

In order to better understand the dynamics of the galactose network we decid-
ed to use the input/output method (Angeli etal, 2004) by opening the galactose
network from GAL1. We are using GAL1 so that we open the network by cutting
a positive feedback. One of the mainreasons to use this reduced GAL network is
to be able to reach steady state intracellular galactose concentration. We have
shown in section 2.3.2 that Gal1p does not show any enzymatic activity without
Gal2p present.The mathematical work by Angeli et al. suggests that opening of
a positive feedback loop enables us to measure steady state values of the sys-
tem by matching the input/output data. When the input and the output data

are equal this gives the steady state values of the system.

2.4.1.1 Hysteretic memory of AGAL2AGAL3

It has previously been showed that Gal1p and Gal3p positive feedbackloops are

the key for the GAL memory and bistability. ¢’ Hysteretic memory (discussed in
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section 1.3-Hysteresis memory) in the reduced GAL network reaches almost 5
days. It takes cells to activate from OFF history to on history a long time due to

the fact that Gal1p is a weaker signal transductor than Gal3p.
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Figure 2.36: Hysteresis experiments with AGAL2AGAL3 strain. On cell % of the cells with low (darker colours) or
high (lighter colours) initial condition were grownat the indicated galactose concentration for 24,48,72,96,
and 120 hours.

Gal1p feedback shows a persistent memory. Although with Gal80p feedback
reduces the memory storage?’ the slow activation by Gal1p makes the OFF his-

tory activation a 5 days process.
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Figure 2.37: Hysteresis memory with AGAL2AGALS3 strain. Difference between the on cell percentage of the
cells with high initial condition and on cell percentage of the cells with low initial condition. Cells were grown
at the indicated galactose concentrations for 24,48,72,96,and 120 hours after.

We see that the memory is persistentin Gal1p feedbackloop and is enhanced in

the bistability region that is mapped by input output matching (Figure 2.40). In
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our reduced network we use Gal1p feedback splitting to map the bistability re-

gions.

2.4.1.2 Input output matching to map steady states

In orderto do our measurements faster we have designed a double colour fluo-
rescent system where we caneasily measure the amountof input and the corre-

sponding output. This made our experiments much faster.

We have usedblue fluorescentandyellow fluorescent protein in our constructs.
One beingthe input output construct and the otherthe identity construct which
allows us a good graphical representation of where input and the output is
equal. In other words identity strain provides us an easy read for the bistability

region (see detailed plasmid constructin sections 4.1.2.1.1.1 and 4.1.2.1.2.1).
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Figure 2.38: Identity construct for the GAL1 opening. GAL1, YFP and BFP transcription is controlled by an
endogenous GAL1 promoter.

We have replaced the GAL4 binding sites in the GAL1 promoter with tet
operators and used an endogenous GAL1 promoter to measure the YFP
output. We have also inserted a second synthetic GAL1 with tet operator

promoter to express BFP which then we use to check the input value.
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Figure 2.39: Input output construct for the GAL1 opening. We control the GAL1 and BFP transcription with
doxycycline and measure the output with YFP expression which is controlled by the endoge nous GAL1 pro-
moter.

Assuming the BFP fluorescent corresponds to GALT mRNA and YFP fluorescent
corresponds YFP mRNA we can reconstruct the input output response as follows

(See full set of equations in section 4.4.7):

AGAL2AGAL3 IO response
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Figure 2.40: Mapping of AGAL2AGALS3 strain steady states using Gal1p feedback opening. Cells grown for 24
hours at different Galactose concentrationsand in a GALT mRNA gradient.

Once we mapped the bistability region for the double deletion strain we saw

that the memory is enhanced where system shows multistability.?’
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Figure 2.41: Reconstruction of input output response in AGAL2AGALS3 strain steady states using Gal1p feed-
back opening. Cells grown for 24 hours at different Galactose concentrations and in a GALT mRNA gradient.

Our input output model is quite similar to 3" layer fitting model (sections 2.2.3
and 2.2.4). However in input output (I/0) we control GALT mRNA as input and
measure the response as YFP mRNA where the response is regulated by protein
concentrations. That's why we needed to integrate the translation rates for pro-
teins in our model (see full set of equations in section 4.4.7-Fitting of the GAL1
input output data). We have measured the translation rates of our regulatory

proteins using SRM.

Table 2.16: Parameter estimation of input output response in AGAL2AGALS3 strain steady states using Gal1p
feedback opening.

Kd Gal1p-Galactose (Gal1pA) (mM) 3894

Kd Gal1pA-Gal80 with galactose (nM) 1.529
Kd Gal1p-Gal80 without galactose (nM) 73 1 4

We found that translationrates between Gal4pand Gal80p are quite similar but
Gal1p translation rate is 4 times higher than Gal4p and Gal80p (Table 2.17).
There are examples showing transcriptional factor having a lower translation

rate than rest of the genes.
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Table 2.17: Translational rates of GAL network regulatory proteins.

Steady state (tranlation rate/decay rate)

Gallp 4085.61
Gal4p 1101.69
Gal80p 1070.96

We can see that our input output matches both double fluorescent and mRNA
measurements (Figure 2.40 and Figure 2.41 respectively). It has been shown in
submitted work by Becskei group that an elegant way to control the validity of
the input output matchingis to fit the transition rates of the closed loop system
and to determine the region where transitions are suppressed. This indicates the
region where bistability occurs. We have checked the transition rates from low

to high state and high to low state in our closed loop system.
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Figure 2.42: Transition rates of AGAL2AGAL3 cells. In bistable region, the transition rates become slower. Cells
grown for 5 days at different Galactose concentrations both with a low and high initial galactose condition.

Transitionrates provide an easy way to confirm the prediction of the bistability
region from input output measurements. We can see in Figure 2.42 that the
transition rates from high to low and low to high inthe closedloop system coin-

cideswiththe bistability regionin our input output measurements (Figure 2.41).
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2.4.2 GAL network opening from GAL2

In the second section of IO opening we want to tackle the WT behaviour. Inhibi-
tion of the cells in glucose for has a dramatic effect on galactose network

memory (Figure 2.43).
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Figure 2.43: Hysteresis memory in GAL network at different glucose concentrations. Cells have been incubated
at different glucose concentrations both at high and low galactose initial condition. Then hysteretic memory
has been measured after 24 hours.

We want to explain the reasons and reconstruct this dynamic behaviour GAL
network. However as described in our previous sections (2.3.2.1-Effect of Gal2p
on Galactose metabolism), the unknown mechanism between Gal1p and Gal2p
hinders us making a solid conclusion in this section since we could not model

the network.

2.4.2.1 Input output matching to map WT steady states

In order to do our measurements faster we have designed a double colour fluo-
rescent system very much similarto GAL1 openingin previous section. We have
used blue fluorescentandyellow fluorescent protein in our constructs. One be-

ing the inputoutput constructand the other the identity construct which allows
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us a good graphical representation of where input and the output is equal. In
other words identity strain provides us an easy read for the bistability region
(see detailed plasmid construct in sections 4.1.2.1.1.2 and 4.1.2.1.2.2).
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Figure 2.44: Mapping of WT strain steady states using Gal2p feedback opening. Cells grown for 24 hours at
different galactose and glucose concentrations and in a GAL2 mRNA gradient (x-axis).

Although we were not able to reconstruct the 10 response, we can see that the
bistability region in 0.2% glucose is enhanced compared to 0% and 0.5%. This

may be one of the first clues suggesting the higher memory in mid-range glu-

cose.
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2.4.3 Conclusion

Itis clear that bistabilityisanimportant recurringthemein cell signalling. Bista-
bility may be of particular relevance to biological systems that switch between
discrete states or “remember” previous stimuli. Because the GAL regulatory net-
work contains three positive feedback loops, this network exhibits bistability. A
core positive feedbackloop through GAL7is necessary for this cellular memory,
whereas a negative feedback loop through GAL80 competes with the positive
GALTloop and reduces memory. Using feedback splitting we show the bistablity
regionsin AGAL2AGAL3strainin yeast. Matching the input output response we
show that the memory stored in Gal1p feedback loop especially enhanced be-
tween 0.02% to 1.25% galactose. In this region the system is bistable and the
hysteresismemoryis still visible after 5 days. The slow activation of the network
is due to the weaker sequestration of Gal80p by Gal1p instead of Gal3p. Gal1p
feedback deletion strainshows along memory. Although with Gal80p feedback
reducesthe memory storage?' the slow activation by Gal1p makes the OFF his-
tory activationa 5 days process. Transition rates provide an easy way to confirm
the prediction of the bistability region from input output measurements. It has
been previously shown by the submitted work from Becskei group °® that the
transition rates become slower in bistability region. It has been also shown by
Scott et. al. the range of bistability is considerably widened as transitions from
the low to the high state are suppressed confirming the relation between the
transition rates and bistability in our closed loop system (Saccharomyces cere-
visiae AGAL2AGAL3 strain). We can see in Figure 2.42 that the transition rates
from high to low and low to high in the closed loop system coincides with the
bistability region in our input output measurements (Figure 2.41). For the WT
behaviour of the GAL network we were not able to reconstruct the IO response.
One of the mainreasons for this of course was the peculiar interaction between
Gal1p and Gal2p, nevertheless; qualitatively we did map the bistability region.
Our findings were in parallel with the hysteretic memory we have measured

where in 0.2% glucose it was enhanced compared to 0% and 0.5%.
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2.5 Other projects

2.5.1 Introduction

In mapping of deterministic and stochastic network activity by feedback split-
ting projectinour lab, | performed the proteomics measurements for absolute
quantification of rtTA protein concentration by targeted LC-MS (SRM). In their
work Becskei group showed that protein homodimerization can generate suffi-
cientnonlinearity to create cellularmemory. They compared the strength of this
nonlinearity with cooperativity usingfeedback splitting. With the resulting open
loop relations that has captured the nonlinearities and together with equiva-
lence relations, they mapped the bistability region for the positive feedback
circuits with different cooperativity and homodimeration. Feedback circuits
were created by placing the gene of the TF, rtTA under the control of its own
promoter. The inducer doxycycline increases the affinity of the TF to the DNA. |

have contributed by determining the decay rate of rtTA protein.

2.5.2 Results

For absolute quantification of rtTA, heavy reference peptides were selected
matching the sequence of the endogenous peptide with the highest precursor
ion MS-intensity determined in the label-free quantification experiment. Pep-
tides containing missed cleavages or a glutamine at the N-terminus were ex-
cluded. The following endogenous peptides were detectedafter scanrunfor the

full spectrum shotgun proteomics:
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Table 2.18:Endogenous rtTA peptides that were detected using shotgun proteomics.

Identified rtTA peptides

ALLDALPIEMLDR
ETPTTDSMPPLLR
FEGDTLVNR
FSVSGEGEGDATYGK
LGVEQPTLYWHVK
LSFLPAGHTR
VHLGTRPTEK

VINSALELLNGVGIEGLTTR

CALLSHR
QAIELFDR

To synthesize heavy peptides, five peptide sequences were selected (Table 2.18

bold blue marked peptides) that had the highest peaks.
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Figure 2.45: Decay of rtTA protein. Decay rate for single chain rtTA is0.0126 min™ with 20 uM doxycycline,
0.0088 min™ without doxycycline. For rtTA the decay rate is 0.0084 min™ both with and without doxycycline.
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Chapter 3 Conclusion

3.1 Achieved results

Having established a synthetic control on transcription of GAL genes and a
methodto precisely measure absolute protein concentration, we looked at the
effect of media on protein degradation and profiled in vivo protein turnover in
the presence of the carbon source galactose and glucose. The overall distribu-
tion of half-lives measured in this condition was similar to the turnover profile
generatedfor yeast grown in glucose, with an average half-life of 1.5 to 2 hours.
Thus, glucose dependent ubiquitination of Gal2p is the single example of

change in GAL regulatory protein decay rate.

The GAL system of S. cerevisiae was metabolically engineered by construction of
different mutant strains where several layers of GAL network were isolated to
determine the interaction of regulatory proteins. In the first layer of the GAL
network we deleted GAL80(AGAL80).Usinga AGALS8O strain we have isolated the
Gal4p-DNA interaction. We determined the DNA binding activity of Gal4p by
titrating a known amount of protein and fit the dissociation constant (Ko) for
both Gal4p homodimerizationand Gal4p-DNAbindingWe determined a Ko of 1
nM in good agreement with publishedresults for both the truncated Gal4p DNA
binding domain (Vashee et al. 1993) where they found Kd to be 1.3 nM.*® We
have found the Gal4p homodimerization to be 13.2 uM whichis in agreement
with previously published in vitro data (Bhat et al. 1997) for they claimed the a
homodimerization in micro molar region.”® To determine the affinity of the
Gal4p-Gal80p interaction, we have engineered a double deletion construct
where we removed both Gal3p and Gal1p signal transductors. Using the double

deletion strain we have isolated Gal4p-Gal80p binding. By titrating Gal80p, we
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determinedaKoof 0.22 nM. This value isin agreement with vitro data published
by (Melcheretal.2001) where they claim that Gal4p Gal80p binding is stronger
than Gal4p DNA which is lower than 1TnM.? In our fitting we determined the
Gal80p homodimerization to be 39 nM which is again in complete agreement
with previous in vitro measurements of Melcher et al. (They claim that Gal80
homodimerizationisaround 20 nM) Gal80p dimerizes with high affinity, and are
significantly stabilized when bound to Gal4p-DNA complexes. In summary, a
series of strong protein-proteinand protein—-DNA interactions appears to stabi-
lize all components ofa DNA-(Gal4p) »-(Gal80p) 2 complex.ltisalsoimportant to
point out that in our fits we also showed that Gal80p stabilizes the interaction
between Gal4pand DNA. The difficulty in determining the dissociation constant
between Gal4pand Gal80p reflects the complicated linkage between Gal4p and
DNA, Gal4p andGal80p, and Gal80p and Gal80p. All pairwiseinteractions within
the DNA-bound complexes have Kb in the subnanomolar range and are stabi-
lized further by neighbouring interactions. In order to understand the interac-
tions betweenthe regulatory factors, it was important to put them into a quanti-
tative framework. In the first and the second layer of GAL network, we have es-
tablished the model where Gal80p dimerizesinwith high affinity and that Gal4p
forms a heterotetramer with Gal80p on DNA. Gal80p stabilizes the interaction
between Gal4pand DNA.When we moved to the third layer where signal trans-
ductors Gal1p, Gal3p comesinto play together with galactose sugar itself. In our
fits we found that Gal3p has binds to galactose roughly 2 times stronger to
Gal1p, 15mMand 28 mMrespectively these values are close to previous work by
Platt et al., 2000 where he reported a 21mM for Gal3p and 25 mM for Gal1p.
Gal3p-Galactose complex binds to Gal80p almost 10 times stronger than Gal1p-
Galactose complexwhichare close to what Bhat et al 19974 suggested as 5nM.
Although Gal3p and Gal80p interact strongly in the presence of galactose, a
weaker galactose-independent interaction between Gal3p and Gal80p occurs.
Steady-state analysis demonstrates thata 100-foldincrease inthe Gal3p relative
to the basal levels in the wild type switches-on the system in the absence of

galactose. Our measurements we have confirmed (Figure 2.18) the previous
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findings by Bhat and Hopper’' where they have shown that overexpression of
Gal3p can activate GAL network. Our fitted values suggest a dissociation con-

stant of 15nM for Gal3p-Gal80p and 95nM for Gal1p-Gal80p.

The permease, Gal2p, which has both high affinity and low affinity transport
mechanism, facilitates the transport of galactose from extracellular medium to
the cytoplasm, constituting a positive feedback.”? We have determined the dis-
sociation rate of Gal2p-Galactose as 0.02 mM and the dissociation rate of HXT
transporters were found to be 0.05 mM. Although the difference may not be as
big as initially one may think. We have to take into account the fact the meas-
urements have been done in saturating galactose concentrations with little
traces of glucose. Meier et al. 2002°° suggested that HXTs carry galactose and
glucose almost in equal rates until the glucose level reaches one tenth of the
galactose concentration. This 10 fold fraction represents the point of switching
for HXT transporters where from that point on they mostly transport glucose.
This isalso true for Gal2p.It has been previously shown by Maier et al. 2002 and
Reifenberger et al. 1997 that in the absence of galactose Gal2p transports glu-

cose with almost equal affinity as HXT transporters.

We have calculated that a galactose induced wild type cell should consume
roughly 1mM of galactose per hour with Gal1p enzymatic activity. This finding is
in parallel with Sellick etal. 2009 where they showed Gal1p Km 0.25mM, Keat 20s™.
During the process of determining galactose consumption and transport in GAL
network we have stumbled upon a new interaction between Gal1p and Gal2p.
WE have shown that without Gal2p, Gal1p does not show any enzymatic activity
although its transducing activityisintact. We have further confirmed these find-
ings with several control experiments in contrast to prior in vitro data showing
Gal1p activity without Gal2p. We went on to trying to explain the basis of this

mechanism using different approaches. To show whether the Gal1 and Gal2
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have a directinteraction wastotag GAL7 with GFP and add a nuclearlocalization
signal. We have shown that galactose was consumed with a similar rate in cells
where Gal1p accumulatedto the nucleus (Figure 2.30 and Figure 2.31). We have
alsoinvestigated some of the possible mechanisms for indirect interaction be-
tween Gal1p and Gal2p such as a MS/MS shotgun proteomics measurement
where we checkedfor possible phosphorylationand post translational modifica-
tion sites on Gal1p but our measurements did not yield a viable candidate. Alt-
hough, there are numerous works published examining the galactokinase activi-

ty of Gal1p there is no evidence showing a clear cut repression by Gal2p.

After establishing the layer by layer the important parameters that govern the
GAL networkdynamics.We wenton to map the bistability region AGAL2AGAL3
strain in yeast both to explain its hysteresis behaviour and validate our estab-
lished parameters from previous layers.|tis clear that bistability is an important
recurring theme in cell signalling. Bistability may be of particular relevance to
biological systems that switch between discrete states or “remember” previous
stimuli. Because the GAL regulatory network contains three positive feedback
loops, this network exhibits bistability. Using feedback splitting we have shown
the bistablity regionsin AGAL2AGAL3 strainin yeast. Matching the input output
response we show that the memory stored in Gal1p feedback loop especially
enhancedbetween0.02%to 1.25% galactose.In this region the system is bista-
ble and the hysteresis memory is still visible after 5 days. The slow activation of
the network may be due to the weaker sequestration of Gal80p by Gal1p instead
of Gal3p.*” We have fitted transition rates as an easy way to confirm the predic-
tion of the bistability region from input output measurements. It has been pre-
viously shown by the submitted work from Becskei group 73 that the transition
rates become slowerin bistability region. It has been also shown by Scott et. al.
the range of bistability is considerably widened as transitions from the low to
the high state are suppressed confirming the relation between the transition
rates and bistability in our closed loop system (Saccharomyces cerevisiae
AGAL2AGAL3 strain). We have shown the galactose range, where the transition

rates from high to low and low to high in the closedloop system are suppressed,
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coincides with the bistability region in our input output measurements (Figure
2.41). For the WT behaviour of the GAL network we were not able to reconstruct
the 10 response. One of the main reasons for this was the interaction between
Gal1p and Gal2p that we could not explain.Nevertheless, we did map the bista-
bility region. Our findings were in parallel with the hysteretic memory we have

measured where in 0.2% glucose it was enhanced compared to 0% and 0.5%.

3.2 Future development

Systemsbiology attempts to discernthe inherent design principles prevailing in
the biological network connecting genotype to phenotype. GAL genetic net-
work of S. cerevisiae offers an opportunity for such a study, as its molecular con-
nectivity at the genetic, signalling, and metabolic levels are well characterized.
The system-levelstudies have demonstrated that the mechanisms prevailing in
the GAL system offers properties such as ultra-sensitivity, noise reduction,
memory, and speedy response foran optimal operation of the switch. However,
more studies are essential to incorporate recent findings such as the effect of
Gal2p on Gal1p enzymatic activity and the possibility of translocation of Gal3p
into the nucleus. Opportunities exist to integrate such data with system-level
studies to obtain better insights on system-level properties such as ultra-
sensitivity, bistability, autoregulation, and memory among other. One of them
beingthe bistability mapping of WT cells and explaining the effect of glucose on

galactose memory.
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Chapter 4 Materials and methods

4.1 Design and construction of synthetic cir-

cuits and yeast strains

4.1.1 Deletion strains

We have created double deletion strains by mating two single deletion com-
mercially available yeast strains and put them under random sporulation. In
response to nitrogen starvationin the presence ofa poor carbon source, diploid
cells of the yeast Saccharomyces cerevisiae undergo meiosis and package the
haploid nuclei producedin meiosisinto spores. The formation of spores requires
an unusual cell division event in which daughter cells are formed within the

cytoplasm of the mother cell.”

4.1.2 Construct plasmids

The first step was to transform the Y0000 BY4741 MATa strain with
pRS305::pCLN3::tTAplasmid. We used pRS303::Fig1:Tgal7::Pgal1:YFP plasmid as
backbone together with tTA to generate the strains in which we measured the
protein decay. We transformed this strain with various tetOFF system containing
GALregulatory genes. Strain with the backbone that contained the pCYC1 with
two bindsites of tetO2 leads the transcription of the inserted gene; an Amp cas-

sette as bacterial marker and; an URA3 gene as yeast marker.

At the same time of design the model plasmid, some constraints were consid-
ered.To avoid losing the effect of the TATA box for a large distance between the

TATA boxand ORF, we decided shortenthe distance between the TATA box and
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5'UTR and keep it at 12 bp. The truncated fragment was around 100 bp to pro-
vide a large homologous sequence. GAL regulatory protein decay constructs; to
efficiently control the interested GAL gene we have used tet-OFF, tetracycline

controlled gene expression system 7>

Doxycycline O
tTAI:I ﬁ'
P, tet02 U3 intron
Poss -1 [H—2€ * s
Doxycycline O
tTAI:I ﬁ,
P, tet02 U3 Intron
Paus 1 [ L6« a0

Figure 4.1: Efficient regulation of the proteins were achieved through synthetic regulation using a Tet OFF
system.

Strain were optimized to find the best dynamic range with and without step
loops. As an option translational initiation was blocked in cis by insertion of a
strong stem-loop structure into the 5-UTR. Stem loop hinders the ribosomal
binding; therefore, reduces the translational efficiency. The reason we tried con-
structs with stem loops was because of the discrepancy in the fitting that was
caused by the fact that Gal4 expression pattern does not follow the target gene.

All constructs were then optimized by a synthetic intron insertion (Figure 4.3).

The stemloop construct in wild type SY991 cells
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Figure 4.2:real time PCR relative mRNA values GAL4 and GAL1. GALT mRNA expression is controlled by GAL4
concentration using a Tet OFF system.

A setof primers have beendesignedto screen mature mRNA, one ofthem binds
at the 5'UTR, the other lies at the both sides of the splicingsitesand binds only if
the mRNA is spliced.

Stem loop
Nascent mRNA
5'UTR ATG, U3 intron Gzla 3 UTR
—— b
Splicing sites = s .
Real time PCR primers for total Gald mRNA
Splicing
U3 intron
Stem loop
Mature mRNA
5'UTR ATG, Gal4 3'UTR
= o = <

Real time PCR primers for total Gald mRNA

Real time PCR primers for mature Gald4 mRNA

Figure 4.3: Scheme representing GAL4 mRNA maturation and Oligo regions to measure GAL4 mRNAand GAL4
mature mRNA using real time PCR. GAL4 mRNA expression is controlled by a Tet OFF system.

Mature and total mRNA are very similar in the stem loop construct without the
intron. Inthe construct which includes the intron mature mRNA follows the tar-

get gene expression closely. Construct has beenimproved (Figure 4.4).

The intron construct in wild type SY991 cells

10
8
°* * . *
8
*
1
4 R 4 x X 8
z I S |
0.1 .
Q(Nom alized to Act1)
o Gall *
fo 01 o ¢ *
3t Gald M
R % Gal4 mature i
H
o Gal? ¥
0.001
0.001 0.01 0.1 1

Doxycycline (ug/ml)

104



Chapter 4

Figure 4.4:real time PCR relative mRNA values GAL4 (nascent, mature and total) and GAL1 (total). GAL1 mRNA
expression is controlled by GAL4 concentration (doxycycline gradient) using a Tet OFF system.

Gal1, 3, 80 have been improved in similar way. Dynamic range has been in-
creased withand without stem loops then thenthe best strain has been used to
measure our parameters. For Gal1p and Gal3p decay strains the full data set was

reached with two plasmids, where we cover the whole dynamic range.
4.1.2.1 Feedback splitting constructs

4.1.2.1.1 Input/output constructs

4.1.2.1.1.1  Gallp feedback loop opening

Py fet04 GALI(350nt) P2A VPP GALI-3(30nt) GAL13UTR
pRS303

e e s s W

Linearization

Por caizesnt)  BR  ve  caurzGony GALI3UTR
| || | | | ————

Py tet04  GALI(263nt) GAL2(WT)

1/0 strain

Poufe04  GALI350nt) P2 BFP  GALI-3(30mt) GALT3UTR

Figure 4.5:Scheme representing GAL1 feedback opening input output plasmids and their integration sites.
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4.1.2.1.1.2  Gal2p feedback loop opening

P, fet03 GAL2336nt) P2A  YFP  GAL2-3'(30nt) GAL23'UTR
pRS306

£
— ST +——

Lineariztion

Poc G226 BFTE™ e GaL23(30nt GALZ3UTR
| I — I ————

P, fet03  GAL2(264nt) GAL2(WT)

e A e——
1/0 strain

P, tet03

GAL2(336nt) p2A BFP  GAL2-3'(30nt) GAL2 3'UTR

Figure 4.6: Scheme representing GAL2 feedback opening input output plasmids and their integration sites.

4.1.2.1.2 Identity matching constructs

4.1.2.1.2.1  Gallp feedback loop opening
Pey  GALIGSONY) P2A  YFP  GALI-3(30mt) GAL13UTR
pRS306 P
] N I I ———

Linearization

P o3 B v cauizcom caL13UR

I — I F——

Peas GALI263nt)  GAL2(WT)

. . PRS306
|dent|‘ty strain ::m

Paus GAL1(350nt) p2A BFP  GAL1-3'(30nt) GAL13'UTR

Figure 4.7: Scheme representing GAL1 feedback opening identity plasmids (line of equivalence) and their
integration sites.
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4.1.2.1.2.2  Gal2p feedback loop opening

P

(7]

GAL2(336nt) P2A  YFP  GAL2-3'(30nt) GAL23'UTR
PRS306

£
i | 1 5 1 1 1 1 "

Linearization

Pou GA2640) BB v Ga-3Gony GALZZUTR
1 1 1 1 —

Pos GAL2(264nt) GAL2(WT)

Identity strain

[ GAL2(336nt) p2A BFP  GAL2-3'(30nt) GAL2 3'UTR

Figure 4.8: Scheme representing GAL2 feedback opening identity plasmids (line of equivalence) and their
integration sites.

4.1.3 DNA amplification (PCR)

PCRis a simple andelegant technique toamplify a specific DNAfragmentfrom a
DNA template. The amplified fragment is delimited by two oligo with homolo-
gous sequences that hybridize with the DNA and exert primers for the DNA pol-
ymerase [46],[47].We performed the PCRs in Eppendorf strips in which we add-
ed the reagents.For a single reaction we used 14.75 ul H20, 5 ul HF buffer, 2.5 pl
primermix (10 mM each), 2 ul dNTPs (2.5 mM each), 0.5 pl template and 0.25
Phusion DNA Polymerase.
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Table 4.1: PCR program. Tm (melting temperature) of the primers is given by Genius, the software used to
create the oligo.

Step Temperature (°C) Time No. of cycle
Initial Denature 96 4 min 1

Denature 94 40 sec

Annealing Primer Tm -4 45 sec 5

Extension 72 1 min per 1Kb

Denature 94 40 sec

Annealing Primer Tm -2 45 sec 30
Extension 72 1 min per 1Kb

Final Extension 72 7 min 1

4.1.4 DH5a competent cells

To perform the cloning of our plasmid, we used the strain DH5a of E.coli. This
strainis the most frequently strain used for cloning thus its high efficiency trans-
formations.In addition, itis easy the isolation of the desired plasmid. We inocu-
lated 5 colonies from a freshly LB grown plate in a 200 m| SOC medium. We let
them grow overnight at RT with vigorous shaking. The following day, we trans-
ferredthe cellsinto sterile Falcon tubes and placed them onice for 10 min when
the ODsoo was as close to0 0.45 as was possible.We span down for 15 min at 3500
rpm and carefully discarded the supernatant. We resuspended the cells in 64 ml
of cold HTB and kept onice for 10 min. We span down again for 15 min at 3500
rpm, carefully discarded the supernatant and resuspendedin 16 ml of cold HTB.
Following, we slowly added 1.2 ml of filter sterilized DMSO while gently swirled
the cells suspension. We aliquoted immediately into Eppendorf tubes (e.g. 210
ul portions) and froze by throwing the tubes into liquid nitrogen. We stored the

tubes at -80°C.

4.1.5 Bacterial Transformation of DH5a

The transformation is a basic technique of molecular biology, resulting the in-
corporation of foreign DNA to the bacteriathrough its membrane to generate a

large amount of the desired DNA.The cells requiredfor the transformation were
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melted on ice during 30 min approximately. Afterwards, the cells were mixed
gently with the fingers and were aliquoted 50ul into 1.5ml tubes. It was added
5ul of desiredligation into each tube carrying out a gently mix with the fingers.
Itwas letincubate the tubesonice for 10 min. The next step was the heat shock
at 42°Cfor exactly 1 minand the placement of the tubes on ice again for 2 min. It
was 1ml of pre-warmed (37°C) LB without antibiotics and was let the tubes at
37°Cfor 1 h. After this time, it was performed a spin down of the tubes during 4
min at 14.000rpm, it was added 300ul LB in each tube and was spread this
amount onto ampicillin LB plates. The plates were cultivated inverted at 37°C

overnight or at RT at the weekend.

4.1.6 Yeast transformation protocol

The day before the transformation, we made a 5 ml overnight culture of strain to
transform in YPD. Next morning, we refreshed the cells in fresh YPD at ODsoo ~
0.2, and we let them grow for 5 h at 30°C in the shaking incubator. Usually, we
used 50 ml of YPD for 8 transformations. When it was missing 1.5 h to start the
transformation, itneededto linearize the DNA for transformation. The lineariza-
tion was performed like a single plasmid digestion. After the 5 h, we harvested
the cells by centrifugation at 3300 rpm for 5 min at room temperature RT. Fol-
lowing, we discarded the supernatant and washed the cells in 50 ml of sterile
ddH20 and span again. In the next step, after discard the supernatant, we re-
suspendthe cellsin25 ml of sterile LiT buffer and let them incubate at RT for 40
minwith gentle shaking. During that time, we prepared the PEG solution, 30-60
min to dissolve with gentle shaking; and the carrier DNA, heating it to 95°C for
10 min (to ensure sterility). For each transformation, we mixed 50 plL LiT, 5 pL
carrier DNA in the Eppendorftube where we had made the plasmid digestion;
always, we included a control without transforming DNA. After ended the cell
incubation, we span down the cells (3300 rpm,5 min) and resuspenedin 750 puL
LiT. We added 100 pL of the cellsinto the Eppendorftube and let them incubate
at RT for 10 min. In the next step we added 300 uL of PEG solution to each tube

and incubate them at RT for 10 min;and at 42°C for 15 min to do the heat shock.
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Following the incubations, we centrifuged the cells for 1 min at Vmax, discarded
the supernatant and, added 1 ml of fresh YPD in each tube and let them at 30°C
for 1 h. Before plate the cells on plates with appropriate selection media, we
span down for 1 min at Vmax, discarded the supernatant and we resuspendedin
100 pL of 10mM Tris-Cl pH 7.5. The incubation of the plates was for 2-3 days at
30°C.

4.1.7 Yeast Colony PCR

We tested whether the transformation took place intoright positionand a single
time for several clones of the same strain. Using a pipetman tip, we transferred
yeastcellsto30 pl of 0.2% SDS. We mixed very well in a vortex for ~ 20 seconds.
To break down the cell membranes, we heated the tubes for four min at 90°C.
Then we span down for 1 min at 1000 rpm and transferred the supernatanttoa
new tube. After, we performedaPCR as it has already described previously (5.2.
DNA amplification. PCR) with a PCR program shown below. We tested if the
plasmidwasintegratedinto the correctalleleto disrupt it. The oligo used to this
PCR bound before the 5'UTR chosen by us in the gDNA and, after the truncated
fragmentin the plasmid. Asingle integration is necessary toavoid disturbing the
measurements. To test the single integration, the oligo bound in the plasmid on
the TATA box region and after the truncated fragment. In this case, shouldn’t

have ampdlification.

Table 4.2: Program of yeast colony PCR. Tm (melting temperature) of the primersis given by Genius, the soft-
ware used to create the oligo.

Step Temperature (°C) Time No. of cycle
Initial Denature 96 4 min 1

Denature 94 40 sec

Annealing Primer Tm -2 45 sec 35
Extension 72 1 min per 1Kb

Final Extension 72 7 min 1
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4.1.8 Genomic DNA isolation

We started with the preparation of 2 ml overnight YPD culture of clones we
wanted to test. Next morning, we collected them by centrifugation (3500 rpm
for 5 min),and resuspendedthe cells with T ml ddH>0 and we transferred them
to a 2 ml Eppendorf tube to centrifuge at Vmaxfor 1 min to pellet the cells.Ina
new 2 ml Eppendorf tube, we made a mix of 20 yl Zymolyase (80 U/ml), 2 ul
RNase (20 ug/ ul) and 1 pl 2-mercaptoethanol and, we added the suspension of
the cellsin 150 ul 1.2 MSCE. We letincubate the mixtureat 30°C with shaking for
1 h. Following the incubation, we added 500 pl lysis buffer and incubated at RT
for 5 min; next, we added 360 ul 7 M NH4OAc into the tube and we put them at
65°Cfor 5minand then put them inice for another 5 min. The addition of 650 pl
chloroform is a critical step to separate the DNA of the proteins and other cell
components; we mixed the mixture in a vortex and span down it at Vmax for 2
min. We transferred the supernatant to a new 2 ml tube containing 1 ml 2-
propanol; we mixedand incubatedatRT for 5 min. That mixture was centrifuged
at Vmax for 5 min. Afterwards, we washed the pellet with 70% ethanol; span down
Vmax for 1 minand we letair dry the pellet. We dissolved the pellet with100 pl 10
mM Tris-Cl, pH 7.5 at 30°C for 20-60 min.Once the DNA was dissolved, we meas-

ured the concentration with the Nanodrop.

4.1.9 Copy number checking using qPCR with gDNA
template

We prepared two different concentrations of gDNA: 5 and 50 ng. We used the
gDNA of W303 yeast strainat 50 ng as reference. We measured the levels of two
genes:URA3 presentinthe plasmidand ACT1 as reference gene, already present
in the yeast genome We used the 384 Well Plate Two Notch Type and we filled
eachwell with5 pyl CyberGreen, 2 ul gDNA, 2 pl diluted primers(1.5mM)and 1 pl
H-20.
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Table 4.3:qPCR Program.

Preparation Amplification Melting Curve
Without repeat 40 cycles Increase 0.3 °C per scan
Temp 50 °C 95 °C 95 °C 60 °C 95 °C 60 °C 95 °C
Time 2:00 3:00 0:03 0:45 0:15 0:15 0:15

4.2 Yeast culture preparation

4.2.1 Preparing and selecting cell cultures

We prepared two 5 ml overnight cultures of SD CSM 2% raffinose (0.005% glu-
cose) medium at 30°, with and without DOX. We refreshed next morning at
ODs00~0.1in 10 ml of the same raffinose medium at the presence or absence of
DOX, and we let the cells grow 5h at 30°. We harvested the cells at 3500 rpm
during 10 minand froze them inliquid nitrogen. Afterwards, we performed RNA
isolation, reverse transcription and qPCR analysis to choose the strains we re-

quire for our experiments.

4.2.2 RNA isolation

RNA wasisolated from each time point using RNeasy ® Mini-kit of QIAGEN ® with
DNase | treatment (Qiagen). We included an optional DNase digestion step be-

cause the gPCR is a sensitive application and we wanted to avoid any genomic

DNA.

4.2.3 Reverse transcription

The reverse transcription is a technique to synthetize cDNA using RNA as tem-
plate.In the market there are several kits to performer the cDNA synthesis. We
tested three of them to see which one gave us better results. We tested the
QuantiTect Reverse Transcription Kit and SuperScript® Reverse Transcriptase

with oligo octamers. We performed the reaction following the kit instructions.
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4.2.4 RNA quantitation by quantitative real-time PCR
(qPCR)

The quantitative PCR (qPCR) is robust technique to measure the gene expression
[48]. The product of its amplifications is detected at the reaction progresses in
“real-time”. To monitor the PCR, we used the SYBR Green| Dye. This dye binds to
the dsDNA. At the beginning of the reactions, only the gPCR primers region is
dsDNA, therefore, the fluorescent signal is very weak. After several cycles and at
the end of the elongation phase, the emitted fluorescence by the intercalated
dyes is enough to be measure of the machine at 530 nm. We filled each well
with 200 ng of cDNA of interest, 2 pl premixed of gPCR primers (1.5 uM), 5 ul of
CyberGreenanduntil 10 pl with H20, between 2 and 2.8 pl depending on cDNA
concentration. Then we span the plate of 1 min at 1000 rpm. To avoid errors in
the quantifications, we chose two genes as reference: TFC1 and UBC6. TFC1 is
one of sixsubunit of RNA polymerase Ill transcription initiation factor complex;
and UBC6 is an ubiquitin-conjugating enzyme involved in endoplasmic reticu-
lum-associated degradation. These genes are known as house-keeping genes
due to constant level of expression. As the gPCR is an exponential reaction, the
PCRproductis double each cycle if the PCRis 100% efficient. To test if that was
our case, we measured the efficiency of gPCR primers. We prepared 6, 10-fold

serial dilution from cDNA and performed the gPCR. (Appendix: Oligos)

4.2.5 Harvesting cell culture for protein and RNA analy-
Sis
We prepareda5 ml overnight culture of SD —~CSM 2% raffinose +0.5% galactose

(0.005% glucose) medium at 30°. We refreshed next morning at ODe0o~0.1 in 60

ml of the same raffinose medium andwe let the cells grow until ODsoo~0.5 at 30°.
We took 2 samples before induce the decay and 10 samples at different time
during time course (1.5,3,4.5,6,7.5,9,10.5,12,13.5and 24 hours). 10 ml culture
was collectedateachindicatedtime point (5ml for MS/MS and 5ml for RNA). The
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cell density was maintained to prevent reaching ODsoo of 1.0 throughout the
time course by dilutions during sample taking. For RNA and protein analysis, the
cellswere collected with dryice cooled at 50% methanol similar tosample prep-
arations for galactose consumption measurements (section 4.3.3); where the
cellswere pelletedat4 C° 4000 rpm for 5 mins. Then cells were stored at -80 C°
until further measurements. Further samples were processed for both RNA (sec-

tion 4.2.2) and protein analysis.

4.2.6 Sample preparation for protein quantification

Protein quantification was performed by mass spectrometry as previously de-
scribed, with minor modifications.”® Cell pellets were resuspended in 100ul lysis
buffer (100 mM ammoniumbicarbonate, 8M urea, 0.1% RapiGest™). The cells
were disrupted by vortexing for 3 x 30 seconds followed by sonication (100%
amplitude, 0.5 cycle, 3 X 10 s) in a VialTweeter (Hielscher). 10 pl aliquot of the
supernatant was taken to determine the protein concentration of each sample
using a BCA assay (Thermo Fisher Scientific). Proteins obtained from the differ-
entsampleswere reduced with 5mM TCEP for 60min at 37°C and alkylated with
10mM 18 iodoacetamide for 30min in the dark at 25°C. After quenching the re-
action with 12 mM N-acetylcysteine, the proteins were proteolyzed for 4h at
37°C using sequencing-grade Lys-C (Wako Chemicals) at 1/200 w/w. Then, the
samples were diluted with T00mM ammoniumbicarbonate buffer to a final urea
concentration of 1.6M and further digested by incubation with s quencinggrade
modified trypsin (1/50, w/w; Promega, Madison, Wisconsin) over night at 37°C.
The sampleswere acidified with 2M HCl to a final concentration of 50mM, incu-
batedfor 45minat37°Cand the cleaved detergentremoved by centrifugation at
14,0009 for 5min. Subsequently, an aliquot of the heavy reference peptide mix
were spikedintoeachsample ata concentration of 200 fmol of heavy reference
peptides per 1ug of total endogenous protein mass. All peptide samples were
then desalted by C18 reversed-phase spin columns according to the manufac-
turer’sinstructions (Macrospin, Harvard Apparatus), separated in aliquots of 150

Ug peptides, dried under vacuum and stored at -80°C until further use. For LC-
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MS analysis, samples were solubilized in solvent A (98% water, 2% acetonitrile,
0.15% formicacid)at a concentrationof 0.5 pg/ul and 3 pl were injected per LC-

MS run.

427 Absolute quantification of protein concentration

by targeted LC-MS

For absolute quantification of rtTA, heavy reference peptides were selected
matching the sequence of the endogenous peptide with the highest precursor
ion MS-intensity determined in the label-free quantification experiment. Pep-
tides containing missed cleavages or a glutamine at the N-terminus were ex-
cluded.Endogenous peptides were detected after scan runfor the full spectrum.
To synthesize heavy peptides, five peptide sequences were selected that had
the highest peaks. (Table 4.5) To generate the SRM assays, a mixture containing
500 fmol of each reference peptide was analysed by shotgun LC MS/MS using
HCD fragmentation, database searched by Mascot applying the same settings as
above with two changes; isotopically labelled arginine (+10 Da) and lysine (+8
Da) were added as variable modifications and the mass tolerance for MS2 frag-
ments was set to 0.02 Da. The resulting dat-file was imported to skyline version
14 (https://brendanx-
uw1.gs.washinton.edu/labkey/project/home/sofware/Skyline/begin.view) to
generate aspectral library and select the best transitions for each peptide. After
collusionenergy optimization, the final transition list were imported to a triple
quadrupole mass spectrometer(TSQ Vantage) connected to an electrospray ion
source (both ThermoFisher Scientific). Peptide separation was carried out using
an Easy-LC systems (ThermoFisher Scientific) equipped with a RP-HPLC column
(75 um x 20 cm) packed in-house with C18 resin (Magic C18 AQ 3 um; Michrom
BioResources)usingalinear gradient from 95% solvent A (0.15% formic acid, 2%
acetonitrile) and 5% solvent B (98% acetonitrile, 0.15% formic acid) to 35% sol-
vent B over 90 minutes at a flow rate of 0.2 yl/min. Each sample was analysed in

duplicate. All raw-files were imported into Skyline for protein quantification.
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Based on the number of cells countedfor each sample, absoluteabundances for

the selected proteins (in copies/cell) were calculated across all samples.

4.2.8 Flow cytometry

GFP fluorescencewas measured by BD FACSCanto™ Il Flow Cytometer using the
488 nm laserand the 530/30 nm band pass emission filter, coupled to a 502 nm
long pass dichroic mirror. Gating based on the forward- and side-scatter signal
was performed to omit the cell debris and clusters. At least 5,000 cell events

were recorded for a single measurement.

4.3 Data analysis

4.3.1 Protein analysis

4.3.1.1 Absolute quantification of protein concentration by

targeted LC-MS

4.3.1.1.1 Introduction to selected reaction monitoring (SRM)

Absolute quantification using SRM (selected reaction monitoring) is solemnly
dependent on the ratio between selected standard heavy peptides and their
endogenous counterparts. In SRM peptides are targeted using a triple quadru-

pole mass spectrometer (QQQ).

43.1.1.2 Basic workflow for SRM analysis

Step 0: Successfully solubilize lyophilized peptide standards. Recommend step-

wise resuspension.

Step 1: Determine strongest transitions for each peptide (start with 5/peptide;
method can be trimmed down to 3/peptide later on). If your instrument has an

ion trap, this process is easier.
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Step 2: Optimize collision energy (CE). This must be performed for every single

transitions.

Step 3: Determine retention time of peptide. Using scheduled SRM methods

significantly improves multiplexing capability.

Step 4: Look for endogenous peptides. Determine necessary pre-fractionation
steps.
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Figure 4.9 Targeted mass spectrometry work flow.

In selected reaction monitoring peptides are quantified using stable isotope
labelled peptide standards. Quantitation is achieved by measuring area under
extracted-ion chromatogram (XIC) curve.”” In XIC curves one or more m/z values
represent one or more analytes of interest that are recovered from the entire
data set for a chromatographic run. The total intensity or base peak intensity
within a mass tolerance window around a particular analyte's mass-to-charge
ratiois plottedatevery pointin the analysis. The size of the mass tolerance win-
dow typically depends on the mass accuracy and mass resolution of the instru-
ment collecting the data. This is useful for re-examining data to detect previous-
ly-unsuspected analytes, to highlight potential isomers, resolve suspected co-
eluting substances, or to provide clean chromatograms of compounds of inter-
est.When selecting peptides for SRM analysis one needs to consider the feasibil-
ity of chemical synthesis. Peptide length should be less than 24 AA. It is also
importantto consider the posttranslational modifications and the physiochemi-

cal properties of the peptides to be programmed in the transition lists and the
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HPLC programming gradient programming. Peptide should be unique and

should not be proned to trypsin miscleavage.”®

Endogenous peptide concentration
Endogenous peptide chromatographic peak area

Heavy peptide chromatographic peak area

= Heavy peptide concentration

4.3.1.1.2.1  Actin Normalization and absolute quantification
When we are using mass spectrometry thereare few key issues we need to take
into account. Since we are aiming to obtain absolute protein amounts in cells it

is very important to include control measurements in our MS/MS data.

There are three key points where we may lose some our peptides whilst prepar-
ing our samplesusing MS/MSwhich are cell lysis, tryptic digestion and C-18 col-

umn purification.

The control for the C-18 column purification is straight forward. All we need to
checkisthe heavy peptide fragments peak areas of the samples since the heavy
peptide is added after the lysis and it’s already digested (Figure 4.12). However
the control for the cell lysis efficiency and the tryptic digestion is more ambigu-
ous. One of the very first control experiment we have done was to check the
linearity ofa protein quantificationina dilution series. Where we had two strains

one expressing highlevels of GALT protein (Figure 4.10) and one a AGAL T strain.

Doxycycline O

tTA |:| |
— P, tet02

P | —1

Figure 4.10: Control of expressionin GAL1 gene using tet OFF system.
Results showed us that the measurement gives a scattered data instead of a
linear reduction of GAL1 protein over dilution (Figure 4.11). This pointed out the

fact that we need to design another control for our protein measurements.
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Figure 4.11: GAL1 protein number per cellin a dilution series. Cells have been grown overnight and refreshed
in the morning afterwards a dilution series been made with a AGAL1 strain to checkthe precision of mass
spectrometry. Datais fit with an allometric equation where cis 0.891 and Adj.R-square is 0.751.

After the absolute number detection problems we had with the dilution calibra-
tion we checked the actin values which somewhat should be similar for every
sample injected since actin is highly abundant and constitutively expressed.
When we analysed the mass spec data carefully we saw that the actin amount

was scattered quite similar to the GAL1 protein (Figure 4.12).
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Figure 4.12: GAL1 heavy peptide fragments peak area (A.U) average compared to Actin peptide fragments
peak area average (A.U). Cells have been grown ovemightand refreshed in the morning afterwards a dilution
series been made with a AGAL1 strain to check the precision of mass spectrometry.

In order to avoid the issue of different endogenous proteinamountinjection we
have decidedto make a calibration where we know the actin peptide fragments

peak area corresponding to the number of cells and the amount of protein.
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For this purpose we first counted the cells with flow cytometer and measured
the total amount of protein we have in the lysate using BCA assay. Itis important
to note that the cells were checked under the microscope before and after the

lysis to ensure the >95% cell lysing (Figure 4.13).
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Figure 4.13: Cell number measured with flow cytometry compared to the amount of protein measured by BCA
assay. Cells have been grown overnight and refreshed in the morning afterwards a dilution series been made
with HPLC grade water. Data has been fit with allometrically where cis 0.99 and Adj. R-square is 0.998.

After measuring the cell number corresponding to the total protein amount the
next step was to correlate the amount of protein injected to the actin peptide
fragments area. We added a GFP heavy peptide to ensure that we do not lose
any protein during C-18 column purification where we useda macro column not
to saturate the column and not to lose any protein at any HPLC elution range

(Figure 4.14). By using BCA assay we get the following correlation:

injected cell number

5.26E+07
injected protein concentration (ug/ul) 0.5
total amount of protein per yeast (ug) 9.50E-09

Which means we can calculate the number of cell injected in each measure-
ment.Using heavy to endogenous ratio we can calculate the number of protein

moleculesin cell:

Ppeak area
Pconc - Hronc
peak area
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P,

i peak area
PrOtelnnumber Jcell — Ninjected cell numberNavogadrn Hconc
peak area

As described at the beginning of this section we can also use this method
to reduce the errors that maybe introduced during digestion or column
purification by a method we developed named actin normalization.
Where calculate the amount of actin that should be in cell using a refer-
ence curve and normalize the amount <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>