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Abstract

The spatio-temporal organisation of molecules in a cell plays an important role in
regulating important biological processes such as cell differentiation or cell death.
Molecular organisation at cell membranes is an important process through which
cells carry out crucial functions. For example, at the plasma membrane, molecules
that are involved in signal transduction processes form enriched regions on the mem-
brane to allow the cell to respond to changes in its environment. The enrichment of
molecules at membranes is thought to be mainly governed by positive feedback; how-
ever, as cellular membranes constitute several types of molecules that interact with
one another it is difficult to identify what mechanisms trigger the switch between
diffused and enriched states at the membrane. Many competing theoretical models
have been proposed to describe what governs the switch between the two states but
little experimental data is available to validate these models.

The aim of this thesis is to build a quantifiable synthetic system, which is uncou-
pled from other feedback in the cell so that it can be used to understand the roles of
positive feedback at the plasma membrane. To do this, we have constructed a tune-
able synthetic system that exploits the absence of PI(3,4,5)P3 in cellular membranes
and the presence of its precursor P1(4,5)P5 at the plasma membrane of Saccharomyces
cerevisiae cells. In this thesis, I show that using the catalytic subunit, p110a and
PTEN, we can alter phosphatidylinositol metabolism in Saccharomyces cerevisiae
cells without observing toxic effects on the cell. I will also introduce the method
that was developed to detect and quantify the relative changes in PI(3,4,5)P3 levels
at the plasma membrane using a dual reporter system. A machine-learning algo-
rithm was developed to automate quantification of the differences across cells with
different PI(3,4,5)P3 conditions which is reflected in the PIPs-Index. Statistical sig-
nificance of the PIP3-Index across the population distribution was determined using
Mann-Whitney test and significance of bimodality was determined using Hartigan’s
Dip-test.

Using the methods developed in this study, the simplified positive feedback sys-

tem, was able to show bistability and hysteresis across the cell population. Cells



that contain the positive feedback versions of p110a and PTEN (two-loop) and had
previously encountered high PI(3,4,5)P3 levels, maintained high levels even after co-
expression of pl10a and PTEN in the cell. Significant differences (p<0.05) were
observed between the response to co-expression of pl10a and PTEN in cells that
previously experienced high PI(3,4,5)P3 levels, compared to cells that did not expe-
rience high PI(3,4,5)P3. The difference between the population means of experienced
and naive cells (or cells that did not experience high levels of PI(3,4,5)P3) was 20%.
Bistability in the cell was associated with a higher range of bimodality observed in
the two-loop construct compared to the one-loop construct and hysteresis was ob-
served at high levels of PTEN expression in the two-loop construct. The one-loop
construct was made up of a the positive feedback version of pl10a and a cytoso-
lic version of PTEN and did not show significant bistability across experienced and
naive cell populations. This study confirms that positive feedback at the plasma
membrane can result in bistability and memory across the population. These results
provide insight for future models of molecular organisation at the membrane that

should incorporate elements in addition to a two-loop positive feedback.
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Chapter 1

Introduction

1.1 Summary

This chapter introduces the different theoretical models that describe the enrichment
of molecules at the plasma membrane. Due to the complexity and diversity involved
in the regulation of enrichment of molecules at cellular membranes, I find it easier
to classify enrichment of molecules at the plasma membrane into two major classes:
hard and soft patterns. I propose that the formation of hard patterns are those driven
by physical cues that come from outside of the cell (eg: cell-to-cell interactions),
where these patterns are dynamically formed throughout the lifespan of the cell.
Meanwhile, soft patterns are produced as a result of physical cues from within the
cell and are formed within a sub fraction of the entire cell’s lifespan (<1 minute) but
can persist for a significant proportion of the cell’s lifespan (eg: polarisation). The
distinction becomes important as the formation of hard patterns is more consistent

and measurable than soft patterns.

1.2 Review of the molecular complexity involved at the

plasma membrane

The plasma membrane is a biological membrane that spans the entire surface area of
the cell and acts as an interface between the inside of the cell and its environment.

Traditionally, the plasma membrane is often described as a barrier against the en-

19



CHAPTER 1. INTRODUCTION 20

vironment but this does not take into consideration that it is fluid and responsive
to environmental and internal changes [72|. The molecular complexity involved and
the high turnover of molecular reactions at the plasma membrane make it difficult to
study how molecules behave at the plasma membrane. Consequently, there remain
many open questions about how molecules at the plasma membrane interact with
each other as well as interact with molecules within the cell. One question worth
considering, is how does a highly diluted molecular species within the cell, behave at
the plasma membrane to control cell fates? To determine why there is a lag in our
understanding we first need to appreciate the molecular complexity of the plasma
membrane, which is made up of many diverse molecules that interact with each other
to maintain structural and functional integrity. Previous studies show that the di-
verse molecules that make up the plasma membrane can be grouped based on their

function resulting in three tiers of organisation [59].

1.2.1 The three tiers of plasma membrane organisation

The notion that molecules at the plasma membrane are organised into three tiers
is based on previous studies [59]. The structure and function appear to be highly
hierarchical and can be organised based on increasing molecular complexity (as rep-
resented in Figure 1.1). The three tiers include: plasma membrane compartments
(40-300nm), mesoscale raft domains (2-20nm) and dimers, oligomers and greater
complexes formed by membrane-associated proteins (2-10nm). Feedback loops across
the three tiers couple together to form the plasma membrane where molecules switch
between diffused states in the cytosol/ plasma membrane and enriched states at the

plasma membrane to control cell fates.

Plasma membrane compartmentalisation

Plasma membrane compartments describe the most basic and largest tier of organi-
sation, that is characterised by reduced free diffusion of molecules in a compartment
or region of the plasma membrane. This tier is made up of the phospholipid mem-
brane, transmembrane proteins and the actin cytoskeleton meshowork. This level

of organisation is also described as the picket fence model of the plasma membrane.
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The actin membrane meshwork skeleton acts analogous to fences and transmembrane
proteins act analogous to pickets, together they act as a barrier against free diffusion
of plasma membrane components (phospholipids, G-coupled protein receptors, etc.)
[59]. The diffusion constants of phospholipids have been shown to increase as a result
of disrupting the actin cytoskeleton (eg:CK-666 or Latrunculin B treatments) [63].
The increase in diffusion constants suggests that the first tier of organisation controls
the structure of the plasma membrane through cytoskeletal dynamics. Positive and
negative feedback loops between the actin cytoskeleton meshwork and transmem-
brane proteins result in concave and convex protrusion at the plasma membrane,
respectively. These protrusions result in structural changes that are required for cell

growth and development [103].

Mesoscale rafts

This tier is made up of membrane-associated molecules that accumulate and interact
with each other in a specific region of the membrane. The enriched regions on the
membrane are restricted to membrane compartments and are referred to as rafts.
These rafts are stabilised by a cholesterol molecule and thus this level of organisation
is closely linked to the lipid raft hypothesis. Lipid rafts are biochemically defined
after extraction from the detergent resistant fraction of a gradient centrifuged sample
of the plasma membrane that is treated with cold non-ionic detergents [64]. However,
the variation in the composition, size and persistence times observed have resulted
in controversy about the existence of lipid rafts in the first place [93]. Nevertheless,
studies report quantitative data of rafts observed on the plasma membrane of cells
using advanced imaging techniques [59]. Mesoscale rafts are predominantly made-up
of small G-protein coupled receptors, such as Ras-GTPases or Rho-GTPases, and
cholesterol to make up regions that tend to be highly organised compared to the rest
of the membrane [107]. These highly organised regions are often described as the
liquid- ordered phase (Lo-phase) and the disorganised regions of the membrane are
known as the liquid disordered phase (Lp-phase) [93]. Mesoscale rafts are 40 nm in
diameter but undergo coarsening, or coalescence to result in larger rafts. Depending

on the cell type, larger rafts can grow to several hundred nanometers in diameter.
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The dynamic formation of mesoscale rafts at the plasma membrane is the basis upon

which I define soft pattern formation.

Dimers, oligomers and complexes

In multicellular organisms, such as in mammalian cells, mesoscale rafts also contain
single membrane pass proteins known as tyrosine kinases that initiate cell signalling
after dimerisation at the plasma membrane (Section 1.3.1). This level of organisa-
tion is also referred to as the thermo-lego model, which describes that cell signalling
through mesoscale rafts is stabilised after thermal stability is achieved through com-
plex formation of the transmembrane proteins [93]. In this model, the transmem-
brane proteins are referred to as the pegs of a lego piece that can fit into each other
and the mesoscale rafts acts as the base. The binding of the extracellular regions of
transmembrane proteins is thought to reduce fluidity across the plasma membrane,
reinforcing feedback loops between the cytoskeleton and increasing coalescence of
mesoscale rafts resulting in large (#100 gm in diameter) patterns on the membrane.
The physical or chemical disruption results in decoupling of feedback loops across
the three tiers and can result in the progression of programmed cell death. The
enrichment of molecules at the plasma membrane due to binding of transmembrane

proteins forms the basis of defining hard patterns.
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membrane.
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1.3 Distinction between hard and soft patterns at the

plasma membrane

This section reviews some of the experimental evidence outlining the distinction
between hard and soft patterns that can be observed at the plasma membrane along
with the typical responses that they govern. As previously mentioned, the distinction
is based on the physical cues that result in the formation of these patterns. Hard
patterns refer to self-organising structures that are dynamically formed throughout
the cell’s lifespan whereas soft domains are formed from cues driven from within the
cell, taking only a few seconds to form. Both hard and soft patterns are formed by
diffusion and positive and negative feedback loops that theoretically describe typical
patterns that can be observed.

Patterns at the plasma membrane typically include travelling waves and polari-
sation. Localised pulses are generated by negative feedback loops that result in an
accumulation of molecules at specific regions of the cell that is close to the source (eg:
Ca?" pulse from inositol- triphosphate receptor at the endoplasmic reticulum [13]).
When there is a positive feedback that is strong enough to overcome the negative
feedback loop, allowing the formation of several local pulses that move away from
the source, a travelling wave is produced [108|. Coupling of two or more positive
feedback mechanisms result in the enrichment of a particular molecular species at
the plasma membrane to result in polarisation. As localised pulses are almost never
used to describe pattern formation at the plasma membrane it may suggest that

positive feedback plays an important role at the plasma membrane.

1.3.1 Hard patterns driven by extracellular cues

Hard patterns are formed through extracellular spatial cues such as binding of single
pass transmembrane proteins to other receptors on the surface of the same cell, on
the surface of other cells or to components of the extracellular matrix (ECM). Ex-
amples of hard patterns can be seen in extracellular interactions that are involved in
cell-to-cell and cell-to-extracellular matrix (ECM) adhesion as well as in immune cell

recognition (Table 1.1). In cell-to-cell and cell-to- ECM adhesion, formation of hard
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patterns is driven by cell adhesion molecules (CAMs) that have charged extracel-
lular regions, which form complexes to proteins by strong electrostatic interactions
across the whole extracellular domain of the protein [18, 74|. These complexes are
stabilised by Ca?* ions at the plasma membrane, reinforcing feedback mechanisms
between the cytoskeleton and the plasma membrane through PLC- dependent sig-
nalling. Receptors across two cells may bind to each other without the formation
of any characteristic structures, which will only develop after coupling with the cy-
toskeleton [74]. After coupling with cytoskeleton components, these patterns persist
as long as the cell is alive and are affected only by physical or chemical disruption.
Disruption of hard patterns results in loss of signalling and function of the cell,
which results in programmed cell death [58]|. Therefore, hard patterns formation is
driven through extracellular interactions of membrane-bound proteins and the ac-
cumulation of ten or more signalling molecules after binding of extracellular regions
of transmembrane proteins, resulting in large micrometer-scale patterns that govern

important cell fates.

1.3.2 Soft patterns driven by intracellular cues

The mechanism through which soft patterns form remain unclear but are thought
to form as a result of physical cues from within the cell. Signalling from within the
cell results in a self-perpetuating reaction that gives rise to the aggregation of highly
diluted molecular species from the cytosol to the plasma membrane. Soft patterns
can result in travelling waves or poles as result of the mechanism through which
they are formed. These travelling waves are observed as clusters of molecules at the
plasma membrane and are hereafter referred to as clusters.

A single positive feedback is suggested to govern cluster formation of Ras-GTP.
Ras-GTP is a small molecule G-protein coupled receptor that is found in the cytosol
in its inactive, GDP bound form and is converted to its membrane bound GTP
associated form. The inactive Ras-GDP is present at very low concentration in the
cytosol of the cell and differential expression of its guanadine exchange factor (GEFs),
which converts the inactive version to the active form and its GTP-associated protein

(GAPs), which is required to deactivate active Ras, within the cell results in different
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activation responses of Ras-GTP [25]. The GEF, SOS (Sons of Sevenless) is known
to activate a molecule of Ras by exchanging bound GDP for GTP. A single molecule
of SOS itself has very weak guanadine nucleotide exchange activity and is known to
have a second Ras binding site that is adjacent to the site of GEF activity. Binding
of RasGDP to this site results in ~5 fold increase in GEF activity but binding to Ras-
GTP results in ~75 fold increase in GEF activity [37]. In this way a positive feedback
is established resulting in clusters of Ras molecules at the plasma membrane. The
persistence times for such soft patterns tend to be a few seconds as they rapidly
diffuse away from the structure (Table 1.2). Therefore, internal physical cues that
establish positive feedback between Ras-GTP and GEF are thought to govern cluster
formation whereas, rapid diffusion of membrane bound molecules result in loss of
cluster formation.

The interplay between multiple positive feedback loops may result in the travel-
ling wave becoming a pole as suggested in the case of Cdcd2-GTP in S. cerevisiae
[30]. Cdc42 molecules belong to the Rho super family of small G-protein coupled
receptors. They are informally referred to as master regulators of polarisation as
they switch from unpolarised to polarised states at the plasma membrane as well
as between inactive and active forms. The inactive form of Cdc42, is found in the
cytosol and is bound to GDP and upon activation by its GEF, Cdc24, it is activated
after exchanging its GDP for GTP and binds to the plasma membrane. The indi-
vidual Cdc42-GTP molecules localise to the membrane to form clusters to initiate
polarisation. These active molecules recruit more active Cdc42-GTP via interactions
with Cdc24 and Beml, a scaffolding protein. The growing domain is maintained un-
der dynamic equilibrium as there is rapid recycling from the cytosolic pool to the
membrane [56]. Eventually, domains grow in size while other domains become ex-
tinct and the largest domain out competes the others. The positive feedback that is
thought to drive polarisation is established between the inactive and active forms of

Cdc42 [70].
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Table 1.1: Literature review of hard pattern formation. ECM = extracellular matrix

Function Extracellular inter- Diameter Process Ref.
action of pattern
Cell-to cell Sialylation of residuesin 100um  in Recruits [109]
adhesion extracellular region has diameter; molecules to initi-
between been shown to affect =10 ate anti-apoptotic
neurons complex formation. molecules signalling.
(Neuronal-
cell ad-
hesion
molecules)
Cell-to- Extracellular region 50-70nm; Pattern forms  [40]
extracellular binds through a short =6 after ligand bind-
matrix ad- amino acid (RGD) se- molecules ing to recruit
hesion quence present in ECM molecules to initi-
through components. ate anti-apoptotic
integrins signalling  from
(leukocyte the focal adhesion
specific complex. Cell
Integrins, signalling  from
LFA-1) the focal adhe-
sion complex in
turn  reinforces
the connection
between the mem-
brane and actin
cytoskeleton.
Cell-to-cell ~ Receptors (eg:  DC- 70-160nm Domains and [40]
recognition  SIGN) form  large =~10 recruit clatherin
in Dendritic patterns when bound molecules molecules to initi-

cells

to small pathogens (eg:
viruses)

ate phagocytosis.
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Table 1.2: Literature review of Soft patterns
Function Soft Mechanism/ Diameter Process Ref.
pattern Model and for-
mation
time

Cell-cycle Clusters  Positive feedback  9nm; con- Activates MAPK [47]
progres- loop established taining 4-10 cascade for cell
sion  Ras- by GEF, SOS and molecules cycle progression
GTPase in inactivation by per cluster;
mammalian GAPs result in =~0.1-1s
cells patterns on the

membrane.
Cell-cycle Clusters ~ Allosteric  regu- ~25nm per- PKCa clusters at  [94]
progres- lation of PKC-a sists for < 2s the plasma mem-
sion by by Ca?" at the brane result in
PKC-a in plasma membrane the inactivation
mammalian increases PKC-« of p27 cyclin-
cells cluster formation. dependent kinase,

resulting in cell
proliferation.

Cell Po-  Poles Positive feedback 2nm; form Clusters become [44]
larisation: loop resulting within 2 poles at a specific
Cdc42- in substrate- minutes time point giving
GTP in §. depletion  forms rise to new bud
cerevisiae one large cluster formation.

at the beginning

of G2- Phase.
Cell Po-  Poles Mutual  inhibi- 10-20pm; Poles result in [65]
larisation: tion between 30-60s cell growth and
PI(3,4,5)P3 PI(3,4,5)P3 and chemotaxis.
in D. dis- PTEN posi-
codium tive feedback

loops  resulting

in activator-

inhibitor type

dynamics in re-

sponse to cAMP
gradient.
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1.4 Review of theoretical models describing pattern for-

mation at the plasma membrane

Based on the internal cues from inside the cell, clusters may coalesce to form poles.
Let, v and v represent the active-membrane bound and inactive, cytosolic version of
a molecule, respectively then the rate of change of u and v with respect to time in

a well-mixed system can be expressed as:

d

d_th =av -bu (1.1)
and,

do _ bv — au (1.2)

dt

where, a and b are the activation and inactivation rates, respectively and u-+v
=w = constant. In the case of GTPase, a= a(u,...) is the rate of GEF-mediated
activation and b= b(u,...) is GAP-mediated deactivation. In general, either a or b
must be non-linear in nature such that there is bistability in the system i.e., there
is a sharp transition from one stable state to the other. The non-linearity can be
described by either cooperativity or zero-order ultrasensitivity. However, the well
mixed system does not describe the biological situation where there is a clear spatial
solution as a result of differences in the diffusion rate between the inactive and active
forms of the GTPase.

Introducing diffusion to the system can give some insight on the spatial behaviour
that is observed in the cell. The rates of change in v and v with respect to time can

be represented as:

ou 9%u

i Du_@xQ + F(u,v) (1.3)
and,

ov 0%v

ot DvﬁxQ ~F(u0) (14)

where, F(u,v) describes the biochemical interconversion of u and v. As the in-

active form does not participate in signalling directly, its availability only affects
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activation of u such that,

F(u,v)= activation rate of u - inactivation rate of u

= F(u,v) = f(u)v - g(u) (1.5)

Here, we assume that the rate of protein synthesis of v is much slower than the
rate of conversion of v to u and thus, the mass is conserved and the total amount
of GTPase, M= [(u+v)dxz is a constant over time. Therefore, the local depletion
of v is quickly replenished because the D, in the cytoplasm is at least two-orders
greater than D,. As mass is conserved in the system, local depletion will eventually
result in global depletion of v impending further growth of u (Equation 1.5). At
this condition, the system has reached steady state where the reaction and diffusion

must be balanced at all local positions of z:

0*u
O:Duﬁ‘f‘F(u,U) (16)
and,
0%
0=DU@—F(U,U) (17)

Equations 1.6 and 1.7, are used to describe the peak shape of u(z) and substrate
level v(z) at steady-state. The model describing the peaks that are developed using
these models is known as the Mass conserved Activator Substrate model (MCAS)
[19]. Using these equations, we can attempt to understand why some soft patterns
develop to form clusters while others form poles. To do this, we consider two situa-
tions where positive feedback is established by activation of u, f(u) or the inhibition

of the inactivation of u, g(u)(Table 1.3 and 1.4).

1.4.1 Wave-pinning model yields multiple peaks that may underpin

cluster formation at the plasma membrane

Wave-pinning behaviour relies on bistable kinetics to produce membrane patterns
with multiple distinct phases or clusters at the plasma membrane |70]. The model

considers a GTPase molecule, where a membrane bound molecule positively feeds
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Table 1.3: Examples of Feedback by GEF activation

Function Ref.

Simple Turing Model [19]
f(u) = au?
g(u) =bu

Goryachev’s simplified model [44]

f(u) =au? + cu

g(u) =bu

Mori’s wave pinning model [70]

au2

f(U):m

g(u) =bu

Table 1.4: Examples of feedback by inhibition of GAP activation

Function Ref.
Otsuji’s Model I [76]
flu)=1
bu
AR EE

back on itself resulting in a wave-like response that abruptly stops growing (or
pinned) due to the local depletion of the inactive molecule in the cytosol. Since
these clusters do not readily compete with each other (under the assumption of
mass conservation) they quickly disappear in the absence of any other spatial cues
and this is often described as meta-stability [70]. Rapid formation of Ras-GTPase
clusters as a result of random fluctuations in the cell and short persistence time is

a well-studied phenomenon in mammalian cells (1.2). Hysteresis, or the ability of



CHAPTER 1. INTRODUCTION 33

the system to exist in a state depending on the history of the system has also been
well characterised in mature T-cells, where Ras-signalling is particularly high after
intracellular fluctuations caused by the activation of antigen-receptors [26]. Taken
together, experimental and modelling results suggest that wave-pinning behaviour
may underpin the mechanism through which clusters are formed.

The wave-pinning model may also describe polarisation provided that there is
a very large spatial perturbation, which may be more relevant in gradient-sensing
cells. Here, the two states describe unpolarised and polarised states of a molecule
in the cell, where polarisation remains even after the stimulus is removed [70]. The
wave-pinning equation suggests that there is saturation level (usq) in F(u,v) due to
the activation of u and depletion of v (Table 1.4). When the protein content gy
is less than wusq, then F(u,v) becomes similar to turing-type model where multiple
sharp top peaks compete with each other to eventually form a large pole. When the
Umaz approaches ugq:, then the multiple broad peaks form and undergo coarsening
to develop fewer broader peaks that do not form a pole at the plasma membrane
[70]. To form a single pole at the plasma membrane, the model requires a drastic
perturbation in which 50% of the GTPase in one peak was transferred to the other
[19]. In live cells, the drastic perturbation may be due to gradient-sensing that
is well studied in both Dictostelium discodium [86] and on Schizosaccaharomyces
pombe [8]. In both organisms, several clusters develop to co-exist across the plasma
membrane but eventually form a single large pole in response to an external chemical
gradient, which persist for several hours even after the gradient is removed. These
observations are consistent with wave-pinning based models because it implies that
transient patterns that form to initiate polarisation do not compete against each
other but extrinsic noise (stimuli) that governs the switch between non-polarised
and polarised states [36]. The effects of extrinsic noise overlaps with the assumption

of turing-type models, which start with a spatially inhomogenous system.
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1.4.2 Turing-type models yield a single sharp peak that may un-

derpin spontaneous pole formation at the plasma membrane

Turing-type reactions are well known for their ability to form multiple-peaks that
are spatially homogeneous in a system at steady state, which can be destabilised
by a spatially inhomogenous perturbation, such as an external chemical gradient or
internal flux of certain proteins. The mechanism is based on two processes having
two different spatial characteristics: a slow diffusing local activator and a fast dif-
fusing global inhibitor or substrate. The activator- inhibitor type reactions produce
a pattern where the activator and inhibitor peaks coincide. The activator-substrate
depletion type reactions results in a pattern where the activator and substrate are out
of phase with each other. Assuming mass conservation, models that use activator-
inhibitor type include Otsuji’s Model I and substrate-depletion type reactions in-
clude the simple Turing-type and Goryachev’s simple model (Table 1.3 and 1.4),
respectively. Both types of reactions are used to describe polarisation leading to the
question of whether a fast acting global inhibitor or fast diffusing global substrate
underpins the mechanism of polarisation.

Similar to Mori’s wave-pinning model, Otsuji’s Model I shows saturation kinetics
that suggests that there is some threshold level of u, ug: at which the turing-type
behaviour is observed. When 4, is lower than wug,:, multiple clusters arise that
co-exist and do not form a pole. On the other hand at concentrations approaching
Usqt, the system becomes similar to a Turing type model [76]. This is supported by
experimental data showing that if the amount of polarising molecule, such as Cdc42-
GTP in yeast, is too low then polarisation is not observed in the cell and the loss
in polarity is associated with a loss in competition between clusters that precedes
polarisation |98|. Individual Cdc42-GTP molecules localise to the membrane to form
clusters (or clans) to initiate polarisation. These active molecules recruit more active
Cdc42-GTP via interactions with its GEF, Cdc24 and Bem1 scaffolding protein. The
growing cluster is maintained under dynamic equilibrium as there is rapid recycling
from the cytosolic pool to the membrane. Eventually, clusters grow in size while

other clusters become extinct and the largest cluster out competes the others and
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this is commonly referred to as the "winner-takes-all" mechanism [50]. When the
concentration is too low, the inactivation of Cdc42-GTP is greater than any one
cluster’s ability to further recruit molecules which produces multiple clusters that
do not form a single pole [98]|. The switch to polarisation however remains difficult
to prove experimentally as it described to spontaneously occur within ~20s and in
this way both Mori’s wave-pinning model and Otsuji’s Model I are limited due to
the lack of experimental data showing wnaz = Usat-

The activator-substrate depletion type reactions have been found to be highly
attractive in supporting the winner-takes-all mechanism in Cdc42 polarisation as
described using the simple turing-type reactions (Table 1.4). In these models there
is a characteristic size, L, of the cluster that forms due to the difference in diffusion
rates between the activator and the substrate. When, the cluster size is larger than
the characteristic size then, a single peak (a pole) forms as the cluster grows until no
more substrate is globally available to the system [19]|. Here, the Simple Turing Model
becomes analogous to the Mori’s wave pinning model, where the wave is pinned at
some level when the substrate is depleted and the depletion of global substrate levels
presents bistable characteristics in the sysytem [19]. Therefore, it becomes apparent
that both wave-pinning and Turing-type models compete to describe polarisation
in the cell and that transition between the two behaviours is based on parameter
choice. This is supported by the Goryachev’s simplified model (Table 1.4), where
Wave-pinning behaviour is observed when cluster size is mush less than L. where the
cluster size is dependent the concentration of u but as the concentration increases
to greater than L, Turing-type behaviour is observed [44]. The latter condition may
be used to describe the formation of two Cdc42-GTP poles is observed in Ashbya
gossypii [100]. Nevertheless, strong experimental support for the transition between

wave-pinning and Turing-type behaviour in polarisation remains lacking.
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1.5 Goals of this project

Theoretical models decsribing the enrichment of molecules at the plasma membrane
suggest the need for positive feedback between two mutually exclusive species. As
described in this chapter, enrichment of molecules at the plasma membrane is not
a well- understood process and consequently the competing models that describe
pattern formation seem to confuse any progress that is made in this direction. The
problem arises in not only the unification of these different models but also the lack
of experimental data to support these models. The common motifs identified across
the theoretical models is that they often describe the switch between diffused and
enriched clusters of the molecule (Mori’s wave-pinning model) or a switch between
unpolarised and polarised states (Simple Turing-type models) in the cell. Such a
system that describes a switch between two states is described as a bistable system,
which requires positive feedback; however, there is no direct method to test this

hypothesis in live cells and thus, the goals of this project are two-fold:

1. To develop a fully controllable and quantifiable heterologous system that can
be used to investigate membrane dynamics. A prerequisite to constructing the
system is that the system must not interfere with endogenous cellular processes
as this increases the complexity involved in the study. For this this reason, this
study exploits the absence of a specific phosphatidylinositol in the membranes

of S. cerevisiae cells.

2. To use the constructed system to test different plasma membrane dynamics
in live cells. The minimal feedback loop would consist of two components
that interact with each other to result in bistability and hysteresis across the

population.



Chapter 2

Design of the synthetic system

2.1 Summary

This chapter describes the design of the synthetic system, which is based on the
absence of PI(3,4,5)P3 and the presence of its precursor, PI(4,5)Py at the plasma
membrane of S. cerevisiae cells. Manipulating PI(3,4,5)P3 levels can be a powerful
tool to study membrane dynamics in live S. cerevisiae cells and can be achieved
by introducing the expression of pl10a and PTEN expression into the cell. The
catalytic subunit, p110« is responsible for the conversion of PI(4,5)P5 to P1(3,4,5)P3
and its antagonist, PTEN, is known to dephosphorylate PI(3,4,5)P3 to restore levels

of PI(4,5)Py. The resulting system constitutes four parts that include:

1. A component to control p110a membrane bound activity: made-up
of a highly tuneable synthetic promoter, the GEV system, and different ver-
sions of pl10a. The different versions of pl10«a include a cytosolic version
(p110ag¢), a positive feedback loop version (pl10ay) and a membrane bound
version (p110apy). The positive feedback loop version binds to the membrane

in the presence of PI(3,4,5)P3 to produce more PI1(3,4,5)P3.

2. A component to control PTEN membrane bound activity: made-up of
a different highly tuneable synthetic promoter, TET-ON system and different
versions of PTEN. The different versions of PTEN include a cytosolic version

(PTEN(), a positive feedback loop version (PTEN) and a membrane bound

37
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version (PTENj,). The positive feedback loop version binds to the membrane

in the presence of PI(4,5)P2 to produce more PI(4,5)Ps.

3. A dual-reporter system that shows observable differences between
PI(4,5)P> and PI(3,4,5)P3; at the plasma membrane: as GFP and
mCherry show different fluorescence excitation and emission properties, they
were used to observe levels of PI(3,4,5)P3 and PI(4,5)P2 at the plasma mem-

brane, respectively.

4. A machine-learning based algorithm: to improve quantification, a machine-
learning based algorithm was developed to quantify the levels of PI(4,5)P9 and
PI(3,4,5)P3 as a result of different plasma membrane dynamics associated with

the different versions of p110a and PTEN.

2.2 Introduction to phosphatidylinositols

Phosphatidylinositols are a type of glycerophospholipids that make up the lipid bi-
layer of cell membranes. In general, glycerophospholids contain a hydrophobic re-
gion and a hydrophillic region. The hydrophobic region is made up of a glycerol-
3-phosphate molecule, which is esterified to an unsaturated acyl chain at C; and
a saturated acyl chain at Co. The propensity of the hydrophobic moieties to self-
associate (entropically driven by water) and the hydrophilic moieties to interact with
aqueous environments is the basis of spontaneous formation of membranes. Sponta-
neous membrane formation is the fundamental principle that separates the internal
components of the cell from its environment and allows for compartmentalisation
of these internal components to form cellular organelles. The hydrophillic region is
made up of a stereoisomer of D-myo-inositol, which is attached to the C3 position
of the glycerol-3-phosphate by a phosphodiester linkage. The inositol moeity can
be phosphorylated at D3, D4 or D5 positions (as shown in Figure 2.1), resulting in
seven derivatives of phosphatidylinositol that are found in cellular membranes.

All seven types of phosphatidylinositol phosphate derivatives have been detected

in mammalian cell membranes meanwhile, only four types are present in the mem-
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Structure of Phosphatidylinositol molecule
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Figure 2.1: Structure of a phosphatidylinositol molecule. The amphipathic molecule
is made up of a hydrophillic portion (blue) and a hydrophobic protion. The hy-
drophillic portion is made up of a myo-inositol moeity that can be phosphorylated in
three positions, which gives rise to seven biologically important Phosphatidylinositol
phosphates.

branes of S. cerevisiae. Individual phosphatidylinositol phosphate derivatives are
found to provide specific functional and membrane identity to different cellular mem-
branes in the cell. For example, PI1(3,5)Py, which was the most recently discovered
PIP is associated with vacoular/ lysosomal membranes whereas, PI1(4)P a more well
established phosphatidylinositol phosphate has been found to be associated with
several membranes involved with the endovesicular transport system [23, 33]. Mam-
malian cells have been found to contain all of the seven derivatives of phosphatidyli-
nositol phosphates whereas, only four types (PI(3)P, P(4)P, P1(3,5)P2 and PI(4,5)P3)
are detected in the S. cerevisiae cellular membranes. A brief review of the current
understanding of phosphatidylinositol metabolism in Saccharomyces cerevisiae can
be found in Appendix A as the aim of this chapter is to provide an overview of
the design of the synthetic system, based on the absence of PI(3,4,5)P2 in the cel-
lular membranes. PI(3,4,5)P3 is produced by Class I phosphatidylinositol-3-kinases

(PI3Ks) and the introduction of Class-I PI3Ks into S. cerevisiae is reviewed below.
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2.3 Literature survey of heterologous expression of PI3K

in S. cerevistae

A literature survey was performed to determine the design for the expression of Class
I PI3K in the S. cerevisiae. There are three classes of PI3Ks and S. cerevisiae cells
do not possess genes encoding for Class I or Class IT PI3Ks [101]. The introduction
of Class I PI3Ks is thought to have no known effect on its own however, the rapid
depletion of PI(4,5)P5 is associated with activation of the cell wall integrity pathway,
which results in G2 cell-cycle arrest [78, 2, 67]. Therefore, it is reasonable to assume
that the introduction of Class I PI3K subunits in S. cerevisiae must take into account
some design considerations to reduce toxicity.

Several studies have reported toxicity after induction of high expression levels
of different subunits of Class-I PI3Ks. Class-I1 PI3Ks are heterodimers, constituting
a catalytic sub-unit (p110a/3/7/9) and a regulatory subunit (p50-55/85/101) [55].
The severity of growth defects observed is dependent on the subunit, the expression

level and plasma membrane association in the cell (Table 2.1).

2.3.1 Toxicity observed using pl110a was greater than using p1103

subunit

The Class 1 PI3K subunits, p110a and p1103 have both been introduced to yeast
cells (Table 2.1). From table 2.1, studies show that compared to the inactive p110«
mutant, the active p110a subunit resulted in complete growth inhibition at high
expression levels [83, 24, 67]. Table 2.1 also shows that a few studies compare
the activities of membrane targetted pl10a and pl108 [54, 1, 83, 75]. In these
studies, induction of p1105 expression was found to be was associated with a slight
decrease in growth compared to wild type cells. The Kj; and Vasax- values of
pl10« for PI(4,5)P2 are 25-fold higher than the values for p1105 [6]. At high levels
of PI(4,5)P5, modelling kinetic data showed that the Vasax for pl10«a activity is
higher than p110S activity, suggesting that pl10« is more active in regions of the
membrane where there is a higher concentration of PIPs [6]. The Ky, value, describes

the concentration of the substrate at half of the rate at maximal enzymatic activity
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(Varax). Therefore, p110a is more toxic than pl1103 as it depletes PI(4,5)P2 more

rapidly at the plasma membrane of S. cerevisiae cells.

2.3.2 High expression levels of p110a showed more toxicity than

low expression levels

The studies summarised in Table 2.1 show that thus far, expression of p110« has been
controlled using high copy number autonomously replicating, where the expression
was driven using a weak constitutive promoter (P_ CYC1) or a strong inducible
promoter (P_ GAL1). Studies that used the weak constitutive promoter to control
pl10a expression did not report effects of cellular toxicity [17]. On the other hand,
all other studies report severe cellular toxicity when the expression of pl10« was

induced with 2% galactose, using high copy number plasmids (2u plasmids).

2.3.3 Membrane bound of p110a was associated with more toxicity

than cytosolic constructs

Some studies have compared the toxicity of membrane association of pl10a [84].
Membrane targeted versions (p110a-CAAX) was associated with no cell growth com-
pared to the cytosolic version, pl10« in S. cerevisiae. Expression of both the p110«
and pl110a-CAAX were driven by fully inducing P GALI promoter. In comparison,
the cytosolic form (p110«) showed reduced growth that was slower than cells that
expressed the inactive mutant [84]. These studies suggest that membrane association
i.e., the increased proximity to PI(4,5)Py increased the severity of the toxic effects

of the pl110« in S. cerevisiae.

2.3.4 Design considerations of p110a expression in S. cerevisiae

1. To overcome the effects of severe toxicity due to the rapid depletion of PI(4,5)P2
at the plasma membrane, the p110«a constructs used in this study were inte-
grated to the genome. Genomic integration into S. cerevisiae cells allows more
rational design as copy number can be quantified and controlled. Integration at
the genome most frequently occurs as a single copy but occasionally produces

high copy number strains. Even at high copy number integration, the plasmid
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load on the cell is much lower than that observed using 2u plasmids, which can
result in ~ 20- 60 copies per cell. Integration to the genome also allows more

stability as plasmids will not be degraded with age in the cell.

2. Toxicity of constructs could further be controlled using the tuneable GEV
inducible promoter system, which offers a high level of control over expression
levels in the cell using SB-estradiol. The tuneable control of the promoter system
allows to determine viable conditions in the cell using different concentrations
of p-estradiol [66]. The response that is typically observed using this system
results in a sigmodial dose-response curve that saturates at concentrations >30

nM of - estradiol induction [66].
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2.4 Components of the system

2.4.1 Controlling p110a dynamics at the plasma membrane

As mentioned in the previous section, the kinase domain of Class I PI3Ks, p110« can
be expressed in S. cerevisiae cells without interfering with endogenous cell processes.
Moreover, as toxicity is a concentration dependent phenomena, we can reduce the
amount of toxicity by taking into consideration copy number, expression level and
membrane association. This allows for a system that can be constructed to under-
stand membrane dynamics based on the manipulation of PI(3,4,5)P3 levels at the
plasma membrane. To observe different membrane dynamics, the three versions of
pl10a (p110ac, pl10ay, and pl10cays) were constructed to have different membrane
binding activities by fusing different localisation domains to the catalytic subunit
(Figure 2.10). The three constructs were integrated to the genome to reduce plas-
mid load on the cell and expression was driven using a highly tuneable synthetic
promoter known as the GEV system.

The GEV system is commonly used in synthetic biology as it allows for highly
tuneable gene expression using [-estradiol [66]. It is made up of a fusion protein
containing the DNA binding domain of Gal4 (Galddbd), along with the human (-
estradiol receptor binding domain (ER) and the C-terminus of the herpes simplex
virus (VP16). The GEV protein is constitutively expressed in the cell and accumu-
lates in the cytosol where it associates with the Hsp90 chaperon complex. In the
presence of S-estradiol, the hormone diffuses through the cell and binds to the estra-
diol receptor, releasing the protein from the chaperone complex. The ($-estradiol
bound GEV localises to the nucleus where it binds to the GALIUAS and strongly
activates transcription of recombinant gene through the VP16 domain. VP16 is an
18 residue, highly acidic and especially powerful activation domain. Gal4ddbd-VP16
is thought to induce a conformational change in TFIIB, which facilitates binding of
TFIIF and DNA polymerase II. In the absence of TFIIB, N-terminal docking site for
TFIIF and C-terminal docking site for DNA polymerase II are obscured. Binding of
Gal4dbd-VPS16 results in conformational change and binding to DNA polymerase I1.

In this manner, the GEV system provides a fast-acting and dose dependent induction
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of the gene of interest [66].

2.4.2 Controlling PTEN dynamics at the plasma membrane

The different versions of PTEN (PTEN¢, PTEN, and PTEN ;) were also integrated
into the genome of S. cerevisiae cells (Figure 2.10). In all the PTEN versions, the
mutation (K13E) was introduced to PTEN to disrupt its natural membrane asso-
ciative properties at the N-terminus of the catalytic domain (Figure 2.2). The C2-
domain in PTEN is known to bind to PI1(4,5)Ps, producing a positive feedback loop
[49]. The membrane binding property that results in the allosteric activation of the
enzyme would affect the general design of the system constructed in this study. The
mutations K13A and K14A in the C2 region are known to significantly affect PTEN
PI(4,5)P2 binding through the C2 domain in the cell [14]. For this reason, the K13E
mutation was introduced in the C2 module of the PTEN protein. The missense
mutation is commonly associated with hereditary cancers such as Endometrial can-
cer, Cowden syndrome and Glioblastomas [42|. Glutamic acid (K) is a negatively
charged polar amino acid and when substituted for lysine (E), a positively charged
polar amino acid the protein can no longer associate with PI(4,5)Py at the plasma
membrane and this mutation results in virtually no PI(3,4,5)P3 dephosphorylation
in vivo [42]. The PTEN sequence used in this study contains a K13E mutation and
for convenience, PTEN is always used to refer to the mutant as this study does not

test wildtype PTEN.
P1(4,5)P, binding P1(3,4,5)P, P1(4,5)P, Flexible linker

K13E

B C2 HEl Phosphatase EHSCEECCAOCBCE

N-terminal 430 aa length C-terminal

Figure 2.2: Schematic diagram of PTEN mutant cytosolic construct (PTEN¢). The
K13E mutation was introduced to the C2 domain in the PTEN sequence to disrupt
PI(4,5)P2 binding ability. The cytosolic construct was fused to a linker at the C-
terminus. The linker was fused to the membrane localisation domains to make the
membrane binding constructs.

Expression of PTEN was controlled using the TET-ON doxycycline inducible sys-
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tem as it allowed independent control over expression that is different to galactose
inducible systems. The TET-ON system is tightly controlled and results in either
low or high levels of expression of the gene of interest [51]. It is made up of the
tetracycline response element (TRE) and a fusion protein reverse- tetracycline con-
trolled transactivator protein (rtTA). The TRE is made up of a a minimal promoter
sequence (P_ CLN3) and a concatamer of the minimal tet operator (tetO) sequence,
which is a seven repeats of 19 nucleotide (TCCCTATCAGTGATAGAGA) [51]. In
the presence of doxycycline, the operator sequence is recognised by the fusion protein
rtTA. The rtTA protein comprises of a mutated tet- repressor (tetR) protein fused

to a VP16 transactivator domain.

2.4.3 Dual reporter system to observe membrane dynamics

As PH domains can bind to specific phosphatidylinositol phosphates, PH(AKT) and
2XPH(PLCJ) were also used to observe the levels of PI(3,4,5)P3 and PI(4,5)Pa, re-
spectively (Figure 2.10). Fluorescent proteins are commonly used in cell localisation
studies as they can be easily manipulated and conveniently detected using fluores-
cence microscopy. There are a wide range of fluorescent proteins commonly used in
live cell imaging. The excitation and emission peaks of GFP and mCherry do not
overlap therefore, making them a good choice for observing the levels of PI1(4,5)Pq
and PI(3,4,5)P3, respectively.

The entire structure of fluorescent proteins are essential for the development and
maintenance of fluorescence. Their 25KDa structure consists of an extremely rigid
B-barrel-fold comprising of 11 S-sheets that surround a central a-helix [27]. The
fluorescence property comes from an unique environment found around a few crucial
amino acids (S65, Y66 and G67) found on the « helix, which is located near the
centre of the S-barrel. These polar amino acids bind to a number of water molecules
that lock these crucial amino acids into an imidazole ring with extended conjugation,
allowing for chromophore formation. The unique environment surrounding the chro-
mophore is maintained by a rigid g-barrel structure that consists of polar molecules
that trap water molecules. The conserved residues are found on an a-helix that is

present inside the S-barrel. In this environment, S65 undergoes nucleophilic attack
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by G67, followed by a cyclization step and auto-oxidation of Y66. These processes re-
sult in the formation of 4-(p-hydroxybenzylidene)-imidazolidin-5-one, which contains
a large - conjugated system and results in green fluorescence after excitation with
light at 470nm. Changing the S65 — H65, results in (5-imidazolyl)ethenyl group,
the chromophore for red fluorescent proteins, namely mCherry that can be excited
at 520nm.

By fusing the 2XPH(PLC0¢) domain to GFP and the PH(AKT) domain to mCherry,
the dual reporter system is a sensitive tool that can be used to observe the levels of
PI(4,5)P2 and PI(3,4,5)P3, respectively. To quantify the relative amounts of GFP
and mCherry on the plasma membrane of the cell, a machine-learning based algo-

rithm was developed based on the dual-reporter system.

2.4.4 Theory of the dual-reporter system

The relative amounts of PI(3,4,5)P3 levels at the plasma membrane can be quanti-
fied as the ratio of mCherry at the plasma membrane to the cytosol. Let, mCh, and

mChj; represent cytosolic and membrane bound mCherry, respectively, such that:

mCh, + PIP3 = mChy,
where,
1 [mChM]

[PIP:%]:EW (2.1)

From Equation 2.1, the simplest method to determine relative amount of P1(3,4,5)P3
at the plasma membrane could be determined by the ratio between the mCherry
bound plasma membrane signal and cytosolic signal, where K; represents the equi-
librium constant of the reaction. However, using this method alone presents problems
that affect automating quantification.

The image that is acquired using a wide-field epifluorescence microscope is a
reflected image of a three dimensional spherical cell. As the size of S. cerevisiae
range from 4- 10 nm in diameter and they are unicellular organisms, illumination of

the entire sample without interference from background fluorescence is possible using



CHAPTER 2. DESIGN OF THE SYNTHETIC SYSTEM 51

Increasing Plasma membrane signal
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Figure 2.3: Geometric model showing changes in cell shape due to increasing plasma
membrane signal.

a wide-field microscope. Additionally, compared to other microscope techniques the
wide-field microscope allows better illumination of the sample, which is advantageous
in small samples such as yeast cells. The image acquired results in the reflection of
a three-dimensional spherical cell onto a two-dimensional fluorescence sensor, which
does not accurately record the cell shape (Figure 2.3).

Geometric modelling of fluorescence behaviour at the plasma membrane showed
changes in cell shape, as a result of localisation of fluorescence signal in the cell. A
simple geometric model based on the Equation 2.1, showed that cell shape changes
with different amounts of fluorescence at the plasma membrane (Figure 2.3). At
low levels of fluorescence at the plasma membrane would result in a smaller than
the actual cell to be identified, which would result in differences compared to cells
with high fluorescence at the plasma membrane. Taking data from both the GFP
and mCherry channel can correct for these changes in cell shape, that are found at
different levels of fluorescence at the plasma membrane of the cell.

Taking data from both channels also results in a convenient way of measuring
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relative changes of PI(3,4,5)P2 and PI(4,5)P3 at the plasma membrane of the cell.
Let, GFP. and GFP,; represent cytosolic and membrane bound GFP, respectively,
such that:
GFP. + PIPy = GF Py,
where,
1 [GFPy]

(PIPS) = 3 arm (2.2)

and Ko represents the equilibrium constant of the reaction.
By dividing Equation 2.1 by 2.2, we can get the relative amounts of mChy; to
GFP

mCh
(PIPy] Ky Taciy

=— (2.3)
GFP
[PIR] " Ky 1620
Let, % be some constant C, then
[mCh]
[PIP] — [GFPu] '
[GFP]

From Equation 2.4, the relative amount of PI(3,4,5)P3 to PI(4,5)Ps is propor-
tional to the ratio of ratios of the plasma membrane to cytosol signal across both

mCherry and GFP channels. Here, we define the PIPs;- Index as the Logs value of

%. Taking the Logs of Equation 2.4,
%
mChe
"PIP; - Index’ = LogaC + Logs( (GFPy] ) (2.5)
[GFP.]

2.4.5 Machine-learning based quantification method

The workflow developed for quantification of the PIPs-Index included collecting im-
ages of cells across mCherry and GFP channels, machine-learning based identification
of cells in each channel, determining average fluorescence profile in each cell and cal-
culating PIPs-Index (Figure 2.5). Image segmentation refers to the process by which
objects can be identified in an image and in this study we retrain an existing model to

increase quantification throughput and reduce user defined bias. To retrain Tensor-
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flow Mobilenet v2 model, images of cells collected using fluorescence microscopy were
used. In total, 5000 cells were manually identified using ImageJ package and used as
training data. These cells were classified as: "good", "bad" or "not cell" (Figure 2.6).
Bad cells included cells that were near other cells i.e., less than a few pixels away
from each other. The bad cells classifier was defined to simplify the re-training of
the machine learning algorithm and allow for faster processing times as there would
be less ambiguity in cell identification. Using an automated method for image seg-
mentation increased the number of images that were processed and analysed. Next,
cell boundaries were identified in segmented regions and signal profiles for each cell
was produced across mCherry and GFP channel (Figure 2.7 and 2.8). The average
fluorescence profile was determined from these signal profiles for each channel and
the ratio of plot profiles were determined (Figure 2.9). These profiles were used to
determine the PIPs-Index as the ratio between the average plasma membrane sig-
nal to cytosolic signal of the ratio profile from both channels. All scripts that were

developed to quantify the PIPs-Index for each cell are provided in Appendix B.

Class |Examples Total images

o OEEEME-
Bad .....367
o AN

Figure 2.4: Training data used to retrain Mobilenet v2 model. Cells were manually
identified using ImageJ package and classified into three classifiers as shown here. In
total, 5000 cells were used to train the model to identify cells for quantification.

Training data set 6
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‘ Start ’

|

/ Images of cells using fluorescence microscopy /

|

Image segmentation by retrained Tensorflow mobilenet v2 model

|

ImageJ macros for detection of cell boundary across both mCherry and GFP channels.

|

ImageJ macros for redundant cell identification in GFP channel.

|

Signal profile plots of selected cells using Wolfram Mathematica.

|

Calculate average profile

|

/ Calculate PIPs-Index for each cell. /

|

‘ Stop ’

Figure 2.5: Machine-learning based quantification workflow.
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Tensorflow Mobilenetv2 model

input layer layer x layer y layer z output

True
@ ‘ False ‘

input data

Process layers

Figure 2.6: Illustration of application of Tensorflow Mobilenet v2 model for image
segmentation. Top panel shows the overview of Mobilenet v2 architecture, which
is made up of several convolution layers to result in image segmentation. The pro-
cess layer panel shows that the input image is segment the ways that the image is
segmented to identify cells for quantification.

Detection of Good cells Cell boundary Identification

Figure 2.7: Identification of cell boundary in segmented regions. The segmented
images result in the several squares that have been identified, the training model
keeps the squares wherein "good" cells are detected. After cleaning up the image to
produce only one square around each cell, the on the left is produced. Using ImageJ,
the identification of cell boundaries was automated and the cells identified using this
method are shown on the right hand side.
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Figure 2.8: Example of of mCherry and GFP signal profile plots across a single
cell with low PI(3,4,5)P3 levels. At the top, a schematic diagram of how the data
for the signal profile plots were collected as a line-selection (yellow line) was drawn
to measure the signal across all 360° of the cell (yellow arrows). Using this a plot
was generated as shown in the middle panel. At low PI(3,4,5)P3s-levels, the GFP
is present at the plasma membrane and mCherry is distributed across the cytosol
and thus plotting the average signal profile results in a peak in the GFP plot and a
trough in the mCherry plot that is present at the boundary of the cell (red line).
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Ratio of mCherry to GFP profile Effect of on 1PI(3,4,5)P; on Ratio profile
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Figure 2.9: Actual and theoretical ratio plots between mCherry and GFP average
profile plots. To calculate PIP3- Index, the ratio of the average profile plots de-
termined by the signal profiless were determined. The resulting profile plot shows a
trough when GFP is present on the membrane (left). Increasing amounts of mCherry
due to increased PI(3,4,5)P3 levels at the plasma membrane would result in a peak in
the ratio plot as shown in the theoretical plots (right). The PIPs-Index is determined
by calculating ratio of the average signal at the plasma membrane (between the red
and green lines) to the average signal in the cytosol (within the green line). The
arrows indicate the effect of plasma membrane bound GFP and cytosolic mCherry
in the ratio plot.
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Chapter 3

Building the synthetic system in

S. cerevisiae

3.1 Summary

In this chapter, the construction of the pl10« control, the dual reporter and the
machine learning components that make up the system are described. The design
considerations to make expression of p110« less toxic in the cell showed that toxicity
observed was greater in pl10ay > pl10aj; ~ pll0agc ~ control cells. The dual
reporter system was optimised to show increased detection range so that plot profiles
looked similar to the theoretical design to show bigger differences due to increased
signal to noise in the image. The advantages offered by the dual reporter system
were used to develop a machine-learning based algorithm, which was found to detect
cells in both channels and quantification of the relative amounts of PI(3,4,5)P3 at

the plasma membrane.

3.2 Investigating pl110«a toxicity using the GEV system

To determine the toxic effects of expressing the different versions of p110« that were
used in this study, the doubling time at different concentrations of S-estradiol was
determined across all the constructs. The GEV system induces expression in the

presence of S-estradiol and the level of expression in the cell is thought to be pro-

99
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portional to the amount of -estradiol available to the cell. All the p110«a versions
(Control, p110a¢, pl10ar and pll0ay,s) were tested at concentration ranges be-
tween 0.12-250nM. No growth was observed at concentrations higher than 62.5nM
of - estradiol (Figure 3.1).Compared to the other constructs, the p110a;, construct
showed the most amount of toxicity between as 7.8nM and 62.5nM of [-estradiol
treatment (Figure 3.1 and 3.2). To compare differences due to the effects of p110a;,
expression, a DMSO control was also used. The maximum difference was observed at
62.5nM f- estradiol treatment, where the difference between the DMSO control and
pl10ay, expression was 20%. Less difference was observed at lower concentrations
(Figure 3.2). Other constructs showed no differences between the DMSO control and
the pl10a expression (Figure 3.3). To represent the relative doubling time at each
concentration, the doubling time of p110a expression was normalised to the DMSO
control (Figure 3.1). A sharp increase in the relative doubling time was observed in
the p110ay, constructs at concentrations, higher that 7.5nM (Figure 3.3). To test if
the differences between the pl110ay, and the other constructs were significant, a one-
way ANOVA test was performed (p-value<0.05). The differences observed between
pl10ay, and the other constructs were not significant.

In conclusion, a viable expression level of pl10a was determined using the GEV
system. To achieve the maximum expression level of the p110a constructs in the
cell as well as to minimise possible toxicity, a concentration of 25nM [-estradiol
was chosen to be used for further experiments in this thesis. In this study, I also
show that viable expression of p110ca, (or the p110a-CAAX) construct was achieved
using the GEV system. As discussed in Chapter 2, the expression of this construct
has almost always resulted in reduced cell growth (Table 2.1). The relative doubling
time of pllajs was found to be comparable to the control and the cytosolic, p110a¢

constructs.
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Figure 3.1: Effect of p110a expression on relative doubling time of cells. The different
versions of pl10a were induced using concentrations ranging from 0.12- 62.5nM of
(- estradiol. The relative doubling time was determined by fitting the log-phase
data to an exponential growth model and normalised to doubling time of the DMSO
control. The values were determined from from three experimental repeats and
the differences observed in the doubling times across all three constructs were not
significantly different to the control. A one-way ANOVA test was performed to test
statistical significance (p<0.05).

® p110a,

® DMSO Control
Concentration of B- estradiol

0.12nM 7.80nM 31.25nM

Optical Density (600nm)
",

Tin;e (hours)r
Figure 3.2: Effects of p110«aj, expression, compared to DMSO control. Represen-

tative growth curve data showing effects of p110«; expression induced at 0.12nM,
7.8nM and 31.25nM of §-estradiol treatment, compared to DMSO control.

3.3 Constructing a robust dual reporter system

To develop a tuneable system that could be easily manipulated for the purpose of

studying membrane dynamics, it was essential to build a robust dual reporter system
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® Control
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Figure 3.3: Effect of S-estradiol treatment on control cells. Representative growth
curve data showing effects of no expression of pl10« in control cells treated with
0.12nM, 7.8nM and 31.25nM of S-estradiol, compared to DMSO control.

that could reliably reflect the changes of phosphatidylinositol phosphate levels at the
plasma membrane of cells. As these molecules only constitute <1% of the entire dry
weight of the cell, the ideal dual reporter system should show strong differences
across small changes in the levels of phosphatidylinositol phosphates at the plasma
membrane of the cell. The reporter constructs are made up of three parts: a strong
constitutive promoter, a reporter protein and a PH domain. To detect PI(3,4,5)P3
levels at the plasma membrane, mCherry was fused to PI(3,4,5)P3 binding PH(AKT)
and to detect PI(4,5)P2, GFP was fused to a tandem repeat of 2XPH(PLCJ). To
increase dynamic range of detection, the dual reporter system needs to be robust
against two types of noise: background-to-signal noise and internal noise detected
across the signal profile. By replacing or changing the orientation of the promoter,
reporter and phosphatidylinositol phosphate binding domains, the dynamic range of

detection by the dual reporter system was optimised for the purposes of this study.

3.3.1 Increased promoter strength resulted in increased detection

range of PI(4,5)P; binding GFP reporter

P TEFI1 was selected after comparing fluorescence strength across four different
constitutive promoters (Figure 3.4). The sequences of these promoters were obtained
from the genomic DNA extracted from wildtype W303-A cells. Plasmids were con-
structed to express yEGFP and integrated into the genome of the yeast cells. Strains

containing a single copy of each plasmid were selected and their fluorescence strength
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was measured, using flow cytometry. A positive control was used to compare the
strength of GFP, which controlled the GFP expression using the TEN-ON system.
The positive control showed 40 times more fluorescence than the weakest constitutive
promoter, P CLN3. P TEF1 was found to be the strongest constitutive promoter,

which showed almost 4 times stronger fluorescence than P_ CLN3 (Figure 3.4).

180
160 "
140
120
100

: 1

60

GFP Fluorescence (a.u.)

40

20 I

0

Tet-On P_TEF1 P_ADH1 P_URA3 P_CLN3

Figure 3.4: Comparing constitutive promoter strength. The mean GFP fluorescence
of the constitutive promoters was measured across at least two trials, using flow
cytometry, are shown here and compared to the expression in fully induced TET-
ON system at 50uM Doxycyclin. Error bars represent the standard deviation from
the mean across all samples.

Compared to P RC1, P TEF1 was found to increase detection range as it was
less affected by noise (Figure 3.5). Although P RC1 was not tested in this study, it
has been previously shown to have similar promoter strength as P CLN3 [28]. Using
P TEF1 to drive PI(4,5)P5 binding GFP was found to show a stronger fluorescence
signal compared to expression by P_ RCI (Figure 3.5). The stronger fluorescence
due to P_ TEF1I resulted in large differences between the background fluorescence
and average fluorescence at the plasma membrane, which was not observed in using
P _RC1 (Figure 3.5). Using P_ TEF1 to drive expression of PI(4,5)P2 binding GFP
was found to also increase sensitivity in detecting differences between the plasma
membrane and cytosol signal in the cell (Figure 3.5). Using a strong promoter to
drive expression of PI(4,5)P2 binding GFP was not only found to be less affected
by noise but was also able to produce differences between plasma membrane and
cytosolic bound signal, which was not observed in expression patterns using P RC1.
A local maximum at the plasma membrane was observed in the plot profiles of cells

that drove expression using P TEF1, whereas the plot profile from cells driving
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Figure 3.5: Effect of promoter strength on detection range of GFP-2XPH(PLCJ)
construct. Representative plot profiles of cells expressing P TEF1 and P RCI
driven GFP-2XPH(PLCJ). Inset shows original image of cell and yellow line shows
the line drawn to determine profile plot.

expression using P RCI did not show differences between plasma membrane or
cytosolic signal. The difference observed between the plasma membrane and cytosolic
signal, using P_ TEFI1, became the basis of the quantification method that was
developed in this study. The quantification method is based on determining the
relative proportion of signal at the plasma membrane to the cytosol and this requires

a good range of fluorescence in the cell.

3.3.2 Orientation of PI(3,4,5)P;- binding mCherry reporter affected

fluorescence signal

The PH(AKT)-mCherry construct showed at least 5 times stronger signal compared
to the mCherry-PH(AKT) construct, which showed a much weaker signal (Figure
3.6). As fluorescence is dependent on the rigid - barrel structure that forms as a
result of the way the fusion protein folds, the orientation of the protein can affect the
fluorescence properties. Unlike the PI(4,5)P2- binding GFP construct, the construc-
tion of the PI(3,4,5)P3- binding PH(AKT)-mCherry construct proved to be a little
more cumbersome. The fusion of PH(AKT) at the C-terminus and the N-terminus
of the mCherry protein was compared and the C-terminus construct was found to

diminish mCherry signal (Figure 3.7).
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Figure 3.6: C-terminus fusion of PH(AKT) domain diminished mCherry signal in
the cell. The signal-to-noise ratio was calculated from mCherry expressing cells
across three images.The error bars represent the standard deviation and t-test was
performed to determine significance (p<0.05). Scale bars represent 5um. Inset shows
representative images of cells, which are outlined with the yellow line.

3.3.3 Illustrating P TEF1, codon optimised PI(3,4,5)P;- binding
mCherry construct showed increased detection range com-

pared to P CLNS3, non-codon optimised mCherry construct

Under the same image acquisition settings, the P TEF1- PH(AKT)-mCherry (codon
optimised) construct and the P CLN3- PH(AKT)-mCherry (non codon optimised)
construct were compared (Figure 3.7). The development of a sensitive mCherry
construct to reliably reflect quantifiable changes between plasma membrane and cy-
tosolic signal was required for the construction of a functional dual reporter system.
In addition to increasing promoter strength, changing mCherry signal to a codon op-
timised version also increased detection range in the PI(3,4,5)P3- binding mCherry
construct. The resulting P TEF1-PH(AKT)-mCherry codon optimised construct
showed quantifiable differences between low and high PI(3,4,5)P3 states in the cell
as well as differences between plasma membrane and cytosolic signal across cells.

Quantifiable differences were not as clearly observed in cells expressing P_ CLNS5-
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PH(AKT)-mCherry construct.
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Figure 3.7: Representative plot profiles comparing PI(3,4,5)P3- binding mCherry
constructs. Cells containing P TEF1-PH(AKT)-mCherry yeast codon optimised
construct and P_ CLN3-PH(AKT)-mCherry non-yeast codon optimised construct
were uninduced and induced to express p110«ay, in the cell. Localisation of mCherry
was detected using fluorescence microscopy (inset). The profile plot across the cell
(yellow line) was determined for each cell.

3.4 Automated measurement

As discussed in Chapter 2, a machine-learning image segmentation algorithm was
developed to increase the number of images that can be quantified. The algorithm
was developed using the TensorFlow Application Programming Interface (or API).
The TensorFlow API is an open source machine-learning platform that can be used
to develop and retrain machine-learning models. In this study, we retrain the Mo-
bileNetV2 model to detect circular cells within the image. MobileNet models use
depthwise separable convolution as efficient building blocks to extract useful infor-
mation from the input image. Due to the increased efficiency in the convolution
method, the model is useful in increasing processing speed and reducing the amount
of memory required for image processing. In addition to the depthwise separable

convolution, the MobileNetV2 model also performs a shortcut connection between
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processing layers. The two processing blocks allow to further increase efficiency of

image detection.

A Redundant cells

4 \dentified only in one channel (Fast drifting cells

mCherry Channel GFP Channel

Figure 3.8: Cell boundary detection between both mCherry and GFP channels.
Different cells are shown to be detected between the two channels and cells that
were used for measurement included unique boundaries across both channels.

3.5 Discussion of building the synthetic system

3.5.1 Expression of pl10a was tolerated in the cell

Using the design considerations of introducing pl110« expression in the cell, p110a,
did not result in complete growth inhibition, which was reported in previously pub-
lished studies (Figure 3.1). Chapter 2 introduces the design considerations that
maybe required to reduce cell toxicity caused by the p110a-CAAX (or p110ayy) con-
struct (Table 2.1). Here, I show that by reducing the number of copies of p110as
in the cell and controlling expression using an inducible synthetic promoter we can
reduce the toxic effects of p110a;ys, which was previously thought to result in total
inhibition of cell growth.

The loop version, pl10ay, was found to have the most effect on the doubling time,
which was ~ 20% more than the other constructs at the 62.5nM of S-estradiol (Figure

3.1). As per the design of the three versions, the membrane version, pl10a,; was
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expected to have higher toxicity than the loop and cytosolic versions but this was
not observed suggesting that, direct binding of p110ay, is faster than the membrane

targeting of low copy number p110a;,.

3.5.2 Increased detection range of dual reporter is due to larger

amount of reporter available in the cell

To observe the membrane dynamics using changes in the levels of PI(3,4,5)Py to
PI(3,4,5)P3, a robust dual reporter system was constructed to allow detection. PH
domains are »100—120 amino acids in length and are known to bind to phosphatidyli-
nositol phosphate derivatives in eukaryotic cell membranes. The PH domain of PLCd
is known to bind to PI(4,5)Py with high selectivity and specificity [39]. The PH do-
mains from AKT, in mammalian cells is known to bind to PI(3,4)Py and PI(3,4,5)P3
at the plasma membrane; however, PH(AKT) is known to bind to PI(3,4,5)P3 with
high specificity in S. cerevisiae [17|. The resulting dual reporter system consti-
tuted PH(AKT)-mCherry and GFP-2XPH(PLC0) to detect levels of PI(3,4,5)Ps
and PI(4,5)P2 levels, respectively. The N-terminal PH(AKT)-mCherry construct
was compared to the C-terminal mCherry-PH(AKT) construct and mCherry signal
was not affected in the cell. The GFP-2XPH(PLC6) construct was based on previous
studies that showed high specificity to PI(4,5)Py (Table 2.1). Localisation patterns
of the dual reporter were consistent with expected increase of p110a expression in
the cell as GFP and mCherry were detected at the plasma membrane in low and
high PI(3,4,5)P3 states, respectively.

The expression of both the reporter proteins were controlled by the a strong
constitutive promoter (P_ TEF1). Using a strong constitutive promoter resulted in
an increase in the detection range, which allowed a reliable basis for the quantifi-
cation method. Both mCherry and GFP constructs showed quantifiable differences
between plasma membrane and cytosol signal within a single cell and between basal
and induced expression. The increase in detection range might be attributed to the
increase in the reporter protein available as a result of the strong constitutive pro-
moter in the cell. The increase in the amount of protein available in the cell ensures

that the fluorescence detected at the plasma membrane is not limited by the reporter
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protein level but by the growth rate of the cell i.e, the availability of RNA polymerase
and other transcription factors. The effect of p110a on growth rate could be used
to explain the difference between the maximum GFP fluorescence observed at the
plasma membrane in control and p110« cells. The amount of fluorescence itself does
not affect the machine-learning based quantification method as the relative amounts
of fluorescence are calculated but, the increase in the detection range allows a more
accurate calculation of the relative amounts of PI(3,4,5)P3. There are two types of
noise that were found to affect the reliability of the dual reporter system and in-
cluded noise due to image detection from the camera and intrinsic noise within each
image (also described as the signal-to-noise). The increased dynamic range of the

optimised dual reporter system shown here reduces the effects of noise in the image.

3.5.3 Advantages and limitations of using machine-learning based

algorithm

The major advantage that was found using the developed machine-learning based
algorithm was that cells were detected across both channels, which reduced user-
defined bias. The automated machine learning algorithm was able to detect cells
across both mCherry and GFP channels, which was not performed manually. Manual
segmentation resulted in cells defined in either mCherry or GFP channel depending
on predicted behaviours of the system, which introduced user-defined bias. The
automation of image segmentation was able to overcome such user define bias as
well as increasing the number of images that were processed.

The major drawback was that selection of cells was not perfect in spite of long
processing times. Compared to manual segmentation, the number of cells detected
in one channel were fairly large compared to manually defined cells, where the user
could avoid fast drifting cells and irregular shaped cells as well as identify cells that
are different from a group of cells however, training from scratch requires larger data
sets for learning as well as hundreds of hours. Retraining models on the other hand,
allows the user to take a piece of the existing model that has already been trained to
perform a similar task, saving several hours that is required for training from scratch

using neural networks.



Chapter 4

Testing functionality of the

components of the system

4.1 Summary

This chapter tests the functionality of the components expressing pl10« and PTEN
constructs, using the dual reporter system and the quantification method that were
described in the previous chapters. Differences between membrane dynamics of
the different versions of pl10a were confirmed and as the dual-reporter showed
clear differences between these constructs, which were quantified using the machine-
learning based algorithm. The quantification method showed that basal expression
was present in the component expressing pl10a as there was an increase in the
PIPs-Index across uninduced cells. Functionality of the PTEN component was also
confirmed using the cytosolic PTEN as the PIPs3- Index was reduced in cells contain-
ing high copy of PTEN¢, where basal expression was also detected. The difference
between basal and induced expression was compared using immunoblotting. All the
components in the system were thus confirmed to be functional according to the

design rationale for the synthetic system (Chapter 2).

70



CHAPTER 4. TESTING FUNCTIONALITY OF THE COMPONENTS OF THE
SYSTEM 71

4.2 Quantification of p110a dynamics at the plasma mem-

brane

The three versions of pl10« (pl10a¢, pl10ayz and pl10ays) were integrated to the
genome of S. cerevisiae cells along with the dual reporter system. A control with no
pl110a was maintained and cells were induced to express the p110« versions, using the
GEV system. The different versions, pl10a¢, pl10ar and pl10ay,s were expected
to have increasing effects at the plasma membrane and the control was expected to

have no effect at the plasma membrane (Figure 4.1).

Control p110a, p110a; p110ay,

O O O

(O < ©) O

A O O W

Figure 4.1: Schematic diagram illustrating membrane dynamics of different p110«
versionss. The plasma membrane is represented as the bilipid layer and the theo-
retical behaviour of the three different pl10« versions is shown here. The control
describes cells with no p110«a present in the cells.

4.2.1 pll0a,; showed highest plasma membrane activity due to

basal expression

Some basal expression was expected using the GEV system and activity due to basal
expression in the cell was detected by the dual reporter system. In the untreated
condition, p110ajs showed an increased amount of mCherry at the plasma membrane
compared to the other constructs (Figure 4.2). The increase in mCherry signal due
to basal expression confirmed as the plot profile showed that both mCherry and GFP
were present at the plasma membrane, which was not observed in the other versions of
pl10c«. The increase in mCherry at the plasma membrane confirmed that p110a;,
activity was stronger than the other versions used in this study. This confirmed
that the plasma membrane targeting through the CAAX domain was functional and

consistent with the design of the construct (see Chapter 2).
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4.2.2 Activity due to basal expression of p110as and pl110«; are

comparable

Cells with p110«a versions showed decreased GFP signal at the plasma membrane,
compared to the control (Figure 4.2). In cells with p110« versions, the GFP signal
at basal expression was found to be almost 1000 units less than in the control cells.
As the dual reporter strains are genetically identical across all the versions and the
image acquisition settings were kept the same throughout this study, the decrease
in the GFP signal at the plasma membrane suggested that activity due to basal
expression of the pl10«a versions was detected by the dual reporter system. In the
pl10a¢c and p110ay, versions, the amount of PI(3,4,5)P3 due to basal expression did
not result in an increase in the mCherry signal observed at the plasma membrane.

Control p110ac p110a, p110ay,

¢¢¢¢

Fluorescence (a.u.)

Distance (um)

Figure 4.2: Representative profile plots of basal expression of the different versions
of p110« used in this study. Uninduced cells were observed using fluorescence mi-
croscopy (inset). A line was drawn across the cell to determine the fluorescence
profile plot in both mCherry (red) and GFP (green) channels. Dotted line in profile
plots represents the plasma membrane as detected by the dual reporter system.

4.2.3 Induced activity of p110a¢ did not have a significant increase

in mCherry at the plasma membrane

Although the difference between GFP signal was observed between control cells and
pl10ac expression, no significant difference was observed at the plasma membrane
due to induction of pl10ac (Figure 4.3). The amount of mCherry at the plasma
membrane was expected to increase due to induction of pl10a¢ expression in the
cell; however, this was not observed as the amount of mCherry fluorescence decreased

across the cell.
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4.2.4 Induced activity of p110«;, and p110a,, resulted in high levels

of mCherry at the plasma membrane

Compared to basal expression, induced expression of p110ay, and p110aj; showed an
increase in the amount of mCherry observed at the plasma membrane (Figure 4.3).
Full expression of p110a;; was found to increase the amount of mCherry observed at
the plasma membrane and resulted in mCherry at the plasma membrane and a shift
of GFP signal detected in the cytosol (high PI(3,4,5)P3 state). The p110c s version
showed a greater increase in mCherry fluorescence at the plasma membrane, which
was not observed in the other p110« versions. The pattern observed in the p110ay,
cells showed that there was an increase in the mCherry signal that was similar to
the GFP signal in the cell. The GFP signal was found to be similar between basal

and induced expression of p110ay, conditions.

Control p110ac p110a, p1100y,
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Figure 4.3: Representative plot profiles of induced expression of the different versions
of p110cv used in this study. Cells induced to express pl10a at 25nM [-estradiol
were observed using fluorescence microscopy and a line was drawn across the cell
to determine profile plots in both mCherry (red) and GFP (green) channels (inset).
Dotted line represents the plasma membrane as detected by the dual reporter system.

4.3 Quantification across the cell population reflected dif-

ferences observed across the different versions of p110«

Quantification of the different versions of p110«, reflected membrane dynamics as
mean PIPs- Indexes across the population reflected changes observed using the dual
reporter system (Figure 4.4). Significant differences observed between basal expres-
sion and induced expression across all p110« versions. Statistical significance was

determined using Mann-Whitney Test as data did not always fit normal distribution.
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Negative mean PIP3-Indexes were associated with low PI(3,4,5)P3- states and pos-
itive PIP3-Indexes were associated with high PI(3,4,5)P3 states (Figure 4.4). The
mean PIP3- Indexes showed that the activity at the plasma membrane was highest
in pl10ays > pl10ayr > pll0ac.

High plasma membrane activity was associated with p110aj; as both basal and
induced expression resulted in positive mean PIP3-Indexes, which were significantly
greater than the other versions of pl110a (Table ??). In the induced condition, the
pl110a,s version showed a more positive distribution across the cell population and
the mean PIP3-Index was found to be higher than the other versions. Even at basal
expression, pl10ajs resulted in a more positive mean than the other versions. Taken
together, the plasma membrane associated activity of p110a;,, version produced more
PI(3,4,5)P3 compared to the other versions.

Low plasma membrane activity was associated with pl10a¢ as little difference
was observed between the mean PIP3-Indexes between basal and induced expression
(Table ??). In both expression conditions, pl10a¢c showed the least amount of
mCherry at the plasma membrane. The low mCherry and high GFP was reflected
in quantification across the cell population as majority of the quantified cells had
negative PIP3-Indexes. The distribution at basal expression was found to be more
positive than the distribution of cells at induced expression; however, this difference
was smaller than the differences observed between basal and induced expression in
the other p110a versions. The difference between basal and induced expression in
the membrane bound pl110ay, and pll0ays was > 20% whereas, the difference was
found to be 17% and 18% in p110a¢ and control cells, respectively.

Bimodal distribution, or the presence of two subpopulations within a single pop-
ulation, was observed across the induced pl10L cells (Figure 4.4). Although, high
mCherry signal was observed in cells expressing pl10«y, the mean PIPs;-Index was
found to be negative across the cell population. The bimodal distribution observed
across the cell population suggests that induction of p110«ay, resulted in the mainte-

nance of two subpopulations, one with low and the other with high PIP3-Indexes.
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Figure 4.4: Distribution plots of PIPs-Indexes across pl10a cells. The relative
amounts of PI(3,4,5)P3 production across the different p110« versions were quantified
across uninduced and induced cell populations. In total, 50-80 cells were quantified
in uninduced and in fully induced p110a expression conditions across the different
versions of p110a. Here, changes in the distribution of PIP3- Index in uninduced
condition are referred to as basal expression. Mann-whitney test was performed be-
tween samples to show that the distributions between the two treatments differed
significantly (*p<0.05, ***p<0.0001).

4.4 PTEN functionality test

Next, I tested the functionality of the PTEN components, which included expression
control with the TET-ON system and the dephosphorylation activity of PTEN. Using
the cytosolic version of PTEN, PTEN¢, the functionality of the component was
tested because the sequence was used to construct the other versions of PTEN,
PTEN and PTEN,;. By fusing the 2XPH(PLCJ) and CAAX domain to the C-
terminus of the PTENy, PTEN; and PTEN,; were constructed, respectively. The
sequence also contained a K13E mutation, which was introduced to disrupt the
natural PI(4,5)Ps-binding activity of the wildtpe human protein that was used in
this study. Expression was controlled using the TET-ON system, which is induced
using doxycycline. To test the functionality of PTEN¢ cells were induced to co-
express pl10ay and PTEN¢, as the activity of the latter requires production of
PI(3,4,5)Ps.
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Using the dual reporter system, dephosphorylation activity was observed in high
copy number PTEN, which was induced to co-express pl10a; and PTENg. The
copy number of genome integrated PTEN was quantified across transformants and
three strains bearing three different copy numbers were selected to confirm function-
ality of PTEN¢ (Figure 4.5). Co-expression of high copy number PTEN¢ and p110«
showed that there was more GFP detected at the plasma membrane compared to
the low and intermediate copy number cells (Figure 4.6). The GFP distribution at
the plasma membrane confirms levels of dephosphorylation of PI(3,4,5)P3, resulting
in PI(4,5)Py at the plasma membrane. The levels of GFP observed at the plasma
membrane in low and intermediate copy number strains was found to be comparable
to the control strain which did not contain PTEN¢ in the genome of the cell (Figure
4.6). The amount of mCherry that was detected at the plasma membrane was also
found to be less in the high copy number strains, which confirmed dephosphorylation
activity in the high copy number strain.

Quantification of the effects of copy number on the dephosphorylation activity of
PTEN¢ confirmed functionality of the component at high copy number. To observe
differences between low, intermediate and high copy number of PTENg, cells were
quantified across uninduced, pl10«ay expression and co-expression of pl10«ay and
PTEN¢ conditions. There was no significant difference observed between uninduced
conditions across all strains that were tested. Significant difference was observed
between cells with no PTENg and high copy number PTEN¢ in the condition of
pl10ay, expression as well as between cells with no PTEN¢ and high copy number
PTEN¢ in the co-expression condition. These results suggested that high copy num-
ber PTEN( effectively reduced the PI(3,4,5)P3 levels in the cell at basal and induced

expression.
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Figure 4.5: Copy number determination of PTEN¢ cells. Copy number of PTEN¢
cells was determined from a single qPCR trial. The A C4- value represents the
change in the relative amounts of copy number across the samples. The values were
normalised to the low copy number strain (Low CN). As PTEN¢ was introduced to
cells that were made up of identical genetic background, GFP and rtTA, from the
TET-ON system, were used as internal controls.
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Figure 4.6: Effect of Copy number on amount of GFP observed at plasma membrane
in cells co-expressing p110;, and PTENg. Cells containing different copy number
of PTEN¢ were induced to co-express pl10a; and PTENg. Images of cells were
compared across both mCherry and GFP channels. No PTEN¢ cells only contained
pl10ay in the genome. Scale bar represent 5um.
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Figure 4.7: Distribution plots showing effect of PTEN¢& copy number on PIP3-Index.
In total, 50-80 cells were quantified across three conditions: uninduced, p110«a;, ex-
pression and pl10ay and PTEN¢ co-expression. No PTEN¢ cells were constructed
as a control, without PTENg in the genome. LCN PTENg and HCN PTENq
represent cells bearing low and high copy number of PTENg in the genome, re-
spectively. Intermediate CN represents cells having intermediate levels of PTEN¢.
Statistical significance between distributions were compared using Mann-whitney
test (**p<0.01) are shown here.

4.5 Quantification of basal expression levels of p110a¢

and PTEN/

The quantification of cells in the uninduced p110« versions and p110«y, expression in
high copy number PTEN¢ cells suggested that both components had basal expression
in the cell. In the uninduced condition, cells containing different versions of p110«
showed significant differences in mean PIPs-Indexes in a way that corresponded
to their design (Table ?7). For example, pl10aj; showed a more positive mean
compared to pl10ay, suggesting that more PI(3,4,5)P3 was present at the plasma
membrane of the cell even in the absence of inducer. Similarily, significant difference
was observed cells without PTEN¢ and cells with high copy number PTEN¢ that
were induced to express only pl10«ay, (Figure 4.7). These differences suggested that
the dual reporter system was able to detect differences in the amount of PI1(3,4,5)P3
at the plasma membrane of cells due to basal expression in the uninduced p110« and
PTEN¢ cells.

basal expression in both GEV and TET-ON systems was confirmed by com-

paring induced and uninduced cells, expressing pl10ac and PTENq (Figure 4.8).
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Uninduced and induced cells containing cytosolic versions of p110a and PTEN were
subjected to immunoblotting and a difference of > 2- fold was observed between
expression in uninduced and induced condition, across both GEV and TET-ON in-
ducible systems (Figure 4.8). Compared to cells expressing PTEN ¢ by full induction
of TET-ON system, a stronger signal was detected in cells expressing p110a¢ by full
induction of expression by the GEV system. No signal was detected in cells that were
fully induced but did not contain pl110ac or PTENe, which confirmed that basal
expression of the synthetic promoters resulted in basal levels of p110a or PTEN in

the cells even in the absence of inducer.
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Figure 4.8: Induction of synthetic promoters showed >2- fold difference compared
to basal expression. Immunoblotting was performed on induced and uninduced cells
that were designed to express pl10a¢c or PTEN¢ using the GEV or TET-ON system,
respectively. Induction of the GEV and TET-ON systems were done by treating cells
with 25nM [-estradiol and 50mM doxycycline, respectively. No signal was observed
in cells fully induced with GEV and TET-ON systems, but without p110a¢c and
PTENe. Sup35 was used as a loading control in cells expressing PTEN.

4.6 Discussion for testing functionality of the compo-

nents of the system

4.6.1 Quantification method showed differences in p110a membrane

dynamics.

Using the machine-learning based quantification method, plasma membrane dynam-
ics of p110« across cell populations were found to be consistent with their theoretical
design. Three constructs of pl10a were compared to show different membrane dy-
namics and resulted in corresponding differences in calculated PIPs3- Indexes for

basal and induced expression. The mean PIPs;-Indexes showed that membrane ac-
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tivity across the p110a versions were found to be highest in p110ays > pl10ay >
pl10a¢ in both basal and induced expression.

The cytosolic version, pl10ac was fused to a poly-glycine flexible linker and
was designed to have no membrane association properties. Activity at the plasma
membrane associated with this construct was attributed to diffusion of the catalytic
subunit from the cytoplasm to the membrane. Quantification of p110a¢ cells showed
low negative PIP3- Indexes in both basal expression and induced expression, suggest-
ing that activity at the plasma membrane was low as PI(4,5)P3 levels were high even
after induced expression (Figure 4.4).

On the other hand, p110as showed the highest PIP3-Indexes at basal expression
and induced expression suggesting that this version had the strongest membrane-
bound activity. The increase in membrane-bound activity in the pl10aj; was at-
tributed to fusion to the CAAX domain. The CAAX domain, is found at the C-
terminus of a class of proteins known as CAAX proteins (eg: RasGTPase). This
motif consists of a cysteine (C), any aliphatic amino acid (AA) and X for any amino
acid. The mechanism through which the CAAX containing protein is targeted to the
plasma membrane is well studied in yeast as it undergoes a series of post-translational
modifications. These post-translational modifications include polyisoprenylation,
endoproteolysis and carboxyl methylation [15]. Prenylation refers to the covalent
modification of a molecule by the attachment of a lipophilic isoprenoid group. Iso-
prenoids are a family of lipophilic molecules based on repeating a Cs structure that
are synthesized from mevalonate, which is synthetisized from the HMG-CoA pathway
in the cell. During polyisoprenylation, a soluble protein prenyl-transferase (PPT)
recognises the motif through the X residue [87]. After the sequence is recognised,
the enzyme attaches either a farnesyl (Ci5 chain) or a gernylgerynyl (Cog chain)
moiety to the cysteine via a thioester bond. The prenylated protein does not di-
rectly diffuse to the plasma membrane but has been shown to transiently localise
to the endomembrane system, where they are recognised and cleaved by a mem-
brane specific endopeptidase, known as prenyl-CAAX protease [20]. These proteases
recognise the prenylated motif and cleave the —AAX residues, leaving behind the

prenylated cysteine as the new C-terminus. The prenylated C-terminus then under-
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goes methylesterification to cap the protein, making it even more hydrophobic in
nature. Therefore, using the CAAX domain the p110ay,s version was expected to
show activity at the plasma membrane even at basal expression and this was also
reflected in quantification of the cells at basal expression.

The positive feedback loop version, pl110«aj, was constructed so that the produc-
tion of PI(3,4,5)P3 would result in more PI(3,4,5)P3 and was found to be functional
because basal expression and induced expression resulted in low and high PIP3- In-
dexes, respectively. By fusing the PH(AKT) to the N-terminus of the p110« catalytic
subunit, a positive feedback loop was designed such that at low PI(3,4,5)P3 levels
cells would maintain low PI(3,4,5)P3 levels but after reaching an unknown concen-
tration of PI(3,4,5)P3 more PI(3,4,5)P3 is produced. Most studies use N-terminus
fusion of the PH(AKT) domain that are based on the study by Varnai et al [96].
Only one study that was found to use the PH(AKT) domain at the C-terminus to
construct a similar positive feedback loop in S. cerevisiae cells [17]. Here, we use
the N-terminus construct because is did not appear to affect the loop behaviour of
the pl10ayr. At basal expression, a low mean PIPs-Index, which was comparable
to control cells was determined across the cell population. At induced expression,
the mean PIPs-Index increased and showed a more positive distribution. The N-
terminus PH(AKT)-pl110« construct was also used in this study because it had a
similar orientation to the reporter PH(AKT)-mCherry protein, which was shown to

be functional at the plasma membrane of S. cerevisiae.

4.6.2 PTEN component was found to be functional and was used

to study plasma membrane dynamics

The PTEN component used in this study included a K13E mutant and was found to
be functional only when integrated at high copy number to the genome of the cell.
The mammalian PTEN sequence is made up of a C2 domain, a phosphotase domain
and C-tail [49]. The phosphatase region of PTEN is responsible for dephosphory-
lation of PI(3,4,5)P3 to produce PI(4,5)P2 and the C-tail is thought to block the
phosphatase region preventing the dephosphorylation of P1(3,4,5)P3. Upon binding

of C2-domain to PI1(4,5)P5 the conformation is thought to change and allow dephos-
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phorylation of PI(3,4,5)P3 thereby, establishing a positive feedback loop as PTEN
preferentially acts on membranes enriched with PI(4,5)Ps and PI(3,4,5)P3 at the
plasma membrane of cells. The K13E mutation is found as a hallmark mutation
in several human cancers [1]. The mutation is associated with a loss of function of
dephosphorylation of PI(3,4,5)P3 by PTEN [14] In this study, the K13E mutation
was introduced to disrupt the PI(4,5)P2 binding ability of the human sequence that
was used in this study to prevent localisation to the membrane by the C2- domain.
No dephosphorylation activity was observed in the cells when PTEN was integrated
to the genome at low or intermediate copy number but dephosphorylation activity
was observed at high copy number. This result suggests that at low copy number,
binding through the C2- domain was disrupted as there was not sufficient diffusion
to the membrane to increase the amount of GFP detected at the system. At high
copy number, the diffusion to the membrane was increased by virtue of increased
concentration in the cell and this was found to increase the amount of GFP that was
detected at the plasma membrane. Therefore, the membrane binding of PTEN plays

an important role in dephosphorylation activity at the plasma membrane.

4.6.3 PTEN basal activity in cells increases with pl110a: induction

basal expression of PTEN was found to have no effect in uninduced cells but reduced
PIPs-Index in cells expressing pl10ac. Compared to cells without PTENg, cells
expressing pl10ay, were found to have significant difference between distributions of
PIPs3- Indexes. In the previous chapter, I show that expression of p110«;y, increases
doubling time in the cell and thus, the difference between the PIP3- Index is thought
to be due to the accumulation of basal PTENc.

If the amount of PI(3,4,5)P3 that is detected at the membrane by mCherry (M)
is dependent on the amounts of pl10az (Mp) and PTEN¢ (Mp) available in the
cell as well as the dilution due to cell division (C,), then the change in PI(3,4,5)P3
can be expressed as:

dM = Mp - Mp - MC,, (4.1)

at steady-state, dM = 0 and solving for M gives:
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At low PI(3,4,5)P3 levels, p110«y, has a greater effect than PTEN¢ in the cell.
Basal expression of PTEN¢, Mp < C,,, or the dilution due to cell division, the signal
detected at the plasma membrane is dependent on the basal expression of p110a¢
(Mp). At high levels of PI(3,4,5)P3, C,, is reduced and the mCherry signal observed
at the plasma membrane is affected by the accumulation of both PTEN and p110ay,
basal expression, suggesting that basal expression of PTEN constructs should have
an increased effect in cells that have slower growth rate caused by elevated levels of

PI(3,4,5)P3 at the plasma membrane of the cell.



Chapter 5

Understanding bistability at the

plasma membrane

5.1 Summary

This chapter describes the application of the synthetic system to study membrane
dynamics in live cells. Using all four functional components of the system, the
conditions for bistability across the population were examined. Bistability is the
characteristic of a system to exist in two stable steady states and the system can be
forced into any one stable state based on its history. Bistability is closely related to
bimodality, which describes the presence of two populations in a single population
and to test the stability of these two populations within a single genetically iden-
tical population, hysteresis experiments were designed. The results show that the
conditions for bistability that were identified in this study required a two component

positive feedback system.

5.2 Assessment of conditions for bimodality across cell

populations

Three constructs showed significant bimodal distribution across cell populations (Fig-
ure 5.1). To test changes in plasma membrane dynamics, the different combinations

of p110a and PTEN versions were tested across three conditions: (i) basal expres-

84
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sion of pl10a and PTEN (no inducer); (ii) induced expression of pl10a and (iii)
co-expression of pl10a and PTEN (Figure 5.1). In general, all loop and mem-
brane versions contained low copy number of PTEN and p110«; whereas, high copy
number cells were selected for the cytosolic constructs. The distributions across
all conditions were significantly different across the different combinations as well
as across the different conditions. The significance of bimodal distribution was de-
termined using Hartigan diptest, which indicates that p-values closer to zero show
significant bimodal distribution [48]. Significant bimodality was observed in cells
that co-expressed PTEN¢ and pl10ay, (p<0.01); co-expressed PTEN and p110ay,
(p<0.01) and in uninduced cells containing PTEN¢ and pl10ays (p < 0.01). All
three combinations showing bimodality contained cells that either showed high GFP
or high mCherry at the plasma membrane (Figure 5.2 and 5.3). For simplicity, cells
containing PTEN¢ and p110ay, will be referred to as the "one-loop" construct, cells
containing PTEN, and p110«aj, the "two-loop" construct.

Intermediate levels of bimodality were also detected across constructs in which
conditions caused small differences between PTEN and p110« activity at the plasma
membrane (Figure 5.4). For example, in cells containing PTEN; and p110«ay, the
mean PIP3 Index across the three conditions was found to be -0.14, -0.08 and -
0.13 for uninduced, p110aj expression and co-expression of PTEN; and pl110aj
cells, respectively. The uninduced condition were associated with a low significance
of bimodality (p-value = 0.88) and cells in this construct showed high-GFP and
no mCherry signal at the plasma membrane (Figure 5.1 and 5.4). When pl10ay,
expression was induced, the bimodality in the population was more significant (p-
value = 0.79) as cells showed some mCherry signal at the plasma membrane but
predominantly showed GFP at the plasma membrane. Co-expression of pl10ay,
and PTEN,, further increased significance of bimodality (p=0.47) and cells showed
very strong GFP- no mCherry signal at the plasma membrane or strong-GFP- weak
mCherry signal at the plasma membrane.

In summary, different versions of p110a and PTEN resulted in different signifi-
cance in bimodality. Across all constructs, except for p110a s + PTEN, uninduced

cells showed low significance of bimodality. On the other hand, cells co-expressing



CHAPTER 5. UNDERSTANDING BISTABILITY AT THE PLASMA

MEMBRANE

86

pl10a and PTEN showed higher significance of the bimodality, compared to the

other conditions. Expression of pl110«y, also showed high significance of bimodality,

which was not observed in cells containing the PTEN,; version in the cell. The co-

expression of pl10a and PTEN in the one-loop and two-loop constructs was found

to result in the most significant bimodal distribution.
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Figure 5.1: Assessment of bimodality across different constructs.
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Significance of

bimodality was determined using Hartigan diptest and p-values are represented here.
Quantification was performed on 50-100 cells that were identified in each codition,
across all the constructs. *Quantification performed using user defined cells. Dotted

line represents PIP3 index equal to zero.
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Figure 5.2: Representative images of cells showing large differences between condi-
tions in the one-loop construct. Images of cells containing the one-loop construct
(inset) were collected in both mCherry and GFP channels across uninduced, p110ay,
expression and pl110ay, and PTEN¢ co-expression. Scale bar = bum.
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Figure 5.3: Representative images of cells showing bimodalty in the two-loop that
were induced to coexpress pl10a; andPTENy. Images of cells containing the two-
loop construct (inset) were collected in both mCherry and GFP channels across
uninduced, p110ay, expression and pl10a;, and PTEN¢ co-expression. Scale bar =
dpum.



CHAPTER 5. UNDERSTANDING BISTABILITY AT THE PLASMA
MEMBRANE 89

p110a + PTEN

No expression p110a expression  co-expression

3
@)
=
@
p110a, 2
U
a1
PTEN,,
=
@
«Q
(0]

Figure 5.4: Representative images of cells showing little differences across all three
conditions in cells containing p110ay, and PTEN),;. Images of cells containing the
opl10ay, and PTEN,, (inset) were collected in both mCherry and GFP channels
across uninduced, p110ay, expression and p110ay and PTENg co-expression. Scale
bar = Hum.
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5.3 The two-loop construct showed ability to behave based

on PI(3,4,5)P; history

Next, to test the stability of the two populations in the bimodal distribution of
the one-loop and two-loop constructs, hysteresis experiments were designed (Figure
5.5). Cells co-expressing pl10cv and PTEN in the one-loop and two-loop constructs
resulted in two peaks that were separated by PIPs- Index of zero. To test the stability
of these populations, low and high levels of PI(3,4,5)P3 was created, termed as initial
conditions (Figure 5.5). Cells with high levels of PI(3,4,5)3 were created by inducing
pl10ay, expression and cells with low PI(3,4,5)P3 were created without treatment
with any inducer. The cells were then washed and induced to co-express pl10ay,
and PTEN and the wash steps were found to remove any residual inducer that could
affect P1(3,4,5)P3 levels in the cell thus, confirming that the levels of P1(3,4,5)P3 after
perturbation were dependent on cell history (Figure 5.6). No signal was detected in
cells that were not induced to co-express pl10a and PTEN. Cells that started at
high levels of PI(3,4,5)P3 in the cell are referred to as experienced cells, as these
cells have previously experienced PI(3,4,5)P3 at the plasma membrane and cells that
started at low levels of PI(3,4,5)P3 are referred to as naive cells, as these cells have
no experience of PI(3,4,5)P3 at the plasma membrane.

The two-loop construct showed the ability to store information on cellular his-
tory as experienced cells maintained high levels of PI(3,4,5)P3 after co-expression
of p110a;;, and PTEN. In the two-loop construct, naive cells showed a mixture of
cells, which showed strong mCherry or GFP signal at the plasma membrane in the
population (Figure 5.7). In contrast, experienced cells showed strong mCherry signal
at the plasma membrane across all cells in the population (Figure 5.7). Quantifi-
cation of the two-loop construct confirmed that the naive cells were bimodal after
co-expression of pll0a; and PTENy in the ED- condition whereas, experienced
cells maintained high levels of PI(3,4,5)P3 and showed a more unimodal distribution
(Figure 5.8). The one- loop construct did not show the ability to retain information
at the plasma membrane as both experienced and nalve cells showed a mixture of

cells, which showed strong mCherry or GFP signal at the plasma membrane in the
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population (Figure 5.10). Quantification of cells also showed bimodal distribution

across both naive and experienced cells.

Initial Conditions Outcomes
Experienced cells Co-expression of p110a +PTEN
—5 -
D RN
Bimedal constructs - — < Memory
p <0.01 > — 5 () N observed
- : =
Co-expression of p110a +PTEN &= @ / " By 9
— <5 (& 9 -

High PI(3,4,5)P, population

@&
\ )
Naive cells
. ro) — No memory

observed

Low PI{3.4,5)P, population

Figure 5.5: Experimental set-up to test memory in one- loop and two- loop con-
structs. Cells were grown in high-P1(3,4,5)P3 (experienced cells) and low PI(3,4,5)P3
(naive cells) conditions and inoculated in fresh media for induction of p110a and
PTEN coexpression (ED- condition). The outcomes of co-expression was measured
as experienced cells that showed memory displayed high levels of PI(3,4,5)P3 at the
plasma membrane and naive cells maintained bimodality.

Experienced cells Naive cells
=8 L 1L 2L
+ED -ED  +ED -ED +ED -ED  +ED -ED

Figure 5.6: Immunoblot showing that that growth conditions for experienced cells
did not interfere with memory test. Expression of p110a was only detected in cells
induced to co-express p110ay, and PTEN¢ (1L) or p110ay, and PTEN,, (2L), which
confirmed that induction from initial conditions was removed to test, which was used
to co-express pl10ay, and PTEN versions, for the presence of memory. Immunoblot-
ting for Sup35 was used as a loading control. As the amount of protein loaded was
adjusted to 20ug, the faint signal observed in experienced cells were associated to
low antibody concentration used.
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Figure 5.7: Two-loop construct showed ability to retain information about
PI(3,4,5)P3 history. Initial conditions of low and high levels of PI(3,4,5)Ps were
created in cells by treating cells with no inducer and fully induced expression of
pl10ay. High PI(3,4,5)P3 cell populations that were induced to co-express pl110ay,
and PTENy, are called experienced cells and low (3,4,5)P3 cells the co-expressed
pl10ayz, and PTENy are called nalve cells. Scale bar =5um.
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Figure 5.8: Distribution plots of two-loop cells across initial and hysteresis condi-
tion. Quantification of 200- 300 cells across each condition of the two-loop cells was
performed. Dotted line separates distributions associated with low and high PIPs-
Indexes as it marks PIPs-Index = zero. Values at the top represent significance of
bimidality as calculated by Hartigan diptest.
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Figure 5.9: Representative images of hysteresis experiment using one-loop construct.
Cells were observed at initial conditions of low and high PI(3,4,5)P3 levels. Cells
that had low and high PI(3,4,5)P3 levels were induced to co-express pl10«; and
PTEN¢ and are referred to as Naive and experienced cells, respectively. Scale bar=
dpm.
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Figure 5.10: Distribution plots of one-loop construct across initial and hysteresis
condition. Initial conditions of cells were generated by inducing cells to posses low
and high levels of PI(3,4,5)P3. Low and high levels of PI(3,4,5)P3 cells were induced
to co-express pll0a;, and PTENs and were referred to as naive and experienced
cells. The quantification across each condition was performed on 200- 300 cells that
were identified using the machine-learning based algorithm. Dotted line separates
distributions associated with low and high PIPs- Indexes as it marks PIPs-Index =
zero and values represented at the top show significance of bimodality.
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5.4 Bimodality was observed across a larger concentra-

tion range in the two-loop construct

As the two-loop construct resulted in the cells that behaved based on the previous
history of the cell population, which was not observed in the one-loop construct, low
and high PI(3,4,5)P3 levels were generated and induced with a concentration gradient
of B-estradiol. There were significant differences observed between the response
in experienced and naive cells, in both the one-loop and the two-loop constructs.
In the one-loop construct, significant bimodal distribution was observed at higher
concentrations ranges of - estradiol, which was not observed in experienced cells
(Figure 5.13). Quantification of differences between naive and experienced cells
in the two-loop construct showed that bimodality was more significant across both
responses to - estradiol, at leaky expression of PTEN;,. Moreover, naive cells in the
two-loop construct showed significant bimodality at concentrations between 0.75n1M
and 25nM of B-estradiol; whereas, experienced cells showed significant bimodality
between 1.5nM and 6.25nM of B-estradiol. Therefore, bimodal distribution in the
two-loop construct was more significant in naive cells than in experienced cells, which

was also observed in the one-loop construct.

5.5 The two-loop construct shows robust response even

under leaky expression of PTEN

The two-loop construct showed a higher maximum response than the one-loop con-
struct. To further understand the differences between responses to S-estradiol gra-
dient, the percentage of cells with PIPs;- Index > zero was determined across each
concentration. Across both one-loop and two-loop constructs, naive cells showed
greater response than experienced cells. In the one-loop construct, 50% response was
observed in naive cells induced with 12.5nM g-estradiol and at this concentration
experienced cells showed 20% response (Figure 5.14). At concentrations higher than
12.5nM, the response observed of the naive cells was found to plateau at 52%, which

was also the maximum repsonse observed in these cells. The response observed in
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Figure 5.11: Effect of S-estradiol concentration and leaky expression of PTENg& on
the significance of bimodality in cell response across naive and experienced cells.
Quantification of initial conditions (low and high PI(3,4,5)P3 containing cells) and
response to S-estradiol concentration gradient was performed across 150-200 cells in
each condition. The dotted line represents distributions with PIP3- Index at zero,
which is the result of equal amounts of mCherry and GFP at the plasma membrane.

experienced cells showed a maximum response at 35%, which was significantly lower
than the maximum response reached in the naive cells. In comparison, the two-loop
construct reached 50% response at lower concentrations across both naive and expe-
rienced cell (Figure 5.7). Naive and experienced cells reached 50% response at 3nM
and 4nM of p-estradiol treatment, respectively. At concentrations higher than 5nM
of B-estradiol, cells continued to increase in response as experienced cells reached a
maximum response of 80% at 25n1M of -estradiol and naive cells reached a maximum
response of 80% at 12.5nM of S-estradiol. In naive cells a 5% decrease in response
was observed at 25nM of §-estradiol. Therefore, the response in the two-loop system
showed less difference between responses in naive and experienced cells compared
to the one-loop system, as well as showing higher responses across both conditions

compared to the one-loop construct.
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Figure 5.12: Effect of S-estradiol concentration and leaky expression of PTEN on
the significance of bimodality in cell response across naive and experienced cells.
Quantification of initial conditions (low and high PI(3,4,5)P3 containing cells) and
response to S-estradiol concentration gradient was performed across 150-200 cells in
each condition. The dotted line represents distributions with PIP3- Index at zero,
which is the result of equal amounts of mCherry and GFP at the plasma membrane.

5.6 Expression of PTEN/ is required for bistable response

in two-loop construct

Co-expression of PTEN at high levels resulted in bimodality across response to
concentration gradient of pl10ay induction. Bimodality was not observed across
response to f-estradiol in naive and experienced cells that expressed high levels of
PTEN] in the cell (Figure 5.17). Here, the response was found to be associated
with low PIP3- Indexes between the concentration ranges of 0- 3.12nM and high
at concentration ranges between 6.25-12.5nM. In contrast, at low levels of PTEN,
expression, bimodality was observed across all of the experienced cells and at 6.25-
12.5nM concentration range of S-estradiol in naive cells (Figure 5.16). These results
suggest that expression of PTENy at high levels results in the transition of the

bimodal population to become unimodal, which describes bistability.
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Figure 5.13: Significance of bimodality across distribution plots between experienced
and naive cell history in one-loop and two-loop constructs. IC represents the ini-
tial conditions at low and high PI(3,4,5)P3 of the cells and the mean across the
cell population is represented here along with significance of bimodality as calcu-
lated by Hartigan diptest (p<0.3). Distributions with high and low significance are
represented in blue and grey, respectively.

5.7 Expression of PTEN; at high levels resulted in hys-

teresis in the two-loop construct

The expression of PTEN], at high levels was able to force the system into low or high
PI(3,4,5)P3 states based on the history of the cell. The response to S-estradiol induc-
tion was compared between naive and experienced cells at low and high expression
levels of PTENy. The response i.e., percentage of cells PIP3- Indexes > 0 in response
to (-estradiol concentration, was plotted across both naive and experienced cells at
low and high levels of PTENy, induction (Figure 5.18 and 5.19). At low PTENy
induction, naive cells showed a higher response than experienced cells. Naive cells
showed 50% response at 2nM induction and experienced cells showed response at
4nM of [-estradiol induction (Figure 5.18). These results were similar to the re-
sponse observed at leaky PTEN, expression, where naive cells and experienced cells
respectively showed 50% response at 3 and 4nM [-estradiol induction (Figure5.15),
suggested that low expression levels of PTEN; was unable to switch cells into low
or high PI(3,4,5)P3 levels based on initial conditions in the cell. On the other hand,

high expression levels of PTEN; showed increased PIPs- Indexes associated with
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Figure 5.14: Response to (-estradiol concentration gradient in one-loop cells, at
leaky expression of PTEN¢. Cells with low (naive) and high (experienced) levels of
PI(3,4,5)P3 were treated with a concentration range of 0-25nM of (-estradiol. The
response shown here is defined as the percentage of cells with PIPs-Index > 0 in the
quantified population. Dotted line represents response of 50% across the quantified
population.

cells experienced cells compared to naive cells as cells reached 50% response at 3.5
and 4.5nM of S-estradiol induction, respectively. The difference in PIP3- Index was
greater at higher levels of p110ay, induction as the maximum difference between re-
sponse in experienced and naive cells was found to be 25% at 6.25nM of S-estradiol
induction. Therefore, higher levels of PTEN, expression were required for switching
the system between low and high levels of PI(3,4,5)P3 based on the initial conditions
of the cells, which was consistent with the memory that was observed in the two-loop

cells that were induced to fully express p110ay, and PTENy,.
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Figure 5.15: Response to [-estradiol concentration gradient in two-loop cells, at
leaky expression of PTENy. Cells with low (naive) and high (experienced) levels of
PI(3,4,5)P3 were treated with a concentration range of 0-25nM of S-estradiol. The
response shown here is defined as the percentage of cells with PIPs-Index > 0 in the
quantified population. Dotted line represents response of 50% across the quantified
population.

5.8 Discussion for understanding bistability at the plasma

membrane

In this chapter, bimodality was observed in cells that expressed p110a, and PTEN¢, 1,
in the two-loop and one-loop constructs (Figure 5.1). The significance of bimodality
was measured using Hartigan diptest, which tests whether the distribution is uni-
modal against a multimodal alternative [48]. Other tests that are available to study
significance of bimodality include bimodality co-efficient and Akaike’s information
criterion. However, Hartigan diptest has been shown to be more robust in measur-
ing of bimodality as it is not affected by skewness of the data and also shows highest

sensitivity in distinguishing bimodality from unimodality [38]. For these reasons,
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Figure 5.16: Effect of low induction of PTEN}, expression on bimodality in response
to concentration gradient of [-estradiol in naive and experienced two-loop cells.
Low expression of PTEN was fixed across the cells using 5uM of doxycyclin. The
distribution plots of PIPs;- Index of 30-50 cells in each condition are shown here.
Data for concentrations at OnM and 25nM were not collected (grey boxes) and the
dotted like represents PIP3- Index = 0.

the Hartigan diptest has been used to test significance of bimodality to describe
cell-to-cell variability between populations [80, 9]. Some studies argue that since
the Hartigan diptest does not fit a Gaussian distribution, it does not contain the
statistical power to accurately detect peaks in the distribution that maybe observed
in typical biological situations [32]. However, since peaks observed in the bimodal
PIP3 -Index distribution in this study were separated by zero, Hartigan diptest was
a convenient way to measure significance of bimodality in this study:.

Comparison between the one-loop and two-loop constructs confirm that an out-
come of bistability is bimodality but the reverse does not hold true in this sys-
tem. The one-loop construct is made up of pl10alpha; and PTEN¢, where the co-
expression of both enzymes resulted in bimodal distribution in the cell (Figure 5.1).
To test the stability of the two populations in the cell, hysteresis experiments were

performed as described above (Figure 5.5). Full induction of pl110ay and PTEN¢
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Figure 5.17: Effect of high induction of PTEN[, expression on bimodality in response
to concentration gradient of S-estradiol in naive and experienced two-loop cells. High
expression of PTENy was fixed across the cells using 55uM of doxycyclin. The
distribution plots of PIP3- Index of 30-50 cells in each condition are shown here.
Data for concentrations at OnM and 25nM were not collected (grey boxes) and the
dotted like represents PIP3- Index = 0.

resulted in bimodal distribution across both naive and experienced cells, suggest-
ing that although the cell population was bimodal, there was no bistability in this
construct. Other studies also suggest that bimodality is not sufficient for bista-
bility as non-uniformity in inhibitor concentration can result in cells can result in
bimodal distribution across the population [89]. This may well be the case as to
why bistability was not observed in the one-loop construct as diffusion of PTENg
may have resulted in a heterogeneous distribution within the cell resulting in low
PIPs-Indexes which was observed even in cells that were induced to maintain high
levels of PI(3,4,5)P3. The heterogeneous distribution within population is thought
to be due to the high copy number PTEN( that is high in concentration and is able
to dephosphosphorylate PI(3,4,5)P3 faster than the low copy number p110«ay, in the
cell.

Cells with the two-loop construct were found to show bistability and hysteresis
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Figure 5.18: Comparison of two-loop naive and experienced cell response to -
estradiol concentration at low PTEN expression. Cells at initial conditions of low
and high levels of PI(3,4,5)Py with fixed expression at low PTEN were subjected
to a concentration gradient of S-estradiol. Response of naive and experienced cells
is shown here. The dotted line indicates 50% cell response as a result of bimodal
distribution.
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Figure 5.19: Comparison of two-loop naive and experienced cell response to -
estradiol concentration at high levels of PTEN. Memory observed in cells expressing
high levels of PTEN,,. Cells at initial conditions of low and high levels of PI(3,4,5)P2
with fixed expression at high PTEN; were subjected to a concentration gradient of
[B-estradiol. Response of naive and experienced cells is shown here. The dotted line
indicates 50% cell response as a result of bimodal distribution.
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based on previous PI(3,4,5)P3 history in the cell, which was not observed in one-loop
construct. Naive cells showed low PI(3,4,5)P3 levels after co-expression of PTEN
and pl10aj whereas, experienced cells showed high PI(3,4,5)P3 levels even after
co-expression of PTEN, and p110ay. These results were consistent with previously
published results of bistabiltiy [69]. Hysteresis was observed across the two-loop con-
struct between naive and experienced cells in response to S-estradiol concentration
gradient at a high PTEN}, levels, which was not observed at low or leaky expression
of PTENy. These results suggest that the increase in PTEN; expression beyond
some unknown concentration increases the non-linearity in the system which forces
the system to exist in either high or low levels of PI(3,4,5)P3 in the cell. This is con-
sistent with previously published studies that suggest the source of bistability arises
from positive feedback and coupling of multiple feedback mechanisms result in an
increase in non-linearity, which increases irreversibility of the switch once forced into
the high response steady state [16]. Experimentally up to five feedback components
have been linked in understanding bistability and decision making in maturation
of Xenopus oocyte maturation [104]. The minimum chemical feedback mechanism
with observable bistability has been shown to consist of two components with pos-
itive feedback that interact either by mutual inhibition or mutual activation [102].
A single positive feedback loop is also capable of producing a bistable response pro-
vided that the rate of activation is faster than rate of degradation/ dilution in the
cell, which is often observed in gene transcription regulators |5, 52|. In the synthetic
system constructed in this study, the rate of activation is inherently slower than rate
of dilution due to diffusion of the components to the membrane and thus, I show that
bistability across the cell population can be generated by mutual inhibition between

two positive feedback components at the plasma membrane of the cell.



Chapter 6

Discussion

6.1 Thesis summary

The role of positive feedback at cellular membranes has long been postulated to regu-
late several processes, ranging from cell-to-cell variability to enrichment of molecules
at membranes that can result in cell division or cell death [107, 57|. The important
relationship between positive feedback and bistability is well studied in transcription
regulation of genes as bistability can result in switching behaviour in cells. Conditions
for ultrasensitivity and hysteresis are relatively well understood in gene regulation,
as regulators of natural or synthetic genes interact in the nucleus where diffusion
distances are short and diffusion occurs in a homogenous system. Meanwhile, exper-
imental evidence in understanding the role of positive feedback at cellular membranes
remains elusive due to complexity involved and due to changes in the diffusion rates
of molecules within the cell and at the membrane. The construction of a synthetic
system that was used to test the role of a simple positive feedback and bistability at

the plasma membrane.

6.2 The two-loop synthetic system is analogous to the

toggle-switch hypothesis

In this study, there was no clear evidence of population bistability leading to the

spatial bistability at the plasma membrane to result in polarisation. Spatial bista-

105
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bility is used to describe the presence of two states across the cellular membrane,
where one state is enriched with a specific molecular species and the other is not.
The switch between the two states in the deterministic system is determined by some
stimulus and can result in either cluster formation or polarisation at the membrane.
One of the most well-studied examples of population bistability resulting in spa-
tial bistability at the plasma membrane of cells includes positive feedback between
MinCD/MinE system in Escherichia coli, which results in clear population bistability
that can be observed as concentric circles across a lawn of cells grown in semi-solid
media and polarisation of MinD at the plasma membrane [79]. Theoretical mod-
els, known as the MinDE-toggle-switch, suggest that a mutual inhibition between
self-promoting MinD and MinE result in polarisation at the plasma membrane and
the concentric patterns across the population [97]. In fact, emerging experimental
evidence appears to hypothesise that the model that describes the mutual inhibi-
tion between two components that are regulated by positive feedback, known as
the toggle-switch hypothesis, may underpin the switch between unpolarised and po-
larised states in the cell (Table 6.1). The hypothesis is based on the evidence that in
the well-mixed systems, such as in gene transcription regulation, the toggle switch
mechanism shows bistability and hysteresis [41]. Other well studied examples in-
clude the Lactose-metabolism switching in E.coli [60] and lysis-lysogeny switching
in lamba bacteriophage [88].

One of the first attempts to use a synthetic system to indirectly study Cdc42-
GTP polarisation showed that mutual inhibition between two positive feedback loops
was required for polarisation [17]. In this study a toolkit was developed using the
CRIB domain, which specifically binds to Cdc42-GTP. Using coarse- grain modelling,
the study concluded that the mutual inhibition between the between the polarising
molecule and an inhibitor, which themselves are regulated by positive feedback loops
were able to to produce pole-like structures in cells treated with Latrunculin A.
The results reported were consistent with previously published data; mainly, that
polarisation requires local activation of the polarising molecule and global inhibition
on the molecule. The study also showed that if the concentration was too high,

then polarisation was lost as the activating was found everywhere on the plasma
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membrane. This suggests that maybe there was some bistability in the synthetic
system but this was not further studied. It also remains unclear whether the probable
bistability is due to the behaviour of endogenous polarising behaviour of Cdc42 that
was used in the system, or the treatment of Latrunculin A, which is used to disrupt
actin polymerisation in the cell. Therefore, the synthetic system constructed in this
thesis allows studying polarisation in live cells in a manner that is independent of
Latrunculin A treatment and endogenous Cdc42-GTP activity.

More recently, using pharmacological and genetic manipulation confirms that the
mutual inhibition between two positive feedback loops is required for PI(3,4,5)P3 po-
larisation in Dictoystelium discoiduim [65]. In response to cAMP gradient, individual
cells develop pseudopodium for directional movement against the gradient. During
pseudopod formation, PI(3,4,5)P3 is produced to recruit Ras-GTP which in turn
recruits PI3K to increase levels of P1(3,4,5)P3 at the plasma membrane. PTEN de-
phosphorylates PI(3,4,5)P3 to restore levels of PI(4,5)Py at the plasma membrane
since, PTEN binds to PI(4,5)Py it produces more PI(4,5)P2 at the plasma mem-
brane. In this study, endogenous PTEN was found to be inhibited by PI(3,4,5)P3
production and cAMP which resulted in polarisation. Replacing the endogenous
PTEN with human PTEN resulted in loss of bistability and no polarisation was ob-
served at the plasma membrane. The loss of polarisation was hypothesised to be due
to the absence of cognate binding site for PI(3,4,5)P3 or cAMP. The study suggests
that physical inhibition of PTEN in D. discodium cells is required for polarisation
of PI(3,4,5)P3 in response to cAMP gradient. The synthetic system that was con-
structed in this thesis maybe used to validate the need for direct inhibition between
PTEN and PI(3,4,5)P3 molecules to give rise to polarisation. Compared, to the sys-
tem constructed in this thesis, which is dependent on the indirect mutual inhibition
between PI(3,4,5)P3 and PTEN, the synthetic system can also be used to test the
hypothesis that the direct mutual inhibition between the two species can result in
polarisation.

The co-expression of p110a;, and PTEN/, in the two- loop construct is similar to
the hypothetical toggle-switch, where the self-activating p110ay, and PTENy mutu-

ally inhibit each other through substrate depletion. The mathematical description
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of such a system should include a nonlinear equation with saturation kinetics, co-
operative repression of the two species, v and v as well as the depletion of both

species. In a well-mixed system, this can be expressed as:

du av

- __p 6.1

dt  1+P “ (6.1)

and

dv bu

- - 6.2

dt  1+uY av (62)
where, 15 and % is similar to hill’s function with 8 and - describing the co-

operativity of repression of v and v, respectively. In polarisation models, u represents
the active membrane bound polarising molecule (eg: Cdc42-GTP) and v represents
the inactive cytosolic molecule (eg: Cdc42-GDP) whereas, a and b describe the
effective rates of synthesis of each of these species, respectively. This description of
the system allows for bistability and hysteresis when 5 and «v > 1 and can be used
to describe bistability and hysteresis that is observed in the two-loop system, when

pl10alphar, and PTEN;, are co-expressed in the cell.

6.3 The two-loop construct results in all-or-nothing re-

sponses at the membrane

Using the system that was constructed in this study, we show that a mechanism
similar to the toggle-switch hypothesis can result in population bistability when
pl10a; and PTENy are co-expressed in the cell. The difference between histories
between cells that had previously experienced high levels of PI(3,4,5)P3 and the cells
that had not encountered high levels of PI(3,4,5)P3 (naive) resulted in a maximum
difference of ~ 20%. This was the difference between the mean PIP3-Indexes in
experienced and naive cells after full induction of p110a, and PTEN], co-expression
(treatment with 25nM of S-estradiol and 50uM of doxycycline). A similar difference
was observed between the two histories of the cells treated at 6.25nM of B-estradiol

and 25ul of doxycycline (Fiugre 5.8 and 5.19). The difference between experienced
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Table 6.1: Examples of toggle-switch hypothesis for polarisation at the plasma mem-
brane.

Polarising molecules Toggle-switch mechanism Ref.

MinE in Escherishia coli Mutual inhibition between posi- [97]
tive feedback loops in MinE and
MinD.

Cdc42-GTP polarisation in Sac- Mutual inhibition between posi- [17]

charomyces cerevisiae tive feedback loops in MinE and
MinD.

PI(3,4,5)P3 in Dictostelium dis- Mutual  inhibition  between [65]

codium positive  feedback loops on

PI(3,4,5)P3 and PTEN in the

cell was found to be necessary

for polarisation.
PKC3 in Caenorhabditis elegans Mutual inhibition between feed- [95]
embryo development back loops on Parl-Par2 complex

and PKC3 complex is required

for polarisation.

aPKC in Drosophila mutual inhibition between feed- [95]

melanogaster  embryo  devel- back loops on Parl complex and

opment aPKC complex is required for po-
larisation.

and naive cells is smaller than the difference observed in other studies using gene
transcription regulation, where differences between histories >40% [89, 51|. The
smaller difference observed may suggest that there is a lag-period resulting from the
long diffusion distances across the cell to the plasma membrane that is not observed
in nucleus. Once the protein concentration near the plasma membrane is increased
the switch occurs rapidly to result in the all-or-nothing response that was observed.
Cells were either observed to have high GFP levels or mCherry levels at the plasma
membrane but, GFP and mCherry were not found to co-exist at the same time on
the membrane. Thus, the synthetic system may be used to understand switching
behaviour of molecules in other membranes such as RabGTPase switching.

The Rabb-Rab7 enrichment in vesicle mediated endocytosis is one of the most
well studied examples of molecular switching at the membrane. RabGTPase are an-
other family of proteins that belong to the Ras-GTP superfamily and consequently
are recruited to the membrane through interactions with specific GEFs, GAPs and
scaffold proteins. On the vesicle-membrane, Rabs have been found to form dis-

tinct domains to spatially restrict cargo for unidirectional transport [90]. The early
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endosome membrane is predominantly enriched by Rab5 GTPase and switches to
Rab7-GTPase enrichement, marking maturation to late endosome [81|. The mecha-
nism that is thought to regulate the Rab5-Rab7 switch was described as the"cut-out
switch" model [22]. The model describes that self-activating Rab5-GTP activates
self-activating Rab7-GTP but Rab7-GTP, upon reaching some unknown concentra-
tion, Rab7-GTP rapidly replaces Rab5-GTP as it exerts a negative feedback on
Rabb-GTP. The presence of a single negative feedback supports the delay in enrich-
ment observed in Rab7-GTP domain formation. The positive feedback on Rab5-GTP
and Rab7-GTP is sufficient to trigger bistability with one steady-state in the early
endosome (high levels of Rab5-GTP, low levels of Rab7-GTP) and the other steady-
state in the late endosome (low-levels of Rab-GTP, high levels of Rab7-GTP). The
switch between the two steady-states should be ultrasensitive and show some degree
of hysteresis. The negative feedback asserted by Rab7-GTP on Rab5-GTP, would re-
sult in the delay of Rab7-GTP enrichment. This suggests that the negative feedback
mechanism is experimentally supported by observing strong competition between
Rabb-GTP and Rab7-GTP membrane enriched regions; but, very few studies seem
to take this model into consideration due to the complexity of Rabs [4]. The two-
loop system constructed in this study might suggest that the switching between two

states due to the toggle-switch mechanism in a homogeneous system.

6.4 Increasing non-linearity in the system may result in

polarisation at the membrane

Although the system constructed was useful in understanding bistability and hys-
teresis across the question remains as to why no spatial bistability was observed.
With the emphasis that there is a delay caused by molecular diffusion from the cy-
tosol to the membrane, I suggest that the non-linearity of the system would have
to increase to overcome the delay of diffusion from within the cell to the plasma
membrane. One way of increasing non-linearity in the system is to increase the
amount of positive feedback (co-operativity) within each of the two loops. Previous

studies have shown that feedback between multiple positive feedback loops can re-
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sult in non-linearity which increases irreversibility of switching behaviour {104, 53].
Increase in non-linearity is also suggested in the theoretical models that are often
used to describe polarisation i.e., Mori’s wave-pinning and Turing-type models.

In brief, as discussed in the introduction chapter, for a polarising molecule (u)
and its unpolarised sate (v),the Turing-type model can result in the multiple peaks
when the concentration of u < some ug,; in the characteristic domain of size L and the
Mori’s wave pinning model can produce a single large peak when the concentration
of u > some wugq. In other words, the activator and substrate dynamics result in
a concentration at which v saturates the region, which has dimensions of L and
in the mass conserved system, at low concentrations of u the Turing-type regime
best describes the formation of multiple peaks at the plasma membrane but as the
concentration of u increases at the plasma membrane the regime switches to Mori’s
wave-pinning type dynamics. This is consistent with observed dynamics of Cdc42-
GTPase, where cells form several dynamic clusters of Cdc42-GTP before they form
a single pole during early stages of the G1-Phase of the cell cycle. Therefore, both
models suggest that there needs to be a sharper contrast between activator and
substrate dynamics.

In the cell, sharper contrast between slow activator and the fast diffusing sub-
strate dynamics is achieved by coupling multiple feedback loops within the cell. The
positive feedback between Beml-scaffolding protein and Cdc24- guanadine exchange
factor are linked to feedback that recruit Cdc42-GDP to the membrane, along with
positive feedback that is established between actin dependent vesicle transport of ac-
tive Cdc42-GTP to the membrane all act to decrease the diffusion rate of Cdc42-GTP
at the plasma membrane [99, 61]. Meanwhile the fast diffusing inactive Cdc42-GDP
is untethered and is able to diffuse from enriched regions on the plasma membrane
and recycling between active Cdc42-GTP and inactive Cdc42-GDP is achieved by
feedback from Rdil, which is a guanadine disociation inhibitor (GDI) [56]. The num-
ber of feedback mechanisms that interact to result in differences between activator
and membrane dynamics can result in an increase in the non-linearity of the system,
as each positive feedback adds to the amplification of the response. The non-linearity

also increases inhomogeneity across the cell regions within the cell and in this study,
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I show that in the homogeneous well-mixed system, molecular species that are free to
diffuse across the plasma membrane result in population bistability but not spatial
bistability.

In conclusion, the two-loop construct showed population bistability but spatial
bistability was not observed in this study. The lack of spatial bistability was at-
tributed to the low degree of non-linearity in the system, confirming that polarisation
requires a more complex two component system, which acts to govern both local and

global dynamics at the plasma membrane.

6.5 Future perspectives

To make the synthetic system more biologically relevant to observe membrane dy-
namics that would result in polarisation, the system needs to incorporate shorter
switching times as well as higher degree of non-linearity.

First, to increase non-linearity in the system, the constructed system can be
compared to the theoretical models that suggest that the synthetic system needs
interlinking between more number of feedback loops at the plasma membrane. By
introducing higher levels of architecture we can re-engineer processes that are thought
to result in polarisation with the toggle-switch mechanism at its core (Table 6.1). For
example, in Cdc42-GTP levels of P1(3,4,5)P3 are known to increase at poles but the
function of the increase in PI(3,4,5)P3 is unknown [68]. Introduction of heterlogous
proteins in the S. cerevisiae cells also provides an opportunity to quantify specific
concentration of proteins in the cell, thereby making it a fully quantifiable tuneable
sysnthetic system.

To increase the amount of dynamic and spatial control and decrease switching
times, I constructed a blue-light control system that would be able to recruit p110«
to the plasma membrane of the cell upon illumination with blue-light. The system is
based on the CIB1/CRY2- system that is found in Arabidopsis thaliana [105]. The
amount of time for mCherry to localise to the plasma membrane was reduced to ~
5 minutes and this can be used to further understand the reaction space for cluster

and polarisation at cellular membranes (Figure 6.1). Using this model I can see how
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an spatial cues at the plasma membrane may result in cluster or pole formation.

Blue
Light
CRY2 :

E Cytoplasm 5 mins

Plasma Membrane

Blue-light Apparatus Blue-Light

Figure 6.1: Development of the blue-light control system. Schematic representation
of the Blue-light control system, where binding is induced by illumination to blue-
light. The experimental set-up developed here included LED-lights attached to the
lid of the 24-well plate and illumination after five minutes resulted in localisation of
mCherry localisation to the plasma membrane, confirming membrane localisation of
pl10a¢ production of PI1(3,4,5)P3 at the plasma membrane.



Chapter 7

Materials and methods

7.1 Plastic consumables

Description Supplier
Eppendorf Safe- Lock Tubes (1.5ml and 2ml) Eppendorf, UK
Falcon ™ tubes (15ml and 50ml) FischerScientific, UK

Grenier CELLSTAR® 24-well, suspension culture Grenier CELLSTAR®, UK
plates (with lid)

Polystyrene Petri-dishes (92mm x16mm) Sarstedt, Germany
0.2ml Thin-walled PCR Tubes Eppendorf, UK

VWR® 96-well Real Time PCR Plates skirted plate VWR International, UK
(white)

VWR® Ultra clear films for gPCR VWR International, UK

7.2 General glassware
All glassware including 15ml glass boiling tubes, glass pipettes, Duran bottles and

Tml glass vials were purchased from Duran Wheaton Kimble, Germany.

7.3 Protein gels and buffers

Description Supplier

NuPAGE™ 4-12% Bis-Tris Protein Gels, 1.0mm, 10- Thermo Fisher Scientific, UK
wells

NuPAGE™ MOPS SDS Running Buffer (20X) Thermo Fisher Scientific, UK

114
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7.4 DNA ladders and protein markers

Description Supplier
1Kb DNA Ladder New England Biolabs, UK
PageRuler™ prestained Promega protein ladder ThermoFisher Scientific, UK

(10- 180kDa)

7.5 List of chemicals and reagents

Description Supplier

[B-Estradiol Sigma-Aldrich, UK
- Mercaptoethanol Sigma-Aldrich, UK
2-Isopropanol Fisher Chemicals, UK
Agarose Sigma-Aldrich, UK
Ampicillin Sodium Salt Sigma-Aldrich, UK
Chloroform Fisher Chemicals, UK
Bulk dNTPs Promega Express, UK
BSA, Molecular Biology Grade NEB, UK

Doxycyclin hyclate Sigma-Aldrich, UK
Dimethyl Sulfoxide (DMSO) Sigma-Aldrich, UK
Ethanol Fisher Chemicals, UK

Ethylenediamine tetraacetic acid, disodium salt dihydrate Fisher Chemicals, UK
(EDTA) disodium salt

Glacial Acetic Acid Fisher Chemicals, UK
Glycerol Fisher Chemicals, UK
Hydrochloric acid AR Fisher Chemicals, UK
Latrunculin A from sea sponge Sigma-Aldrich, UK
Lithium Acetate (LiOAc) Sigma-Aldrich, UK
Milk (skimmed) Powder Sigma-Aldrich
Polyethylene glygol (PEG 4000) Sigma-Aldrich, UK
gPCR SyGreen Mix LoRox PCR Biosystems, UK
Sodium Chloride Fisher Chemicals, UK
Sodium Citrate Fisher Chemicals, UK
Sodium Deodecyl Sulfate (SDS) Melford, UK
Tris(hydroxymethyl)methylamine Hydrochloride (Tris-HCl)  Fisher Chemicals, UK
TRIZMA® Base Sigma-Aldrich, UK
SuperSignal ™ West Pico PLUS Chemilluminescent sub- Thermo Fisher Scien-
strate tific, UK

Tween®20 Sigma-Aldrich, UK
Ultrapure™ Salmon Sperm DNA Solution ThermoFisher  Scien-

tific, UK
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7.6 stains

Description Supplier Application
Bromophenol Blue powder Sigma- Aldrich, UK Protein Loading buffer
Ethidium Bromide, 1% Fisher Chemicals, UK To wvisualise DNA on

Agarose Gel

Fluorescent Brightner 28 Sigma- Aldrich, UK Chitin stain
7.7 Media and supplements

All BD Difco® media components were purchased from Fisher Chemicals, UK and

all media supplements were purchased from Formedium, UK.

Description Supplier

Bacto™ Peptone Fischer-Scientific, UK
BD Difco ™ Agar Fischer-Scientific, UK
BD Difco ™ Tryptone Fischer-Scientific, UK
BD Difco ® Yeast Extract Fischer-Scientific, UK
BD Difco ® Yeast Nitrogenous Base w/o Amino Acids ~ Fischer-Scientific, UK
D(+)-Glucose, Anhydrous Fisher Chemicals, UK

Kaiser Mixture Complete Supplement Mixture (CSM) Formedium, UK
Kaiser Mixture Complete Supplement Mixture single Formedium, UK
Drop-Out (- Ade,- Ura )

Complete Supplement Mixture Double Drop-Out (- Formedium, UK
Ade, Ura)

Complete Supplement Mixture Quadruple Drop-Out Formedium, UK
(- Ade, His, Leu, Ura )

7.8 Stock solutions and media

7.8.1 Stock solutions

All stock solutions were prepared in 15ml falcon tubes or 2ml eppendorf tubes and
stored at -20°C.

7.8.2 Media preparation

All components of media were mixed in deionised distilled water before heat ster-
ilisation at 120°C for 20mins. In general batches of 1L were prepared and after

sterilisation, liquid media was stored at room temperature and plates were stored at
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Table 7.1: Stock Solutions used in this Study

Stock Solution Solvent Method
5mM (-estradiol stock | Ethanol Dissolve 1.36 mg in 1ml
5uM f-estradiol stock Filter  Sterilized | Dilute 5ul of 5mM [-estradiol
DMSO stock in 1ml DMSO
1000X Ampicillin Stock | Distilled Water Dissolve 100mg in 1ml and filter
sterilise
20mM Doxycyclin Distilled Water Dissolve 1g in 10ml

4°C. Prior to use, plates were dried at 50°C in a dry heat oven for 10 minutes to

remove any excess condensation.

Bacterial media

Luria-Bertani Media for growth of E. col:

0.01 % Tryptone
0.005%  Yeast Extract
0.085M NaCl

1.5% Agar for plating

Ampicillin containing Media for plasmid selection in E. col:

To make Ampicillin containing media for plasmid selection, 100ul of 1000X Ampi-
cillin stock was added to 1L of autoclaved and cooled Luria-Bertani media. Auto-

claved media was cooled to 50-55°C before the addition of the Ampicillin.

Yeast media

YPD Media for growth of S. cerevisiae

0.02% Peptone

0.01% Yeast Extract
0.11M  Glucose

2% Agar for plating

Drop-out Media for selection of S. cerevisiae transformants

To select for auxotrphic markers, amino acid drop-out media was prepared to a final
composition of 0.01% YNB w/o amino acids, 0.11M Glucose and different amounts

of complete synthetic mixtures (CSM) with specific amino acid drop-out were added
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(see Table 7.2). For plating, 2% agar was added and the final mixture was autoclaves.

All the amino acid supplement mixtures were purchased from Foremedium, UK.

Table 7.2: Amounts of drop- out supplement added to media (w/v)

Amount added (w/v) CSM - Amino acid Dropout
0.2% Kaiser- CSM single drop-out - ADE
0.19% Kaiser- CSM Single drop-out- URA
0.08% CSM Double drop-out -ADE-URA
0.06% CSM Quadruple drop-out
-ADE-HIS-LEU-URA

Synthetic complete media S. cerevisiae

0.01% (w/v)

YNB w/o amino acids

0.11M Glucose
0.2%
2% (w/v) Agar for plating

7.9 Molecular biology commercial kits

Kaiser Complete supplement Mixture (CSM)

Table 7.3: Commercial molecular biology kits used in this study

Kit Name

Supplier

Application

E.N.Z.A. ®Cycle Pure-Kit
(V-spin column)

Omega Bio-Tek (Norcross,
U.S.A)

PCR purification

E.N.Z.A. ® DNA Gel Ex-
traction Kit (V-spin)

Omega Bio-Tek (Norcross,
U.S.A.)

DNA Extraction
from Agarose Gels

E.N.Z.A. ® Plasmid DNA
Mini-Kit I (V-spin column)

Omega Bio-Tek (Norcross,
U.S.A)

Plasmid purification
from FE.coli cells

Quick-Fusion Cloning Kit

Vazyme, Bimake, UK

Plasmid Construc-
tion
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7.10 Antibodies

Description

Anti-pl10a (#4249)

Anti- Mouse, HRP- conjugate (#W4021)
Anti-PTEN (#9552)

Anti-rabbit, HRP- conjugate (#7074)

Supplier

Cell Signal Technologies, UK
Promega, UK

Cell Signal Technologies, UK
Cell Signal Technologies, UK

Anti-Sp35 (MT50) Polyclonal Antibody

7.11 Enzymes and enzyme buffers

Enzyme or enzyme buffer
10X CutSmart® Buffer

AAIIT (20,000 units/ml)
BamHI (25,000 units/ml)
Buffer E, D, H

EcoRI (25,000 units/ml)
Go®Taq Polymerase

Hpal (5000 units/ml)
Lyticase from Arthrobacter lu-
teus

MultiCore™ Buffer Pack

Phusion® High-Fidelity DNA
Polymerase
RNaseA (20ug/pul)

Sall (25,000 units /ml)
Spel (25,000 units /ml)
Stul (4000 units /ml)
T4 DNA ligase

Xhol (25,000 units/ml)

Use

Restriction enzyme digestion
Restriction enzyme digestion
Restriction enzyme digestion
Restriction enzyme digestion
Buffers

Restriction enzyme digestion

Restriction enzyme digestion
S. cerevisiae cell wall diges-
tion

Restriction enzyme Digestion
buffers
Polymerase
(PCR)
RNA digestion

Chain

reaction

Restriction enzyme digestion
Restriction enzyme digestion
Restriction enzyme digestion
Ligation enzyme

Restriction enzyme digestion

7.12 Bacterial and yeast organisms

7.12.1 Bacterial organaisms

York Bioasciences, UK

Supplier
NEB, UK
NEB, UK
Promega, UK
NEB,UK

Promega, UK

NEB, UK
Sigma-Aldrich, UK

Promega, UK
NEB,UK

Omega BioTek, Nor-
cross, USA

Promega, UK
Promega, UK
Promega, UK
Promega, UK
Promega, UK

Escherichia coli cells were used for plasmid amplification. DH5a™ (F~ ¢80lacZAM15

A(lacZYA-argF) U169 recAl endAl hsdR17(rk™, mk*™) phoA supE44 thi-1 gyrA96

rel Al \) was purchased from ThermoFisher scientific, UK.



CHAPTER 7. MATERIALS AND METHODS 120

7.12.2 Yeast organisms

All cells used in this project have been derived from S. cerevisieae BMA64-1A (iso-
genic to W303: MATa his3-11_ 15 leu2-3 112 ura3-1 trp1D2 ade2-1 cani1-100, Fu-
roscarf, Germany) or BMA64-1B (isogenic to W303: MAT« his3-11_ 15 leu2-3 112
ura3-1 trpl1D2 ade2-1 canli-100, Euroscarf, Germany). To develop strains that can
integrate the GEV system, the plasmid containing the Gall- S-estradiol receptor-
Vsp34 fusion protein was integrated to the mrp7 locus in the genome. To develop
strains with the TET-ON system, the plasmid containing rtTA was integrated to
the leu?2 locus in the genome. These strains were constructed by Dr. Chieh Hsu,

University of Kent, UK.

Table 7.4: Background strains used in this study

Strain Mating Genotype Purpose

Name Type

CHK1 MATa mrp7::P_MRP7-GEV | To develop GEV in-
ducible system

CHK18 MAT« leu2A::P_CLN3-rtTA | To develop TET-ON in-
ducible system

7.13 Oligonucleotides and primer design

All oligonucleotides that were required were designed using ApE software were or-

dered from IDT technologies, USA (website: hitps: [/eu.idtdna.com/pages).

7.13.1 Primers used for cloning

Primers used to amplify cloning sequences using Quick- Fusion Cloning kit (see
section 7.16.7), were designed to contain a 15bp overhang, a restriction endonuclease
digestion site and a 18-22bp sequence required for the amplification of the insert
sequence. The annealing temperature of the 18-22bp region was ~ 55- 61°C and all

sequences were amplified using Phusion® high fidelity DNA polymerase.
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Table 7.5: Phusion primers used to amplify insert sequences for plasmid construction

Insert Sequence

Primers used

mCherry

mCherry-antisense

GCTGGTAGTGCTGGTACTAGTATGGTTT
CAAAGGGCGAAGAAGACAATATG
GGCCCTATTTGTACAGAATTCTTACTTGTACAAT
TCATCCATACCACCGGTAG

P_TEF1

P _TEFI anti-sense

GGTACCGGGCCCCCCCTCGAGCAA
CAGGCGCGTTGG
ACCTTTAGACATTTTGGATCCTTGTAATT AAAACT-
TAGATTAG

2Xph(plcd)

2Xph(plcd )- antisense

CGCTCTAGAACTAGTGGATCCCAACAG
GCGCGTTGGACTTTTAATTTTC
GTGTCTAATTTTGAAGTTAACTTTGATACC
ATTCTTTTGTTTGTCAGCCATG

ph(akt)
ph(akt)-antisense

GCTGGTAGTGCTGGTACTAGTATGCCTCC AAGAC-
CATCATCAGGTG

pten(K13E)x

pten(K13E)-antisense

CCGGATCAATTCGGGGGATCCATGACAGCCAT CAT-
CAAAGAGATCGTTAGCAGAAACGAAAGGAGATATC
AGCACTACCAGCACTGTCGACGACTTTTGTAAT
TTGTGTATGCTGATC

* K13E mutation was introduced to PTEN to disrupt PIP5 binding ability of PTEN
so that affinity to the membrane is via localisation domain.
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7.13.2 Primers for copy number verification

To check the copy number of integrated plasmids, primers were designed for gPCR
and Phusion PCR. Primers were designed to be at least 22 nucleotides in length to
amplify a region of 60- 100 bp. Primers had an annealing temperature of 60°C and

the last two nucleotides at the 3’- end consisted of 2 A/T’s (eg: ... AA-3).

Table 7.6: qPCR primers used to determine copy number of integrated plasmids

qPCR Primers used

2Xph(plcé) GACACAACATTGAAGATGGAAGCGTT
2Xph(plcd) antisense CGGATCTTTCGAAAGGGCAGATT
actl GGTTCTGGTATGTGTAAAGCCGGTT
actl- antisense ACGTAGGAGTCTTTTTGACCCAT
ade?2 AGTGAGACGTCCCTATTGAATGTT
ade2-antisense TCAGTACTTCCAAAGCTTCCGGAA
gall GGTAGAAGTCACTACAGCTGCAAA
gall- antisense TTACCTTTATTCGTGCTCGATCCTTC
yegfp CTCCGGTGAAGGTGAAGGTGAT
yeGFP-antisense GCAAAACATTGAACACCATAACCGAA
mCherry GTCCACATGGAAGGTTCTGTCAA
mCherry-antisense CAAAATATCCCAAGCGAATGGCAA
ph(akt) CCAAGGCCCAACACCTTTATCAT
ph(akt)- antisense CATCGTCTCTTCTTCCTGCCTCTT
pten CTTTGAGTTCCCTCAGCCGTTA
pten-antisense CCTCTGGTCCTGGTATGAAGAAT
urad GCAGAATGGGCAGACATTACGAA
ura3-antisense AGGCCTCTAGGTTCCTTTGTTACTT

7.13.3 Sequencing primer

Primers used for sequencing constructed plasmids in this study included:

Forward Primer ACTATACTTCTATAGACACGCAAAC
Reverse Primer TTTCGGTTAGAGCGGATGTG
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7.14 External plasmids

Plasmids were obtained from different sources and used for cloning as vectors or

templates for amplification of inserts for plasmid construction.

Table 7.7: List of External Plasmids used in this study

Plasmid Name

Application

Source/ Reference

pRS426-GFP(S65T)-

Amplification of PIPsy locali-

Stefan et al, 2002 [91]

2XPH(PLC9) sation domain
pYES2-PTEN For amplification of PTEN se- | Victor et al, 2005 [84]
quences for the construction of
PTEN plasmids.
pRS306 URAS Integration Vector Hsu et al, 2016 [51]
pRS402-GPD- ADE2 Integration Vector and | Nakanishi et al, 2012
GFP(S65T) amplification of yeGFP [71]

pCHK006-GAL1UAS-
pl10a-linker-CAAX

Plasmid for p110a; construct

Dr. Chieh Hsu,
University of Kent, UK

pCHKO019-GAL1UAS-
pl10a-linker

Plasmid for p110a¢ construct

Dr. Chieh Hsu,
University of Kent, UK

pCHK040-GAL1UAS-
PH(AKT)-Linker-
mcherry

Vector for pll0ay and
mCherry reporter plasmid.

Dr. Chieh Hsu,
University of Kent, UK

pCHK043-[TetO]r-
yeGFP

Vector for GFP reporter plas-
mid construction.

Dr. Chieh Hsu,
University of Kent, UK

pCHKO52—[T€tOQ]7—
pl10a-Linker

Vector for PTEN; and
PTEN¢ plasmid construction

Dr. Chieh Hsu,
University of Kent, UK

pCHKO068-[PtetOs]7-
yveGFP-CAAX

Vector for PTEN,; plasmid
construction

Dr. Chieh Hsu,
University of Kent, UK

pTH761-CEN-
mCherry v4

Yeast codon optimised

mCherry reporter

Chu et al, 2014 [21]
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7.15 Software

Software Website

ApE http://www.biology.utah.edu/jorgensen/wayned/ape/
BibTeX http://www.bibtex.org/

ImageJ http://rsbweb.nih.gov/ij/

LaTeX http://www.latex-project.org/

Mathematica http://www.wolfram.com/mathematica/

R Studio https://www.rstudio.com/products/rstudio/

7.16 DNA methods
7.16.1 General cloning strategy

Open Reading Frame

f 1

- Reporter or Linker Localisation
| FLWSEE Y Catalytic module Module
t t t t

Xhol BamHlI Sall Spel EcoRI

Figure 7.1: Schematic diagram illustrating open reading frame plasmid design.

Unless otherwise mentioned, plasmids were were designed to express fusion pro-
teins, which were made up of three parts: a reporter or catalytic module, a linker
region and a plasma membrane localisation domain. Sequences in the open reading
frame were flanked by endonuclease restriction enzyme digestion sites that allowed
for convenient removal or insertion of sequences (Figure 7.1). Promoter sequences
were flanked by Xhol and BamHI restriction enzyme digestion sites. The sequences
within the open reading frame contained at least three modules that were separated
by Sall, Spel and EcoRI enzyme digestion sites. The open reading frame sequence
was followed by a terminator sequence (Tcy 1) to terminate expression in yeast

cells.
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7.16.2 Plasmids constructed in this study

construct plasmids, vectors were created by restriction enzyme digestion (Section
7.16.1) and the insert DNA sequences were used to construct a new plasmid using
T4- ligation or Quick- Fusion Cloning Kit. Insert DNA sequences that were made
for Quick-Fusion cloning kit were PCR amplified using primers designed (Section
7.13.1). Insert DNA sequences used for T4- ligase were restriction enzyme digested
as described in section 7.16.1.

Table 7.8: List of Plasmids constructed in this study and cloning notes. V: plasmid
vector used and I: describes the insert DNA modules. For insert modules that were

used for Quick-Fusion cloning kit, see section 7.13.1.

Plasmid | Name Cloning Notes Method
No. (V: Vector I: Insert)
pRKC2 | [TetO2|7-PTEN- V: pCHKG68 (BamHI/Sall) Fusion
Linker-CAAX I: PTEN (K13E) Cloning
pRKC13 | [TetO2|;-PTEN- V:pCHK52 (BamHI/Spel) T, ligase
Linker I: pPRKC2 (BamHI/Spel)
pRKC14 | [TetO2];-PTEN- V:pRKC13 (BamHI/Spel) T, ligase
Linker-2XPH(PLC/) | I: pPRKC3 (BamHI/Spel)
pRKC15 | GAL1UAS- V:pCHK49 I: p110« Fusion
PH(AKT)-p110« Cloning
pRKC20 | P_ TEFI1-yeGFP V: pRKC024 (Xhol/BamHI) Fusion
I: Genomic DNA Cloning
pRKC21 | P_ ADHI1-yeGFP V: pRKC024 (Xhol/BamHI) Fusion
I: Genomic DNA Cloning
pRKC22 | P URA3-yeGFP V: pRKC024 (Xhol/BamHI) Fusion
I: Genomic DNA Cloning
pRKC23 | P_ CLN3-yeGFP V: pRKC024 (Xhol/BamHI) Fusion
I: Genomic DNA Cloning
pRKC24 | P_ TEF1-mCherry- | V: pRKC024 (EcoRI/Spel) Fusion
mCherry v4 I: pTH761-CEN-mCherry v4 Cloning
pRKC26 | P_ TEFI- V:pRKC24 (BamHl/Sall) T4 ligase
PH(AKT)- I: pCHKO049 (BamHI/Sall)
mCherry v4
pRKC28 | P TEFI1-GFP- V: pRKC20 (BamHI/Hpal) Fusion
2XPH(PLC9) I: 2XPH(PLCo9) Cloning
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7.16.3 Restriction enzyme digestion and DNA fragment purifica-

tion

Restriction enzyme digestion of plasmids was performed to linearise vectors, cleave
out specific DNA modules or to perform restriction enzyme checks on plasmids. To
digest DNA for cloning purposes, a total volume of 50 ul was set-up and to per-
form restriction enzyme checks of DNA plasmids, a 20 ul reaction was set up. All
reactions were incubated for at least 2 hours at 37° C and observed using DNA gel
electrophoresis (see Section 7.16.4). To isolate the necessary fragments that were
required for further cloning, the gel was visualised on a UV-transilluminator and the
fragment was cut out using a scalpel. The DNA was purified from the gel using
the protocol prescribed by the E.N.Z.A. ® Gel Extraction Kit and eluted with 30
ul of the elution buffer provided. The concentration and purity of the sample was

determined using the method described in Section 7.16.10.

Restriction endonuclease digestion reaction

1-5 pg  Plasmid DNA
1X 10X Buffer
0.5 ug BSA, Acetylated

5-10 U each restriction enzyme

To ensure maximum activity of restriction endonucleases, double digests were per-
formed using 10X Buffers that were determined using the Promega Restriction en-

zyme tool (https: [Jwww.promega.co.uk/[resources/tools|retool]).

7.16.4 DNA gel electrophoresis

The concentration of the agarose gel was determined based on the size of the fragment
that needed to be resolved (see Table 7.9) . Agarose was added in 1X TAE elec-
trophoresis buffer (40mM Tris- Base, 20 mM Acetic acid, ImM EDTA) and heated
for two minutes or until all agarose was completely dissolved in the TAE buffer.
The mixture was cooled at room temperature for a few minutes before adding 0.5
pg/ml of Ethidium Bromide, which was used to visualise the DNA (see Table 7.9).
The mixture was poured into a gel cast to and solidified at room temperature for 30

minutes. Gel electrophoresis was performed using a Flowgen Biosciences Horizontal
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gel electrophoresis system and the tank was filled with 1x TAE buffer until the gel
was fully submerged. Electrophoresis was performed at the 120V for 15 minutes.
After sufficient separation of the DNA fragment of interest, the gel was visualised

and documented using the GeneSys G-box system.

Table 7.9: Concentration of agarose used to resolve DNA fragments

Band size Resolution Conc. of Agarose
500 - 10, 000 bp 1.0 %
400- 7, 000 bp 1.2%
200 - 3, 000 bp 1.5%

7.16.5 T,- ligation

To ligate two DNA fragments that were digested with restriction endonucleases that
produce cohesive ends, a reaction of a total volume of 5ul was set up and incubated
2 hours at room temperature. Depending on the DNA concentration that was deter-
mined using the method described in Section 7.16.10, a ratio of 1 : 1 - 3 : 1 volumes

of insert DNA to linearised vector backbone was used.

Ty- ligation mixture

1X 10X Ty- Ligase Buffer
1U T4- Ligase

1:1 - 1:3 Ratio of Vector: Insert
0.5 mM ATP

7.16.6 Phusion ® high fidelity DNA polymerase chain reaction

To amplify modules that were required for plasmid construction using Quick-Fusion
Cloning kit, Phusion® High Fidelity DNA Polymerase (New England Biolabs, UK)
was used. The reaction was assembled on ice in a thin walled 0.2 ml PCR tube and
all Phusion PCRs were done using the hot-start program described below. Hot-start
technique was used to reduce unspecific amplification of DNA. The technique involves
pre-heating the thermocycler to the denaturation temperature (98° C) before placing

the PCR tubes containing the reaction mixture into the machine. Upon completion of
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the PCR program, 10 ul of the PCR reaction was run on a gel to confirm amplification
of the expected sequence length (see Section 7.16.4). The product was then purified
from the remaining PCR mixture using the the protocol prescribed for the E.N.Z.A.
®Cycle Pure-Kit. Purified DNA was eluted from the column using 30 ul of the
elution buffer and the yield and purity of the eluted product was measured (Section

7.16.10).

Phusion® reaction mixture

1X 5X Phusion Buffer
200 pM 10mM dNTPs

0.5 pM 10uM Forward Primer
0.5 pM 10uM Reverse Primer
100-250 ng Template DNA

1 units/ 50 ul PCR  Phusion polymerase

Thermocycling conditions for Phusion DNA Polymerase amplification

HoT START

98°C 10 minutes
INITIAL DENATURATION
98°C 30 seconds

AMPLIFICATION CYCLES (30 CYCLES)

Denaturation 98°C 10 seconds
Annealing Tannealing 15 seconds
Extension 72° C testension

FINAL EXTENSION
72° C 5 minutes
HOLD

16°C 00

where, Typneating Was determined based on the difference between predicted melting

temperatures (ATjs) of the primers. If the difference between the two Tj/’s <4°
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C then the lowest of the two temperatures was chosen as the Typpeqring. When the
difference was >4° C then the Tgpneating Was determined by using gradient PCR. The

parameter of tertension Was calculated as 30 seconds per kb.

7.16.7 Quick-Fusion cloning kit

Quick- Fusion Cloning kit was used to construct plasmids from linearised vector and
phusion amplified PCR products. A total reaction volume of 5ul was set up in a
sterile 1.5ml eppendorf’s tube. The reaction was incubated for 30 minutes at 37°C
and the amounts of linearised vector and insert added to the reaction were calculated

using the following equations:

To determine volume of linearised vector:

[0.005 - length of linearised vector(bp)|ng

To determine volume of insert:

[0.01 - length of insert (bp)|ng

Fusion Cloning Reaction

10-50 ng Linearised Vector
5-50 ng  Insert DNA
1X 5X Fusion Buffer

0.25 pl Fusion Enzyme

7.16.8 Heat-shock transformation protocol of chemically compe-

tent E. coli cells

To amplify plasmids that were constructed either by Ty ligation or Fusion Cloning,
2.5 ul of ligation reaction was transformed into 50ul of DHba E. coli cells (Ther-
moFisher Scientific, UK). Thawed cells were added to the ligation mixture and in-
cubated on ice for 10 minutes. Heat-shock was performed at 42° C for 60 seconds.
The cells were placed back on ice for 2 minutes. The reaction mixture was spread

onto LB agar plates containing 100 pug/ml of Ampicillin and incubated overnight at
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37° C.

7.16.9 Bacterial colony PCR and Mini-Prep

To select colonies for the isolation of amplified plasmids, at least 10 single colonies
from transformation plates were streaked onto a fresh LB agar plate containing
100pg/ml of Ampicillin. The plate was incubated at 37°C for 8-10 hours and colony
PCR was performed to select colonies containing the plasmid. Colony PCR was
performed using Tag DNA Polymerase (ThermoFisher Scientific, UK). At least 5
colonies containing the insert were inoculated in 3ml of LB liquid media, containing
100 pg/ml of Ampicillin and grown overnight at 37° C. Miniprep was performed
using the ENN.Z.A. ® Plasmid DNA Mini-Kit I with 2ml of the overnight culture.
Purified plasmid was eluted with 50 pl of the elution buffer provided. The purity
and concentration of the product was checked using the method described in Section
7.16.10. Mini-prepped plasmids were stored at -20° C and restriction enzyme check

was performed to select three plasmids for sequencing (see Section 7.16.11).

Colony PCR Mixture:

1X 10X Taq Buffer-Mg?*

1.5 mM  50mM MgCLy

0.2 mM  Each ANTP

0.5 uM  Forward Primer

0.5 uM Reverse Primer

2.5 units  Taq DNA Polymerase (5U/pul)

Thermocycling conditions for Taqg DNA polymerase amplification

INITIAL DENATURATION
94°C 3 minutes
AMPLIFICATION CYCLES (30 CYCLES)

Denaturation 94°C 45 seconds
Annealing 55°C 30 seconds
EXtenSion 720 C taq€xten5ion

FINAL EXTENSION
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72°C 10 minutes

HOLD

16°C 00

where, taqgertension describes the amount of time required to amplify the sequence of

interest and is dependent on the length of the sequence. In general this was set to

60 seconds per 1kb.

7.16.10 DNA concentration and purity determination

To check the concentrations of DNA samples, 2] of eluted sample and 2 pl of elution
buffer (as blank) were loaded onto the micro-wells of a BMG LABTECH LVis Plate.
The lid was closed and the plate was placed into the SpectroStar Omega (BMG
Labtech, UK) plate reader to measure the absorbance at 260 nm (Asg) and the
ratio Aggo/Asggo. Pure DNA samples have a ratio of 1.8 - 2.0 and these samples were
stored a -20° C for further use. Samples with high levels of RNA contamination that

showed a ratio >2.0 were discarded.
Equation to Calculate DNA Yield:

1
Yield = A260 -df -—-v (7.1)
€

where, the DNA yield is determined in pg, % is the reciprocal of the DNA extinction

co-efficient, which is equal to 50 pg/ml for dsDNA, df represents the dilution factor

and v is the total volume is in ml.

7.16.11 DNA sequencing

To verify the sequence of plasmids that were constructed in this study, plasmid DNA
was sent to GATC, Germany for Sanger sequencing using the SUPREMERUN Tube
Services (https : [Jwww.eurofinsgenomics.euf). Samples were diluted in nucelase-
free water to a final volume of 20 pl. Plasmid DNA samples were diluted to a
concentration of 50-100ng/ul and primers required for sequencing of the plasmid,

were diluted to 10 pmol/pl.
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7.16.12 LiAc/carrier DNA/ PEG transformation protocol for plas-

mid integration to S. cerevisiae genome

Plasmids were designed for gene integration so that linearisation of the plasmid re-
sults in homologous ends that allows integration into the genome. Reporter plasmids
were integrated at the urad gene locus and the plasmids containing PTEN or p110«
were integrated at the ade2 gene locus. The enzymes Stul and Aflll (NEB, UK)
were used to linearise reporter (ura3 plasmid) and catalytic plasmids (ade2 plas-
mid), respectively. Linearised plasmids were transformed to yeast cells using the
LiAc/ carrier DNA/ PEG protocol. Strains that were required for transformation
were inoculated from glycerol stock onto YPD-Agar plates and grown overnight at
30° C. One colony of cells was inoculated into 3 ml of liquid YPD and was grown
in a shaking incubator (180 RPM) at 30° C, overnight. On the next day, cells were
diluted 1:100 in 20 ml of fresh liquid YPD and grown to an ODggp ~0.4 (3-5hours).
Cells were spun down at 4000 RPM, the pellet was washed with 20 ml of dH>O and
resuspended in 10 ml of LiT solution (10 mM Tris-Cl pH 7.5 and 100 mM LiOAc).
The resuspended cells were incubated at room temperature for 40 minutes with gen-
tle shaking. Meanwhile, linearised plasmid DNA reaction mixture was prepared and
the reaction was incubated for at least 30 minutes at 37°C. LiT was used to resus-
pend the cells (100ul per transformation reaction) and 100 ul of cell suspension, 5 ug
of sterile salmon sperm carrier DNA (sterlised at 90° C for 10 minutes) and 300 ul
of PEG 4000 solution (50% (w/v) made in LiT and filter sterilised) were addded to
the linearized DNA. The reaction was incubated for 10 minutes at room temperature
followed by heat shock at 42° C for 15 minutes. The cells were harvested by centrifu-
gation at >10,000 RPM for one minute and the supernatant was discarded. The cell
pellet was resuspended in 100 pl of 10 mM Tris-HCI and spread onto selective plates.
The plates were incubated at 30° C for 2-3 days. From the plate 5-10 colonies were
selected and streaked onto fresh selection plate. Plates were incubated overnight at

30° C and selection was repeated one more time before glycerol stocks were made.
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Plasmid linearisation reaction

1 pug Plasmid DNA

0.2 ug BSA
2U Restriction enzyme

1X CutSmart Buffer

7.16.13 Glycerol stocks of yeast strains

To make glycerol stocks, selected transformants were grown in 1ml of liquid YPD,
overnight at 30°C and glycerol was added to make up 30% (v/v) of the solution. The

tubes were frozen at —80°C.

7.16.14 Haploid strains constructed in this study

7.16.15 Copy number determination of integrated plasmid to S.

cerevisiae genome

To determine the copy number of the integrated plasmid at the specific locus of the
genome, (PCR and Phusion PCR were performed. Primers used to determine copy

number are described in section 7.13.2.

Copy number determination using quantitative PCR (qPCR)

A fresh colony of haploid yeast cells was innoculated to bml of YPD liquid and grown
overnight at 30°C. Cells were diluted to ODggy 1-6 and 6ml of cell suspension was
spun down at 4000RPM for five minutes. The pellet was resuspended in 1ml of sterile
distilled water and transferred to a 2ml eppendorf tube. The cells were spun down
at > 10, 000 RPM for one minute and the supernatant was discarded. The cell pellet
was resuspended in 150ul of 1.0 M SCE (1M Sorbitol, 0.1M Sodium Citrate, 75 mM
EDTA, pH adjusted to 7.0 using NaOH) and 20l of lyticase, 2ul of RNase A and 1l
of B - marcaptoethanol were added. The mixture was incubated at 30°C for an hour
and 500pl of lysis buffer (100mM Tris-HCI, 50mM EDTA, 1.2% SDS) was added and

incubated at room temperature for 15 minutes. To the reaction, 360ul of 7M NH4OAc
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Strain Mating Integration site::Inserted | Parent Genetic

Name Type Sequence (Plasmid) Strain Background

RKC2 MAT« URA3A:P _ TEFI1-GFP- | CHKI18 CHK18
9XPH(PLCS) . (pRKC28)

RKC7 MAT« ADE2A::[TetO2]7-PTEN- | RKC2 CHK18
9XPH(PLCS) (pRKC14)

RKC11 MAT« URA3A::P_TEF1- CHK18 CHK18
yeGFP (pRKC20)

RKC12 MAT«o URA3A:P_ ADHI- CHK18 CHK18
yeGFP (pRKC21)

RKC50 MAT« ADE2A::[TetO2]7-PTEN- | RKC2 CHK18
Linker-CAAX (pRKC2)

RKC51 MATo ADE2A:[TETO;|7- RKC2 CHK18
PTEN-Linker (pRKC13)

RKC17 MATa | URA3A:P_ TEFI- CHKO001 | CHK1
PH(AKT)-mCHv4
(pRKC24)

RKC35 MATa ADE2A::GAL1UAS- RKC17 CHK1
pl10a-Linker-CAAX
(pCHK19)

RKC37 MATa ADE2A:: GAL1UAS- | RKC17 CHK1
pl10a-Linker (pCHKG)

RKC39 MATa ADE2A::GAL1UAS- RKC17 CHK1
PH(AKT)-pl10a
(pRKC15)

RKC96 MAT« URA3A:P CLN3-GFP CHK18 CHK18
(pRKC23)

RKC97 | MAT« URA3A:P_URAS3- CHK18 | CHK18
GFP(pRKC22)

was added and thoroughly mixed by inverting the tube. 650ul of Chloroform was

added to the mixture and the tube was vortexed for 30 seconds before centrifugation

at >10, 000 RPM for two minutes. The supernatant was discarded and the pellet was

washed three times with 70% Ethanol. The pellet was air dried at room temperature

for 30 minutes and resuspended in 50 pl of 10 mM Tris-HCI. The purity and yeild of

the DNA extract was determined using the method described in Section 7.16.10. In

a 96- well white skirted plate (Sarstedt, Germany) the following PCR mixture was

prepared on ice and a 96-well acetate film was used to seal the plate. The reaction

was made using the 2X qPCRBIO SyGreen mix (PCR BioSystems, UK), which was

vortexed for 30 seconds before use.
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qPCR Mixture

1X 2X qPCRBIO SyGreen mix
400 nM  Forward Primer

400 nM  Reverse Primer

~b00ng Genomic DNA

Data acquisition was performed using CFX Connect™ RealTime PCR Detection
System (Biorad, UK) using the SYBR® Green channel and the following PCR pro-

gram was used:

qPCR Conditions

POLYMERASE ACTIVATION
95°C 3 minutes

AMPLIFICATION CYCLES (44 CYCLES)
95°C 5 seconds

60°C 30 seconds
MELT ANALYSIS

Calculating the number of copies using C, values

To determine the number of copies of the transformed plasmid, the C, values were
obtained from the amplification curve. The threshold was set using the automatic
threshold option. The mean (C,) was calculated for the internal control genes (act1
and gall) and the number of copies (CN) of the integrated plasmid was determined

using the following formula:

CN = 2% Cu (7.2)

Melt curve analysis was also used together with C, values to confirm the quality
of the product. In general, a single peak melt curve was concluded to have produced

successful amplification of the gene.
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7.16.16 Diploid strains constructed for this study

Yeast mating

Simple mating was performed using MATa and MATa haploid cells. A single colony
of MATu« cells were spotted onto a fresh YPD- Agar plate and then MATa cells were
mixed together. The diploid cells were grown overnight at 37°C and streaked onto

SC drop-out agar plated. The plates were incubated for at least four hours at 30°C

before a second selection was performed on a fresh SC drop-out agar plate.

Table 7.10: Diploid Strains

Diploid | Haploid Genotype Function
Parent
MATa ade2A::ADE2 ura3A::URA3
(Plasmid No.) (Plasmid No.)
MATo
RKC91 | RKC17 | empty plasmid | P_ TEF1-PH(AKT) | Dual
(pRS402) -mCh_v4 reporter
(pRKC17) Control
RKC2 - P TEF1-GFP-
2XPH(PLC))
(pRK(C28)
RKC41 | RKC37 GALIUAS- P TEFI- pl10ac¢
pl110a — Linker PH(AKT)-mCh_v4
(pCHK19) (pRKC17)
RKCZ |- P_TEF1-GFP-
9XPH(PLCS)
(pRK(C28)
RKC67 | RKC39 | GAL1UAS- P TEFi- pl10ay,
PH(AKT) -p110« PH(AKT)-mCh v4
(pRKC15) (pRKC17)
RKC2 - P TEF1-GFP-
9XPH(PLCS)
(pRKC2)
(pRK(C28)
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Table 7.11: Diploid strains (Continued)
Diploid | Haploid Genotype Function
Parent
MATa ade2A::ADE2 ura3A::URA3
(Plasmid No.) (Plasmid No.)
MAT«
RKC40 | RKC35 GAL1UAS-p110ac - | P_ TEF1- p110a;,
Linker - CAAX PH(AKT)-mCh_ v4
(pCHKG6) (pRKC17)
RKC2 |- P_TEF1-GFP-
9XPH(PLCS)
(pRK(C28)
RKC73 | RKC37 | GAL1UAS-p110- P TEFi- pl10ac
Linkera PH(AKT)-mCh v4 | +
(pCHK19) (pPRKC17) PTEN,
RKC51 | [TetOalr- P_TEF1-GFD-
PTEN(K13E)- 2XPH(PLC9)
Linker (pRK(C28)
(pRKC13)
RKC71 | RKC39 | GAL1UAS- P _TEFi- Open
PH(AKT)-p110« PH(AKT)-mCh v4 | Loop
(pRKC15) (pRKC17)
RKC51 | [TetOalr- P_TEF1-GFD-
PTEN(K13E)- 2XPH(PLCY)
Linker (pRK(C28)
(pRKC13)
RKC76 | RKC35 GAL1UAS-p110a - | P_ TEF1v- p110as
Linker - CAAX PH(AKT)-mCh v4 | +
(pCHK6) (pPRKC17) PTEN,
RKC51 | [TetOa]r- P_TEF1-GFD-
PTEN(K13E)- 9XPH(PLCS)
Linker (pRKC28)

(pRKC13)
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Table 7.12: Diploid strains (Continued)
Diploid | Haploid Genotype Function
Parent
MATa ade2A::ADE2 ura3A::URA3
(Plasmid No.) (Plasmid No.)
MAT«
RKC31 | RKC35 GAL1UAS- P TEFI- pl110ac
pl110a — Linker PH(AKT)-mCh v4 | +
(pCHK19) (pPRKC17) PTEN,,
RKC7 [TetO2]7- P _ TEF1-GFP-
PTEN(K13E)- 9XPH(PLCS)
9XPH(PLCS) (pRE C28)
(pRKC14)
RKC62 | RKC39 | GALIUAS- P_TEFI- Toggle
PH(AKT)-p110« PH(AKT)-mCh_v4 | Switch
(pRKC15) (pRKC17)
RKC7 | [TetOg]s- P_TEF1-GFD-
PTEN(K13E)- 9XPH(PLCS)
2XPH(PLC9) (pRK(C28)
(pRKC14)
RKC89 | RKC35 GAL1UAS-p110ac - | P_ TEF1- p110a,
Linker - CAAX PH(AKT)-mCh_v4 | +
(pCHKG) (PRKC17) PTEN],
RKC7 [TetOs]7- P _ TEF1-GFP-
PTEN(K13E)- 9XPH(PLCS)
92X PH(PLCS) (pREK C28)
(pRKC14)
RKC64 | RKC35 GAL1UAS- P TEFI- pl10ay,
PH(AKT)-p110« PH(AKT)-mCh_v4 | +
(pREKC15) (PRKC17) PTEN
RKC7 | [TetOalr- P_TEF1-GFD-
PTEN(K13E)- 9XPH(PLCS)
Linker-CAAX (pRKC28)

(PRKC2)
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7.17 Inducing protein expression using synthetic promot-

ers

7.17.1 Inducing expression using the GEV system

In brief, the GEV system is synthetic system that is constructed using a fusion protein
of Galdp, estradiol receptor and VPS34. Using f-estradiol, expression can be induced
in a highly tuneable manner as increasing levels of §- estradiol result in increasing
levels of translocation of fusion protein that allows binding of the GALIUAS sequence
and downstream expression of the protein. To induce cells using this system, cells
were inoculated into 3 ml of SC- liquid and pre-incubated for 18-20 hours at 30°C
in a a sterile 15ml boiling tube. Pre-incubated cells were diluted to make a cell
suspension of ODggg #~0.04, using fresh SC- liquid. In a 15ml falcon tube, 10 ml
of a 4X p-estradiol stock was prepared using 40 ul of the 5 uM S-estradiol stock
(described in Table 7.1) and 9.96ml of SC-liquid. To induce cells with S-estradiol,
a total volume of 3ml was prepared in a fresh boiling tube. Cells were innoculated
to a final ODggg of 0.01 and the final concentration of S-estradiol was 25 nM. p110«
expression was controlled using the GEV system and induced cells were subjected to

microscopy or growth assays as described in the following sections.

7.17.2 Inducing expression of TET-ON system

The TET-ON system is also a commonly used synthetic promoter that is used to
control expression of proteins in S. cerevisiae cells. The presence of Tetracyclin or
Doxycyclin relieves repression by rtTA. To induce expression using the TET-ON
system, 50 uM of Doxycyclin was used on the cells. Prior to induction, cells were
grown for 18-20 hours in 3 ml of SC-liquid at 30°C. Cells were diluted to an ODggg of
0.04 and a 4X Doxycyclin stock was prepared using 100mul of the 20 mM Doxycyclin
Stock solution (see Table 7.1) and 9.9 ml of fresh SC-liquid. Since, PTEN expression
was controlled using the TET-ON system, pl10a was co-expressed to study the
activity of PTEN. In a well of a 24-well cell suspension plate, a total volume of

1ml containing a final ODg00 of 0.01 of cells, 50muM of Doxycyclin and 25 nM of
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[B-estradiol was prepared. These cells were subjected to experiments as described

below.

7.18 Yeast growth rate analysis

To observe differences in the growth rate of cells the doubling time determined in
the log phase of the growth curve. Using 15 ml boiling tubes cells were innoculated
to 3 ml of fresh SC-liquid and incubated for 18-20 hours at 30° C. The cells were
diluted in 10 ml of fresh SC-liquid and the ODggg was adjusted to 0.04. In a 24-well
cell suspension plate, the conditions to analyse the growth rate were prepared to a
final volume of 1 ml. The plate was placed in the BMG LABTECH SPECTROStar
nano plate reader and the ODggy was measured at 30°C for a total run time of 24
hours (~ 180 measurements). The plate was set to linearly shake at 400 RPM and
then orbitally shake for 30 seconds prior to taking the ODggg measurement. Orbital
shaking was used to ensure a well-mixed sample before measurement of cell density.
Measurement of cell density was taken in eight minute intervals. BMG LABTECH
MARS program was used to process the data that were save as Microsoft Excel files.
Mathematica (see Appendix) was used to fit log-phase data to an exponential curve,
using the model described in equation 1.2. R-squared values were also calculated to
measure goodness of fit. The doubling time was measured using equation 1.4, where

the constant, a was determined from fitted data.

Equation to calculate doubling time

We know that exponential growth model is described by:

N(t) = Nge™ (7.3)

where, N(t) is cell density as a function of time, Ny is the initial cell density, a is a
constant and t is time in minutes. To determine the doubling time of cells, N(t) =

2Ng at such that

2Ny = Noe™ (7.4)
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In(2) = In(e®) = at (7.5)
Therefore, the doubling time (tgoupiing) can be determined as,

In(2)

tdoubling = a

7.18.1 Promoter strength analysis

To investigate strength of GFP expression driven by different promoters, amongst
individual cells exp, FACS (fluorescence activated cell sorting) was used in this study
for high throughput single cell quantification of GFP expression. The BD (Becton-
Dickinson) FACSCalibur flow cytometer was used to assay the bacterial samples
here. BD FACSCalibur having an Argon blue laser for excitation at 488 nm and the
FL1 detector centred at 530 nm with 30 nm bandpass filter fits well for the GFP
fluorescence quantification.

Cells were innoculated to overnight culture in 3 ml of SC-liquid in a 15ml boiling
tube and diluted to ODggg to 0.01 using fresh SC-liquid. 3 ml of diluted culture was
placed in a sterile 5ml round-bottom polystyrene tube and the tube was placed on
ice prior to sampling by the BD FACSCalibur flow cytometer. A negative control
strain (same strain but GFP free) was used to warmed up flow cytometer (Argon
laser 488 nm, FL1 detector 530/30 nm) and appropriate instrument settings were
made using the BD CellQuest Pro software on a MAC workstation. The settings for
forward and side scatter detectors were adjusted to place the acquired cells in the
proper location on the scatter graph. The gain for FL1 detector was set to 1.00 in
log mode. Across all trials, 10,000 total events were collected for each sample with

low flow rate at room temperature.
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7.19 Fluorescence microscopy and quantification method

7.19.1 Sample preparation

To visualise cells using fluorescence microscopy, 3 ul of cell culture was aspirated
onto a clean glass slide (76x 26 mm, Menzel-Glaser, ThermoFischer, UK). A cover
slip of thickness 0.16 -0.19 mm was gently placed onto the slide, avoiding air bubbles.
A drop of immersion oil (Cargille immersion oil, Type LDF, Sigma-Aldrich, UK) was

put on the coverslip before placing the slide on the stage.

7.19.2 Wide-field microscope Set-up and Image acquisition

The set-up used to image the cells is built around the Olympus IX2 UCB series
microscope and Micro-Manager v1.4.22 software. The excitation light was emitted
by a light emitting diode CoolLED pE4000 (CoolLED, UK), which was filtered using
filter cubes. For green light excitation of mCherry fluorphore, Olympus U-MNG
(excitation filter 530 - 550nm and bandwidth of 40) was used and for Blue light
excitation of GFP fluorophore, Olympus U-MWB (excitation filter 450-480 nm and
bandwidth 35) was used. To focus incident light onto the sample and emitted light
from the sample, Olympus UPLSAPO 100XO NA 1.4 Oil Immersion objective lens
was used and a complementary metal oxide semiconducter camera, Zyla 5.5 sCMOS
(ANDOR, Oxford Instrumets, UK) was used to detect fluorescence. In general each
image was collected within 90 seconds. Images across all channels were acquired with

the exposure time set to 100.0032 ms and pixel size of 0.065 pm.

7.19.3 Setting scale-bar on ImagelJ

Images were analysed using ImageJ program. To set scale bar, the size of the camera
sensor chip and the magnification was used. The size of the camera chip was 6.5 pm
and the magnification used was 100x. These values were entered into image properties
using the Analyse > Set scale option on the menu bar. The pixel aspect ratio and
unit of length were set to 1.00 and pm, respectively. Using, Analyse > Tools > Scale

Bar on the menu bar, 5 um was represented on representative images.
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7.20 Image quantification

7.20.1 Machine learning based algorithm for quantification of cells

To increase the amount of cells detected and quantified, a machine learning based
algorithm was developed in this study. The method of quantification is discussed in
Chapter 2. The main steps included and lastly, the quantification of PIP3- Index
of cells. All the source codes used for the machine learning based algorithm were

developed by Dr. Chieh Hsu, Universisty of Kent and are included in Appendix B.

7.20.2 Hysteresis experiements

To study the maintenance of memory on the membrane, cells were induced with
[B-estradiol in a 15ml boiling tube as described in section 7.17.1, to produce high
PI(3,4,5)P3 cells and uninduced cells were used to produce low PI(3,4,5)P3 cells.
From the culture, 200 pl of induced and uninduced culture was put into a 15ml
falcon tube and spun down at 4000RPM for 5 minutes. The cells were washed twice
with 10ml of fresh SC-liquid media and collected at 4000 RPM for 5 minutes. Cells
were suspended in 10ml of fresh SC-liquid and the ODggg was adjusted to 0.04. In a
24-well plate cells were innoculated to a final volume of 1ml and an ODggy of 0.01.
These cells were grown in conditions described in table 7.13 for 16 hours at 30°C and
then observed using fluorescence microscopy. Cells that were pre-induced with 25
nm of were referred to as memory cells and cells that were uninduced were referred

to as naive cells.

Table 7.13: Growth conditions used to study maintenance of memory.

Aim Growth Condition

To test wash steps No inducer present

fully induced p100ay, and PTENg,, | and 50muM Doxycyclin.

To observe difference in history at | Presence of both inducers at 25nM g Estradiol

To observe difference in history at
leakage PTEN¢ 1,

Presence of 8 estradiol concentration gradient
(25nM -OnM) and no Doxycyclin was present in
the media.

To observe difference in history at
leakage PTEN,

Presence of 8 estradiol concentration gradient
(25nM -0nM) and 25uM or 5uM of Doxycyclin
was added to the cells.
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7.21 Protein methods

7.21.1 Preparation of cell- free lysate

To quantify the level of protein expression, western blot was performed on crude
cell lysate. The method used to prepare cell lysate for western blot procedure was
adapted from methods described by von der Haar et al, 2017. Cells were innoculated
and grown in test conditions from which, 200ul of cells (ODggg » 108) was harvested
and resuspended in 200ul of lysis buffer (0.1M NaOH, 0.05M EDTA, 2% SDS, 2%
f mercaptoethanol). The cell suspension was boiled at 90°C for 10 minutes. To
neutralise the reaction 5 ul of 4M Acetic acid was added and the tube was vortexed
for 30 seconds. 10 pl of the neutralised reaction was used to quantify the amount
of protein extracted as described in Section 7.21.2. The samples were sonicated at
20% amplitude for 10 seconds and boiled for a further 10 minutes at 90°C after
adding 50ul of loading buffer (0.25M Tris-HC1 (pH6.8), 50% Glycerol, 2% SDS,
0.05%Bromophenol Blue). ~20ug of cell lysate was loaded onto a NuPAGE™ 4-

12% Bis-Tris pre-cast gel.

7.21.2 Protein quantification using UV-Spectrometer

Cell lysate was prepared as described in Section 7.21.1 and 10ul of lysate was diluted
in 1ml of distilled water. The diluted lysate was placed in a UV-transparent cuvette
and the Asgy was measured. To determine the amount of protein in the sample, the

following equation was used:

Equation used to calculate protein concentration

Concentration of protein (ug/ul) = Assg-  Dilution Factor (0.01) (7.7)

7.21.3 Gel electrophoresis and wet-transfer procedure

Gel electrophoresis was perfomed using XCell SureLock ™ Mini-Cell Electrophoresis
system at 100V for 2 hours. For separation of high molecular weight proteins, Nu-
PAGE MOPS SDS Running buffer was used. To transfer proteins from gel to 0.2 mi-

cron Nitrocellulose Membrane, wet transfer was performed using a Mini TransBlot®
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transfer apparatus. Fiber pads, Whatmann filter paper and the nitrocellulose mem-
brane were cut to the dimensions of the gel (7x8cm) and equilibriated in transfer
buffer (25mM Tris, 192mM Glycine, 20% methanole, pH8.3) for 15 minutes at room
temperature. The Gel sandwich (fiber pad- filter paper- membrane- gel- filter paper
-fiber pad ) was set-up in a gel holder casette. The cassette was placed into the
apparatus such that the gel was facing the cathode and the chamber was filled with
transfer buffer. Transfer was performed at 70V and at 4°C for 2 hours.To confirm
successful transfer, the membrane was stained using Ponceau stain (0.1% Ponceau

S, 5% Acetic Acid) and destained by washing with distilled water.

7.21.4 Immunoblotting for detection of Protein

To perform immunoblotting for the detection of specific proteins, the transfer mem-
brane was blocked using 5% milk in TBS for 1 hour at room temperature. The
membrane was washed twice using 15ml TBS for 5 minutes each and incubated with
15ml of diluted primary antibody. All primary antibodies were diluted 1:1000 in
5% milk and TBS-T, except for p110a antibody which was diluted in 5% BSA and
TBS-T. Incubation times for primary antibodies varied and are given in Table 7.14.
The transfer membrane was washed three times using TBS-T for five minutes and
incubated with 10ml of diluted HRP-conjugated secondary antibody. Secondary an-
tibody was diluted in 5% TBS (1:2000) and incubated for one hour at room tempera-
ture. After incubation, the transfer membrane was washed three times using TBS-T
for five minutes and proceeded to detection. For detection of HRP -conjugated sec-
ondary antibody, 5ml of SuperSignal West Pico Plus reagent was prepared used on
the transfer membrane. The blot was visualised and documented using Genesys

G-Box system.
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Table 7.14: Conditions used for immunoblotting detection of proteins. Primary
Antibodies used in this study were diluted in either 5% BSA or milk, 1X TBS,
0.1% Tween® 20. Transfer membranes were incubated in 15ml of diluted primary
antibodies for specified lengths of time. Secondary Antibodies were prepared in 5%
Milk, 1X TBS, 0.1% Tween® 20 and the transfer membrane was incubated for one
hour at room temperature before detection.

Primary Dilution used Incubation | Secondary
Antibody time antibody
Anti- p110« 1:1000 in 5% (w/v) | 16-18 hours | Anti- rabbit sec-
(4249, Cell Sig- | BSA, 1X TBS, 0.1% | at 4°C ondary HRP- con-
nal Technologies, Tween® 20 jugate (7074, Cell
UK) Signal Technolo-
gies, UK)
Anti- PTEN 1:1000 in 5% Milk, 1X | 2 hours at | Anti- rabit sec-
(9552, Cell Sig- | TBS, 0.1% Tween® 20 | room tem- | ondary HRP- con-
nal Technologies, perature jugate (7074, Cell
UK) Signal Technolo-
gies, UK)
Anti-GFP 1:1000 in 5% Milk, 1X | 16-18 hours | Anti- mouse sec-
(11814460001, TBS, 0.1% Tween® 20 | at 4°C ondary HRP- con-
Roche, UK) jugate  (W4021,
Promega, UK)
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Review of Phosphoinositol

metabolism 1n S. cerevisiae

A.0.1 PI(3)P and PI(3,5)P; are present on membranes involved in

sensing environmental changes in the cell

PI(3)P is required for autophagosome formation during nutrient depletion and PI1(3,5)P2
is required for controlling vacoule size and morphology during hyperosmotic stress.
PI(3,5)P2 is synthesized by the phosphorylation of PI(3)P on late endosomal mem-
branes, which fuse to the vacoular membrane([31]. Vps34p, a Class III PI3K provides
an economical way of dedicating PI(3)P enriched membranes to form endosomes or
preautophagasome structures. For the formation of endosomes, Vps34p synthesizes
PI(3)P and also binds to other proteins to form Complex II, which is required for
PI(3,5)P2 synthesis[12]|. For preautophagosome formation, the kinase is recruits pro-
teins to form Complex I, which allows assembly of autophagosome complexes|43].
Therefore, PI(3)P and the Vps34p complexes play an important role in deciding cell
fate in response to environmental changes.

During hyperosmotic stress, increased levels of Complex II elevate PI(3,5)P2
levels to control vacoule size and morphology. In normal conditions the levels of
PI(3,5)P2 constitutes < 0.1% of total cellular phospholipids[29]. During hyperos-
motic stress, the levels of PI(3,5)Py transiently increase by at least 20-fold for 30

minutes|10]. The increase in PI(3,5)P3 is observed along with an increase in vacuole
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fission and decrease in vacuolar membrane surface area. After 30 mins, the size of
the vacuole returns to normal as the levels of PI(3,5)Ps return to normal, suggest-
ing that PI(3,5)P2 plays an essential role in maintaining cell homeostasis through
vacuole membrane fission and fusion during stress conditions.

During nutrient deprivation, inactivation of the target of rapamycin complex- I
(TORC1) results in increased levels of Vps34p Complex- I formation. The key differ-
ence between Vps34p complex I and II is the presence of Atgldp[43]. The presence
of Atgl4 in Complex I results in the localisation of Vps34p complex on the mem-
branes to form preautophagosomal structures, which matures into a autophagosome
after recruitment of proteins binding to PI(3)P (eg: p40Ph°*)[43]. The inactivation
of the TORCI1 results in upregulation of Atgldp and other components required for
autophagosome formation[73]. The elevated levels of Atgl4p increase the chances
of the formation of Vps34p Complex I, which results in autophagosome formation
at PI(3)P enriched membranes and the non-specific degradation of organelles in the

cells.

A.0.2 PI(4)P and PI(4,5)P, are present on membranes that are

involved in sensing growth conditions

PI(4)P defines membranes involved in secretion and also acts as a substrate for the
synthesis of PI(4,5)P; for cell growth. PI(4)P is one of the first phosphatidylinositol
phosphates that was discovered and S. cerevisiae cells have been shown to maintain
two distinct pools, known as the golgi and non-golgi pools. The two pools are
synthesized by membrane-specific kinases and there are two main types of PI4K that
are found to synthesise PI(4)P from PI in S. cerevisiae|92, 11]. Piklp (Typelll3)
makes up 40-45% of total cellular PI(4)P from PI. Stt4p (Typellla) makes up 40-
60% of total PI(4)P as well as some PI(4,5)Py. Deletion of these membrane-specific
kinases result in specific defects in the cell, suggesting that the different pools of
PI(4)P do not intermix|[101].

The golgi pool of PI(4)P is synthesised from PI by Piklp, and the loss of function
in the kinase is shown to have severe defects in cell growth and protein secretion|2].

In wild-type cells, it is found to be present in cytoplasmic puncta containing the
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trans-golgi marker Sec7p, which is involved in the endoplasmic reticulum (ER)-to-
golgi transport[46].

The majority of the non-golgi pool of PI(4)P is present on the plasma membrane
for the synthesis of PI(4,5)P2, by Sttdp(stausporin and temperature sensitive pro-
tein)[92]. The PI(4)P at the plasma membrane is further phosphorylated by Mssdp
(a PI 4-phosphate 5- Kinase) to produce PI(4,5)P9, which is required to maintain cell
wall integrity, cytoskeleton structure and for polarised cell growth. Sttdp temepra-
ture sensitive mutants show loss of cell wall integrity, cytoskeleton structure and
polarised growth|[2]. These results show that plasma membrane PI(4)P predomi-
nantly acts as substrate to increase levels of PI(4,5)Ps. During starvation, PI(4)P
levels on the plasma membrane are significantly reduced to limit levels of PI(4,5)Pq
synthesis.

In S. cerevisiae PI1(4,5)P2 is produced from PI(4)P by Mssdp and plays an im-
portant role in regulating processes required for normal cell growth[106]. PI(4,5)P5
is a major substrate for phospholipas C (Plclp), to produce inositol (3,4,5)P3 (IP3)
and 1,2- Diacylglycerol (DAG). The deletion of PLCI1 gene is associated with severe
growth defects as IP3 and DAG. IP3 diffuses to the ER and binds to the IP3 recep-
tor, creating a channel to release intracellular calcium stores|7|. Calcium ions are
required to stabilise components of the cytoskeleton and for the permeability of ion
channels. In mammalian cells, DAG stays on the membrane to activate Protein Ki-
nase C pathway resulting in cell proliferation and growth; however, it seems unclear
if DAG acts in a similar manner as a secondary messenger in yeast to active PKC
homologue, Pkclp. There is more evidence supporting the activation of Pkclp by
members of the RhoGTPase family|77].

Intact plasma membrane containing PI(4,5)P9 along with other cell membrane
stress receptors (Wscl/2/3p, Mid2 and Mtl1) recruit Rom1p and Rom2p to the mem-
brane in their active form[62]. Active Romlp and Rom2p activate Rhol-GTPase,
which in turn activates Pkclp. Pkclp activates the MAPK cascade, which includes
Beklp, Mkklp and Mkk2p, resulting in normal cell growth and proliferation. Dur-
ing starvation and mechanical stress the levels of PI(4,5)P2 and cell membrane stress

receptors are reduced, respectively. The reduced levels of Pkclp activation results in



APPENDIX A. REVIEW OF PHOSPHOINOSITOL METABOLISM IN §.
CEREVISIAE 150

a slower cell growth and G2-phase cell-cycle arrest, preventing bud formation|77].
During bud formation, Cdc42-GTPase form poles to define the bud-site in a
PI(4,5)Py dependent manner[45]. Endosomes enriched with active Cdc42-GTPase
are transported along actin filaments to the plasma membrane to regions already
enriched with active Cdc42-GTP (as described in Introduction Chapter). In S. cere-
visiae PI1(4,5)P2 is known to interact with at least 100 different proteins including

those involved in actin cytoskeleton reorganisation|3].

Phosphatidylinositol Metabolism in S. cerevisiae
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Figure A.1: Summary of phosphatidyltinositol metabolism in S. cerevisiae. Phos-
phatidylinositol (PI) derivatives are produced by the phosphorylation of the D3,
D4 and D5 positions in the D- myo- inositol ring (inset). PI itself doesn’t posses
any known function other than to act as a substrate for membrane specific kinases.
Phosphatase dephosphorylate derivatives to allow dynamic regulation of membranes.
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Source Code

B.1 Image segmentation

Python Script

B.1.1 Image restructuring .tiff —» .jpeg

#python 3.4

import fnmatch

import os

import shutil

import argparse

from PIL import Image

import numpy as np

parser = argparse.ArgumentParser(description=’Flattern data structure’)
parser.add_argument (’--source’, action=’store’,
help=’the original image folders’)
parser.add_argument (’--target’, action=’store’,
default=’data_restructured/’,

help=’where to store the image data’)

151
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args = parser.parse_args()
target_dir=args.target

source_dir=args.source

def flattern_data_structure(source_dir, target_dir):

print("flatterning the data structure....")

for root, dirnames, filenames in os.walk(source_dir):

for dirnames in fnmatch.filter(dirnames, ’GFP’):
new_folder_name=root.replace(source_dir,"") .replace("/","__") .replace(" ","_")
t=target_dir+"/"+new_folder_name

print("processing "+ t)

shutil.copytree(root,t)

def rename_tiffs(target_dir):

print("renaming the tif files....")

for root, dirnames, filenames in os.walk(target_dir):
for filenames in fnmatch.filter(filenames, ’imgx.tif’):

if target_dir.endswith("/"):

new_file_name=root.replace(target_dir,"").replace("/","__")+".tif"
else:
new_file_name=root.replace(target_dir+"/","") .replace("/","__")+" . tif"

print("processing "+ new_file_name)

shutil .move(root+"/"+filenames,root+"/"+new_file_name)

def create_jpgs(target_dir, colour):
print("creating jpgs "+ colour+" channel")

for root, dirnames, filenames in os.walk(target_dir):
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for filenames in fnmatch.filter(filenames, ’*’+colour+’.tif’):
image_file=root+"/"+filenames
jpg_file=image_file.replace(’tif’,’jpg’)

print("converting "+jpg_file)

im3=Image.open(image_file)
newImagedata=[]
maxPixelValue=max(list(im3.getdata()))
for i in im3.getdata():
newImagedata.append (i*256/maxPixelValue)
im2=Image.new(’L’,im3.size)
im2.putdata(newImagedata)

im2.save(jpg_file,"JPEG",quality=90)

while True:

try:

os.mkdir (target_dir)

flattern_data_structure(source_dir, target_dir)

rename_tiffs(target_dir)

create_jpgs(target_dir,"mCh")

create_jpgs(target_dir, "GFP")

break

except:

print ("Something is wrong. Probably the target folder already exists.")

break

B.1.2 Identification of squares containing cells in the image

from __future__ import absolute_import

from __future__ import division
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from __future__ import print_function

import argparse
import os

import shutil

import time

import csv

import csv

import numpy as np
import argparse
start_time=time.time()

import tensorflow as tf

def read_tensor_from_image_invert(file_name,input_mean=0,input_std=255):
input_name = "file_reader"
output_name = "normalized"

file_reader = tf.read_file(file_name, input_name)

image_reader = 255 - tf.image.decode_jpeg(file_reader, channels=3, name="jpeg_rea

float_caster = tf.cast(image_reader, tf.float32)
dims_expander = tf.expand_dims(float_caster, 0)
sess = tf.Session()

result = sess.run(dims_expander)

return result

def crop_and_resize2(
file_name, index=0, cr=10, intrasteps=2, input_size=299, input_mean=0, input_std=

axis_steps=cr+(cr-1)*intrasteps
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x_pos=int (index/axis_steps)/(cr*(intrasteps+1))
y_pos=(index’axis_steps )/(cr*(intrasteps+1))
block=np.array([y_pos,x_pos,1/cr,1/crl)
cropblock=block*ori_size

file_reader = tf.read_file(file_name)

image_reader = tf.image.decode_and_crop_jpeg(file_reader,cropblock,channels=3)

float_caster = tf.cast(image_reader, tf.float32)
dims_expander = tf.expand_dims(float_caster, 0)
normalized = tf.divide(tf.subtract(dims_expander, [input_mean]), [input_std])

file_resized = tf.image.resize_images(normalized, [input_size,input_size])

return file_resized

def load_graph(model_file):
graph = tf.Graph()
graph_def = tf.GraphDef ()
with open(model_file, "rb") as f:
graph_def .ParseFromString(f.read())
with graph.as_default():
tf.import_graph_def (graph_def)

return graph

def drawboundary(ts,index,cr=10, intrasteps=2):
axis_steps=cr+(cr-1)*intrasteps
x_pos=int (index/axis_steps)/(cr*(intrasteps+1))
y_pos=(index’axis_steps )/(cr*(intrasteps+1))
cropblock=[[[y_pos,x_pos,y_pos+1l/cr,x_pos+1/cr]]l]

return tf.image.draw_bounding_boxes(ts,cropblock)
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def box_coor_imageJ(index,cr=10, intrasteps=2, ori_size=2048):
axis_steps=cr+(cr-1)*intrasteps
x_pos=int (index/axis_steps)/(cr*(intrasteps+1))
y_pos=(index’axis_steps )/(cr*(intrasteps+1))
block=np.array([x_pos,y_pos,1/cr,1/cr])
cropblock=block*ori_size

return cropblock

def draw_image_from_invert(ts,fname=’invert.jpeg’):
session=tf.Session()
bb= tf.cast(ts, tf.uint8)
cc=tf.squeeze(bb)
output_image = tf.image.encode_jpeg(cc)
file_name = tf.constant(fname)
file = tf.write_file(file_name, output_image)
session.run(file)

session.close()

def sortIndex(cr=10, intrasteps=2):
axis_steps=cr + (cr-1)*intrasteps
xlen=[cr]+[cr-1 for x in range(cr-1)]
ylen=[cr]+[cr-1 for x in range(cr-1)]
a=[]
for y in range(intra+1):
for x in range(intra+1):
for yy in range(xlen[y]):
for xx in range(ylen[x]):
cornerNumber=x + y*axis_steps

a.append(cornerNumber+xx* (intrasteps+1)+yy*axis_steps*(intrasteps+1))
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return a

parser = argparse.ArgumentParser(description=’Identifying the cells’)
parser.add_argument (’--image’, action=’store’,

default=’testImage. jpg’,

help=’the image file (default is testImage.jpg)’)
parser.add_argument (’--cropping’, action=’store’,

default=10, type=int,

help=’cropping tiles’)
parser.add_argument (’--intra’, action=’store’,

default=4, type=int,

help="shifting steps’)
parser.add_argument (’--model_size’, action=’store’,

default=96, type=int,

help=’image size for model training’)
parser.add_argument (’--working’, action=’store’,

default=’./’,

help=’where all the images to process are’)

print(’initialising....’)

args = parser.parse_args()

graph=load_graph(args.working+’CH_cell_ID_model_20180815.pb’)
input_name = "import/Placeholder"

output_name = ’import/final_result’

input_operation = graph.get_operation_by_name(input_name)

output_operation = graph.get_operation_by_name (output_name)

image_file=args.image

cropping=args.cropping
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intra=args.intra
model_size=args.model_size

total=(cropping+(cropping-1)*intra)**2

block_isCell=[]
tsStack=[]
interStack=[]

count=0

print("cropping the ori image into " + str(total)+ " pieces..." )
with tf.Session(graph=graph) as sessl:
for i in range(total):
print ("cropping "+str(i)+" of "+str(total))
norm=crop_and_resize2(image_file,index=i, intrasteps=intra,cr=cropping,input_
#tsStack.append(sessl.run(norm))
interStack.append (norm)
print("time passed: " + str(time.time()-start_time))

tsStack=sessl.run(tf.stack(interStack))

print("start calculating....")

print("time passed: " + str(time.time()-start_time))

with tf.Session(graph=graph) as sess2:

for i in tsStack:

print("calculating "+str(count)+" of "+str(total))
result=np.squeeze(sess2.run(output_operation.outputs[0], {input_operation.outpu
block_isCell.append(max (enumerate(result), key=lambda x: x[1]) [0]==0) #0=good c
count=count+1

print("time passed: " + str(time.time()-start_time))

#sorting for ROI overlapping according to "layers"
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coorList=[]
for i in sortIndex(cr=cropping, intrasteps=intra):
if block_isCell[i]:

coorList.append(box_coor_imageJ(index=i,cr=cropping,intrasteps=intra))

with open(image_file.replace(’.jpg’,’_boxes.csv’), ’w’, newline="") as csvfile:

wl=csv.writer(csvfile)

wl.writerows(coorList)

print("total time passed: " + str(time.time()-start_time))

\section{Identification of cell boundary}

ImageJ macro

/%

* Version 20180816

* Directly process the regions identified to produce profiles around each cells
* Should be no problem to act on unfinished folder
* Chieh Hsu @ Uni Kent, UK

* maxRadius=100
*/
setBatchMode (true) ;

roiManager("reset");

B.1.3 Data import

dataRestructuredDir=getDirectory("select the dir");
subDirs = getFileList(dataRestructuredDir);

//getCellR0IfromSqures("__62.8__+E__C1__1__GFP_ROI.zip","L:\\ML_first_trial\\

checkingOnWindows-ruk20180614\\data_restructured\\__62.8__+E__C1__1\\GFP\\")
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for (i = 0; i< subDirs.length;i++){

subDir=subDirs[i];

if (endsWith (subDir,"/")){

subDir=replace(subDir,"/","")+"\\";
execSingleDir(dataRestructuredDir+subDir, "mCh"); //boundary based on mCH
execSingleDir (dataRestructuredDir+subDir, "GFP"); //boundary based on GFP
}

}

print("All done!");

function execSingleDir(currentDir, colour){
dataDir=currentDir+colour+"\\";

allFiles = getFileList(dataDir);

for (i = 0; i< allFiles.length;i++){

if (endsWith(allFiles[i], "boxes.csv")){

print("processing " +dataDir+ allFiles[i]);
squreR0I=roiGeneratorML(allFiles[i], dataDir);
cellR0I=getCellRO0IfromSqures (squreR0I, dataDir);
profileAtTheBoarder(cellROI, dataDir,"mCh"); //processing the mCh picture

profileAtTheBoarder(cellROI, dataDir,"GFP"); //processing the GFP picture

B.1.4 Generating cell profiles

function profileAtTheBoarder (cellROI, boundaryDir, colourToProcess)<{
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maxRadius=100;

steps=360;

angleIncrease= 2*PI/steps;

tempString=split (boundaryDir,"\\");

whichBoundary = tempString[tempString.length-1]; //mCh or GFP
profileName="profile_boundary_defined_by_"+whichBoundary;

experiment = tempString[tempString.length-2]; //also the basic name of the image
parentDir=File.getParent (boundaryDir)+"\\";
imageDir=parentDir+colourToProcess+"\\";

saveDir=parentDir+profileName+"\\";

if (!File.exists(saveDir)) File.makeDirectory(saveDir);
if (!File.exists(boundaryDir+cellROI)){
print("no cell boundary defined by "+whichBoundary+" in "+boundaryDir);

return false;

3

print ("saving profiles");
roiManager("reset");
roiManager ("Open", boundaryDir+cellROI);

tifFile=experiment+"__"+colourToProcess+".tif";

open(imageDir+tifFile);

for(rr=0; rr<roiManager("count") ;rr++){
roiManager("deselect");
roiManager("select", rr);
rawData=newArray(0) ;
boudaryRadius=newArray(steps) ;
indBegin=newArray(steps) ;

indEnd=newArray(steps) ;
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resultFileName=experiment

+

“__"+colourToProcess+”_”+profileName+“_ce11_"+toString(rr)+".csv”;

if (File.exists(saveDir+resultFileName)){
print ("File exists: "+resultFileName);
}

else {
file=File.open(saveDir+resultFileName) ;

print("saving "+resultFileName) ;

List.setMeasurements;
xC=List.getValue("X");

yC=List.getValue("Y");

for(i=0; i<steps; i++){

x=xC+cos (i*angleIncrease)*maxRadius;
y=yC+sin(i*angleIncrease)*maxRadius;
makeLine (xC,yC, x, y);

lineProfile = getProfile();
indBegin[i]=rawData.length;

rawData = Array.concat(rawData,lineProfile);

indEnd[i]=rawData.length;

//find the boundary
roiManager("deselect")
roiManager ("select", rr);
boudaryRadius[i1]=0;

x=xC;
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y=yC;

while (selectionContains(x, y)) {

x=xC+cos (i*angleIncrease)*boudaryRadius[i];
y=yC+sin(i*angleIncrease)*boudaryRadius[i];

boudaryRadius [i]=boudaryRadius[i]+1;

Array.getStatistics(boudaryRadius, min, max, mean, stdDev);
maxR=max;

minR=min;

alignedRadius=((maxR-minR)+maxRadius) ;
alignedData=newArray(0) ;

print(file, maxR);

for(i=0; i<steps; i++){
lineProfile=Array.slice(rawData,indBegin[i],indEnd[i]);
zerosl=newArray (maxR-boudaryRadius[i]);

zeros2=newArray (boudaryRadius[i] -minR) ;
Array.fill(zeros1,0);

Array.fill(zeros2,0);
lineProfile=Array.concat(zerosl,lineProfile);
lineProfile=Array.concat(lineProfile,zeros2);

alignedData=Array.concat(alignedData,lineProfile);

lineProfiledata="";

for(j=0;j<lineProfile.length;j++){
lineProfiledata=lineProfiledata+toString(lineProfile[j])+",";
}

print(file,lineProfiledata) ;

}
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File.close(file);

}

}

close();

}

function roiGeneratorML(file, dir) {

print ("refining cell containing regions...");

path=replace(dir, "\\\\","\\\\\\\\");
des=replace(file, "_boxes.csv","_ROI.zip");
if (File.exists(path+des)) {
print("File exists: "+ des);

return des;

}

action="open="+path+file;
run("Results... ", action);
newImage("Untitled", "8-bit black", 2048, 2048, 1);

roiManager ("reset");

for (i=0; i<nResults; i++){

xpos=getResult ("C1",1);

ypos=getResult("C2",1i);

width=getResult("C3",1i);

height=getResult("C4",i);

makeRectangle (xpos, ypos, width, height);
run("Add...", "value=7");

addOverlap();

}

roiClearUpTooSmall();
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roiManager("save", dir+des);
return des;

close();

¥

function addOverlap(){
roiManager("add");

roiManager ("deselect")
roiNumber=roiManager ("count") ;

if (roiNumber==1) return true;

last=roiNumber-1;

for (j=0; j<roiNumber-1; j++){
roiManager("select", newArray(j,last));
roiManager ("AND") ;

if (selectionType () !=-1){
roiManager("add") ;
roiManager("deselect")
roiManager("select", newArray(j,last));
roiManager ("delete");

return true;

}

B.1.5 Discard ROI’s that are too small

function roiClearUpTooSmall(){
roiManager("deselect");
roiNumber=roiManager ("count") ;

toClean = newArray();
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for (j=0; j<roiNumber; j++){
roiManager("deselect");
roiManager("select",j);
getStatistics(area);

if (area <12000 ) toClean=Array.concat(toClean,j);
}

roiManager("deselect");

if (toClean.length!=0) {
roiManager("select",toClean);
roiManager("delete");

}

}

B.1.6 Boundary detection of cell

function getCellROIfromSqures(ROIfileName,workingDir){
cells=replace(ROIfileName,"_ROI.zip","_cells.zip");
if (File.exists(workingDir+cells)) {

print("File exists: "+ cells);

return cells;

}
tiffName=replace(ROIfileName," _ROI.zip",".tif");
open (workingDir+tiffName) ;

roiManager("reset");

roiManager ("Open", workingDir+ROIfileName);
run("Subtract Background...", "rolling=50");
run("Find Edges");
run("Smooth") ;
run("Smooth") ;
guessingRO0Istart = roiManager("count");
squreROINumber=guessingROIstart;

for (i=0;i<squreRO0INumber;i++){
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addSixteenGuessing(i);
cleanUpGuessingR0OI(guessingROIstart) ;
guessingROIstart=roiManager("count");
}

for (i=squreROINumber-1;i>=0;i--){
roiManager("deselect");
roiManager("select", i);
roiManager("delete");

}

roiManager("deselect");

if (roiManager ("count")>0) roiManager("save", workingDir+cells);
close();

return cells;

}

function cleanUpGuessingROI(startR0OI){

lastROI=roiManager ("count");

if (startROI==1astROI) return "Can’t Guess";
holder=startR0OI;

roundest=0;

for (i=startR0I; i<lastROI; i++){

rd=calculateRoundness(i);

if (rd>roundest){

roundest=rd;

holder=i;

}

}

toDelete=newArray() ;

if (roundest<0.8) holder=0;
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for (i=startROI; i<lastROI; i++){

if (i!'=holder) toDelete=Array.concat(toDelete,i);
}

roiManager("deselect");

roiManager("select", toDelete);

roiManager("delete");

3

B.1.7 Discard non-circular shaped ROI’s

function calculateRoundness(guessRoi){

roiManager("deselect");

roiManager("select", guessRoi);

run("Set Measurements...", "area perimeter");

run("Measure") ;

area=getResult("Area");

perimeter=getResult ("Perim.");

roundness= 4%3.14*area/(perimeter*perimeter);

if (area < 2000) roundness = 0.01;

return roundness;

}

function addSixteenGuessing(squareRoi){

roiManager("deselect");

roiManager("select", squareRoi);

getSelectionBounds(x, y, width, height);
roiManager("deselect");
xMid=x+0.55*width; //shift to cover different angles

yMid=y+0.5%height;

for(xx=1; xx<5; xx++){

for (yy=1; yy<s; yy++){

xPos=x+width*xx/5;

yPos=y+height*yy/5;
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angle=atan2((yPos-yMid) , (xPos-xMid));
addOneR0IforCell (angle,xPos,yPos) ;

}

}

}

B.1.8 Add selction to ROI manager

function addOneROIforCell(angle,xInit,yInit){
cellDiameterEst=120; //Maxium cell diameter in pixel
steps=150; // must be less than 200
angleIncrease= -2xPI/steps; // change sign to reverse scan direction
distanceArray=newArray(steps) ;
xcoord=newArray(steps) ;
ycoord=newArray(steps) ;
for(i=0; i<steps; i++){
x=xInit+cos(angle+i*angleIncrease)*cellDiameterEst;
y=yInit+sin(angle+i*angleIncrease)*cellDiameterEst;
makeLine (xInit, yInit, x, y);
profile = getProfile();
maxLocs= Array.findMaxima(profile, 10);
//might need to change if the maximum is less "obious")
if (1==0){
distanceArray[i]=maxLocs[0];
} else {
distMaxLoc=newArray(maxLocs.length) ;
for(j=0; j<maxLocs.length; j++){
distMaxLoc[jl=abs(distanceArray[i-1]-maxLocs[j]);
}
rank=Array.rankPositions(distMaxLoc) ;

distanceArray[i]l= maxLocs[rank[0]];

}
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xcoord[i]=xInit+cos(angle+i*angleIncrease)*distanceArray[i];
ycoord[i]=yInit+sin(angle+i*angleIncrease)*distanceArrayl[i];
}

makeSelection("polygon", xcoord,ycoord);

if (selectionType() !=-1) roiManager("Add");

}

B.2 Identification of redundant cells in GFP channel

ImageJ Macros

setBatchMode (true) ;

dataRestructuredDir=getDirectory("select the dir");

subDirs = getFileList(dataRestructuredDir);

for (i = 0; i< subDirs.length;i++){

subDir=subDirs[i];

if (endsWith(subDir,"/")){

subDir=replace(subDir,"/","")+"\\";
listofredundantR0Is(dataRestructuredDir+subDir); //boundary based on GFP
}

}

print("All done!");

function listofredundantROIs(workingDir)<{
if (File.exists(workingDir+"redudant.csv")){
print (workingDir+"redudant.csv exists; skipping...");

return;

}

print ("working on" + workingDir);



APPENDIX B. SOURCE CODE 171

roiManager("reset");

mChDir=workingDir+"mCh\\";
opencellROI(mChDir,true); //also open an image file
definedbymCh=roiManager ("count") ;
GFPDir=workingDir+"GFP\\";
opencellROI(GFPDir,false);

definedbyGFP=roiManager ("count")-definedbymCh;
toCleanmCh=newArray () ;

toCleanGFP=newArray () ;

for (i=0;i<definedbymCh;i++){
for (j=0;j<definedbyGFP;j++){
mChROI=1;
GFPROI=j+definedbymCh;
roiManager("deselect");
roiManager("select", newArray(mChROI,GFPROI));
roiManager ("AND") ;
if (selectionType() !=-1){
if (calculateRoundness (mChROI) >= calculateRoundness(GFPROI)){

toCleanGFP=Array.concat (toCleanGFP, j) ;

}
else toCleanmCh=Array.concat(toCleanmCh,i) ;
}

}

}

Array.print(toCleanmCh) ;

Array.print (toCleanGFP) ;

file=File.open(workingDir+"redundant.csv");

print(file,arrayToCSV(toCleanmCh)) ;
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print(file,arrayToCSV(toCleanGFP));
File.close(file);

close();

¥

function arrayToCSV(ar){
result="";
for(j=0;j<ar.length;j++){
result=result+toString(ar[j]1)+",";
}

return result;

}

function opencellROI(colourDir,openImageQ){
allFiles = getFileList(colourDir);

for (i = 0; i< allFiles.length;i++){

if (endsWith(allFiles[i],"cells.zip")){
roiManager("Open", colourDir+allFiles[i]);
}

if (openImageQ && endsWith(allFiles[i],"tif")){
open(colourDir+allFiles[i]);

}

}

}

function calculateRoundness(guessRoi){
roiManager("deselect");

roiManager("select", guessRoi);

run("Set Measurements...", "area perimeter");
run("Measure") ;

area=getResult("Area");
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perimeter=getResult ("Perim.");

roundness= 4x3.14*area/(perimeter*perimeter) ;
if (area < 2000) roundness = 0.01;

return roundness;

}

B.3 Quantification of PIP3;-Index

B.3.1 File import

Mathematica Script
NotebookDirectory|| (ClearSystemCache]|;)
(chopArray(ar ):=ar
[[1;;All,1;;min(Table[ Length[i], {i,ar}])]])
((redundant=Import[NotebookDirectory]]
<>redundant.csv|//. - Sequencel];)
(notredudantQ(a_,sel ,red ):=
(redudantCases=Switch[sel,mCh,red|[1]|, GFP red|[2]]];
matching=False;For[i=1,
i< Length[redudantCases], i+,
matching=matchingvStringMatchQ[a, *cell <> ToString

[redudantCases|[i]]] < >.csv];|;-matching)))

B.3.2 Cells defined by mCherry channel

Mathematica Script (definedBy=mCh;) (SetDirectory[NotebookDirectory||< >profile boundary

B.3.3 Cell profiles defined by mCherry channel

Mathematica Script
Table[ListDensityPlot|i,ColorFunction—
({x}f4a1RGBColor|0,x,0])|,{i,dataGFPmCh}|

Table|ListDensityPlot[i,ColorFunction—
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({x}f4a1RGBColor|x,0,0])|,{i,datamChmCh}|

B.3.4 Cells defined by GFP channel

Mathematica Script
definedBy=GFP;
SetDirectory[NotebookDirectoryl]|

<>profile_boundary defined by <>definedBy]|;

B.3.5 Cell profiles defined by GFP channel

Mathematica Script
Table[ListDensityPlot|i,ColorFunction—
({x}f4a1RGBColor|0,x,0])|,{i,dataGFPGFP}|
Table|ListDensityPlot[i,ColorFunction—

({x}f4a1RGBColor|x,0,0])|,{i,datamChGFP}|

B.3.6 Identifying cells for quantification

Mathematica Script
Cells defined by GFP channel Mathematica Script select = ;
datamChmCh = datamChmCh|[select]|;
boudaryPositionmChmCh = boudaryPositionmChmCh|[select]|;
dataGFPmCh = dataGFPmCh|[select]];
boudaryPositionGFPmCh = boudaryPositionGFPmCh|[select]|;
Cells defined by GFP channel
select = ;
dataGFPGFP = dataGFPGFP|[select]];
boudaryPositionGFPGFP = boudaryPosition GFPGFP]|[select]];
datamChGFP = datamChGFP|[select]];
boudaryPositionmChGFP = boudaryPositionmChGFP|[select]|;
Final Images used for Quantification Mathematica Script
Table|ListDensityPlot[i, ColorFunction -> Function[x, RGBColor[x, 0, 0]]], i,
Join[datamChmCh, datamChGFP]]
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Table[ListDensityPlot|i, ColorFunction -> Function[x, RGBColor|0, x, 0]]], i,
Join|dataGFPmCh, dataGFPGFP||

B.3.7 Calculating PIPs;-Index

Mathematica Script
meanListmChmCh = Table|Meanli|, i, datamChmCh|[;; , 2 ;;]||;
meanListGFPmCh = Table[Meanli], i, dataGFPmCh2[[;; , 2 3;]]];
meanListGFPGFP = Table[Meanli], i, dataGFPGFP|[;; , 2 ;]|l;
meanListmChGFP = Table[Meanli], i, datamChGFP2[[;; , 2 ;;]]];
(meanListGFP=Join[meanList GFPmCh,meanList GFPGFP|;)
(meanListmCh=Join|meanListmChmCh,meanListmChGFP];)
(expNumber=Length|meanListmCh];)

Table[Show [ListPlot[{meanList GFP[[]], meanListmCh[[7]]},

boudaryPosition[[i]] 0
PlotStyle— {Green, Red}], ListLinePlot ,

boudaryPosition[[i]] 4095
PlotStyle— Blue, {4, expNumber}

meanListmCh[[4,1;;[[4]]]]
meanListGFP[[4,1;;[[4]]]]’

ratios:Table[

{i,1,Length[meanListGFP]};

{} Table[Show [{ListPlot[ratios[[i]]],
boudaryPosition[[i]] 0

ListLinePlot ,
boudaryPosition[[i]] 4095

boudaryPosition[[:]]-10 0
PlotStyle— Pink, ListLinePlot ,
boudaryPosition[[i]] - 10 4095

PlotStyle— Green, {i, expNumber}
finalRatio(datax ,boundaryData ):=

If[datax[[boundaryData — 2]] > datax[[boundaryData — 10]],

max(datax[[boundaryData—10;;boundaryData]
min(datax[[boundaryData—10;;boundaryData|
min(datax[[boundaryData—10;;boundaryData]
max(datax[[boundaryData—10;;boundaryData]
boudaryPosition][i]]),{i,1,Length|ratios|}|)

1)
D
D
D
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