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Abstract

The term "cellular stress" covers various environmental and metabolic events that
threaten cell survival. In response, eukaryotic cells can adapt their metabolism to acute
changes in their surrounding environment to maintain cellular homeostasis and ensure
survival. The cell is an enclosed system with macromolecules and functional
compartments diffusing in a liquid-like environment, the cytoplasm. The position in time
and space of these elements influences every aspect of cell biology, from molecular
interactions and enzymatic activities to the process of cell division itself.

Cellular stress episodes can interfere with the timing of these physiological processes:
perturbations modify the cytoplasm volume and composition (e.g., accumulation of
damaged proteins), including changes of intracellular physical properties such as
macromolecular crowding influencing diffusion and spatio-temporal dynamics of the
whole system. Consequently, cellular stress dynamics have been of strong interest to

physicists and biologists.

In continuity with previous research in the field, this project aimed to explore these
aspects of cellular physiology and gain new insight into cellular stress responses and
crowding dynamics in the budding yeast Saccharomyces cerevisiae, a eukaryotic model
sensitive to environmental stresses. This thesis sets out to investigate the influence of
hyperosmotic shock, glucose availability, and cell growth on macromolecular crowding.
| present a methodology developed to identify local regions of crowding in yeast cells
using a previously generated Forster Resonance Energy Transfer Technology (FRET)
crowding biosensor called CrGE. | describe experimental and analysis procedures to
guantify crowding at subcellular levels and have developed new strains controlling the
expression of fluorescently tagged cytoplasmic aggregates. To identify fluorescent
clusters on cellular models, single molecule characterisations for stoichiometry and
diffusion tracks in vivo were performed using bespoke Slimfield microscopy. Cellular
sub-compartments were visualised and tracked over time using confocal microscopy,

giving insight into polarised inheritance events in the budding yeast.
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Thesis structure

This thesis contains seven chapters.

Chapter 1: Introduces relevant background information and contextualises the research.
This includes an initial focus on fluorescence and fluorescence microscopy, followed by
definitions of cellular stress in eukaryotic cells, including the budding yeast model used
in this work.

Chapter 2: Presents detailed methods used and developed to address each aspect of the
research project.

Chapter 3: Presents results related to macromolecular crowding quantified during
osmotic stress using a FRET crowding sensor expressed in yeast.

Chapter 4: Presents results for localised subcellular crowding in yeast at the single cell
and single molecule resolution.

Chapter 5: Presents results from an investigation of cellular stress using an optimised
aggregation reporter in the budding yeast.

Chapter 6: Presents extra work and experiment trials relevant to my PhD journey and
not included in previous chapters.

Chapter 7: Discuss my work in the broader context of the field, with reflections and

perspective on the project, and mention of possible future directions.

Appendix: Includes extra information and figures, such as code used and bibliography

referencing all cited work in the thesis.
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Chapter 1. Introduction and literature review

1. Fluorescence and microscopy

1.1. Fluorescence for biological research

1.1.1. Brief history and definition

In 1845, Sir Frederik William Herschel discovered fluorescence by observing a
transparent quinine solution exposed to the sunlight and noticing its consequent bright
blue colour reflection (Herschel, 1845). Later, in 1852, the British scientist George
Gabriel Stokes further described this phenomenon in his article called “On the change
of refrangibility of light” (Stokes, 1852). He reported his simple experiment performed
with a tube containing a solution of quinine. The tube exposed to the different visible
parts of the light spectrum emits a blue light when specifically exposed to UV light rays
(Lakowicz, 2006; Stokes, 1852) Figure 1-1.

Quinine sulphate fluorescence : Stokes expriment | Sir George Gal:iiiel_ Stokes
U

. solution

Light quinine

Prism | Blle
Fluorescence
u.v

Figure 1-1: Fluorescence discovery, Stokes experiment

Left: Schematic representation of the Stokes experiment demonstrating blue
fluorescence for a solution of quinine after UV light excitation. Right: Portrait of George

Gabriel Stokes (Altenbach, 2020).
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Since then, the term "fluorescence" has defined the ability of a specific molecule or
fluorophore to emit light upon excitation by a specific range of light rays, or
wavelengths, from the visible spectrum (Malley, 1994). Fluorescence is commonly
described as a “fast” photoluminescence process (Demas & Demas, 2003) with an
emission rate of around 108 seconds (Lakowicz, 2006) as opposed to phosphorescence
with an average longer emission rate of about 10® to 100 seconds, certain
phosphorescent material can display an afterglow for hours (Atkins & De Paula, 2014;

Dreier, 2017).

This “near-instant” emission after excitation for fluorescence has naturally led to the
selection of fluorescent probes and proteins as tools to observe real-time events and
dynamics in the field of biology, and by using fluorescence microscopes (Jennison &

Morgan, 1950).

1.1.2. Fluorophores and electronic states

The French physicist Francis Perrin in 1929 established fluorescence emission occurs
after direct relaxation from the excited state to the ground state (Perrin, 1929), a distinct
process from phosphorescence occurring after transition through an intermediate state

(Perrin, 1929; Siraj et al., 2016; Valeur & Berberan-Santos, 2011).

In 1933, the Perrin-Jablonski or Jabloniski diagram named after the Polish physicist
Aleksander Jablonski (Jablonski, 1933) regrouped in a simplified and schematic way the
different electronic paths of emission and relaxation for an excited molecule. It
describes at a molecular and atomistic level the fluorescence path and alternative paths

such as non-radiative relaxation like quenching and vibrational relaxation (Figure 1-2).

Upon energy absorption or excitation (black arrows in Figure 1-2), the molecule's
electronic state transforms very rapidly from the ground state (So) into an excited state
(Sn) and at specific vibrational levels (v=n) depending on the absorbed photon energy
level. Electronically excited states are intrinsically unstable, to allow a return to the
stable So ground state, electrons go through the relaxation process to dissipate the
excess energy. This step can follow several paths, either radiative such as fluorescence

or non-radiative like for quenching.
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Fluorescence (Figure 1-2: green arrows) occurs when radiation is emitted from the first
excited singlet state Sy, intrinsically unstable to dissipate the exceeding energy and allow
the molecule to return to the ground state (So), the sable state observed prior excitation
(Albrecht, 2008; Masters, 2008).

In contrast, phosphorescence defines radiation emitted from the triplet state T1 reached
beforehand via intersystem crossing from S1 (Siraj et al., 2016). As shown in Figure 1-2,
there is therefore an extra step compared to fluorescence, this step involves a change
in spin multiplicity between triplet (T) and singlet state (S), the two processes are
therefore different by the electronic configuration of their excited state (Andrews &
Lipson, 2021; Siraj et al., 2016; Valeur, 2011).

Finally, non-radiative relaxation occurs following an S1 — Sp transition similarly to the one
observed for fluorescence, only without light emission. Quenching is also a non-radiative
process and occurs from the triplet state T1 following a necessary first step transition
from a single state to a triple state also called the intersystem crossing (Valeur, 2001).

See Figure 1-2.
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The Jablonski energy diagram
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Figure 1-2: The Jablonski diagram

Simplified schematic representation of the electronic states of a molecule and the
transitional path available following energy absorption event. Timescales of transition

between states are indicated in seconds.
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1.1.3. The spectrum of light and Stokes shift

When fluorescence occurs, the energy level of photons absorbed by the fluorophore is
of higher energy than the ones emitted as the molecule returns to the ground state So.
On the visible spectrum of light (Figure 1-3.A), a shift is typically observed between
excitation spectra of lower wavelength and emission spectra with a maximum at a
higher wavelength (Jennison & Morgan, 1950) (Figure 1-3.B).

The Stokes shift, named after G.G Stokes who first observed it, is a critical notion behind
the development of modern fluorescence microscopy. Indeed, techniques were
developed to detect and filter signals between the emitted light and the excitation beam

establishing fluorescence efficiency (Jennison & Morgan, 1950; Renz, 2013; Rusk, 2009).

Fluorescence efficiency measured by the quantum yield @ representing the ratio

Photon emitted

between the numbers of emitted and absorbed photons, ® = ———— . As the
Photon absorbed

fluorophore’s nature defines its absorption profile on the electromagnetic spectrum of
light, this value helps also define an optimal pic of excitation to maximise signal
emission, away from potential spectral overlap for example.

The relation between wavelength and energy follows Einstein’s light quantum theory
and the wave-particle duality of light (Einstein & Infeld, 1938). The energy of a photon
is directly proportional to the photon's electromagnetic frequency and by extent

inversely proportional to the wavelength, also represented by the Stokes-Einstein
equation (Einstein, 1905) E = hf = % where E is energy (J), h is Planck's constant, f is
frequency (Hz), c is the speed of light and A is the photon's wavelength (in metres).

Consequently, the flow of photons absorbed is of higher energy therefore of lower
wavelength and the ones emitted are of lower energy thus higher wavelength (Figure

1-3.0).
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Figure 1-3: The electromagnetic spectrum of light and Stokes shift

A: Schematic representation of the spectrum of light, the visible light is defined between
380 nm and 750 nm, below that range is found UV (10-380 nm), X-rays (<10 nm) and
gamma rays (< 102 nm) and above is infrared up to 10° nm and radio-wave (> 10° nm).
B: Schematic presenting Stokes shift between spectral excitation and absorption of a
fluorescence molecule with typically the maximum of excitation/absorption lambda max
of lower wavelength than the emission one. C: Schematic representation of the anti-

proportional relation between energy and wavelength. The higher the wavelength, the

lower the photon’s energy.
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1.2. Fluorescence microscopy in vivo

1.2.1. Improving image contrast

Cellular systems are challenging to study with regular brightfield microscopy, they
appear transparent with very low details on subcellular structures (Thorn, 2016). Most
cells display a low refractive index close to the one of water due to their high water
content, around 70% of the total mass, the most abundant molecule in a cell (Cooper &
Hausman, 2000; Mentré, 2012). This low refractive index can additionally generate
scatter interferences with the incident light affecting the level of details and resolution
observed in the resulting image (Wollman et al., 2015). Optical contrast improvements
were achieved through progress on both microscopic techniques and sample

preparations.

Differential interference contrast microscopy (DIC) is an example of such a technological
improvement to observe cells by microscopy and is widely used in biology as it provides
stronger contrast to define cellular boundaries, even of intracellular features including
certain organelles (Frohlich, 2008). For DIC only polarised light illuminates the sample
via a two-prism system called the Nomarski prism, through the first prism two beams
orthogonally polarized are generated, separated by a sub-wavelength distance also
called the shear distance (Wang & Fang, 2012). This configuration generates two
brightfield images behind the objective, these intermediates images are shifted back by
the second prism and overlayed to generate the final DIC image with a characteristic
dark-light emphasis on edges (Wang & Fang, 2012).

Secondly, on sample preparation, fluorescence dyes and biocompatible proteins greatly
increase contrast and pushed down to the subcellular level detail for observation of the
structure and even molecules. Indeed, biocompatible dyes were found or developed to
target specific cellular structures such as DAPI binding specifically the DNA in the nucleus
in eukaryotic cells (Kapuscinski, 1995), others bind the membrane (Lichius & Zeilinger,
2019), the vacuole (Vida & Emr, 1995), mitochondria (Wang et al.,, 2019) and other
various living compartments (Wang et al., 2019). Commonly used fluorescent dyes offer

the strong advantage to identify structure but protocols for sample preparation required
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multiples steps including incubation times or washing steps, increasing the margin for
experimental errors; they also need to be carefully chosen for bio-experiment
compatibility with particular attention on the lifetime but also cytotoxicity and

interference with cellular physiology.

Advances in genetic manipulation (e.g., the CRISPR-Cas9) and the discovery of
fluorescent proteins have allowed the development of new technologies applied to
biological systems. Cloning techniques allow the expression in cells of fluorescent
proteins, fully biocompatible and generally tagged to endogenous proteins to constitute
molecular probes, emitting a trackable and quantifiable signal. Indeed, synthetic
fluorescent sensors were developed to access more quantitative information with
dynamic characterisation for a new range of physical parameters, such as pH (Chen et
al., 2020), crowding (Liu et al., 2018; Miyagi et al., 2021), macromolecular co-localisation
and interaction (Wang et al., 2012), intracellular glucose level (Otten et al., 2019; Veetil

et al.,, 2010).

The fluorescent protein GFP first extracted from the jellyfish Aequorea Victoria is
historically the first isolated fluorescent protein (Shimomura, 1979) and s
still extensively used. The protein forms a cylinder barrel-like structure composed of
eleven B-strands and three amino acids held in its centre (Serine, dehydro-Tyrosine and
Glycine) forming the chromophore responsible for its fluorescence. (See Figure 1-4). GFP
can emit photons in the green spectrum when excited at around 400 nm (maximum pick
of excitation ~488 nm) (Ormo et al., 1996; Shashkova & Leake, 2017). Since its discovery
many versions of the protein were developed, to either create new fluorescent colours
or to enhance physical properties for better detection (see Table 1-1). For example, the
Cherry protein was isolated in the Discosoma, a type of Sea anemone and found emitting
naturally in the red (Bevis & Glick, 2002), but also NeonGreen derived from a
cephalochordate Branchiostoma lanceolatum (Shaner et al., 2013) and the synthetic
Scarlet (Bindels et al., 2017) with both quantum yields higher than classical fluorophores
such as GFP and mCherry (Bindels et al., 2017; Shaner et al., 2013). Monomeric versions
of these proteins have also been developed to increase tracking reliability and reduce

the small tendency for dimerization of these proteins when in close proximity. In
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o, n

consequence, enhanced and monomeric versions are preceded by an indicative “e” or
“m” in nomenclatures and are progressively becoming the new standard probes used in
the field.

However, using fluorescent proteins in vivo still represents a challenge mainly due to
their weak physical properties. Their photo-physics is generally poor with quick
irreversible photobleaching after emission (around 10° photons) (Plank et al., 2009).
Techniques of illumination and acquisition are critical and so are limiting yet in constant
development for improvement to mitigate photo-physical limitations (Plank et al.,
2009).

A. B.

400nm 0 480nm o)

HO

Figure 1-4: 3D structure of a GFP molecule

Three-dimensional structure of GFP fluorescent protein isolated from the jellyfish
Aequorea victoria. A: typical barrel structure (beta-sheet) with chromophore visible in
the middle of the structure. B: Top-down display of the GFP, highlighting the barrel
shape of the protein and the presence of the chromophore at its centre (red box).
Images were obtained using UCSF Chimera 3D visualisation software (Pettersen et al.,

2004) and the X-ray crystallography resolved structure from the pdb data bank PDBcode:
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2AWK (Wood et al., 2005). C: Chemical representation of GFP mature chromophore
responsible for green fluorescence. This chromophore can exist in two states, neutral

absorbing at 400 nm or ionic form (anionic) absorbing at 480 nm (Jung et al., 2005).

Name ExA | EImA | QY MW | Colour Origin

SFGFP 485 | 510 0.65 | 26.8 Green | Aequorea Victoria
(Pédelacq et al., 2006)

EGFP o
(Cormack et al., 1996) 488 507 0.6 26.9 Green | Aequorea Victoria
mNeonGreen

(Shaner et al., 2013) 506 | 517 0.08 | 26.6 Green | B.lanceolatum
mCherry 587 | 610 0.22 | 26.7 Red Discosoma sp.
(Shaner et al., 2004)

mScarlet-| )

(Bindels et al., 2017) 569 | 593 0.54 | 26.4 Red Synthetic construct
EYFP 513 | 527 0.67 | 27.0 Yellow | Aequorea Victoria
(Ormo et al., 1996)

mCitrine

(Zacharias et al., 516 | 529 0.74 | 27.1 Yellow | Aequorea Victoria
2002)

CFP o
(Heim et al., 1994) 434 | 477 0.4 26.9 Cyan Aequorea Victoria
mCerulean3

(Markwardt et al., 433 | 475 |0.87 | 26.7 Cyan | Aequorea Victoria
2011)

Table 1-1: Key fluorophores and optical properties

Information extracted from the fluorophores from the online accessible fpbase
(fpbase.org): In order, ExA and EmA in nanometres, respectively the wavelength for the
maximum of excitation and the one for emission. QY is the quantum yield, the ratio
between photons emitted and photons absorbed. The molecular weight in kDa for each

protein, the emitting fluorescent colour and source (organism of origin).

Newly synthesised polypeptides including fluorophores, go through a maturation
process to acquire their functional 3D structure. Typically, GFP maturation time is 13
minutes (25 minutes for EGFP and under 10 minutes for super-folder GFP). As proteins

mature, their optical properties, such as the quantum yield, can be altered (Khmelinskii
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et al., 2012; Shashkova et al., 2018). The pH of the environment can also alter the optical
properties of fluorescent proteins. EGFP and mEGFP have a pKa of 6 and display
relatively stable fluorescence in environments with a pH between 6 and 10. However,
the fluorescence measured decreases in an environment with a pH below 6 and
increases at a pH above 10-12 (Edwards et al., 1981; Patterson et al., 1997). Acidic
environments can therefore quench GFP fluorescence. This is due to the protonation of

the molecule in a pH condition below its pKa.

Using different GFP variants with different pH, GFP pH-sensitive biosensors have been
developed to quantify pH changes and identify alkaline or acidic environments (Han &

Burgess, 2010; Kneen et al., 1998; Llopis et al., 1998).

For example, pHluorin derived from the Aequorea victoria GFP has become very popular
as an enhanced ratiometric pH sensor (Mahon, 2011; Miesenbo6ck et al., 1998). The
sensor excitation spectrum is bimodal, with two peaks at 395 and 475 nm. Upon
acidification, the excitation peak at 395 nm decreases while the other one at 475 nm
increases (Miesenbock et al., 1998). This ratiometric pH-sensitivity facilitates the
monitoring of any cellular pathways between compartments with different pH (from
neutral to acidic), such as vesicular trafficking (Chen et al., 2012; Opazo et al., 2010) and
endocytose pathways (Prosser et al., 2010; Prosser et al., 2016; Sankaranarayanan et al.,
2000). More generally, various mutants were developed exploiting fluorophores’ pH
sensitivity with pKa ranging from 3.8 such as the acid-resistant Gamillus (Shinoda et al.,

2018) to higher pKa such as the YFP-H148G/T203Y with a pKa of 8 (Elsliger et al., 1999).
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1.2.2. Fluorescence microscopy in vivo

Concomitant with the development of fluorescence tools, fluorescence microscopy
techniques greatly progressed, and nowadays they offer a range of imaging set-ups
designed to observe and measure biological dynamics. This technology was developed
in the twentieth century by German physicists Otto Heimstadt and Heinrich Lehmann
(Lakowicz, 2006; Schermelleh et al., 2019), and in 1967, dichroic mirrors were
introduced to the microscopic set-up, greatly improving the noise ratio contrast.
Dichroic mirrors can indeed discriminate between wavelengths of light; a select
wavelength will pass through the mirror, while another will be blocked and reflected.
Since fluorescence microscopes were built using this same standard design (Sanderson,
2000; Wollman et al., 2015) (see

Figure 1-5). Several illumination modes were developed each offering distinct
advantages. (Figure 1-6).

In epifluorescence microscopy (Verdaasdonk et al., 2014a; Webb & Brown, 2012) the
light collected is from most of the sample, including the out-of-focus region, with the
signal from the whole cell collected (Figure 1-6.A).

In contrast, Total Internal Reflection Fluorescence (TIRF) microscopy (Fish, 2009)
illuminates the sample with a small evanescent wave (~ 100 nm in depth) generated by
the angle of incidence (critical angle) for total reflection on the microscope coverslip.
Generally, only the surface of biological material is illuminated, with the rest of the
sample out of the focus region (not excited), reducing signal contamination from the
rest of the sample and therefore greatly improving the details observed in the narrow
volume at the contact of the coverslip (Figure 1-6.B).

Highly Inclined and Laminated Optical sheet (HILO) microscopy (Tokunaga et al., 2008)
occurs when the angle of incidence gives an inclined illumination covering only partially
the sample at a sharp angle. The signal-to-noise ratio is slightly lower than observed with
TIRF microscopy, still conferring increased image contrast with lower background noise

compared to epifluorescence (Figure 1-6.C).
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Confocal microscopy (Elliott, 2020; Minsky, 1961) allows precise sectioning of the
sample, excluding the out-of-focused region from the light collected. The microscope is
equipped with two pinholes, one is positioned right after the light source reducing the
illumination to only a small portion of the sample, and a second pinhole is placed just
before the detector to only collect in-focus light (Figure 1-6.D). The set-up drastically
reduces noise in the image acquired, allowing for in-depth imaging of the sample with
multiple sectioning through its volume, allowing for three-dimensional reconstruction
for example. This technique is used extensively in cell biology to resolve the cell
structure of bacteria (Tran et al., 2014), fungi (Hansen et al., 2000), and mammalian cell
lines (Milczarek et al., 2017). It was also reportedly used for clinical and medical
purposes where confocal laser scanning microscopy is used as a routine diagnostic (Liu
& Xu, 2019), for example, to examine breast tissues and pathological tissues such as

carcinomas (Liu et al., 1997).

Sample

Objective

Excitation
filter

Laser

Emission
filter

Detector
Camera

Figure 1-5: Classic wide-field fluorescence microscope

Schematic representing the classic wide-field/epifluorescence  microscope
configuration: The excitation light, after going through the excitation filter, is reflected
by the dichroic mirror, and the light is directed through the objective before reaching
the sample. In return, the emitted light is first collected by the objective lens before
selectively passing through the dichroic mirror to finally reach the emission filter and

the camera behind it for detection.
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Figure 1-6: Different modes of illumination

Schematic representation for different types of microscopy. A: epifluorescence
microscopy (Webb & Brown, 2012), B: Total Internal Reflections Microscopy (TIRF) (Fish,
2009), C: Confocal microscopy (Elliott, 2020; Minsky, 1961) and D: Highly Inclined and

Laminated Optical sheet (HILO) microscopy (Tokunaga et al., 2008).
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1.2.3. Breaking the diffraction barrier, super-resolution microscopy

As presented above, optical wide-field microscopy offers limited localisation precision.
The diffraction limit of light or the Abbe Limit (Abbe, 1873), thresholds the distance
resolution down to approximately 150 nm. This is roughly half the wavelength of the
visible light. The Abbe limit considers for the NA (Numerical Aperture) the refractive
index and was defined for microscopy; however, the diffraction limit was also defined in

a wider context by the Rayleigh criterion (Rayleigh, 1879). Under the Rayleigh criterion,

the resolution limit is defined by Ax = %whilst the abbe limit is defined by Ax = 01\']—5:

(Ax is the distance between two identified objects (from their respective intensity
localisation peak), A the wavelength for the flow of photons emitted, and NA is the

system numerical aperture.

At a subcellular level, biological molecules and fluorescent proteins are only a few
nanometres in effective length scale, much smaller than this fixed limit for resolution. In
consequence, attempts to image objects distanced below the diffraction limit result in
a blurred image with a lost position signal for both molecules (see Figure 1-7.A). In detail,
the light wave focused through the microscope objective forms a defined focal spot. The
intensity profile of this spot defines the point spread function (PSF), which generally has
a similar width to that of the focal spot. As a result, if the distance between two identical
emitting objects is less than the PSF width, they will appear as a single object and
therefore be unresolvable from each other, resulting in a blurred image (Hell &

Wichmann, 1994; Wollman et al., 2015).

Nevertheless, new techniques were recently developed to reach resolutions beyond the
diffraction limit. These recent techniques precisely exploit fluorescent probes' physical
properties to isolate their signal. Imaging set-up for temporal/sequential excitation of
selected fluorophores allows the detection of single molecules at distances beyond
those resolved by the diffraction limit (Gustafsson, 2000; Leake, 2013; Schermelleh et
al., 2019).

These super-resolution approaches are currently classified under two groups, the first
regroup techniques for super-resolution reach via patterned lllumination where the

mode of illumination and acquisition help to spatially modulate probes emission and
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limit simultaneous emission. The methods help generate a heterogeneous activation of
isolated single molecules. This includes techniques such as STimulated Emission
Depletion (STED) (Blom & Widengren, 2017), Structural Similarity Index Measure (SSIM)
(Heintzmann & Huser, 2017) or Slimfield microscopy (Plank et al., 2009) which
specifically relies on the temporal separation of fluorophores in the “ON” state only
(Plank et al., 2009; Shepherd & Leake, 2022). The second category involves imaging using
photo-activatable fluorophores; the emission pattern is generally stochastic, and it
includes photo-switching probes with the ability to enter ON/OFF states (transition to
dark-state). Similarly, a sequential detection of single molecules allows an increased
spatial localisation for molecules within the diffraction-limited region (Chozinski et al.,
2014). This includes techniques such as STORM (Stochastic Optical Reconstruction
Microscopy) (Rust et al., 2006a) or PALM microscopy (Photoactivated Localization
Microscopy) (Betzig et al., 2006).

All super-resolution techniques follow therefore a core concept, the technique must
enable a sequential and stochastic activation of fluorescent single molecules to isolate
the signal from single molecules and via reconstruction to generate an image of higher
resolution bypassing the diffraction limit. Indeed, images are post-processed, and every
single molecule identified with its local precision position is obtained via intensity

Gaussian fit before reconstitution of the super-resolution image. See Figure 1-7.B.
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Figure 1-7: Diffraction barrier and single molecule
A: Diffraction limit and spatial resolution between two objects. B: Core principle for
single-molecule localisation in super-resolution microscopy, spatial localisation via

Gaussian fit and image reconstruction from an acquired stack of sequentially activated

fluorophores.
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Technique | Short Description Spatial Resolution
Wide-field | The classic fluorescence microscopy, the entire Diffraction limited
(EPI) object is exposed to light (Verdaasdonk et al., ~ 200 nm.
2014b). Applies also to the
other illumination
type, TIRF & HILO
Confocal Confined volume excited, via two pinholes optical | Diffraction limited
set-up (Elliott, 2020; Minsky, 1961). ~200 nm
STORM Image reconstructed from stochastic switch bright | ~¥9 nm
state to dark state and vice versa of the
illuminated pool of spatially distinct fluorophores
(usually organic dyes) (Rust et al., 2006b).
PALM Stochastic activation for a pool of fluorophores 20 nm
with usually photo-switchable and convertible
fluorescent proteins followed by localization
detection for the reconstruction of the image
(Betzig et al., 2006).
SLIMFIELD | Optics similar to epi-fluorescence set-up, imaging | 20 to 30 nm
on a small focal plan with high laser power
excitation, allowing to reveal single molecules via
stack acquisition for detection and tracking of
single molecules (Plank et al., 2009).

Table 1-2: Different types of microscopy

Table detailing a brief description of key microscopy techniques.
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2. Cellular stress in eukaryotes

2.1. Adaptation to cellular stress and homeostasis

2.1.1. Highly conserved stress responses

Cellular stress responses define the set of defence mechanisms to maintain cell integrity
facing environmental or intracellular stress stimuli. These processes are essential for
survival and therefore highly conserved throughout evolution (Fulda et al., 2010).
Various types of stresses exist and accordingly, various stress responses can be
triggered, depending on the nature (e.g., temperature, nutrient availability, mechanical
stress), the intensity or the exposure of the stress endured (Fulda et al., 2010). Thermal
stress, or heat shock, specifically destabilises protein folding activities and protein
structures. In general, the cell reacts by producing heat shock proteins promoting
protein folding, such as the HSP70 (Park et al., 2007; Vabulas et al., 2010). Another
example is the photolyase, produced in response to DNA damage resulting from UV light
exposure, this enzyme can recognise and repair UV light-specific DNA damages such as
cyclobutane pyrimidine dimers compromising DNA and RNA polymerases activities
(Cadet et al., 2005; Jackson & Bartek, 2009). The enzyme, conserved, has orthologues
found in bacteria (Aravind et al.,, 1999), fungi (Suter et al., 2000), and complex
eukaryotes such as plants (Singh et al., 2020) and mammalian cells (Vechtomova et al.,
2021). Moreover, defence mechanisms counter-balance the harmful effects of stress
and trigger various metabolic changes, generally for cell size (Kiehl et al., 2011), shape
(Nestor-Bergmann et al.,, 2019) and related intracytoplasmic organisation including
protein and organelle localisation (Marini et al., 2020). These morphological changes can
influence molecular interactions, diffusion, gene expression, affecting the whole

physiology and metabolism of cells.

38



2.1.2. Cellular fate, monitoring homeostasis.

Cellular survival is characterised by cellular growth powered by cell division. During a
stress event, energetic resources are directed to palliated stress detrimental effects at
the expense of cell division and growth until full recovery. If recovery metabolic
strategies cannot reach a new metabolic equilibrium or homeostasis and assure a return
to cellular growth activities, then generally cell death programs are activated (e.g.,
apoptosis or necrosis) (Spear & Ng, 2003). Cellular survival is therefore dependent on
homeostasis and the establishment of viable conditions for cell division. Monitoring
homeostasis is therefore key to the cell fate and growth/death “decision-making”

following a stress event. See Figure 1-8.
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Figure 1-8: Cellular stress and cellular fate

Schematic representing various metabolic activities related to cellular stress and

cellular fate consequences.

Cellular homeostasis is a complex metabolic state, dynamic and multi-factor
regulated (Asarian et al.,, 2012). This equilibrium is dynamic and influenced by
environmental changes, but also internal changes associated with key metabolic activity

(e.g., growth or ageing). Interestingly ageing can be approached as a source of cellular
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stress, indeed, as the cell ages metabolic by-products accumulate, which are often
cytotoxic if not eliminated. Such as the accumulation of reactive oxygen species (ROS)
(Liochev, 2013; Perrone et al., 2008) or of extrachromosomal rDNA circles (ERCs)
(Lumpkin et al., 1985; Sinclair & Guarente, 1997).

Stress episodes induce a drastic shift from this ideal equilibrium, and recovery
relies on feedback loops to buffer the effect and restore the state of balance. Classically
a stimulus gets sensed by molecular captors or sensors inducing a specific response via
subsequent signalling cascades. The HOG (High Osmolarity Glycerol) pathway for
adaptation to hyperosmotic shock is for example a MAP-kinase (Mitogen-activated
protein kinases) signalling system initiated by sensors localised at the plasma membrane
(Hohmann, 2009; Mager & Siderius, 2002).

Homeostasis includes temperature control and glucose regulation critical for
survival across living cells and organisms. pH is another important parameter strongly
regulated to assure protein enzymatic activities in the cytoplasm or organelles
(Takahashi & Schachtele, 1990), proteins interactions (Dumetz et al., 2008) and even
structures (O’Brien et al., 2012). Precise control of the level of protons relies on the
coordination between primary proton pumps at the plasma membrane and various
endoplasmic proton exchangers, furthermore, metabolites in the cells also contribute
and act as a buffer to maintain intracellular pH stability (Orij et al., 2012; Pittman, 2012)
(Figure 1-9).
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Figure 1-9: Homeostasis feedback loop

Simplified schematic showing the feedback loop principle, applied to monitor and

maintain cellular homeostasis.

2.2. Macromolecular crowding

2.2.1. Crowding definition

The section defining molecular crowding was extracted and adapted from published
work:

Lecinski, S., Shepherd, J. W., Frame, L., Hayton, |., MacDonald, C., & Leake, M. C. (2021).
Investigating molecular crowding during cell division and hyperosmotic stress in budding

yeast with FRET. In Current Topics in Membranes (Vol. 88, pp. 75—118). Academic Press.

The term “molecular crowding” describes the range of molecular confinement-induced

effects (e.g., mobility, soft attractions, and repulsion forces) observed in a closed system
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of concentrated molecules. Cells are highly crowded membrane-bound environments
containing a range of biomolecular species including proteins, polysaccharides and
nucleic acids. Typically, these molecules occupy a huge volume of the cell (up to 40%),
equivalent to a concentration of up to 400 mg/ml (Fulton, 1982; Zimmerman & Trach,
1991). Two terms can be encountered in the literature: “macromolecular
crowding” referring to the dynamic effects of volume exclusion encountered between
two molecules and “macromolecular confinement” referring to the same effect caused
by the static shape and size of the system (Sanfelice et al., 2013; Zhang et al., 2019; Zhou
et al.,, 2008). Both describe a typical free-space limitation occurring in a highly
concentrated environment of molecules which leads to non-specific interactions
between macromolecules in close proximity (Sarkar et al., 2013). Excluded volume
theory is a key concept to understanding macromolecular crowding and what
macromolecular crowding can do to proteins (Garner & Burg, 1994; Kuznetsova et al.,
2014). By their presence, molecules exclude access to the solvent/surface of other
molecules. This imposed volume restriction where exclusion is dependent on the
molecule’s size and shape (Figure 1-10). As a result, if each molecule excludes a certain
volume from every other, and the mobility of each is also reduced —a molecule can only
diffuse into an available volume, which effectively slows the time scale of the overall
diffusive process. Note also that the overall effect of the multiple biomolecular species
in vivo is referred to exclusively as crowding with the term “concentration” used
generally for individual protein species, which may be at a low concentration in an
overall high crowding environment or vice versa (Ellis, 2007; Minton, 2006).
Interestingly, in theory, the excluded volume of two monomers do not overlap, but if
molecules can biochemically interact to form a stable new entity, this new molecule will
now have its own excluded volume changing the solvent availability for other proteins
(André & Spruijt, 2020; Minton, 2001; Poland, 1992) - see Figure 1-10). These dynamic
effects have raised new interest in the context of protein aggregation (Jing et al., 2020),
intracellular organisation (Lowe et al., 2020), and membrane-less compartments in the
cytoplasm, for example, the formation of liquid-liquid phase separation in the cytoplasm

(Franzmann et al., 2018; Jin et al., 2021; Park et al., 2020).
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Figure 1-10: Excluded volume effect

“Illustration of the concept of excluded volume, solvent availability, and molecular
crowding for molecules in a confined environment. In pink the excluded volume for each
molecule in the system, therefore, limiting mobility and solvent accessibility for the
molecules introduced (dark blue molecules on top). The third panel shows how protein
oligomerization may modify solvent availability for another molecule and the last panel
shows the different excluded volume observed in the system for a molecule introduced
of a smaller size, excluded volume is dependent on its shape and size.” (Lecinski et al.,

2021).

2.2.2. The influence of macromolecular crowding on proteins

Macromolecular crowding can influence the diffusion of molecules and proteins. The
diffusion of a molecule is dependent on the molecule’s intrinsic parameters, such as its
size (Sharp, 2015), and the hydrodynamic radius of the particle (Skéra et al., 2021), but
also on parameters related to its surrounding environment, like the temperature (Sidell

& Hazel, 1987) and viscosity (Luby-Phelps, 2013). This is described in the Stoke-Einstein

b

. . . KT . .
equation (Einstein, 1905), D :Fnr where, kg is the Boltzmann constant, T is the

temperature, n is the dynamic viscosity and r is the radius of the particle. By influencing
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these factors macromolecular crowding directly affects the mobility of molecules (Dix &
Verkman, 2008). These effects have a direct impact on the thermodynamic and kinetic
aspects of molecular processes and biochemical reactions occurring in the cell (Hu et al.,

2007; Zhou, 2013; Zimmerman & Trach, 1991).

Notably, crowding has been shown to promote oligomerization (Zhou, 2013) and
aggregation, with the formation of insoluble structures. It also influences protein folding
(Jing et al., 2020; Phillip & Schreiber, 2013) and the kinetics of physical protein-protein
and protein-nuclei interactions (Nguemaha et al., 2019; Phillip & Schreiber, 2013; Stagg
et al., 2007). Macromolecular crowding plays a role in diverse biological processes
including protein conformational changes (Dong et al.,, 2010), signalling cascades
(Rohwer et al., 1998) and intracellular transport (Nettesheim et al., 2020). Recent NMR
(Nuclear Magnetic Resonance) studies have for example highlighted the bovine serum
albumin as a crowder can form weak interactions with the histidine carrier (HPr) protein
at their binding site decreases the EIN(phosphotransferase Enzyme |)-HPr complex

binding affinity and/or accelerating its dissociation (Dong et al., 2022).

In vitro and in silico studies brought further insight into atomic scale dynamics regarding
interaction and forces at play between crowders and molecules. Studies using ficoll as
an inert crowder have established size dependency: as crowding increases in the
environment, small and large molecules diffusion decreases (Sharp, 2015) however
smaller crowders generally tend to increase protein stability (Sharp, 2015; Zhou, 2013).
The pool of molecules accumulated in the intracellular environment has a variety of
shapes and sizes and chemical properties resulting in attractive and repulsive forces
between molecules. In vivo, crowders are therefore more complex entities with intrinsic
properties which may affect surrounded molecules (Fiorini et al., 2015; Rivas & Minton,
2016). The composition of the cytoplasm, the nature of crowders and the nature of
proteins all play a role in the crowding effect observed, impacting macromolecules
behaviour and rearrangement (Rivas et al., 2004).

These include weak intersections (nonspecific chemical interactions and steric
repulsion), which are therefore also involved in the crowding dynamic and contribute to
the decrease of diffusion typically observe in a crowded environment (Kénig et al., 2021;

Rivas & Minton, 2016). These features have been described as a characteristic
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consequence of crowding (Garner & Burg, 1994). Soft interactions are induced by the
chemical properties of the molecule and affect the enthalpy and the entropy with non-
covalent interactions (Cerny & Hobza, 2007), including electrostatic forces or inter-
molecule hydrogen bonds and weak interactions such as van der Waals and hydrophobic

interactions (Cerny & Hobza, 2007; Cheung & Thirumalai, 2007; Takahashi, 1997).

These interactions can either promote or counteract the effect of excluded volume
(Miklos et al., 2010; Rusinga & Weis, 2017; Sarkar et al., 2013). There are therefore two
major components of crowding, first the occurrence of hard interactions or excluded
volume effects and second the chemical effects or soft/weak interactions (Sarkar et al.,

2013).

2.2.3. Osmotic stress and crowding

Section adapted from published work:

Lecinski, S., Shepherd, J. W., Frame, L., Hayton, I., MacDonald, C., & Leake, M. C. (2021).
Investigating molecular crowding during cell division and hyperosmotic stress in budding

yeast with FRET. In Current Topics in Membranes (Vol. 88, pp. 75—-118). Academic Press.

Upon osmotic stress, when cells are exposed to a high ionic strength environment, the
cell volume suddenly reduces because of the osmotic pressure generated, which triggers
a diffusion-driven water exchange from the cell cytosol to the external environment.
This drastic volume reduction spatially confines the pool of macromolecules inside the
cells and directly increases molecular crowding. In response, cells activate biochemical
pathways such as that involving the protein Hogl to produce a gain in volume via
internal pressure generation (Tamas et al., 2000). This occurs notably via the production
of glycerol (Hohmann, 2002) and the regulation of transporters at the plasma membrane
such as aquaporins to control the glycerol/water ratio (Hohmann, 2015a; Saito & Posas,
2012). In eukaryotic cells, osmostress and osmoregulation have been extensively
studied using yeast as a model (Babazadeh et al., 2017; Gibson et al., 2007; Hsu et al.,
2015; Ozcan & Johnston, 1999) a unicellular organism particularly susceptible to osmotic

shock (Figure 1-11). Physical changes and responses induced by osmotic stress are,
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therefore, directly connected
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Figure 1-11: Osmotic shock in yeast

“Schematic osmotic shock response in yeast. Under hyperosmotic stress, cell size

drastically reduces as water flows out of the cells, resulting in an increased crowding

effect in the cytoplasm and the activating osmoregulation Hogl pathways, the

subsequent production of glycerol in the cytoplasm pressure back the cell to recover its

initial size. On the contrary during hypo-tonic osmotic stress water flows in and the cell

volume increases, less glycerol is produced and transporters such as aquaporin are

upregulated to allow water to flow in and help the cell recover its original size.” (Lecinski

et al.,, 2021).
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2.3. Saccharomyces cerevisiae for cellular stress and ageing research

2.3.1. Budding yeast as a eukaryotic cellular model

Saccharomyces cerevisiae yeast is a unicellular eukaryote organism from the fungi family
subgroup (Parapouli et al., 2020). Eukaryotes are defined by their distinct intracellular
compartmentalisation (Vellai & Vida, 1999) (Figure 1-12). Inside the cell, different
structures called organelles exist and support distinct cellular functions. Among others,
the nucleus holds the genetic information (Hancock, 2014), the endoplasmic reticulum
(ER) ensures the biosynthesis of molecules (Ghaemmaghami et al., 2003), the Golgi
apparatus orchestrates post-transcriptional modifications of proteins, the vacuole
drives protein degradation (Thumm, 2000), and the mitochondria is required for energy

production via oxidative phosphorylation (Friedman & Nunnari, 2014).

This intracellular organisation is shared across the eukaryotic kingdom (animals, plants
and fungi) with many metabolic pathways conserved across these organisms (Dahiya et
al., 2020). This includes essential mechanisms such as DNA replication, and
recombination, but also transcription, translation and trafficking, even mitochondrial
respiration, and lipid metabolism (Dahiya et al., 2020; Nielsen, 2013; Petranovic et al.,
2010). As mentioned in the sections above stress responses are also strongly associated
with conserved and essential cellular metabolic functions (Lépez-Otin et al., 2013;

Petranovic et al., 2010).

Yeast is a eukaryotic organism with a simple organisation compared to eukaryotic
mammalian cells such as human cells. Yeast is indeed a unicellular organism, one cell is
the whole organism, in contrast to humans when the organism is composed of billions
of cells, organized in organs assuring critical functions and involving additional metabolic

cooperation between cells (Asarian et al., 2012).

All these criteria make S. cerevisiae an excellent candidate to understand dynamics in
eukaryotic cells (Perocchi et al., 2008; Zimmermann et al.,, 2018). And is indeed
commonly employed for biological and biomedical research. This model exhibits various
other advantages, their small size (diameter ca. 5 to 8 um) and fast cell doubling time

(~ 90 min) makes them ideal to study ageing or cellular stress processes, in comparison,
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mammalian doubling time is around 24h (Zamborszky et al., 2007). The yeast genome
has been extensively studied, it is the first organism whose genome was entirely
sequenced (Goffeau et al., 1996), an historical context that has favours diverse scientific
investigations using yeast cells and genetic manipulations for insight into its cellular

biochemistry and fundamental bio-mechanism (Dujon, 1996; Engel et al., 2014).
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Figure 1-12: Unicellular eukaryote S. cerevisiae yeast cells

A: Schematic representation of a yeast cell, cellular compartments present in the

cytoplasm, and the fluid/ semi-liquid material enclosed by the plasma membrane.

B: Brightfield image showing budding yeast and identifiable structure (5 um scale bar).

Although yeast cells are a great model to study conserved fundamental metabolic

mechanisms in eukaryotes in the context of biomedical research, the model has several
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limitations (Duina et al., 2014; Dujon, 1996; Gershon & Gershon, 2000). Yeast cells are
independent unicellular organisms and therefore cannot capture the complexity of
multicellular and inter-tissue interactions found in mammalian cells. Tissue
differentiation and tissue-specific regulation is often a key element to understanding
human disorders at the cellular level. As yeasts lack this level of cellular organisation,
aspects of their physiology do not necessarily translate to mammalian cells
(Mohammadi et al., 2015). Yeast cells are classified in the kingdom of fungi (Gilliland,
1971), as such, they possess an organelle specific to fungi, the vacuole (Thumm, 2000).
The vacuole performs catalytic functions and ensures correct cellular pH, (Eskes et al.,
2018) and osmotic and ion homeostasis (Li & Kane, 2009; Veses et al., 2008). The
presence of the vacuole in yeast was also described as a storage compartment of ions
for the cell such as zinc (Devirgiliis et al., 2004; Li & Kane, 2009; Simm et al., 2007).
Additionally, the vacuole is involved in various vesicle-mediated protein transport
pathways including endocytic traffic to and from the plasma membrane (Bryant &
Stevens, 1998; Jones et al., 1997) or ubiquitinated cargo directed to the vacuole in yeast
for degradation (MacDonald et al., 2012; Shields & Piper, 2011). The lysosome fulfils the
catalytic role in mammalian cells, and although different, some studies have labelled the
vacuole as the “yeast-lysosome” (Li & Kane, 2009; Mechler et al., 1988; Zhang et al.,
2021).

Yeast cells also possess a cell wall, an extracellular component surrounding the plasma
membrane and composed mainly of glucans, chitin, and glycoproteins (Garcia-Rubio et
al., 2020; Northcote & Horne, 1952; Smits et al., 1999). Cell walls are typical of fungi and
plant cells, but are not present in human cells (Bowman & Free, 2006). It contributes to
the cell shape and integrity of the organism during growth and cell division (Bowman &
Free, 2006; Lesage & Bussey, 2006). The size and shape of cells are different between
human and yeast cells, which will influence molecular crowding and the spatio-temporal
distribution of sub-cellular components. Yeast cells hold therefore very distinct
physiology, including metabolic response to cellular stress not shared with human cells
(Ohtsuka et al., 2022; Piekarska et al., 2010). These are key examples of how yeast cells
differ from other eukaryotic cells, and such differences should always be considered

when interpreting data or making an analogy from one cellular model to another.
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2.3.2. Cell polarity, asymmetrical cell division

Section adapted from (Lecinski et al., 2021).

Lecinski, S., Shepherd, J. W., Frame, L., Hayton, I., MacDonald, C., & Leake, M. C. (2021).
Investigating molecular crowding during cell division and hyperosmotic stress in budding

yeast with FRET. In Current Topics in Membranes (Vol. 88, pp. 75-118). Academic Press.

In Saccharomyces cerevisiae cells (also called budding yeast), mitosis and cytokinesis
take place via a budding process, where a bud emerges and grows from the mother cell
(Chen et al., 2011; Juanes & Piatti, 2016). This process requires the establishment of a
cell polarity between the mother cell and daughter cell (Bi & Park, 2012) and therefore
close regulation of the cytoplasmic content and spatial organisation (Nasmyth, 1996),
including changes in membrane morphology. Cell division is therefore a highly
asymmetrical process (Higuchi-Sanabria et al., 2014) associated with a range of
biochemical processes involving protein-protein interactions (Chen et al., 2011) and
significant materials and compartments transport (Champion et al., 2017; Yeong, 2005).
All these processes rely on biomolecular rearrangements and volume changes, and as
such may impact local macromolecular crowding conditions. The budding process in
S. cerevisiae is specifically characterised by the formation of a septin ring on the cell
membrane early in the replication cycle (Byers & Goetsch, 1976; Chen et al., 2011). This
septin ring acts as a junction between the mother cell and the daughter cell (Vrabioiu &
Mitchison, 2006) and defines the mother cell/daughter cell polarity (Juanes & Piatti,
2016) (Figure 1-13). During this process, the role of the plasma-associated GTPase
protein Cdc42 is key to initiating the polarization process (Okada et al., 2013) and
triggering the recruitment of proteins to form the septin ring at the interface between
mother and daughter cell in a region generally known as the bud neck (Faty et al., 2002;
McMurray et al., 2011). Several septins are recruited to make this hetero-oligomeric
structure, with key proteins Shsl, Cdc3, Cdcl0, Cdcll, and Cdcl2 forming a
characteristic double-ring shape (McMurray et al., 2011; Vrabioiu & Mitchison, 2006).
Meanwhile, the cytoskeleton network is restructured such that it is polarized along the

axis of the bud neck between the mother and daughter cell (Moseley & Goode, 2006),
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to facilitate the active transport of complexes and organelles (Juanes & Piatti, 2016;
Warren & Wickner, 1996) to the daughter cell, mainly accomplished by myosin transport
along actin cables (Knoblach & Rachubinski, 2015; Macara & Mili, 2008). These changes
yet related to the controlled and functional polarity leading to the formation of
daughters at local points on the cell surfaces (Chiou et al., 2017). The newly formed cell
is also generally of smaller size than the mother however as the cell ages this asymmetry
tends to fade and aged cells reaching the limit of replicative life span produce daughter
cells of higher volume (Sinclair et al., 1998; Sinclair & Guarente, 1997). Furthermore, as
the cell divides new cells will generally emerge in proximity to the previous bud scar

(Chant & Pringle, 1995; Mortimer & Johnston, 1959).
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Figure 1-13: Asymmetric cell division

Simple representation of a single yeast cell dividing, polarization to form the bud neck
and the septin rings (green) and cytoskeleton polarised through the bud neck in

(orange).
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2.3.3. Cell polarity and molecular marker of stress

Age or stress-damaged molecules such as extrachromosomal rDNA circles (Lumpkin et
al., 1985; Sinclair & Guarente, 1997) and damaged proteins (Chiti & Dobson, 2017) are
retained inside the mother cell volume (Figure 1-14) (Higuchi-Sanabria et al., 2014;
Lépez-Otin et al., 2013; Zhou et al., 2014). The bud-neck region has been described as a
“diffusion barrier” influencing trafficking events and the relative cytosolic volume
between the mother cell and daughter cell (Clay, Caudron, Denoth-Lippuner, Boettcher,
Frei, et al., 2014; Gladfelter et al., 2001; Shcheprova et al., 2008; Sugiyama & Tanaka,
2019; Valdez-Taubas & Pelham, 2003). Although given the active super-diffusive
transport which dominates trafficking, the existence of a meaningful physical diffusion
barrier is still an open debate (Nystrom & Liu, 2014; Zhou et al., 2011). The influence of

macromolecular crowding at the highly localised region between the mother and
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‘ daughter cell New cell
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daughter cell interface remains unknown as well.

Figure 1-14: Aggregates inheritance and intracellular localisation

Schematic representing yeast cell ageing and reported segregation of proteo-toxics in

the mother cell during cell division.

Secondly, the existence of aggregate local deposits was reported mainly centralised in
the proximity of key organelles, such as IPOD (Insoluble-Protein-Deposit) reported close
to the vacuole in yeast cells or JUNQ deposits (Juxta Nuclear Quality control), adjacent
to the nucleus (Burri & Lithgow, 2004; Spokoini et al., 2012). The formation of such
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aggresomes as a compact body was reported as a factor-dependent process, requiring
for example calmodulin, the cytoskeleton actin cables but also protein such as the heat

shock protein Hsp104 (Song et al., 2014).

The spatial dynamics of proteotoxics in the cell are more likely influenced by multiple
factors, involving directed metabolic active signalling cellular response, also dependant
on cell homeostasis regulation, phase of the cell cycle, environmental stress experienced
and any physiological changes influencing key physical parameters, such as

macromolecular crowding.

These mechanics might similarly influence the localisation of molecules, and crowders
in the cells. In eukaryotic cells, the occurrence of trafficking events and the execution of
metabolic pathways requires the recruitment of various macromolecules at local sites
in the cell. These events generally set in motion a complete restructuration of the
intracellular environment, from its content to the spatial localisation of compartments
and molecules. The composition of the cells is therefore not homogenous across its
volume which is suspected to generate local crowding differences such as a gradient of

crowders in the cell.

Quantifying crowding dynamics or other physicochemical properties in living cells is
however challenging, but recent improvements in optical microscope technology and
the development of synthetic fluorescent protein sensors have enabled whole-cell
measurements of crowding during ageing and under osmotic stress (Mouton et al.,
2020). In essence, these sensors consist of a (Forster resonance energy transfer) FRET-

Ill

pair of fluorescent proteins on an alpha-helical “spring” (Boersma et al.,, 2015). In
crowded conditions, the proteins are pushed closer together, generating a distinct signal
from less crowded conditions. By imaging with dual-colour fluorescence microscopy, the
FRET efficiency can be quantified and used as a signature for molecular crowding (Liu et
al., 2017; Mouton et al., 2020) - see the next section below for FRET general principle

description.
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2.3.4. FRET fluorescence for molecular bio-sensing

Forster resonance energy transfer or FRET technique (Forster, 1948) lies in the capability
two molecules have to exchange energy from one molecule, the donor to the other, the
acceptor. For FRET to occur, two specific conditions are required. The emission spectrum
of the donor molecule needs to overlap with the absorption spectra of the acceptor.
Then, the physical distance (r) between the two probes is critical, they both need to be
in close proximity generally in a range between 1 to 10 nm (Figure 1-15). The FRET
efficiency (Efret) can be related to the donor-acceptor distance.

Ro®

1+(RL0)6:R06+r6

Efret =

The FRET signal is therefore linked to the nanometre scale distance information. Where
Rois the Forster distance, the distance at which energy transfer is efficient at 50% (Figure
1-15).

The FRET signal is therefore an indirect read out of the distance between two capable
molecules, a quantifiable read out. Therefore numerous sensors were designed to
typically oscillate between strictly an “open” conformation (FRET negative) or “closed”
conformation (FRET positive) useful to confirm protein-protein interaction (Margineanu
et al., 2016). Dynamic FRET sensors were developed with the ability to oscillate between
a range of distances and are more generally used for relative comparison of behaviour
between conditions, such as the CrGE crowding sensor used in this study (Boersma et

al.,, 2015).
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Figure 1-15: Forster Resonance Energy transfer (FRET) principles

A: Schematic representation of FRET energy transfer between two fluorescent probes in
proximity (the distance r < 8 to 10 nm) the donor excited is represented in green and
the acceptor in red. B: Schematic explaining the spectrum overlap required between the
donor (emission spectrum highlighted in green) and the acceptor (excitation spectrum

highlighted in red). C: Relation between FRET efficiency and probes inter distance.
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Chapter 2. Methods and experimental procedures

1. Cellular culture

1.1. Strains used in the project

Code | Strain name Genotype

YSLO1 | WT-BY4742 MATa his3A1 leu2A0 lys2A0 ura340
(Baker Brachmann et al., 1998; Winston et al.,
1995)

YSLO2 | WT-BY4741 MATa his3A1 leu2A0 met15A0 ura3A0
(Baker Brachmann et al., 1998; Winston et al.,
1995)

YSLO3 | PRC1-Agg-GFP BY4742 MATa his3A1 leu2A0 lys2A0 ura3A0
pRS316 PRC1-AssCPY*-GFP
(Donation Hohmann & Cvijovic Lab)

YSLO4 | Agg-GFP BY4742 MATa his3A1 leu2A0 lys2A0 ura3A0
pRS316-CUP1-AssCPY*-GFP

YSLO5 | Agg-mGFP BY4742 MATa his3A1 leu2A0 lys2A0 ura3A0
pRS316-CUP1-AsCPY*-mGFP

YSLO6 | Agg-mNeonGreen BY4742 MATa his3A1 leu2A0 lys2A0 ura3A0
pRS316-CUP1-AssCPY*-mNeonGreen

YSLO7 | Agg- mScarlet-I BY4742 MATa his3A1 leu2A0 lys2A0 ura3A0
pRS316-CUP1-AssCPY*-mScarlet-I

YSLO8 | Agg- mGFP-LeuConv BY4742 MATa his341 leu2A0 lys2A0 ura3A0
pRS315-CUP1-AssCPY*-mGFP

YSLO9 | Agg- mScarlet-I-LeuConv | BY4742 MATa his3A1 leu2A0 lys2A0 ura340
pRS315-CUP1-AssCPY*-mScarlet-I

YSL10 | Agg-mNeonGreen- BY4742 MATa his3A1 leu2A0 met15A0 ura3A0

LeuConv pRS316 CUP1-AssCPY*-mNeonGreen

YSL11 | CrGE FRET sensor BY4741 MATa his3A1 leu2A0 met15A0 ura3A0
CrGE::HIS3 (Liu et al., 2018)
(Donation Boersma and Poolman Lab)

YSL12 | CrGE2.3 FRET sensor BY4741 MATa his3A1 leu2A0 met15A0 ura3A0
CrGE2.3::HIS3 (Mouton et al., 2020)
(Donation Boersma and Poolman Lab)

YSL13 | EGFP- Hofl BY4741 MATa his3A1 leu2A0 met15A0 ura3A0
EGFP-Hof1::URA3 (Weill et al., 2018)
(Donation Schrodinger Lab SWAp-Tag library)

YSL14 | EGFP -Cdc11 BY4741 MATa his3A1 leu2A0 met15A0 ura3A0

EGFP-Cdc11::URA3
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YSL15 | EGFP-Cdc12 BY4741 MATa his3A1 leu2A0 met15A0 ura3A0
EGFP-Cdc12::URA3 (SWAp-Tag library)

YSL16 | EGFP -Myo1l BY4741 MATa his341 leu2A0 met15A0 ura340
EGFP -Myo1::URA3 (SWAp-Tag library)

YSL17 | Agg-mScl-Hof1-EGFP BY4742 MATa his3A1 leu2A0 lys2A0 ura3A0
EGFP-HOF1::URA3|pRS315-CUP1-AssCPY*-
mScarlet-I

Table 2-1: Yeast strain library used in this project

1.2. Relevant background on yeast genetics

Lab yeast strains were developed to simplify genetic manipulation and the construction
of mutant strains to exhibit new phenotypes. This study used two wild type (WT) haploid
background strains: BY4741 (MATa his3A41 leu2A0 met15A0 ura3A0) and BY4742 (MATa
his3A1 leu2A0 lys2A0 ura3A0). MATa and MATa refer to the mating type of each strain.
Cells produce accordingly a-factor or a-factor. However, if MATa haploid cells find
factor-a produced by the opposite mating type in their environment, instead of dividing
by mitosis, the cells will form a characteristic protrusion becoming a shmoo, the pre-

step before two shmoo fusion or mate to form diploid cells (Chen & Davis, 2000).

The following genotype “MATa his3A1 leu2A0 lys2A0 ura3A0” in the wild type BY4742
for example, indicated key genes permanently deleted and allowing heterotrophic
selection for the retention of an exogenous piece of DNA introduced in the cell. In short,
cells cannot survive without producing essential amino acids or bases such as leucine,
methionine, uracil and histidine (Baker Brachmann et al., 1998; Satyanarayana et al.,
1968). Specific genes deleted in this wild-type strain (HIS3, LEU2, MET15 and URA3) all
encode biosynthetic enzymes that are required for the cells to synthesise histidine,
leucine, methionine and uracil, respectively (Cost & Boeke, 1996; Vidal & Gaber, 1994).
Therefore, these cells can only survive in a media or environment supplemented by
these essential components (Tomlin et al., 2001). However, returning these genes (e.g.,
through homologous recombination to regions of the genome or through a

transformation with a plasmid) allows for selection in media lacking the respective
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component (Tomlin et al., 2001). One useful application of this simple selection method
allows fluorescently tagged proteins of interest to be expressed simultaneously with

very high efficiency in strains of choice (e.g., wild-type or mutants).

In yeast, the high copy number pRS plasmid series (Sikorski & Hieter, 1989) was
specifically used to optimise the amino acid heterotrophic selection, with high copy
expression plasmids and cassettes for efficient cloning with homology to the deleted

marker region, favouring genomic recombination and stable integration.
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Figure 2-1: Budding and mating in yeast

(a) Schematic representation of haploid yeast cells dividing by budding (asexual
reproduction) (b) Schematic representation of two cells of opposite mating type

mating to produce a diploid cell (sexual reproduction).
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1.3. Growth condition

- All percentages expressed are w/v.
- All media were autoclaved before use, and stock solutions such as glycerol and
glucose were filter sterilized with a 0.2 um filter (Starlab).

- Yeast and bacterial cells were stored with 8% DMSO at -80°C.

1.3.1. Yeast growth
Yeast cultures were first left to grow on a plate at 30°C optimal growth temperature and
in either rich media YPD (2% glucose, 2% peptone, 1% yeast extract) or YNB (2% glucose,

1x yeast nitrogen base; relevant amino acids for auxotrophic based selection).

Tube specification and growth condition optimisation: 5 ml of culture in 15 ml
polystyrene or glass culture tube with loose polystyrene cap (Starlab) to maintain
oxygenation during growth, tubes where additionally inclined in the incubator rack to
avoid yeast sedimentation otherwise observed especially during overnight culture even
with strong shaking. The inclination angle helps to maximise steer potential in the tube
within a reasonable rotation speed set on the incubator. Agar plates for cellular culture
were made from the same media composition supplemented by 2% agar, poured into

plates after autoclaving and left to solidify into sterile laminar flow cupboards.

1.3.2. Bacterial growth

Bacterial cultures were grown in standard 15 ml Falcon tubes (5 to 10 ml culture) at 37°C
in LB broth (Bertani, 1951) or 2YT (6% tryptone, 1% yeast extract, 0.5% NaCl). Plates for
solid culture were made from the same media composition supplemented by 2% agar,
poured into plates after autoclaving and left to solidify into sterile laminar flow
cupboards. Media was generally supplemented before incubation with 100 mg/mi
ampicillin X1000 stock solution (ampicillin in water stored at -20°C), for antibiotic

selection when required.
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1.3.3. Measuring optical density

The optical density was measured using a commercial spectrometer set to read
absorbance at 600 nm. 1 ml final volume was loaded per cuvette measured. The sterile
growth media was used as the control at a 1/10 dilution of the culture of interest as the
proportional relation between absorbance and concentration only applies at low cell
concentration sample, following the Beer-Lambert law described by the following
equation A = &CL where A is the read absorbance, ¢ is the molar extinction coefficient,
Cisthe concentration and Lis the light path length. As cells grow, they occupy the media,
which generates scattered light influencing the absorbance read-out of the media by the
spectrometer, therefore the technique measures a scatter light effect and not the
effective absorbance. However, the Beer-Lambert equation was shown to still be valid

for low-density cellular solutions.

1.3.4. Yeast Growth assay

Growth assay was performed on synthetic drop-out agar plates made on the day and
left to dry under a serial laminar flow cabinet. A 10-fold serially diluted plate from a
culture grown was prepared and 5 pl of each dilution was loaded using a paper template
to keep an equal distance between each drop. Plates were left to dry for 5 to 10 minutes
and incubated at 30°C, ready to be photographed first after 24 hours of incubation, and

a second time after 48 hours.

1.3.5. Yeast cell synchronization

MATa BY4741 yeast cells grown to their mid-log phase were incubated for 120 minutes
with 10 uM a-factor, pheromone from of the opposite mating type (Zymo-Research
Corp) to effectively arrest cell division at the G1 stage while they acquire the shmoo
phenotype (Chen & Davis, 2000). Following incubation, cells were centrifuged for
3 minutes at 3000xg and washed two times with growth media (synthetic drop out or
YPD) to remove a-factor excess and allow a homogenous return to cell division. Cells
were grown for 8 hours at 30°C for recovery to the budding phenotype (no shmoo cells

remaining in culture).
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1.4. Yeast cell transformation

1.4.1. Yeast competent cells

From frozen stock, a scrip of yeast strain of interest spread onto a YPD, or minimal media
plate was allowed to grow overnight at 30°C under shaking conditions. A scrip from a
clonal colony on the plate was re-suspended into 5 ml liquid culture with appropriate
media (YPD or minimal) and grown overnight at 30°C in 180 rpm shaking. 3 ml of this
overnight culture was added to 47 ml YPD in a sterile 50 ml flask and incubated in a 30°C
shaker until cell growth reached an optical density at 600 nm (OD600) of 1. The culture
was centrifuged at 3000 rpm for 2 minutes, the supernatant discarded and the pellet re-
suspended in 5 ml of filtered sterilised LIiTE sorbitol (100 mM lithium acetate, 10 mM
Tris HCl pH 7.5, 1.2 M sorbitol, 1 mM EDTA, 200 uM calcium chloride). Cells were again
centrifuged at the same speed and the pellet was resuspended in 1 ml LiTe Sorbitol
before incubation for 1 hour at 30°C with shaking. After incubation, competent cells
were left to rest for 30 minutes on ice, ready for transformation. Competent cells were
stored at -80°C in yeast freezing buffer (40% glycerol and 0.05% NaCl) at a 1:2 ratio

volume.

1.4.2. Yeast transformation

Yeast cells from frozen stock were thawed, and each transformation was made using
100 pl of competent cells with 500 ng of plasmid DNA with the addition of 5 ul of salmon
sperm DNA at 10 mg/ml (Thermofisher, UK). And 70% (w/v) of polyethylene glycol 3350
or polyethylene glycol 4000 in solution (PEG). After incubation for 45 minutes at 30°C,
competent cells were heat-shocked at 42°C for 20 minutes. Following, cells were
centrifuged at 3,000xg for 3 minutes, the supernatant was removed and the pellet was
re-suspended in 200 pl sterile water. Cells were plated on selective agar plates made of
minimal media YNB lacking relevant amino acids and left to grow at 30°C, typically for

two days until visible colonies grew on the plate.
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1.4.3. E. coli competent cells

From frozen stock, WT E. coli was grown overnight at 37°C on an LB plate (without
antibiotic -ampicillin). A single colony was used to inoculate 10 ml of LB media and grown
overnight at 37°C with 180 rpm shaking. This overnight culture was diluted to 50 ml in
fresh LB and cultured to an optical density of 600 nm of 0.6 to 0.8, corresponding to log
phase. Cells were then harvested by centrifugation at 8000 rpm, washed twice with 1 mL
0.1 M calcium chloride and incubated on ice for 10 minutes and washed a final time in

0.1 M of calcium chloride and stored on ice for 30 minutes before transformation.

1.4.4. E. coli transformation

10 ul of competent E. coli bacterial cells were thawed per transformation and mixed
with 1 to 10 pg plasmid DNA. Cells were incubated on ice for 10 minutes, heat shocked
at 42°C for 30 seconds, and then returned to the ice for at least 2 minutes before 200 pl
of LB media was added. Cells were left to recover for 20 minutes at 37°C with 180 rpm
shaking before spreading on an LB agar plate, generally containing ampicillin at a

concentration of 100 mg/ml as standard practice for plasmid selection.

2. Strain engineering

2.1. Molecular cloning techniques

2.1.1. Gibson assembly reaction

Gibson assembly is a cloning technique that exploits recombination by homology
properties of eukaryotic cells. It allows a DNA sequence coding for a protein of interest
to be inserted into an available plasmid vector. The reaction was performed using NEB
products and following supplier recommendations for optimised cloning efficiency.
20 pl reaction solution was prepared, containing, the Gibson assembly master mix with
the exonuclease, DNA polymerase and ligase in isothermal buffer (2x NEB Gibson
assembly master mix), 50 to 100 ng of designed linearised vector and 2 to 3-fold the
amount of PCR clean insert. This mix was left for 60 minutes at 50°C and transferred

onto the ice to cool down before transformation.
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2.1.2. Ligation

Ligation was performed using NEB Quick Ligation Kit. 20 ul reaction containing 10 pl of
Quick Ligase Reaction Buffer (2X), approximately 50 ng of linearised double digest vector
DNA (~4k) and a molar ratio of 1:3 vector to double digest insert DNA recommended,
topped by nuclease-free water. The reaction was left to incubate for 5 min at room

temperature (~ 25°C) and ready for transformation.

2.1.3. Site-directed mutagenesis.

Single nucleotide mutagenesis was performed using NEB Q5°® Site-Directed Mutagenesis
Kit and associated protocol. First step PCR (Polymerase Chain Reaction) primer
amplification: 25 pl reaction mix was prepared using 1x Q5 Hot Start High-Fidelity,
10 uM forward Primer and 10 uM reverse Primer, 1 to 25 ng/ul of template DNA topped
by nuclease-free water. The mix was amplified with the following cycling condition set

on the PCR thermocycler.

Step Temperature | Cycle
Initial denaturation | 98°C for 30S X1
Denaturation 98°Cfor 10s | X25
Annealing 55°C for 10s
Extension 72°C for 30s

Final extension 72 °C for 2min | X1

Table 2-2: Standard conditions set for PCR on the PCR thermocycler

Second step, the ligase enzymatic reaction: 10 ul total reaction was made using 1 ul of
PCR Product, 1X KLD Enzyme (Kinase, Ligase, Dpnl), 1X KLD Reaction Buffer topped by
nuclease-free water. The mixture was incubated for 5 min at room temperature before

transformation.

2.1.4. Polymerase Chain Reaction (PCR)
Polymerase Chain Reaction amplification of designed primers (forward and reverse)

was performed from a prepared PCR reactions mix containing:

- Plasmid DNA template at very low concentration (typically 1 pg/ul).
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- dNTPs (a mixture of the four bases necessary for elongation - dATP dTTP, dCTP,
dGTP).

- A high-fidelity DNA polymerase like the Phusion (NEB Ltd.).

- Astock buffer containing MgCl, (15 uM).

- Atotal volume of reaction mix was made up to 50 pl with the following standard

concentration.

Standard reaction:

Component Concentration

Template DNA 1 pg/ul

pHusion polymerase | 0.02U/ul

Forward primers 0.5 uM

reverse primers 0.5 uM

4 dNTPs mix 200 uM

Phusion HF Buffer 1x // including 1.5 uM MgCl,
Table 2-3: Standard reagents concentrations for PCR

Standard thermocycler condition:

Step Temperature | Cycle
Initial denaturation | 98°C for 2min | X1
Denaturation 98°Cfor 10s | X30
Annealing 55°C for 20s
Extension 72°C for 20s

Final extension 72°Cfor10s | X1

Table 2-4: Setting for PCR on a Thermocycler

2.1.5. PCR purification

PCR purification was done using a commercial kit, “QIAquick PCR Purification Kit”
(QIAGEN, Ltd.) and following the recommended protocol. The PCR product was loaded
to a designed 1.5 ml spin column holding a silica membrane to absorb and bind DNA
(1:5 ratio sample & PB buffer for optimal binding). Flow through was discarded after
1 min centrifugation at full speed, 17,900xg or 13000 rpm. The column was washed with
750 pl of PB Buffer and centrifuged again for 1 minute. The column was placed in a clean
1.5 ml Eppendorf tube to elute DNA, 50 ul nuclease-free water or EB buffer (10 mM
Tris-Cl, pH 8.5) was added to the column, left to rest at room temperature for 2 min

before full speed centrifugation to recover a “clean” PRC product. The procedure
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effectively removes extra components used during the PCR reaction, such as primers
and other impurities that could alter the efficiency of later cloning manipulation such as

salts, nucleotides or enzymes (polymerases).

2.1.6. Agarose gel electrophoresis

Gels were prepared at 1 or 0.8% agarose (w/v) in TAE buffer (40 mM Tris Acetate, 1 mM
EDTA, pH 8.0). The solution was then microwaved until complete dissolution of the
agarose powder (~1 min microwaving total). 5 ul of SYBR Safe (ThermoFisher-
alternative to Ethidium-Bromide) for a 50 ml solution was poured into a hermetic gel
cassette with a gel comb and left to cool down until complete polymerisation. The gel

formed was transferred into the electrophoresis tank filed with TAE buffer.

As standard, 5 ul DNA samples were mixed with gel loading dye (6x stock- 10 mM Tris-
HCI, pH 7.6) 0.03 % bromophenol blue, 0.03 % xylene cyanol FF, 60 % glycerol 60 mM
EDTA. - ThermoFisher). At least one well was allocated to load the DNA marker (1 kb
marker, New England Biolabs Ltd). Finally, the gel was run at 100 volts for 25 min before
the visualisation of DNA fragments separated by size, with either an ultraviolet or a blue

light trans-illuminator.

2.1.7. Gel DNA extraction

Gel DNA extraction was performed using a commercial kit, the “QlAquick Gel extraction
kit” using a silica-membrane-based spin column for DNA fragments from 70 bp to 10 kb
(part number: 28706X4, QIAGEN, Ltd.). The supplier protocol was followed for the
extraction. In short, after agarose gel electrophoresis (see section above) identified DNA
bands of interest were cut out of the gel with a clean scalpel and transferred into a sterile

1.5 ml tube.

Gel was dissolved with commercial QG buffer (3:1 volume proportion) and incubated at
50°C for 10 min. The sample was loaded onto an appropriate 1.5 ml silica-membrane-
based spin-column and centrifuged at full speed (13000rpm). The resulting supernatant
was discarded and column rinsed one time with 100% isopropanol and washed with PB
buffer containing ethanol before elution with generally 50 ul of either EB buffer (10 mM

Tris.Cl, pH 8.5) or sterile nuclease-free water.
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2.1.8. Restriction endonuclease digestion

Commercial enzymes were supplied by New England Biolabs (NEB, Ltd.), from their High-
Fidelity (HF) restriction enzyme product range. This selection of enzymes has the
advantage of being cross-compatible and optimally active under the same reaction mix,
the NEB cut-smart buffer, an essential requirement to perform double digestion (two
different enzymes to cut the same plasmid).

For single reaction digestion used in general to linearize genomic plasmids, the reaction
was set in an Eppendorf tube following supplier recommendation. Reaction prepared
using one endonuclease enzyme including controls. Reactions were set-up in an
Eppendorf tube. The standard reaction volume of 50 ul was then incubated for 15 min
at 37°C and verified by gel electrophoresis (see section 2.1.6).

Double digests reactions were performed using simultaneously two enzymes in the
reaction tube, usually to cut out fragments from the plasmid backbone or verify the
plasmid construct. Similarly, reactions were prepared (including controls) following
supplier recommendation. Reactions were set-up in an Eppendorf tube. The standard
reaction volume of 50 ul was then incubated for 15 min at 37°C and verified by gel

electrophoresis (see section 2.1.6).

2.1.9. Mini-prep

5 ml bacterial culture in LB was grown at 37°C with the appropriate antibiotic (see
section 1.3.2) Plasmid DNA was extracted from the culture using the QlAprep Miniprep
kit (QIAGEN, Ltd.) and following the supplier's recommendations. DNA was eluted with
100 pl nuclease-free water or EB buffer (10 mM Tris-Cl, pH 8.5), DNA concentration was
measured using a nano-drop spectrophotometer and the eluted volume in an Eppendorf

tube was stored on a bench or at -20°C for long term conservation.
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2.1.10. Measuring DNA absorbance
DNA concentration was estimated using a nano-drop spectrophotometer (NanoDrop™
2000/2000c, ThermoFisher) and following manufacturer instructions for absorbance

reading at 260 nm. 1.5 pL sample or blank (Water or EB buffer) was loaded.

2.1.11. Ethanol precipitation for genomic integration

In an Eppendorf tube, 500 ul of PCR product were supplemented with 10 pl salmon
sperm, 15 pl of 3 M sodium acetate at pH 5.5 and 1 ml of 100% ethanol and frozen down
at -80°C for 30 min. The solution was centrifuged at full speed (13000 rpm) for 10 min
and the supernatant was removed. The characteristic white pellet was washed three
times with 1 ml of 70% EtOH and left to dry for 3 min at 42°C before adding 30 ul of TE.
The solution was left overnight on a bench until the pellet completely dissolve in the 30

ul of TE and was ready for transformation.

2.1.12. DNA Sequencing

Sequencing of DNA was provided by Eurofin genomic TubSeq service, the service was
used routinely as a verification step after DNA cloning on new material was generated.
Samples were prepared following the manufacturer's recommendation. Typically, 15 ul
pre-mixed reaction sample in Eppendorf tubes, containing ~50 ng/ul a plasmid DNA and

one primer of interest at 10 uM.

2.1.13. Primer’s synthesis

Designed DNA Oligos (see methods in section 2.1.14) were manufactured by either
Integrated DNA Technologies (IDT, UK) or a custom oligo service provided by Sigma-
Aldrich, Ltd. New primers received were dissolved in indicated nuclease-free volume to

generate a 100 uM stock solution.
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2.1.14. Map design and visualisation

Plasmid maps and primers (reverse and forward) were designed using the DNASTAR
Lasergene bioinformatics software. The software was used to visualise sequencing
results and perform sequence alighnment checks. Occasionally alternative software were

used including the genome compiler software or the open-source Serial cloner software.

2.2. Plasmid construction

Name Source

P695: CUP1-GFP in pRS316 Chris MacDonald Lab
Prs316 (URA3 marker — yeast expression plasmid) Chris MacDonald Lab
Prs315 (LEU2 marker — yeast expression plasmid) Chris MacDonald Lab
PeT14-B (T7 promotor — bacterial expression plasmid) | Mark Leake lab

Table 2-5: List of backbone plasmids used in this study

2.2.1. CrGE Genomic integration in BY4742

The CrGE FRET sensor (Boersma et al., 2015; Mouton et al., 2020) regulated under the
TEF1 promoter was sub-cloned into the pRS303 cassette, a yeast integration vector
which was linearized by single digest with Nsil restriction endonuclease before
transformation into wild-type BY4742 yeast cells for stable integration at the HIS3 locus
by in vivo homologous recombination. Agar plates made of 2% glucose synthetic drop-
out media lacking Histidine (SD —His, Formedium Ltd.) were used to isolate successful
integrations. After 24h to 48h incubation at 30°C, an isolated single clone was suspended
into 5 to 8 ml of the appropriate media and incubated overnight at 30°C with shaking on
(180 rpm). 1 ml from a mid-log phase culture (OD600 = 0.4 - 0.6) were harvested and
resuspended immediately in 1 ml of imaging buffer, ready for sample preparation and

imaging.
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2.2.2. Cloning cytoplasmic fluorescent protein aggregates.

Note: To simplify referencing and labelling, plasmid codes were attributed to mirror the

strain name (e.g., YSLO4 yeast strain contains the pSLO4 plasmid). CUP1-AssCPY*-mGFP

was generated via two intermediate steps from PRC1-AssCPY*-GFP donated plasmid

(pSLO3 — see Table 2-1). First AssCPY* sequence was transferred into a new plasmid

backbone (CUP1-GFP in pRS316) to generate the intermediate strain CUP1-AssCPY*-GFP

using the Gibson assembly technique (see section 2.1.1). Primers cm193 and cm194

were required (see Table 2-6). Secondly, the GFP sequence was mutated by directed

mutagenesis (A206K) performed on PRC1- AssCPY*-GFP to generate additional PRC1-

AssCPY*-mGFP and the newly cloned mGFP sequence was extracted by PCR and added

by Gibson assembly to form the CUP1- AssCPY*-GFP constructed sequence. Using Hindlll

and Xhol restriction enzymes to linearise plasmid and take out the GFP sequence.

Oligo Name | Sequence (5’-3') Description
GATATTAAGAAAAACAAACT | CUP1- AssCPY* - Forward primer - used
cm193 GTAACGAATTCATGATCTCAT | to extract AssCPY* sequence for Gibson
TGCAAAGACCG Assembly in p695
CCACGGTGGTTTCTCCTTACT | AssCPY*-GFP — reverse primer - used to
cm194 CGAGATGTCTAAAGGTGAAG | extract AssCPY* sequence for Gibson
Assembly in p695
CACACAATCTAAACTTTCGAA | GFP - Forward primer — used to induce
S1 AGATCC single nucleotide mutagenesis (GFP to
mMGFP)
CAGACAACCATTACCTGTC GFP — Reverse primer — used to induce
S2 single nucleotide mutagenesis (GFP to
mMGFP)
GGTGGTTTCTCCTTACTCGA | Forward primer - Xho1 site Gibson
s8 GATGAGTAAAGGAGAAGAA | assembly for mGFP
CTTTTCACTGG
CCAGATATTCTATGGCAAAG | Reverse primer- Hindlll site Gibson
S9 CTTTTATTTGTATAGTTCATC | assembly for mGFP
CATGCC
o5 GGTGTTTCCAACACTGTCGC | ORF AssCPY* - Forward sequencing
CGCTGGTAAGG primer
195 GGTGATGCTACTTACGGTAA | GFP ORF Forward sequencing primer
ATTGACC
GGCAGACAAACAAAAGAAT | mGFP - Forward sequencing primer-
S3 GG used to verify mGFP site-directed
mutagenesis.

Table 2-6: Primers used to construct fluorescent aggregate reporter
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2.2.3. Inducing cytoplasmic fluorescent protein aggregates
The inducible CUP1 promotor (Fogel & Welch, 1982) was activated using 100 uM copper
sulphate. The stock solution of 100 mM copper sulphate in water was prepared and

filtered sterilised (0.22 um cut-off filters) and stored at room temperature.

2.3. Recombinant fluorophore production in vitro

Protein expression was achieved by inducing expression in E. coli of the recombinant
protein of interest. Importantly for this protocol expression, the plasmid must contain a
T7 promotor, the protein ORF including a His-tag either in the N or C-terminal of the

protein and an antibiotic resistance marker, ampicillin for this study.

2.3.1. IPTG expression

Appropriate expression plasmid was transformed into BL21(DE3) or BL21(DE3) plysS,
E. coli strains and left to grow on a plate with antibiotic selection. A single colony was
grown overnight in 30 ml LB with appropriate antibiotic (ampicillin) at 37°C with shaking
at 180 rpm. 2 ml of this overnight culture was transferred into 500 ml LB with ampicillin
and left to grow until log phase (OD tolerance: working window between 0.6 to 0.8),
IPTG was then added at a concentration of 100 pg/ml (when OD between 0.6 to 0.8),

and cell culture incubated for 24h at 18°C, 180rpm.

2.3.2. Cell lysis

After 24 hours of incubation, the culture was centrifuged at 4000 rpm for 20 min, the
supernatant discarded and the pellet of cells resuspended in 30 ml of lysis buffer (10 mM
sodium phosphate (NaPi), 100 mM NaCl, 0.1 mM 4-(2-aminoethyl)-benzenesulfonyl
fluoride hydrochloride (AEBSF), pH 7.4) and left to freeze at -80°C. Cells were then
thawed before sonication on ice (100% power burst, 20-sec pulse followed by a 20-sec
pause - repeated six times). The sonicated mixture was centrifuged for 40 min at 12000

to 15000xg. Cell lysate supernatant was kept on ice and the pellet of cellular debris was
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discarded. Lysate was then filtered with a 0.45 um filter, one aliquot was kept aside for

verifying SDS-page after the first step of purification.

2.3.3. SDS-PAGE: Denaturant protein gel electrophoresis

SDS PAGE of either 4%,12% acrylamide or 10% plain. Using a standard protocol where
20 ul total were prepared with 15 pl of sample in 5 ul of 4x SDS-page buffer. Samples
were left at 95°C for 5 min, then loaded into pre-cast gels with 2 to 5 pl of protein ladder
(precision plus protein ladder, Biorad inc). Gels were run at 150 or 200 volts for
approximatively 45 min and incubated for a minimum of 30 min in Coomassie stain or
run-blue SDS stain (Expedeon, Ltd.). The gel was rinsed twice with water to improve gel

contrast. Photographs were then taken for record.

2.3.4. HIS tag purification

HIS-tag purification was performed using a gravity nickel column (HIS-Gravitrap,
healthcare) and following the manufacturer’s recommendations.

The column was equilibrated with 20 ml low imidazole loading buffer (20 mM imidazole,
50 mM NaPi, 300 mM NaCl, pH 8.0) before loading filtered lysate to the column. Elution
was performed with 20 ml of a high imidazole loading buffer (250 mM imidazole, 50 mM
NaPi, 300 mM NaCl, pH 8.0) and manually collected in 0.5 ml faction in Eppendorf tubes.

2.3.5. Dialysis
Dialysis was performed by loading the sample in a 12.6 kDa cut-off hydrated membrane,
incubated overnight at 4°C in 2 litres of dialysis buffer (50 mM NaPi, 300 mM NacCl,

pH 8.0) with gentle magnetic stirring.

2.3.6. Gel filtration — chromatography size column exclusion

Performed using the AKTA pure, a protein purification instrument and loaded with a
HiLoad 16/60 Superdex 200 gel filtration column (Sigma-Aldrich, UK). The dialysed
sample was injected using a 10 ml syringe. Elution was performed with standard
phosphate buffer (10 mM NaPi, pH 7.4) with 4 ml fractions collected. UV profile was
71



monitored by the instrument allowing the identification of fractions containing the

protein eluted, aliquots were collected for SDS-page verification.

2.3.7. Storing in vitro protein

The final solution of protein was flash frozen in 10 pl aliquots with liquid nitrogen and
stored immediately at -80°C. Note that for long-term conservation 50% glycerol can be
added as cryo- protectant. Protein concentration was measured on a Nanodrop 2000
Spectrometer (ThermoFisher) set to read out absorbance at 280 nm wavelength.
Extinction coefficients were obtained from the sensor amino-acid sequence via the
Expasy-ProtParam tool using the Edelhoch method via the extinction coefficients for
Tryptophan and Tyrosine determined by the Pace methods (Edelhoch, 1967; Mach et
al., 1992; Pace et al., 1995; Walker, 2005). Giving 56395 M™* cm™! for the CrGE2.3 sensor
and 48040 M cm-? for the CrGE sensor.

2.3.8. mNeonGreen and mScarlet-I| in vitro purification

mNeonGreen and mScarlet-l were cloned in pET-14b by ligation (see Chapter 2.2.1.2)
and using Ndel and BamHI for plasmid digestion and ligation procedures. The pET-14b
vector (Cat. No. 69660-3) carries an N-terminal His-Tag plus a trombone cleavage site in

its N-terminal region.

Primers used are given in Table 2-7 below:

Oligo Name | Sequence (5’-3’) Description

510 GGCAGCCATATGGTGAG | Forward-Ndel-mNeonGreen to integrate
CAAGGGCGAG mNeonGreen into pET-14b plasmid

511 CATGGACGAGCTGTACAA | Reverse-BamHI-mNeonGren to integrate
GTAGGGATCCGGCTGCT | mNeonGreen into pET-14b plasmid

512 GGCAGCCATATGGTCTCC | Forward-Ndel-mScarlet-I to integrate
AAAGGAGAG mScarlet-l into pET-14bplasmid

513 GTATGGATGAGCTGTATA | Reverse-BamHI-mScarlet-I to integrate

AATAAGGATCCGGCTGCT | mScarlet-l into pET-14b plasmid
Table 2-7: Primers for mNeonGreen and mScarlet-l in pET-14b bacterial vector
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Figure 2-2: mScarlet-l and mNeonGreen purification

(@) and (b) 4-12% SDS-PAGE for his-tag purification of respectively mNeonGreen and
mScarlet-l performed using gravity nickel column. The gel shows from left to right the
molecular marker, cell lysate, sample of the initial flow-through, the two washes prior
to elution, and the elution fraction selected to verify the presence of the protein. The
last column shows the sample after concentration via dialysis. (c) and (d) 4-12% SDS-
PAGE gel for the size column exclusion or gel filtration performed to purify respectively
mNeonGreen and mScarlet-l. Showing from left to right, the molecular marker, the
sample before running gel filtration (post His-tag purification and dialysis). White arrows
indicate the expected band size for both proteins purified (mMNG: 28.79 kDa and
mScl: 28.43 kDa).
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We note the presence of extra bands visible in the gel after the two-step purification
process described above. This is often observed after purification, especially for
overexpressed fluorescent proteins. It most likely represents unmatured protein
purified alongside the mature protein. Cleaved proteins during the process could be
suspected too, however, the use of a lysis inhibitor acts to strongly reduce and prevent
their presence. Even if minimal, the presence of unmatured proteins in the mix can
influence the optical property of the protein such as its brightness, this is a technical
limitation and something to be aware of for analysis methodology (e.g., data

normalisation).

1.1.1 CrGE2.3 in vitro purification

The CrGE2.3 sequence was expressed following the protein purification protocol
described above in section Chapter 2.2.3. These were incorporated in PRSET-A by
ligation using Ndel and Hindlll. The sequence was cloned with its 6xHIS tag sequence
attached to the N-terminal of the protein for purification.

Primers used are given in Table 2-8 below.

Oligo Name | Sequence (5’-3’) Description

$32 TTAAGAAGGAGATATACATATGAG | pRSET-A ligation CrGE2.3_Forward
CCATCACCATCACCACCATAAG (Ndel site)
TATGGATGAGCTGTACAAATAAAA .

S33 GCTTGATCCGGCTGCTAACAAAG pRSET-A HindIll_CrGE23_ reverse

s34 TCTTGCTCATTAGAAAGAAAGCAT Forward pRS303 CrGE before
AGCAATCTAATCTAAGAAGCT mCerulean3

S35 GCTGCAAAGGCAGGTAGTGGTGG Forward pRS303 CrGE before mCitrine

TTCAGGTGGTTCCGGTGGTTCTGG
Table 2-8: Primers for CrGE2.3 in PRSET-A bacterial expression vector
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Figure 2-3: CrGE2.3 purification

(a) SDS-PAGE for His-tag purification of CrGE2.3 following the same protocol of
purification as described above in section Chapter 2.2.3, here only showing the elution
fraction checked. (b) SDS-PAGE representing the CrGE2.3 elution by gel filtration. White
arrows indicate the expected CrGE2.3 band size (63.47 kDa). See also the elution profile

plot in Appendix ap.0-1.
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3. Microscopy and imaging methods

3.1. Plasma clean coverslips

On the day of the experiment, coverslips were individually placed on a coverslip holder
rack and were plasma cleaned for 1 min prior using commercial table-top plasma cleaner

(Harrick Plasma Cleaners Inc).

3.2. Tunnel slides

Tunnel slides were made using plasma clean square coverslips (22x22 mm No. 1.5 BK7
Menzel-Glazer glass coverslips, Germany) and standard microscopy glass slides (Syeda
et al., 2019). On the microscope slide two strips of double-sided tape were attached
parallel to each other and apart from approximately 5 mm to create a tunnel or flow
channel, capable to hold 5 to 10 pL after closing up from the top of the tunnel with the

coverslip attached to the tape (Leake et al., 2006).
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Figure 2-4: Tunnel slide

(a) Schematic representation for tunnel making slide protocol, four steps. The tunnel

slide is made by two parallel strips of double-face tape on a glass slide (steps 1 and 2).
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A fresh plasma clean coverslip on top of it allows the tunnel formation (step 3),
exceeding of tape is removed and finally, the buffer can be added on one side of the
tunnel (step 4). (b) photograph of a tunnel slide being loaded with sample/imaging
buffer, representing the schematic step 4. The buffer surplus is removed by capillarity
flow with clean white tissue and the sample ready to image is sealed with transparent

nail polish.

3.3. Imaging in vitro assay

In vitro molecules were prepared on a tunnel slide (see

Figure 2-4), the coverslip was functionalised with 20 pl of 1 to 2 pug/ml of specific anti-
bodies to stain the fluorescent protein (e.g., Anti-GFP). The slide with antibodies was left
up-side-down in a humidity chamber for 5 min to allow antibodies to non-specifically
bind to the glass coverslip and was washed out with 200 pl imaging buffer, generally PBS
(Phosphate-buffered saline) or NaPi (Sodium Phosphate buffer) at pH 7.4. Following, 20
ul of 1 mg/ml of bovine serum albumin (BSA) was added to the tunnel and incubated
again for 5 min in a humidity chamber (up-side down). After 5 min the channel was
rinsed with 200 pl of imaging buffer. 20 pl of fluorescent protein was added, with an
ideal concentration of 1 pg/ml and incubate for 5 min at room temperature. After 5 min
the channel was rinsed with 200 pl imaging buffer the tunnel slide was finally sealed

with nail polish and ready to image under the microscope (see Chapter 2.3.7).

3.4. Imaging in vivo

3.4.1. Vacuole labelling

Cells grown to log phase were incubated in YPD containing 0.8 uM FM4-64 for 1 h at
30°C, then washed two times in minimal media before a 1 h chase period in minimal

media to label only vacuoles, before sample preparation and imaging.
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3.4.2. Yeast cells coverslip staining

On either side of a tunnel slide. Typically, 20 pL of imaging buffer (10 mM NaPi at pH
7.4) was first introduced to wash the tunnels followed by 20 pL of 1 mg/ml
Concanavalin A (ConA) to functionalised the coverslip for cell attachment, the ConA
introduced was allowed to incubate with slide up-side down for 5 minutes, preferably in
a humidified chamber to minimise evaporation. Finally, the ConA was washed with 200
uL of imaging buffer before adding 20 ul of cells. After 5 minutes of incubation in the
same condition, inverted in a humidity chamber to promote adhesion to the coverslip.
A final channel wash was performed with 200 uL of imaging buffer, the tunnel slide was

then sealed on both ends with nail varnish (Cosgrove et al., 2020).

On 35 mm glass dishes (lbidi GmbH, Germany) (Section Chapter 2.3.5.1, below) 300 pl
of 1 mg/ml ConA solution was added to the glass region of the dishes and incubated for
5 min with the lid on. The ConA solution was then gently removed with a pipette and
the dish was rinsed 3 times with approximatively 5 ml of sterile water. And finally, left
without the lid to dry under a laminar flow sterile cabinet for 30 minutes ready to use.
Generally, 300 ul of cells were added incubated for 5 min and rinsed three times with

5 ml of imaging buffer.

3.5. Confocal microscopy

3.5.1. Flowcell system

A time-lapse experiment with media exchanges was performed using a bespoke flowcell
device, built to be compatible with inverted microscopes. Two 50 ml syringes were
tipped with 25 mm needles and connected to a tight-fitting silicone tube, all sealed
together with parafilm. One syringe is to push the media into a 35 mm glass-bottom dish
(Ibidi GmbH, Germany). The other syringe serves to remove it.

The plastic cap of 35 mm glass dishes (Ibidi GmbH, Germany) was pierced using a heated
syringe needle to create a hole the size of the silicone tube used, for both the tube entry

and the exit point for media exchange. The tube used to flow media in was positioned
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to not touch the stagnant media in the dish. The exiting tube was placed further down,
in close proximity to the bottom of the ibidi dish, to maximise the volume absorbed. The
process takes all together ~ 1 min to 2 min to complete. (Figure 2-5). An imaging interval

of 5 minutes was typically used.
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Figure 2-5: Flowcell system

A: Schematic representation exchange media with previously developed flowcell system

(Laidlaw et al., 2021) B: Photograph system installed on confocal microscopy Zeiss 880.

3.5.2. Confocal setting CrGE mCerulean-mCitrine FRET readout.

The CrGE sensor is built with mCerulean fluorophore (Ex 420 nm and Em 475 nm) at the
N-terminus and mCitrine fluorophore (Ex 515 nm; Em 525 nm) at the C-terminus forming
the FRET pair.

On either the confocal microscope LMS 710 or the inverted 880 Zeiss both equipped
with a 63x NA 1.4 oil-immersion objective lens (Plan-Apochromat). The following

excitation lasers and imaging wavelength ranges were applied: mCerulean3 with 458
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nm and 454/515 nm, mCitrine with 514 nm and 524/601 nm and FRET with 458 nm and
458/601 nm. Lasers set respectively to 0.7% (or 0.23 uW) and 2.1% (or 0.23 pW) of
maximum power, on the LMS 710.

On the inverted 880 microscope, the imaging set-up was as follows; mCerulean3 458 nm
(argon laser) for 463/500 nm emission filter and 1.5% laser power (or 1.42 uW) and FRET
458 nm for 525/606 nm emission filter.

The triple-colour experiment was performed through sequential acquisition for each
imaged colour. First, the acquisition of the CrGE FRET signal (following the imaging
condition above) seconded by the acquisition of FM4-64 vacuole dye fluorescence using
a 561 nm wavelength laser (Argon) at 5% of maximum power (or 20.9uW) and the
following emission filter: 578/731 nm. See also in (Lecinski et al., 2021; Shepherd,
Lecinski, et al., 2021).

3.5.3. Confocal settings, imaging fluorescence aggregates

Aggregates were imaged using the LSM 880 Zeiss microscopes (see section above), with
488 and 561 or 633 nm wavelength lasers. Intensity and gain were optimised and kept
for each experiment (including replicates). Detector digital gain was set to 1 and a
scanning time of 1.23 seconds per frame. 2% (2.09 uW) laser power was used to image
green fluorescence (MGFP) and 1% (4.1 uW) when imaging red fluorescence to minimise

bleaching of sensitive mCherry and mScarlet-I.

3.5.4. Acquiring z stack

Z stacks images were acquired notably to observe aggregates in 3D were done with
0.33 um sections across the sample usually around 5 to 6 um thickness. Imaging was

performed on the inverted 880, Zeiss microscope, as described above.

3.5.5. Airyscan for bud neck 3D structure
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Airyscan imaging is a confocal setting that was mainly used in this project to resolve the
structure of the bud neck in yeast a region between mother cell and daughter cells in
the budding yeast. Imaging was performed on the inverted LSM 880, Zeiss microscope,
equipped with an Airyscan module (Huff, 2015). LSM 880 using Plan-Apochromat
63x%/1.4 objective lenses with 488 nm Argos laser set at 2% laser power (~ 2.09 uW) with
emission range between 495 and 550 nm to collect GFP green fluorescence signal.

Detector digital gain was set to 1.4 and the scanning time to 1.56 seconds.

3.6. Flow Cytometry

A flow cytometry experiment was performed to assess the influence of copper on GFP
fluorescence (Figure 5-3.a). Cell samples at log phase were diluted on a 96-well square
plate and readout was performed with the assistance of the York bio-imaging facility on

a Beckman Coulter MoFlo Astrios cytometer and using a 488 nm laser.

3.7. Single-molecule detection using Slimfield microscopy

3.7.1. A bespoke microscope

The Slimfield microscopy technique uses a standard epifluorescence illumination set-up
however designed on a bespoke microscope to specifically generate a greatly reduced
excitation field. The Gaussian intensity profile generated by the laser beam is indeed
greatly reduced typically of a width lesser than 10 microns over the sample. Compared
to classic epifluorescence is approximatively smaller by a factor of 10, as a result, the
excitation intensity is strongly increased, up to ~ 100 times compared to wide-field
image intensities (Plank et al., 2009; Wollman & Leake, 2016). This feature strongly
reduces the background noise and enables single-molecule detection precision.
Typically, the field of view is 30 square microns, enough to contain small eukaryotic cells
such as yeast cells, an ideal configuration for single-cell imaging. Coupled with the fast
acquisition (millisecond time scale), cellular dynamics can be observed by fluorescence

at a molecular scale, and meaningful molecular and cellular parameters can be

81



extracted, such as copy number, diffusion coefficient, the stoichiometry of molecular
complexes, and the dynamics of fluorescent proteins in the cytoplasm (Plank et al., 2009;
Shashkova et al., 2018). Dual-colour imaging can be performed with this type of device

opening perspective of colocalisation experiments (Figure 2-6).
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Figure 2-6: Slimfield microscopy

(a) Photograph single molecule Slimfield microscopy, on the left, the microscope body
and, on the right, the objective and sample area (b) schematic optical path of the
Slimfield microscope. (c) Green and red channels on the microscope field of view,
respectively on the left and right of the image. Dotted frames and labels highlight the

position of each channel. Green beads are visible on the green channel. 1 um scale bar.
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3.7.2. Microscope preparation

Control beads and field of view illumination using diluted at 1/1000 in PBS, supplied by
ThermoFisher, with the following characteristics: Fluosphere carboxylates, modified
microspheres, 0.2 um orange fluorescent (540/560), 2% solids, in distilled water with
2 mM azide. And Fluosphere carboxylates, modified microsphere, 0.2 um orange
fluorescent (505/515), 2% solids. Laser alignment set to epi-illumination with

micrometre set at 5 mm in the current set-up.

Figure 2-7: Mixed fluorescent beads used to optimise microscopy

The capture of Slimfield field of view for a sample of mixed fluorescent orange and green

beads. 1 um Scale bar.

3.7.3. Acquiring data

For CrGE in vivo: On the Slimfield microscope equipped with a 100X oil-immersion Nikon
Plan Apo 1.49 NA objective lens, a CFP/YFP dichroic mirror (part number ZT442/514rpc,
Chroma Technology Corporation) adapted to utilise 445 nm and 514 nm laser
(Coherent Inc) with respectively 475 nm emission filter, 50 mm Diameter, 50 nm
Bandwidth, OD 6 (Part-number 86-364, Edmund Optics Inc) and 543 nm emission filter,
25 mm Diameter, 22 nm Bandwidth, OD 6 (Part-number 67-032, Edmund Optics Inc).

The imaging was performed using the 445 nm at 13.5 mW laser power and the 514 nm
laser at 14 mW, set on “continuous wave” for both. The microscope possesses a 300 mm
tube lens for 53 nm/pixel resolution. Exposure time was set to 10 ms. Using the 445 nm
laser, 100 frames were first acquired, and the shutter was triggered manually and
programmed to stay open for 7 acquisition frames equivalents at 70 ms. In the acceptor
channel, 1000 frames were acquired again and with the same manually triggered shutter
system.
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The donor/FRET channels were excited first followed by the acceptor channel. The
image collected by an sCMQOS camera (BSI Prime 95B) was split into two channels for
blue and yellow channels side-by-side imaging. To avoid photobleaching effects,
Slimfield data analysis was achieved using the first frames holding a strong and bright

initial signal.

For CrGE2.3 in vivo: The CrGE2.3 (mGFP-mScarlet-1) FRET sensor expressed in BY4741
wild-type yeast was imaged as followed with a bespoke Slimfield single-molecule
microscope set for epifluorescence (Wollman & Leake, 2015): 488 nm (Obis LS laser) and
561 nm (LX series laser), laser power were both set to 20 mW at the sample. The set-up
held an EGFP/mCherry dichroic mirror (part number ZET488/561m, Chroma Technology
Corporation) with the following emission filters: A 525/50 nm single-band bandpass
filter (part number FF03-525/50, laser 2000 photonics, Ltd.) and a 604 nm laser
bandpass filter (part number ZT594rdc, Chroma Technology Corporation).

The sample was quickly photobleached and 5000 frames were taken at 10 ms exposure

(first 1000 to 2000 frames analysed).

Imaging aggregates: aggregate strains were imaged with a similar set-up on the bespoke
Slimfield single-molecule microscope set for epifluorescence (Wollman & Leake, 2015):
488 nm (Obis LS laser) set to 20 mW at the sample. 1000 to 1500 frames were taken at

5 ms exposure.
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3.8. Image and data visualisation

Confocal data images were analysed using Fiji (version: Imagel2.3.0_Java 1.8.0_172).
The Cell Magic wand plugin (Walker, 2016) was used to segment cells on DIC or
brightfield channel and generate regions of interest (ROIs) for measurement.

An inbuilt plugin and a bespoke macro were developed to measure and calculate the
average ratiometric FRET or NFRET parameter within each cell. Cell areas were also

extracted using the bespoke macro.

The main analysis workflow was developed with Dr Jack Shepherd. The programme is
coded in Python 3.0 and utilises the deep learning software YeastSpotter. (Lu et al.,
2019) for cell segmentation and generates ratiometric maps from the raw data. Plots
were generated using Python matplotlib (Hunter, 2007) and seaborn library (Waskom,
2021).

A MATLAB-based single-molecule analysis tool developed by Dr Adam Wolman was used

to perform single-molecule analyses from data acquired using Slimfield microscopy.

3.8.1. Ratiometric FRET calculation measurement

Methods extracted from (Shepherd, Lecinski, et al., 2021) to define ratiometric FRET,
and NFRET and to present the initial exploration to determine the advantages and

inconvenient of both methods.

The intensities were corrected for autofluorescence by subtraction of the mean
autofluorescence values found by imaging BY4742 wild-type cells in experimental
conditions. As in previous work (Boersma et al., 2015) we defined the ratiometric FRET
as Ir /I, where where [ris the intensity in the FRET channel under donor excitation and
Ipis the intensity in the donor channel under donor excitation. Using this approach,
bleed-through corrections are not required since they are manifest as a constant offset

in the ratiometric FRET distribution, while in line with previous work with this FRET
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sensor (Boersma et al., 2015) cross-excitation can be neglected as it is a minimal

contribution (around 4% of the excitation peak).
We also analysed our data with another common approach using normalised ratiometric

FRET (Mouton et al., 2020; Xia & Liu, 2001), defined as NFRET = IF/\/E where Irand
Ip are defined as above and /4 is the intensity in the acceptor channel under acceptor
excitation. In general, for NFRET analysis to be valid, intensities must be corrected for
background, bleed-through, and cross-excitation of the acceptor under donor
excitation. Here, we estimated bleed-through to be <7% in our confocal microscopy
given the filter sets used. Comparing the uncorrected NFRET with the ratiometric FRET
still indicated qualitative agreement without bleed-through correction. In all cases, we
corrected for background noise which was accounted for by subtraction of the mean
background of a region of interest in each confocal microscopy image, and
autofluorescence which was taken to be the mean of a wild type of dataset imaged

under experimental conditions.

NFRET normalises the FRET efficiency signal to overcome variations in copy number
between the acceptor and the donor. As both entities are synthesised together, this
disparity can be due to maturation differences between the two fluorophores,
guenching of molecules in particular conditions (pH), or due to degradation pathways in
the cell. Therefore, using NFRET allows us to report with higher precision a corrected
FRET efficiency. CrGE2.3 sensor has similar pH sensitivity and maturation kinetics
between the two fluorescent proteins (the mScarlet-l and mGFP FRET pair) more
favourable than the difference observed for mCerulean3 and mCitrine fluorescent
proteins of the CrGE sensor. Therefore, we compared the result between ratiometric
FRET and the normalised FRET ratio (NFRET) to correct for the unequal number of
effective donors and acceptors in the pool of sensors expressed in the cells. Indeed,
various parameters can influence the number of optically operational fluorescent
proteins (e.g., maturation/degradation dynamics). Determining the NFRET eliminates
differences between treated conditions affecting the components while retaining

readouts from crowding.
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3.8.2. CrGE Pixel maps and CrGE2.3 in vivo analysis

This section presents the analysis code developed in Python by Dr Jack Shepherd and
used to explore data acquired subcellular ratiometric and FRET efficiency
characterisation. Extracted from (Lecinski et al., 2021) and (Shepherd, Lecinski, et al.,

2021).

Bespoke simulation software was written in Python 3 using SciPy (Virtanen et al., 2020),
NumPy (Oliphant, 2006) and Matplotlib (Hunter, 2007). First, a canonical point spread
function was found using the freely available Python library (Gohlke, 2020), and was
down-sampled to create a point spread function (PSF) cuboid unit of (xyz) 50x50x100 nm
voxels. A randomly sized ellipsoidal cell (Wollman & Leake, 2016) was placed in a 3D
pixel grid where each pixel also had a side length of 50 nm, and within this was placed a
spherical excluded volume to act as a vacuole. A point in this volume was selected and
if found to be inside the cell but outside the excluded volume the locus was accepted.
The canonical PSF intensity was then multiplied by a random factor between 0.9 and 1.1
to simulate variation in fluorophore brightness and a given fraction of the intensity was
placed in the donor volume at the selected point, while the remaining intensity was
given to the FRET volume. Finally, the canonical PSF intensity was multiplied by the ratio
of the accepter to donor brightness, and again the brightness was scaled in the region
0.9-1.1. This process was performed until 105 fluorophores had been accepted. Finally,
every voxel was given a background noise value taken from a Gaussian distribution with
parameters found experimentally, and within the cell the voxels were additionally given
an autofluorescence value, again the Gaussian distribution of which was found from the
confocal imaging data of wild type yeast in experimental conditions. To simulate the
excluded membrane volume, the autofluorescence region was extended beyond the
volume in which fluorophores were placed.

CrGE2.3 tracks and FRET read-out were obtained using PySTACHIO (Shepherd, Higgins,
et al., 2021) with snr_min_threshold=0.5 and struct_disk_radius=9 in Alternating Laser
Excitation (ALEX) mode. We relaxed our usual constraints on trajectory length because

ALEX mode with 10 ms exposure allows considerable diffusion between successive

88



captures in one channel and thus trajectory linking is compromised in this single-
molecule regime. Following PySTACHIO analysis, we began by finding the translation-
only registration transformation between channels using brightfield images and the
pystackreg library (Thévenaz, 2021). We then applied the registration transformation to
the trajectories identified by PySTACHIO as well as to the fluorescence stacks. We
performed colocalisation using PySTACHIO with the distance cut-off set to 2 pixels and
the overlap integral set to 0.75 — this is the “true” colocalisation metric, with the
distance cut-off used to decrease computational cost by not calculating overlap integrals
for foci which will fall beneath the overlap integral threshold. If spots in the donor and
acceptor channel were accepted as being one FRET sensor, we then estimated the FRET
position using the mean position of the donor and acceptor and found the summed
intensity with local background correction as in PySTACHIO. Finally, we measured the

normalized FRET parameter NFRET:

IFRET
NI

which has been reported as a crowding proxy previously (Mouton et al., 2020). These

NFRET =

values were plotted using matplotlib (Hunter, 2007). Data analysis here was performed
using a bespoke Python routine which made use of scikit-image (Van der Walt et al.,
2014), Pillow (Clark, 2015), NumPy (Oliphant, 2006), and openCV (Bradski, 2000) for

image data handling.

To generate heat maps, the ratiometric FRET values in the stacks of images were
calculated for each pixel rather than an average fluorescence intensity. Relative
molecular stoichiometry of the dye was estimated either with conservation of energy
considerations or by normalising it to the highest intensity pixel in the acceptor channel.
For conservation of energy stoichiometry estimation, the conserved energy quantity

was taken to be

_ Ip Ig I
Econserved = hc (E + Z + Z)r
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where h is Planck’s constant, c is the speed of light, Ip, /4, and /r are the intensities
in the donor, acceptor, and FRET channels respectively, and Ap and A are the peak
emission wavelengths of mCerulean3 and mCitrine respectively. The E value was
calculated for each pixel in the region of interest, and the resulting heatmap was

normalised to the highest value to give an approximation of the relative copy number.
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Chapter 3. Sensing crowding in yeast

1. Introduction

In this study, | used a FRET-based macromolecular crowding sensor, called CrGE (Liu et
al., 2018) to sense hyper-osmotic shock mainly induced by sodium chloride salt (NaCl).
This type of stress induces a rapid change in extracellular ionic strength with a
consequent effect on molecular crowding within cells. The high ionic strength medium
overwhelms ions import and export and leads to a sudden decrease in cell volume with
a concomitant increase in crowding (Hohmann, 2015a).

This chapter aims to present the crowding sensor used in this study and report new
insights on budding yeast physiology and the influence of glucose availability on
crowding, and during cellular growth.

| also present the development of Imagel-based tools (macro) to semi-automate
measurement of ratiometric FRET and cell area in bio-imaging images. This initial work
led the direction of my research toward assessing subcellular dynamics and the

development of methods of investigation and analysis to observe them (see Chapter 4).

The narrative of this chapter was constructed using parts of the data and writing

sections from two published papers associated with my thesis work:

Shepherd, J. W., Lecinski, S., Wragg, J., Shashkova, S., MacDonald, C., & Leake, M. C.
(2021). Molecular crowding in single eukaryotic cells: Using cell environment biosensing
and single-molecule optical microscopy to probe dependence on extracellular ionic

strength, local glucose conditions, and sensor copy number. Methods, 193, 54-61.

Lecinski, S., Shepherd, J. W., Frame, L., Hayton, I., MacDonald, C., & Leake, M. C. (2021).
Investigating molecular crowding during cell division and hyperosmotic stress in budding

yeast with FRET. In Current Topics in Membranes (Vol. 88, pp. 75—-118). Academic Press.
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2. Crowding and osmotic shock

2.1. The CrGE sensor

Expressed in S. cerevisiae the cytoplasmic CrGE crowding FRET based sensor (Boersma
et al., 2015) uses fluorescent cyan protein mCerulean3 (Markwardt et al., 2011) as a
donor and the yellow mCitrine (Zacharias et al., 2002) as the acceptor. See Figure 3-1. In
low crowding, the donor and acceptor are separated such that non-radiative energy
transfer is low, energy is emitted by the donor fluorophore, and low FRET efficiency is
observed. A crowded environment will bring the two dyes closer to each other
promoting non-radiative energy transfer and emission by the acceptor fluorophore,

hence a higher FRET efficiency.

/ Low molecular crowding| |High molecular crowding

Budding S. cereviseae 458nm 458n C
expressing crGE FRET / \ :)\
based sensor C
Q,

O
SIS oQ‘ézgﬁm

= .
’5\ 1.0 mCerulean3 EM
. mCitrine EM
© 0.8+
~ —— mCerulean3 EX
mCitrine EX

Fluorescence
© o o ©o
o N H [e)]

1 1 1 1

G

400 450 500 550 600 650 700
wavelength (nm)

Figure 3-1: Presentation crowding sensor.

Schematic representation of the CrGE FRET-based sensor and the spectrum of
excitation/emission for both probes constituting the CrGE sensor, mCerulean3

(Markwardt et al., 2011) the donor, and mCitrine (Zacharias et al., 2002) the acceptor.
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2.2. NaCl induced hyperosmotic shock

Hyper-osmotic stress is commonly used in biological research to investigate cellular
stress response and cell survival strategy. In detail, higher osmolarity in the environment
than in the intracellular milieu generates a physico-mechanical pressure forcing
immediately the water to flow out of the cell through the semi-permeable plasma
membrane (Alfieri & Petronini, 2007; Hohmann, 2002; Morris et al., 1986). This is a
common cellular response observed both in bacteria such as E. coli or eukaryotic cells
such as yeast or mammalian cells (Ho, 2006; Hohmann, 2015b; Record Jr et al., 1998).
Three different stages built the stress response and cellular defence mechanism: first,
the immediate cellular changes resulting from the immediate cell volume and water
content reduction or shrinkage of the cell (Hohmann & Mager, 2007), with high
osmolarity in the surrounding environment cells rapidly lose intracellular water inducing
a loss of turgor and the shrinkage of cells, instantaneously leading to the raise of
macromolecular crowding in the intracellular environment with consequences in
molecule mobilities and metabolic actions. In eukaryotic cells, the cytoskeleton can
collapse with the depolarisation of actin patches observed and the reorganisation of the
filaments (Chowdhury et al., 1992). Secondly, the repair and recovery process is set in
motion via the activation of specific MAP-kinase (Mitogen-Activated Protein kinase)
cascade pathways, while the cell division is arrested. The arrest has been reported to
occur at either the G1 or G2/M stage with the down regulation or inhibition of key
regulating kinase such as CIn3p or CIn2p (Belli et al., 2001). The glycerol channel Fpslp
closes to avoid its export out of the cell and maximise its intracellular accumulation to
regain turgor (Hohmann, 2002). Hyperosmotic stress in eukaryotic cells and especially
in mammalian cells causes cell shrinkage due to the osmotic efflux of water leading to
increases in intracellular ionic strength (Alfieri & Petronini, 2007). The cell volume
recovery is also mediated by the ion transport systems (Lang et al., 1998; McManus et
al., 1995). Potassium homeostasis for example plays an important role to ensure
survival. It helps regulate the intracellular pH, cell volume and plasma-membrane
potential (Bubnova et al., 2014). A high concentration of potassium is required for cell

division and accordingly efficient uptake of potassium occurs after osmotic stress to
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promote cellular growth (Bubnova et al., 2014). In yeast cells the high-osmolarity
glycerol (HOG) MAP-kinase pathway is triggered to initiate glycerol synthesis, this
pathway also leads to the activation of ENA1, a gene coding for a sodium pump (Proft &
Serrano, 1999), and also regulates transcription of the GPD1 coding for a dehydrogenase
(glycerol 3-phosphate dehydrogenase) (Albertyn et al., 1994) allowing the de novo
biosynthesis of glycerol and contributing as well as the efflux restriction to rapidly
increase the concentration of glycerol in the media (Albertyn et al., 1994). These
metabolic modulations finally allow the cell to progressively regain resources, to reach
a new equilibrium into a viable physiology and a metabolism capable of sustaining

cellular growth (Brewster & Gustin, 1994).

With yeast strain expressing the CrGE sensor, | first verified its capability to sense
macromolecular crowding under salt induced hyper osmotic stress. Initially by
quantifying the FRET efficiency (using the ratiometric FRET method — see Chapter 2.3.8)
and area changes in cells experiencing osmotic stress (Figure 3-2).

At 0 M NaCl, cells are in a low-stress condition, under exposure to 1 M NaCl crowding
increases, evidenced by the ratiometric FRET increasing by 13.7% (Figure 3-2.a and b)
while measurable cell area is reduced by around 21% (Figure 3-2.c), consistent with
previously found values (Hohmann, 2015a), and due to water being mechanically forced

from the cell by osmotic pressure (Hohmann, 2002).

As | first used the FRET sensor, | also worked to optimise post-acquisition cell
segmentation methods and measurements. Using Imagel-based macro | coded a small
program that semi-optimised segmentation and intensity measurements from
fluorescence channels of interest: here the donor and FRET channel one, to calculate
the ratiometric FRET (ratioFRET), or including the acceptor channel if calculating the
NFRET (see Chapter 2.3.8). The macro workflow developed to automate this process,
the ratioFRET is presented in Figure 3-3. See also the full code in Appendix ap.0-4.

Cells were initially segmented using the cell magic wand tool plugin (Walker, 2016) that
detects cell edges, or manually with Imagel in-built selection tool. Stored outlines were

utilised by a bespoke macro measuring intensities and areas.
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Figure 3-2: CrGE dynamic FRET sensor

(a) Left: jitter plot of FRET/mCerulean3 values for yeast grown in 2% glucose and
measured in the absence (0 M) and presence (1 M) of NaCl, including box plot and
significance testing. (b) Fluorescence micrographs of CrGE in both 0 M and 1 M Na(l,
displaying from left to right the donor, FRET, and acceptor channel. Scale bar: 1 um. (c)
On the left: jitter plot of the same data with box plotting and significance testing as in

panel b. On the right: DIC images of the cells in low (0 M) and high (1 M) ionic strength
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buffer. Scale bars: 5 um. (d) Histogram with the fit of cell area imaged in 0 M NaCl (blue)
and 1 M NaCl (orange) conditions and grown in 2% glucose. Representation of the data
presented in panel ¢ to highlight the cell size reduction typically observed under
hyperosmotic stress, the histogram allowing the visualisation of the size distribution
observed for each condition. Areas are given in um?, with data fit by Kernel Density
Estimation (KDE) (Leake, 2014) using the seaborn library function distplot (Waskom,
2021). KDE bandwidth is set using the rule-of-thumb Scott’s (Jones et al., 1996; Scott &
Terrell, 1987).

Macro WOrkﬂOW Source_Directory |C\Users Browse

Destination_Directory |C\Users Browse
Load Image

Composite image with overlays selections Autofluorescence/Noise Substraction:
c1
c2

Extraction overlays data
Stored in Roi Manager c3

| OK || Cancel

Numerical sorting
Roi.list labelling |-/ Measurements and result table

Label/Area/mean/IntDent/RawIntdent
C1, C2 and C3 // C4 DIC excluded

Correction
Autofluorescence or Ratiometric FRET
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Saving
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- Master table saved (appendable)
- Close all -

BATCH
next image

Final output
Tables saved
in choosen directory

Figure 3-3: Imagel) macro for ratiometric FRET

(a) Workflow description of the Image) macro used to analyse data from the confocal
microscope. (b) GUI of the Image) macro used to analyse data from the confocal
microscope. (c) Visualisation composite image acquired, cells outline generated either
with the selection tool or the cell magic wand tool plugin (Walker, 2016) and saved as
metadata in the form of overlays (inactive selections), the image is composed of four
channels, C1 (blue): mCerulean3 excitation, the donor; C2 (orange): the FRET channel;

C3 (yellow): mCitrine, the acceptor, C4 (grey): DIC visual. Macro code in Appendix ap.0-4.
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The strong cell size reduction observed during hyper-osmotic stress is occurring
instantaneously in presence of NaCl (with 1 M tested here). Thus, this morphological
change forces the cell content to a smaller volume, automatically inducing confinement
effects such as crowding. This result confirms the CrGE sensor is efficiently capable to
detect crowding upshift. In the next session, | looked for other elements influencing
macromolecular crowding and quantified the impact of glucose availability during

cellular growth on macromolecular crowding.

3. Cell growth and crowding

3.1. Glucose and basal molecular crowding

Glucose is a nutrient for eukaryotic cells, including yeast, and is used to produce energy,
molecules of ATP, essential to ensure all "active" metabolic activities (Gongalves &
Planta, 1998; Teusink et al., 2000). In the literature, recent studies showed that sugar
starvation influences the diffusivity of molecules (Joyner et al., 2016). This work tracked
two large molecules, called mRNPs and chromatin, in yeast cells starved of sugars.
During starvation, both molecules were shown to be less able to move around in their
respective localisation in the cell: chromatin is the complex of DNA and proteins forming
the chromosomes in the nucleus of eukaryotic cells (Comings, 1972), while mRNPs,
standing for messenger ribonucleoproteins, are found in the cytoplasm (Hieronymus &
Silver, 2004; Minich & Ovchinnikov, 1992). This observation appears to be due to water
loss and cell size reduction reported in cells starved for glucose, therefore also inducing
macromolecular crowding shift (Albers et al., 2007; Pluskal et al., 2011; Turner et al.,
2012). The cells become smaller, leading to a more crowded intracellular environment.
This phenomenon was described in various eukaryotic cells such as yeast or mammalian
cells (Guo et al., 2017; Mourdo et al., 2014; Winderickx et al., 2003) but also for bacteria
cells (Parry et al., 2014; Shi et al.,, 2021). Few studies have suggested the physical

changes triggered by starvation are not only a consequence of the stress but also a
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critical response to ensure cell survival (Agozzino et al., 2020; Franzmann & Alberti,

2019; Janapala et al., 2019).

Stressed cells can also enter a quiescent state, a reversible state where the cell cycle is
arrested and metabolic function is reduced to ensure survival, generally, cells re-enter a
proliferation state once they meet more favourable conditions to sustain cellular growth
(De Virgilio, 2012). The cytoplasm of quiescent cells was shown to become more acidic
(Munder et al., 2016; Musgrove et al., 1987), which causes many proteins to bind to
each other and form large clumps, altering the nature of the intracellular environment
(Broach, 2012; Munder et al.,, 2016; Rabouille & Alberti, 2017). Munder and
collaborators' work revealed that the interior of cells undergoes a transition from a fluid-
like state to a solid-like state in restricted environments (Munder et al., 2016). In yeast
and other eukaryotes, the overall intracellular acidification induced by energy starvation
was also shown to trigger the agglomeration and compaction of several enzymes

(Munder et al., 2016; Petrovska et al., 2014; Rabouille & Alberti, 2017).

Other effects were also reported in correlation to the cellular stress response and tight
survival behaviours, such as the reversible formation of membrane-less compartments
in eukaryotic cells (van Leeuwen & Rabouille, 2019), the lipid droplets modulation in size
and number (Kurat et al., 2006), and the reported enhancement of plasma membrane
invaginations leading to a wrinkled structure of the membrane, especially during
hyperosmotic stress or starvation (Morris et al., 1986; Simonin et al., 2007; Slaninova et
al., 2000). Furthermore, the vacuole in yeast has been reported to increase in size in
cells depleted of energy (Desfougeéres et al., 2016; Joyner et al., 2016).

These stress changes are associated with cell morphology, size changes and intracellular
spatial reorganisation. All can be associated with crowding dynamics. Therefore,
methods monitoring these changes have been developed as reporters to quantify
crowding. The reorganisation of ribosome distribution was observed in starved cells for
example (Marini et al., 2020). For example, in starved cells ribosomes are excluded from
cell areas and stress-induced membrane-less compartments, which increases ribosome

density locally in the cytoplasm (Marini et al., 2020). Measuring the local density of
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ribosome become therefore informative to identify crowding state changes. Using this
method crowding was identified as one of the factors responsible for promoting the
assembly of elF2B filaments (Marini et al., 2020). Generally, the formation of large
protein assemblies was suggested as a survival strategy to protect proteins from
extended damage (Franzmann & Alberti, 2019; Niske et al., 2020), to generate a reserve
and save resources in the long term (Franzmann & Alberti, 2019; Niske et al., 2020;
Petrovska et al., 2014), such as the formation of a pool of actin reserves (Sagot et al.,
2006). These assemblies during nutrient stress can downregulate protein activity to
equally preserve resources (Bleoanca & Bahrim, 2013; Miura & Yanagita, 1972; Riback
et al., 2017). Glucose-related metabolic activities are therefore associated with a range

of molecular rearrangements influencing the spatio-temporal organisation in cells.

These can influence the readout of the ratiometric FRET sensor presented. These
changes can impact the global crowding dynamics of the cells. The time scale of these
dynamics, the maturation of fluorophores, the acidification of the environment or
degradation pathways can influence the optical properties of the sensor and thus the
FRET read-out. The normalisation of the results becomes often necessary to validate the
significance of the changes observed (see results below and in Appendix ap.0-2).
Alternative methods to assess crowding dynamics in vivo and with fluorescent reporters
exist. Mainly, diffusive properties have been assessed as an indicator of environmental
crowding (Bulthuis et al., 2023). Accordingly, the CrGE sensor and any fluorescent
proteins can be tracked in the cytoplasm to access diffusive information. Other
techniques could be considered to access the diffusion information, such as FRAP
(Fluorescence Recovery After Photobleaching) (Jacobson et al.,, 1976). Diffusion
accessed this way can indeed give information on the local crowding and confinement
state experienced by molecules in the area tested (Cai et al., 2022; Dey et al., 2021;
Lippincott-Schwartz et al., 2018). But other methods can also indicate changes in the
microenvironment such as measuring the effective dry mass in a cell population (Léwe

et al., 2020; Michel et al., 2019; Rana et al., 2020).

In essence, cellular stress and glucose availability can induce a whole range of

morphological and physico-chemical changes (e.g., pH, dry mass, ions strength), which
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can impact the performance of the sensor. The combination methods to access
crowding such as the ones mentioned above can help us decouple these effects, to

isolate the crowding information.

To first investigate whether glucose availability during growth affects the molecular
crowding at low osmotic stress, cells were grown at 1%, 2% or 4% glucose and imaged
in 50 mM NaPi as described in previous work with the sensor (Mouton et al., 2020). Cells
grown in 1% glucose showed the highest ratiometric FRET, with a small shift of -2.7%
between 1% and 2% glucose growth conditions (Figure 3-4). When analysing the same
data with NFRET we find that the shift is approximately 0.3% if the comparison is based
on the mean NFRET value or 0.6% if the median is used as the reference (Appendix
ap.0-2). The difference between 1% and 4% glucose conditions is more dramatic, with
the ratiometric FRET reduced by 11.6% and the NFRET value reduced by 4.3% (Appendix
ap.0-2). Therefore, across conditions, we find a reduction in molecular crowding with
increasing local glucose concentration. Although in the main text, we include data from
one set of experiments, we have taken multiple datasets and note that they all
demonstrate a statistically significant difference in crowding between yeast grown in 1%
and 4% glucose. The difference between 1% and 2% is more variable and would require

further investigation (Figure 3-5.a).

Perturbation of the cells with 1 M NaCl also leads to different ratiometric FRET values.
Specifically, the cells grown at 4% glucose undergo a higher relative shift in
ratiometric FRET than those grown at 1% or 2% glucose, but the FRET ratio overall
remains below that in the lower two glucose cases (Figure 3-4 and Figure 3-5.a). It
appears that while the osmotic shock produces an increase in ratiometric FRET of 10-
15% in each case, the underlying metabolic state of the yeast remains important in
determining the final crowding state.

To cope with changes in external osmolarity, the High-Osmolarity Glycerol (HOG)
pathway mediates the regulation of glycerol production and water release, changing the
properties of the cytoplasm and potentially impacting crowding (Saito & Posas, 2012).
Hyperosmotic conditions cause glycerol accumulation within the cell to maintain cell

size and water homeostasis (Petelenz-Kurdziel et al., 2013). The mechanical pressure
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that appeared within the cell leads to an increase in macromolecular crowding.
However, the glucose conditions we used do not seem to influence the cell volume

(Figure 3-4.b and Figure 3-5.b).

We hypothesize that the overnight growth under lower glucose conditions (1% and 2%),
leads to lower water content within the cell compared to that in cells grown with 4%
glucose. As 4% glucose would mean higher external osmolarity than 1% and 2%,
therefore, the changes in crowding may be caused not only by glycerol/water ratio shift
but also trehalose and other osmolytes concentrations as has been suggested for
respiring cells (Babazadeh et al., 2017). This is supported by the relative behaviour of
the different samples upon application of 1 M NaCl (Figure 3-4.d). The FRET/mCerulean3
values increase by approximately the same proportion but remain lower in the 4%
glucose case, indicating that there is a fundamental water-osmolyte ratio difference

between the samples.

Finally, Figure 3-4.c displays a heatmap with Pearson test correlation performed for each
glucose availability condition to assess if a correlation exists between FRETratio and
area. For each condition, there is no clear correlation with correlation coefficient values

all approaching 0.

As a side note, some Kernel Density Estimation (KDE) fits of these data (Figure 3-4.a
and b) look a little bimodal, possibly as a result of bet-hedging behaviour as seen in
budding yeast previously (Bagamery et al., 2020), where authors note that bet-hedging
across the population is non-mutational and bimodal. In high-glucose conditions,
bimodal differences may help to guard the population against glucose deprivation.
However, the extent to which subcellular crowding is heterogeneous is unclear, and it is
unknown how or if crowding is clustered around subcellular features that use molecular
machines or ion pumps to regulate local conditions. Previous work has mostly used
analysis techniques which rely on ensemble average fluorescence signal values over a
cell or region of interest to calculate a ratiometric FRET value (Boersma et al., 2015;
Mouton et al.,, 2020). However, rapid super-resolving single-molecule optical
microscopy called Slimfield (Plank et al., 2009) has been extensively used in single and
dual-colour imaging experiments (Badrinarayanan et al., 2012; Reyes-Lamothe et al.,

2010; Shashkova et al., 2021; Wollman et al., 2017) to perform tracking of individual
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molecules, find their localisation and estimate total copy numbers on a cell-by-cell basis

(Shashkova & Leake, 2017).

The osmolarity of glucose is dependent on the number of molecules in a solution
(Stigter, 1960). 1 M solution of glucose is a 1 osmolar (1 osmol) solution whereas 1 M
solution of NaCl decomposed in Na+ and Cl- ions is 2 osmolar (2 osmols) and 1 M sorbitol
classically used to induce osmotic stress is a 1 osmolar (1 osmol). The osmolarity of 4%
glucose is 0.22 osmole/litre, 2% glucose is 0.11 osmole/litre and 1% is 0.055
osmole/litre. The concentration of NaCl and sorbitol typically used to induce osmotic
crowding upshift is 1.5 osmolar to 2 osmolar equivalent, while the osmolarity at 4%
glucose is 0.22. This is considerably smaller, almost 7 times smaller and representing
only 14.66% of 1.5 M sorbitol osmolarity (1.5 osmols) and 11% of 1 M NaCl osmolarity
(2 osmols). Compared to 1% or 2% glucose, the osmolarity of 4% glucose is insufficient
to induce a significant cell size shift generally associated with the crowding upshift under
osmotic pressure as shown in Figure 3-4-b. This suggests that the effect observed at 4%
cannot only be explained by the effect of the osmolarity of glucose but also by the

metabolic consequence of glucose availability.
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Figure 3-4: Glucose availability and crowding

(a) Kernel density estimates (KDEs) of the ratiometric FRET distribution for cells grown
in 1%, 2%, and 4% glucose conditions and imaged at 0 M NaCl. For all conditions N>100.
For histograms and the raw data associated see Appendix ap.0-3 (b) KDE of the cell size
distribution, with area in um?, for cells grown in 1%, 2%, and 4% glucose and imaged at
0 M NaCl. Lines are given by a KDE fit. See Appendix ap.0-3 for histograms and the raw
data associated (c) Correlation heatmap between area and ratioFRET measured in each
glucose condition, pairwise Pearson correlation coefficient between all datasets using
the seaborn library (Waskom, 2021) and displaying within each square Pearson standard
correlation coefficient (d) Jitter plot showing FRET/mCerulean3 at high (1 M) and low (0
M) salt concentration for cells grown at 1%, 2%, and 4% glucose and imaged in 50 mM
NaPi. Here as we perform 6 t-tests we corrected the accepted p value via the Bonferroni
method (Dunn, 1961), thus here p=0.0083. Boxes represent the interquartile range
(IQR), with bars extending 1.5*IQR from the upper and lower quartile. Diamonds

indicate data outside this range.
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Figure 3-5: Osmotic stress and crowding
(a) Experiment repeats. Circles, triangles and crosses indicate the experiment was
performed on the same day with the same overnight liquid culture. (b) Area

measurements at 0 M and 1 M Nacl for all glucose conditions (1%, 2% and 4%). Lines

are KDE fits.

3.2. Crowding on budding yeast: mother cell vs daughter cells

To try to understand if there is a crowing dynamic associated with cellular growth, |
compared mother cells and daughter cells during budding, when both cells were still

attached and connected. Budding is a known asymmetric process therefore this
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comparison aims to assess if the observed polarisation and asymmetry between dividing
S. cerevisiae influence the crowding environment. We expressed the CrGE crowding
sensor and grew cells to mid-log phase (ODsgo - 0.4 - 0.6) in synthetic complete media
containing relevant glucose concentration and performed confocal microscopy. Figure
3-6 shows the average ratiometric FRET characterised between mother cells and
daughter cells/growing buds. This analysis showed a similar FRET readout for mother
cells and daughter cells with a mean ratioFRET of 0.347 and 0.344 respectively.
Interestingly the cell size distribution shows daughter cells to be 35.4% smaller than
mother cells with respectively a cell mean area of 14.453 um? against 5.124 um? (Figure
3-6.a and b). We found that for exponentially dividing cells, the individual cellular area
was not correlated with FRET (Figure 3-6.c and d), consistent with the essential role of
crowding stability in cellular integrity and survival (Mouton et al., 2020; Van Den Berg et
al., 2017). However, there was a greater range of ratiometric FRET values found for
smaller cells, which includes the growing daughter cells and buds (Figure 3-6.c). This
extended variability for cells size at the lowest range can notably be the consequence of
technical issues, small bud tends to grow out of focus in the imaging field of view, on a
different plan than the mother cell and potentially resulting in less accurate read-out
from increased noise in smaller volumes. Any biological interpretation remains
therefore hypothetical. Under this context, one hypothesis is that, if true, the variability
could be due to a lower cell volume, leading to smaller cells having a greater sensitivity
to their immediate environment during initial growth. Moreover, in growing cells, the
stage in the replication cycle may be correlated with crowding and the transport of large
materials from one cell to another such as inherited organelles and may lead to relatively
short-term crowding variability.

Figure 3-6.d shows two sub-populations of budding yeast plotted against the bud area.
This analysis is split into two groups, the first group displayed higher ratiometric FRET in
the mother cell than in the daughter cell and the second group where lower ratiometric
FRET was measured in the mother cell than in the daughter cell. For those two
categories, we see that cell areas between the two conditions are statistically equivalent
with no statistical differences as measured by both Student’s t-test (Kalpic et al., 2011)

and the non-parametric Brunner-Munzel (Brunner & Munzel, 2000) test between the
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two populations. We, therefore, conclude that the cell size during normal growth is not
a predictive factor for subcellular crowding and confirm a relative stability of crowding
during cellular growth, for cells budding. This is coherent with the crowding stability

previously observed between young and old cells (Mouton et al., 2020).
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Figure 3-6: Mother and daughter crowding stability

(a) Micrograph of the CrGE ratiometric FRET (FRET/mCerulean3) maps of the budding
yeasts analysed, with white arrows to show the mother cell and the daughter cell of
each budding yeast. (b) Scatter plot of mother and daughter cell ratiometric FRET against
cell area. (c) From left to right, histograms comparing the cell area between mother cells
and daughter cells and comparison of the FRET efficiency between mother cells and
daughter cells, R-squared values from respective linear regression indicated on the top-
right of the figure. (d) Crowding and cell size dependence, comparison between mother
cells and daughter cells. Two populations of cells were measured, one with buds
displaying a higher FRET efficiency than their mother cells, and the other with buds

displaying a lower FRET efficiency than their mother cells.
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4. Analysing plasma membrane region

The sensor does not localise to the lumen of the vacuole; therefore, the vacuoles
represent an excluded volume with no fluorescence signal. | performed a control
analysis to assess the influence of the vacuole as an excluded volume. | measured
fluorescence intensity in the cell for each image (see imaging conditions in Chapter 2
section 3.5.2) including or excluding the vacuole from the segmentation mask. | then
calculated and compared the average ratiometric FRET of cells including or not the
vacuole in the volume measured (See Figure 3-7.a). This analysis showed no significant
difference between the conditions for the same dataset.

To identify sub-cellular regions cluster of crowding in the cytoplasm, | focused first on
measuring crowding in proximity to the plasma membrane. | have developed a macro
able to generate ring shape outlines of customised width around the identified cell
edges (see Figure 3-7.b and code in Appendix ap.0-5). Using this macro, | targeted the
region in contact with the plasma membrane, a region potentially interesting as key to
various trafficking events (e.g., endocytosis, signal pathway, protein sorting at the
plasma membrane) all of which could influence crowding at a subcellular level.

This analysis showed however no significant difference in ratioFRET measured between
the near plasma membrane region, the remaining volume in the cytoplasm or the whole
cell volume (Figure 3-7.b). This analysis did not show the expected result however it has
allowed the development of an interesting macro which can generate customisable ring-

shaped segmentation masks around identified cells in the image.
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Figure 3-7: Cell volume segmentation outlines

(a) Jitter plot of ratiometric FRET values for S. cerevisiae grown in 2% glucose and imaged
with 0 M NacCl, with and without including the vacuole in the analysis. Boxes represent
the interquartile range (IQR), with bars extending 1.5*IQR from the upper and lower
guartile. Diamonds indicate data outside this range. Student’s t-test shown with p=0.05.
on the left, images with segmentation outlines in yellow, using a composite selection
tool in Fiji to opt out the vacuole from the selection (b) Average ratiometric FRET in the
area underneath the plasma membrane. 200 nm ring at the cytoplasmic periphery of

the cell drawn and intensities were measured by Imagel/Fiji macro on a scaled image
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within the segmentation outlines (in yellow). Intensity values were measured in both
channels to calculate FRET/mCerulean3 ratio. Results were plotted for the outer ring,
the whole cell, and the cell without the outer ring regions. NS indicate a non-significant
correlation between the data with a non-parametric Brunner-Munzel test (Brunner &
Munzel, 2000) p-value greater than 0.05. (c) Visual macro GUI when the macro run
illustrates the ability to generate sequentially ring selections from the initial selected

ROI. See code Appendix ap.0-5.

5. Conclusion

This chapter presents the FRET-based CrGE crowding sensor expressed in the cell
cytoplasm and demonstrates its capability to quantify crowding changes, as previously
documented (Boersma et al., 2015; Mouton et al., 2020). The sensor was used here to
assess molecular crowding changes against osmotic stress and glucose concentration to
sustain cellular growth. It was also used to investigate the mother-daughter cell
crowding polarity. Analysis was performed using developed and implemented semi-
automatic whole-cell measurement methods. The results show the expected cellular
response to osmotic stress for yeast cells exposed to 1 M NaCl and experiencing a
hyperosmotic shock. An increase in crowding was measured, as reflected by ratioFRET
increasing by 13.7% for cells exposed to 1 M NaCl compared to unstressed cells in media
containing 0 M NaCl (Figure 3-2.a and b). This increase in crowding is correlated with a
measurable cell area reduction of 21% due to osmotic pressure and following water loss
from the cytoplasm to the extracellular environment (Figure 3-2.c).

Secondly, FRET ratios were measured in basal conditions and also under osmotic
stress conditions for cells grown under 4%, 2%, or 1% glucose to determine whether
glucose availability during cellular growth influences crowding. This experiment showed
molecular crowding decreasing as basal glucose concentration increased with no
associated difference in the cell area, indicating the presence of a metabolic crowding
response to glucose availability. Indeed, for all conditions tested, cell area

measurements show no statistical differences, yet crowding for cells grown at 1%
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glucose was higher than for the two other conditions (Figure 3-4). Between 1% and 2%
glucose, a small shift is also measured with a significant reduction of 2.7% or (0.6% with
the mean normalised NFRET) (Figure 3-4). Between 1% and 4% glucose, the ratiometric
FRET reduces by 11.6% (or 4.3% with the mean normalised NFRET). Interestingly, under
osmotic stress, cells grown with 4% glucose display a greater shift in ratiometric FRET
than those grown at 1% or 2% glucose (Figure 3-4). These results highlight the presence
of a high-glucose metabolic state that fundamentally alters physical conditions inside
the cell (Figure 3-4 and Figure 3-5). Finally, experiments comparing mother cells and
daughter cells revealed a relative stability of crowding between the two types of cells,
with no significant FRET readout difference (Figure 3-6.a and b), confirming that cell size
is not correlated to the ratioFRET read out, with daughter cells being on average 35.4%

larger than mother cells (Figure 3-6).

6. Discussion

This chapter highlights key methodologies adopted for the rest of this project, such as
the comparison between NFRET and ratiometric FRET to select the more appropriate
methods to monitor crowding changes in cells. NFRET, normalise the FRET efficiency
signal and is therefore a more robust method, however, the ratioFRET method was
selected compared to NFRET values for its advantage of preserving acceptor bleaching
from the acquisition; indeed, the ratioFRET does not require direct excitation of the
acceptor for its intensity and therefore preserves the sensor from bleaching bias. This
will make it useful to perform time-lapse measurements and assess crowding dynamics

at various time-scales.

A possible bet-hedging behaviour is observed in Figure 3-4 for cells experiencing 4%
glucose availability, a phenomenon that has been previously reported for budding yeast
(Bagamery et al., 2020). Suggestions of bimodal behaviour in cells lead to questions
about crowding regulation over time; the dynamic could be cell cycle or age related. Our
experiment comparing the mother cell and daughter cell confirmed the relative stability

of crowding in the entire volume even during cell division. confirmed by previously
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published work in the community, notably between old and young cells (relative to
replicative span life) (Mouton et al., 2020). Finally, the work presented was performed
by extracting the average fluorescence signal (pixel values) over a pre-defined region of
interest for each channel of interest (donor, FRET, acceptor) and in the area delimiting
the cell. Values were then used to calculate ratioFRET values (Boersma et al., 2015;
Mouton et al., 2020). This methodology quantifies crowding changes for a population of
cells. It efficiently highlights crowding levels and gives a global phenotype to the group
of cells studied. Therefore, it does not consider the metabolic individuality and inter-
variability for each cell within this population, or, at a smaller scale, the potential
crowding disparities within the cytoplasmic volume. Indeed, cells in the same population
can be at different stages of their cell cycle and have different ages and sizes, and all this
variability within the same group could cause slightly different responses to the identical
stress condition they are exposed to. This could explain the bet-hedging effect observed.
Trying to break down the signal to a local region, as well as to perform cell by cell analysis
might lead to new insight on crowding micro-management in the cell.

As a first attempt to access local crowding information, | analysed the region boarding
the plasma membrane to evaluate the presence of any significant local differences. It
has allowed the development of a new macro that generates personalised ring-shaped
masks to segment the plasma membrane, an analysis tool complementary to the initial

macro coded to automate intensity measurements (Appendix ap.0-5).

The next chapter will report on my work pushed further to investigate crowding in

localised regions and access subcellular-level information.
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Chapter 4. Subcellular crowding dynamic and stress recovery

1. Introduction

This chapter presents the latest development of this project to push further the FRET
read-out analysis to access new layers of information for yeast cells expressing the
sensor. Results show how using microscopy techniques such as confocal or Slimfield
allowed us to calculate approximate sensor copy numbers and to demonstrate crowding
within the cell is not dependent on local sensor concentration. It also showed crowding
dynamics with subcellular details, using realistic simulations of single-cell FRET
heatmaps. Finally, a section of this chapter is dedicated to results from tracking

individual FRET sensor molecules diffusing through a crowded cytosolic landscape.

Similarly, to the previous chapter, this chapter report results from data and sections

extracted and adapted from the two first papers listed below:

Shepherd, J. W., Lecinski, S., Wragg, J., Shashkova, S., MacDonald, C., & Leake, M. C.
(2021). Molecular crowding in single eukaryotic cells: Using cell environment biosensing
and single-molecule optical microscopy to probe dependence on extracellular ionic

strength, local glucose conditions, and sensor copy number. Methods, 193, 54-61.

Lecinski, S., Shepherd, J. W., Frame, L., Hayton, I., MacDonald, C., & Leake, M. C. (2021).
Investigating molecular crowding during cell division and hyperosmotic stress in budding

yeast with FRET. In Current Topics in Membranes (Vol. 88, pp. 75—-118). Academic Press.
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2. Local crowding readout

2.1. Local crowding gradient at the bud-neck

To further investigate local crowding dynamics during cell division, | focussed on the bud
neck, as the narrow region connecting the mother cell and daughter cell during mitosis,
key to establishing polarity and molecular traffic between the two cells (Faty et al., 2002;
Perez & Thorner, 2019). First, we selected several markers of the bud neck (Myo1, Cdc1,
Cdc12 and Hof1) tagged with super-folder GFP (sfGFP) from an extended strain library
(Weill et al., 2018) available at the MacDonald lab (see Table 2-1). We verified their
localisation to this region by confocal microscopy and confirmed the tag did not perturb
growth (Appendix ap.0-6). | then observed the typical ring formation along bud
emergence and the splitting event at the end of division for cells expressing sfGFP-Hof1
(Figure 4-1.a).

| resolved the 3D bud neck structure via time-lapse Airyscan microscopy (Huff, 2015) on
the fluorescent reporter sfGFP-Hofl (Figure 4-1.b). The 3D structure showed the
characteristic bud neck structure which consists of two parallel doughnut-like septin
rings. The measured average dimensions of bud necks were 0.57 pum in thickness along
the mother-daughter axis and 0.89 um in apparent diameter consistent with previously
reported measurements (Li et al., 2021). These are the bud neck dimensions that we

used to set spatial parameters in subsequent analysis (Figure 4-1.c).

Measurement of local crowding from either side of the bud neck was performed using
a bespoke Python-based semi-automatic analysis workflow which automatically
generated regions of set width around a user-specified bud neck (Figure 4-2). Three
regions were defined — one for the bud neck itself and one each for the adjacent regions
in the mother and daughter cells. A width of 0.5 um was specified for the bud neck area
as indicated by our length and width quantification. In the mother and daughter cells
we analysed only the 200 nm region immediately adjacent to the bud neck in each cell

(Figure 4-2.b). We additionally separated cells into three categories, one grouping small
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buds at the beginning of the division process which we defined as buds with an area
below 3 um?. Large buds, with cell volume comparable to the mother cell and which are
close to a scission event, were defined as buds with an area above 7 pm?. All remaining
bud sizes were defined as medium size (Figure 4-2.b). For all three categories, the
daughter cell maintains a higher ratiometric FRET readout through the cell cycle at the
immediate region next to the bud neck while there is a significantly lower FRET at the
equivalent region in the mother cell. We measured a mean FRET efficiency of 0.263 +
0.08 (£ SD) for the daughter cell and 0.188 + 0.05 for the mother cell for the small bud,
a 28% difference. For medium bud sizes, the buds have a mean ratiometric FRET of
0.285 £ 0.07 compared to 0.190 £ 0.04 for the mother cells a 68% FRET efficiency jump
between the mother cell and the daughter cell. For large buds, we find a mean
ratiometric FRET of 0.294 + 0.07 for the daughter and 0.195 + 0.05 for the daughter
equivalent to a 66% jump.

Therefore, using our automatic workflow for analysis (Figure 4-2.a), all conditions show
a significant difference on either side of the bud neck, highlighting a polarised crowding
trend during replication. As opposed to regions near the membrane, yet known to be
highly trafficked regions but appearing to experience equivalent level crowding to the
rest of the cytoplasmic space (as previously shown in chapter 3, Figure 3-7). However,
these dynamics happen on a millisecond timescale and from these data, it appears that
only highly constrained environments such as the bud neck can sustain a measurable

difference in crowding with the method of analysis employed.
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Figure 4-1: Bud neck 3D structure

(a) Confocal image of sfGFP-Hof1 expressed in budding yeast. Showing the fluorescence
channel with sfGFP-Hofl, the DIC grey channel and the merge between the two
channels. Scale bar: 1 um. Right: visualisation formation of the bud neck. Left:

Visualisation cytokinesis event with dissociation of the septin rings- Both indicated with
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white arrows. (b) The 3D structure of the bud neck was resolved using Airyscan confocal
microscopy, 24 slices of 0.18 um spacing allowing the full capture of the bud neck’s
volume. The micrograph shows the 3D volume at a different angle of rotation along the
y-axis, revealing the doughnut-like structure and the profile picture shows the width of
the two visible septin contractile rings. (c) Bud neck dimensions. Showing visual of a z-
projected image of 3D bud neck Airyscan stack image (left) with Jitter (centre) and KDE

plot distribution (right) of the bud neck measured thickness and diameter.
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Figure 4-2: Crowding quantification at the bud neck

(a) Bud neck annotation, from left to right showing the raw image (DIC channel) with a
manually drawn line between the mother cell and daughter cell to define the region of

interest (yellow line), Scale bar: 1 um. The raw annotated image is read by our bespoke
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Python utility, visible in the centre showing a ratiometric map with the bud neck line in
white, white dot as the indicator of the line orientation, to determine mother and
daughter cell position. In the left output visual of the area measured using our Python-
based analysis code, in pink and yellow the area of 200 nm, respectively entering the
mother cell and the daughter cell, from the defined region of the bud neck in blue. (b)
Crowding readout at the bud neck. The figure shows an example of each cell category,
the small bud with a bud size inferior to 3 um?, large buds with an area above 7 pm?and
medium category with all the intermediated daughter cells measured. Below each
category, the respective lJitter plots representative of the FRET efficiency measured at
the bud neck extremity of the mother cells, the defined bud region, and the daughter
cell. A double asterisk indicates a non-parametric Brunner-Munzel test (Brunner &

Munzel, 2000) less than 0.005. Scale bar: 1 um.

2.2. Heterogeneous read-out on pixel-by-pixel ratiometric maps

Often metabolic responses to stress are short-lived reactions typically occurring in the
millisecond timescale (Kirschner et al., 1975; Zhao & Craig, 2003). This includes nutrient-
dependent responses (Bermejo et al., 2011; Shashkova et al., 2021), ageing (Jeon et al.,
2011; Vevea et al., 2013), environmental adaptation (Li et al., 2015; Shashkova et al.,

2021) and various metabolic changes required to biological functions in the cell.

Crowding influences parameters involved in these processes, from transient interactions
to mediate signalling pathways and protein expression (Nussinov et al., 2021; ten Wolde
& Mugler, 2014), to the diffusivity and localisation of proteins (Ando & Skolnick, 2010;
Trovato & Tozzini, 2014), including their kinetic (Tabaka et al., 2014) folding and
conformational changes (Christiansen et al., 2013; Jing et al., 2020). Other spatio-
temporal parameters involving organelles, metabolites and proteins can contribute to
confinement effects within a cell, such as the formation of the cytoskeleton during
cellular growth (Gilson & Zhou, 2007; Janmey & Kinnunen, 2006; Lindahl & Sansom,
2008; Wollman & Leake, 2015) or cell polarity typically observed in yeast cells
(Chenevert, 1993; Hettema & Laan, 2023; Jacobs & Lew, 2022; Lecinski et al., 2021; Xie
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& Lipke, 2010). Observing local changes as they occur in small intracellular areas is a real

challenge we attempted to address.

To investigate further local crowding, with the help of Dr Jack Shepherd we developed
a workflow to map crowding and visualized in time and space ratiometric FRET values.
First generated ratiometric maps were performed to assess thresholding methods and
minimized abnormal FRET values observed specifically at the plasma membrane. We
noticed a ring of apparent high FRET/mCerulean3 values and thus an apparent high
crowding region around the cell boundary, similar to that seen in the vacuole (Figure
4-3.a), suggesting that the membrane is a similar excluded volume. To discern whether
this was an effect due to autofluorescence and noise or due instead to a genuinely high
crowding environment in the cell membrane, we simulated a yeast cell undergoing FRET

as described in Methods Chapter 2.3.8.2.

With a straightforward simulation in the absence of an excluded volume in the
membrane, we see no anomalous values as expected (Figure 4-3.b). Upon addition of a
simulated plasma membrane which emits fluorescence due to autofluorescence only,
we recreated perfectly the confocal images, with a higher-FRET state apparently existing
(Figure 4-3.c). To remove this source of potential error in later tracking, we determined
the ideal thresholding from autofluorescence data taken by fluorescence microscopy of
wild-type yeast. We have set the threshold for the experimental data according to the
donor channel fluorescence value ID, comparing it to a test value ID, T where this value
is taken to be the mean autofluorescence in the donor channel, plus a certain number
of standard deviations. We note that for a Gaussian distribution 99.5% of the population
is contained in the region [u — 30,u + 30] and therefore does not go above mean plus or

minus three standard deviations.

In Figure 4-3.a, as the threshold increases the anomalous FRET/mCerulean3 values
reduce until at mean plus three standard deviations they are effectively totally removed.
This is clear evidence that the FRET probe has not penetrated the membrane and the
higher values seen are coming from autofluorescence noise. Cross-checking this

approach with simulated data (Figure 4-3.b) we see almost identical behaviour, and
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therefore determine that the membrane is indeed an excluded volume which should be
rejected from single-molecule tracking analysis. Hereafter therefore all heatmaps are
generated with the mean plus three sigma test, and pixels that fail to meet the criteria

are setto 0.

Having accounted for the autofluorescence, the FRET/mCerulean3 values within each
cell are relatively flat, though some apparent high values around the vacuolar region and
the cell membrane were observed for some of the cells in Figure 4-3, indicating that in
the majority of the cytosol the yeast cells have assumed the physical equilibrium
configuration of equally dispersed crowding but there may be some perturbations to
this around membranes. A line profile of a single cell appears in Figure 4-3.b and shows
a distribution around a mean though with some noise in the regions of the vacuole and
membranes and importantly giving an indication of heterogeneous pixel distribution of

ratio value Figure 4-3.d.
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Figure 4-3: Ratiometric maps initial visual and test thresholding methods

(a) Confocal data of CrGE in 0 M NaCl and analysed pixel-by-pixel shows a high-FRET ring
at the cell edge. This may be segmented out by only including pixels where I, > Ip ¢
where I are the mean donor autofluorescence values plus a number of standard
deviations in the pixel autofluorescence values. Going left to right, these are
thresholding with the mean only, thresholding with the means plus one standard
deviation, thresholding with means plus two standard deviations, and thresholding with
means plus three standard deviations. We see that thresholding in the final case
removes >99.5% of autofluorescence-only pixels and effectively removes the anomalous

ring. Scale bars: 5 um. (b) Results of thresholding simulated data. In the final panel with
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mean plus three standard deviations the simulated cell shows some over-thresholding
with genuine pixel excluded, while the mean plus two standard deviations show almost
identical characteristics to the cell simulated without an excluded membrane volume in
panel d. Scale bars: 1 um. (c) Simulating a yeast cell without and with an outer
membrane acting as an excluded volume (upper and lower panels respectively). The
addition of the excluded volumes leads to a characteristic high-FRET ring, an anomaly

caused by different autofluorescence values in each channel. Scale bars: 1 um.

(d) The map on the right side of the panel represents the FRET/mCerulean3 heatmap of
a single cell isolated. The dashed white line indicates the position of the line profile taken
for measurement. Scale bar: 1 um. The graph on the left side of the figure panel

represents the corresponding ratiometric FRET line profile.

To investigate how crowding progresses through the whole replicative cycle | performed
confocal imaging with cells immobilised with Concanavalin A (ConA) on a bespoke
flowcell system (Laidlaw et al., 2021) and a time-lapse experiment on growing cells.
Analysis and visualisation were further developed and performed using a bespoke
Python 3 utility | run on newly acquired data to generate FRET/mCerulean3 ratiometric
heat maps showing local regions of high FRET intensity coupled with prior segmentation
using the YeastSpotter deep learning model a performant method of segmentation
ultimately selected for this type of analysis (Lu et al., 2019). The whole cell ratiometric
FRET values were individually tracked using a simple centroid tracking method to plot

cell crowding through time.

Figure 4-4.a shows ratiometric heat maps of cells that have undergone 1 M NaCl osmotic
shock after 20 min in media lacking salt (Figure 4-4.a - left panel) and ratiometric maps
of a cell budding in standard growth conditions (Figure 4-4.a- right panel). In both
conditions, we see a heterogeneous distribution of values across the cytoplasmic
volume and an overall increase of crowding values when 1 M NaCl shock is introduced.
We also qualitatively observe low and high localised regions of crowding (ratioFRET
values) in budding cells in the absence of osmotic stress (Figure 4-4- white arrows
highlighting hot-spot regions). The heatmaps generated were thresholded against the

background noise in the imaging frame. Doing so improves the signal-to-noise ratio of
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the ratiometric signal inside the cells, calculated from the raw fluorescence signal of the
sensor. The SNR of the hot spot compared to the rest of the cell’s FRET signal is generally
high, with the majority of spots having SNR > 0.4, a threshold commonly used for
tracking single molecules in vivo (Shepherd, Higgins, et al., 2021), giving confidence that
the hot spots are a distinct region of higher crowding and not due to noise. The imaging
set-up and the time-lapse nature of the experiment introduce additional limitations to
this type of experiment and analysis, such as the typical drift focus on the field of view
as cells grow. Other issues like the maturation state of fluorophores, can affect the
readout and may contribute to the apparition of non-significant hot spots. Furthermore,
the time scale of biological events is in the order of milliseconds, and various
intracellular displacement events of proteins and compartments can compromise the
identification, in real-time, of delimited local hotspots. However, generally, this data
strongly supports a working methodology for intracellular insights into living cells with
reported techniques for imaging and segmenting cells and tracking and mapping

quantifiable FRET fluorescence signals.

Figure 4-4.b shows our cell-by-cell tracking analysis, where the mean FRET efficiency for
each cell is plotted against time. The resulting figures reveal that in the osmotically
shocked population crowding rises sharply shortly after the stress media is introduced.
Over time the cells recover and the ratiometric FRET reduces beyond its initial value
(Figure 4-4.b — graphic on the left). Meanwhile, ratiometric FRET increases slowly in non-
stress media which we hypothesize is associated with the replicative cycle of

S. cerevisiae (Figure 4-4.b- graphic on the right).

These results lead to many interesting open questions regarding the relationship
between cell division and local crowding. Cell division is a cyclic event (Johnston et al.,
1977; Li et al., 2004) and the contribution of this dynamic to crowding modulation can
be investigated with similar time-lapse methods. Indeed further experiments will help
strengthen and further support our hypothesis for local crowding hotspots associated
with cell division. Measurement across several generations and ideally in synchronised
cells (homogenised cell cycle stage) will help to confirm the result presented and will

bring valuable insight into cellular polarity and ageing dynamics. This could potentially
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help identify repeating local crowding shift patterns or reoccurring during cell division.
This hypothesis is concordant with organelle inheritance synchronicity (e.g., vacuole,
mitochondria or nucleus inheritance). Other mechanisms can also influence the sensor
readout. These mechanisms include the ones in response to cellular stress such as
osmotic stress. Indeed, water content changes (e.g., aquaporins) (Ahmadpour et al.,
2014), glycerol (via the HOG pathway for osmoregulation) (Hohmann et al., 2007), and
solute fluxes (potassium pumps) (Sdez et al., 2009) can directly influence the sensor
readout and efficiency. Ageing or starvation was also shown to change the physical
nature of the cytoplasm from a liquid to a solid-like state (Joyner et al., 2016; Munder
et al., 2016) impacting directly the diffusivity of molecules (Joyner et al., 2016). More
generally, changes in the composition of the intracellular content and its properties can
have the potential to influence crowding at the subcellular level and thus the FRET
readout; this includes metabolic changes for environmental adaptation and processes

related to cellular growth.
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Figure 4-4: Mapping molecular crowding in single cells.

(a) Heatmap of the ratio FRET from confocal images acquired during a time-lapse
experiment over 90 minutes. The panel on the left shows cells experiencing osmotic
shock with 1 M NaCl after 20 min and imaged during recovery. On the right panel,
micrographs show cells left to grow for 90 min in non-stress media where a budding
event can be observed on the right panel (white arrow). Scale bars: 1 um. (b) Ratiometric

plot through time for each cell revealing the crowding homogeneous behaviour across

the cell population.
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3. Tracking the CrGE Sensor — Single-molecule copy number analysis.

Next, | aimed to observe and characterise the sensor at the single molecule level in the
cytoplasmic volume. Figure 4-5 shows the results for single molecule analysis of
representative yeast acquisitions. Trajectories in Figure 4-5.a were determined with
bespoke single-molecule tracking software (Llorente-Garcia et al., 2014; Miller et al.,
2015) adapted for two-colour imaging (Shepherd, Lecinski, et al., 2021) are overlaid on
the average cell intensity over the acquisition. Surprisingly CrGE tracks are uniformly
short demonstrating either that the CrGE acceptor fluorophores are prone to
photoblinking, that they diffuse out of the field of view, or that trajectories collide and
therefore are terminated by the software. Most likely it is a combination of the three
possibilities. No tracks are seen entering the excluded volume vacuole region, as
expected, and as there is a ring of fluorescence without tracks at the extreme edges of
the cells it appears also that tracks do not enter the cell membrane as hypothesized. The
Isingle value, the characteristic average brightness of a single dye molecule within the
cellular environment (Shepherd, Lecinski, et al.,, 2021) averaged across all spatial
locations of cellular trajectories, was estimated and it was found that the mean copy
number of CrGE visible during Slimfield microscopy was approximately 99,000 molecules
per cell, matching the number of fluorophores chosen for fluorescence simulations to
mimic the appearance of the confocal images. This was done prior to single molecule
analysis, and the closeness of the values indicates that this order of magnitude was
reasonable. This analysis was possible with the acceptor channel detecting mCitrine
signals, however, in the donor channel detecting mCerulean3 signals the single-
molecule signal was below the background noise detection threshold. Even though the
mCerulean3 fluorophore has improved photophysical properties compared to standard
cyan fluorescent protein CFP, its absolute brightness is still lower than higher emission
wavelength fluorescent proteins such as mCitrine (Markwardt et al., 2011).

Figure 4-7.b and c show the relative and absolute copy number estimation found by
dividing the cell intensities by the total intensity of the field of view and multiplying by
the number of cells and the mean number of CrGE per cell. Both the acceptor intensity

estimation and conservation of energy method give qualitatively similar results when
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comparing the relative stoichiometry, and when comparing the absolute values
estimated they remain qualitatively very alike.

The CrGE sensor in all cases can be shown to be non-uniformly distributed inside the
cell, while in Figure 4-3 we see that the FRET/mCerulean3 value is largely flat across the
cell interior after correcting for autofluorescent noise. This importantly leads to the
conclusion that the ratiometric FRET values seen are not simply proportional to the local
sensor copy number, as expected for a non-perturbative probe.

Figure 4-5 shows the heatmap of this effect — within the cell, it is clear that there is a
range of FRET: copy number ratio values. It is unclear why the CrGE copy number varies
widely from cell to cell, but possible explanations for testing could be related to cell

temporal or replicative age or stage in the replication cycle.
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Figure 4-5: Tracking CrGE sensor

(a) Single-molecule trajectories (blue)
identified by ADEMSCode, overlaid on
frame average Slimfield fluorescence

images (grey). Trajectories are uniformly

short due to the number of molecules

Acceptor-intensity method Energy conservation method

e identified and their trajectories colliding.
06 As expected, no tracks enter the
ol excluded vacuole region. Scale bar: 1 pm.

(b) Estimates of relative copy number

Relative copy number

Acceptor-intensity method Energy conservation method

100 found through the acceptor intensity
method (left) and conservation of energy

(right). Scale bars: 5 um.

Absolute copy number

(c) Estimated absolute copy number
2.00 found by assuming each cell has the
mean number of fluorophores present.
Left: acceptor-intensity method; right:
conservation of energy. Scale bars: 5 um.
(d) Heatmap of the ratio given by dividing

the ratiometric FRET by the relative copy

5
o
Ratiometric FRET/Copy number

number found in panel b. Scale bar:

5um.

Finally, the successful observation of CrGE tracks motivated further experimentation to
achieve single molecule FRET efficiency readout. We used a new version of the sensor,
the CrGE2.3 FRET sensor, made with mEGFP and mScarlet-I, respectively the donor and
the acceptor. These fluorophores have more robust optical properties (Mouton et al.,

2020) and therefore are more suitable for single-molecule detection and tracking.
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Similar to the CrGE sensor, the CrGE.2.3 sensor is endogenously expressed in the
budding yeast. As mentioned the two sensors are identical except for the fluorescent
proteins used, with CrGE2.3 making use of mMEGFP and mScarlet-I offering greater single-

protein intensities compared to mCerulean3 and mCitrine (Mouton et al., 2020),

Here we used PySTACHIO (Shepherd, Higgins, et al., 2021) single molecule tracking code
which performs two-channel tracking as well as colocalisation analysis using overlap
integrals alongside straightforward distance cut-offs (methods described in Chapter
2.3.8.2). The localisation was used to calculate the normalised NFRET value which is
possible for this FRET pair due to low spectral overlap and cross-excitation. Detected

foci and FRET localisations are shown in Figure 4-6.a.

Figure 4-6.b and c shows the histogram and box plot of single-molecule FRET values
taken from yeast cells in both 0 M and 1 M NaCl conditions. smFRET values distributions
between the two conditions are highly similar with means 0.17 and 0.16 respectively, in
contrast to our whole-cell measurements which clearly show a high shift in FRET under
osmotic stress. This can be explained by the photophysics of the system. However, given
that FRET pairs bleach asymmetrically we ensure that we are tracking a functional FRET
pair by colocalising the donor and acceptor channels. However, as FRET increases, more
energy is transferred to the acceptor from the donor and the donor intensity decreases
in that image channel. In general, we can localise foci with intensity above ca. 0.7 GFP
molecules (Miller et al., 2015). With FRET increasing, this limit will quickly be reached,
and the donor intensity will drop, reducing the SNR and making localisation of the donor
fluorophore impossible. In effect, we are therefore only sampling the low FRET pairs,
not the full distribution. This is potentially the cause of semi-anomalous results, though
we also note that in general, Slimfield image acquisitions take several minutes and
therefore some of the yeast cells may have begun to recover.

In Figure 4-6.c we can also notice this explanation of the NFRET similarity is supported
by the higher number of high FRET outliers in the 1 M NaCl data with greater sampling
we may observe a greater difference between conditions.

Here we used an exposure of 5 ms and found FRET colocalisation for only ca. 1% of the
localised foci. We could not, therefore, increase exposure significantly in this highly

diffusive regime of cytosolic CrGE2.3 sensors. However, an increase to e.g., 40 ms would
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result in a better sampling of the system as well as brighter foci for improved tracking
and signal-to-noise ratios. Similarly, using the even brighter CRONOS sensor (Miyagi et
al.,, 2021) and another version which uses mNeonGreen in place of mEGFP would

improve sampling efficiency.

These preliminary results are therefore the first attempt toward optimising conditions
for single molecule detection and FRET efficiency readout. Several leads are possible to
explore, one path worth exploring, for future work, is performing single-molecule
imaging only on sensors tagged to known (semi-)static structures or organelles so that
the exposure time can be increased, and to make use of microfluidics so that cells are
imaged only immediately after the stress conditions are introduced.

In anticipation and expectation to test this hypothesis, | purified in vitro the CrGE2.3
sensor, as well as key fluorophores (mNeonGreen, mScarlet-1), see methods Chapter
2.2.3. and initiated a cloning strategy to locally attached the CrGE2.3 sensor at the

plasma membrane. See Figure 6-6 for more detail on this original idea and

implementation strategy.
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Figure 4-6: In vivo CrGE2.3 single molecule detection
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(a) Representative colocalised data from our Slimfield experiments in the three channels
post-registration. In the donor channel, the localised focus is shown with a green cross,
an orange cross is used in the FRET channel to show the average position of the donor
and acceptor which is used to measure FRET intensity, and in the acceptor channel, the
magenta cross shows the localised position of the acceptor. (b) Histogram of the NFRET

data for S. cerevisiae in 0 and 1 M NaCl. (c) Boxplot of the same data. Scale bar: 5 um.

4. A three-colour experiment: combined CrGE and FM4-64 labelling.

Finally, | kept looking at crowding dynamics and directed my effort towards developing
a three-colour experiment where the initial CrGE sensor is expressed in cells labelled
with FM4-64. | optimised imaging settings so that the FRET signal is captured first using
the FRET emission filter and associated excitation conditions (see imaging conditions
Chapter 2.3.8.1) | then performed an immediate acquisition of FM4-64 excited by a 561
nm wavelength argon laser (see imaging conditions Chapter 2.3.8.1). Fluorescence
micrographs and excitation/emission spectrum for these experiments are shown in
Figure 4-7.a and b. | tested this set-up for cells exposed to strong osmotic stress to
confirm we have not impaired the crowding sensing quality of our CrGE sensor. The
analysis showed we maintained a statistically significant increase of FRET efficiency
between the two conditions, reflecting the typical crowding response occurring upon

osmotic stress (Figure 4-7.c).
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Figure 4-7: Simultaneous crowding sensing and vacuole visualisation

(a) Micrographs of three-colour imaging for 0 M NaCl and 1 M NaCl. Scale bar: 1 um.
(b) Excitation and emission spectra for mCerulean3, mCitrine and FM4-64. The
excitation laser for FM4-64 is 561 nm which is above the excitation spectra of
mCerulean3 (dark blue) and mCitrine (golden yellow). However, the acquisition is set so
that the FRET signal is acquired before the vacuole marker to minimize the impact on
the other fluorophore. (c) Quantified crowding for S. cerevisiae grown in 2% glucose
expressing CrGE and labelled with FM4-64, imaged with 0 or 1 M NaCl. Inset jitter plot
shows a representative crowding dataset for these conditions. Below: box plot of three
biological replicates with standard deviation error bars. Double asterisk represents non-

parametric Brunner-Munzel test (Brunner & Munzel, 2000) with p<0.05.
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5. Conclusion

Understanding intracellular crowding dynamics is highly challenging with crowding
playing a role in a wide range of biomolecular processes. It is therefore difficult to isolate
local dynamics in the cell. In this chapter, | targeted the local region of the bud neck and
found a difference in ratiometric FRET with enhanced molecular crowding between the
mother and daughter cells forming a gradient at the immediate region bordering the
bud neck, where the mother cells have a lower crowding readout than the daughter cells
(Figure 4-2.b). This result suggests a local crowding polarity between the mother cell and
the daughter cell at the bud neck, which is potentially caused by content packaging in
the daughter cell combined with its small volume in expansion. The bud neck ring shape
structure was visualised using the fluorescent reporter sfGFP-Hof1, and its dimensions
were quantified (0.57 um in thickness along the mother-daughter axis and 0.89 um
diameter) (Figure 4-1.b). This information was used to better target the area delimiting
the mother and daughter cells while measuring ratiometric FRET.

This local crowding gradient at the bud neck region represents a stable and active
marker of the mother/daughter polarity. Supposedly, the role of this gradient is to help
effectively limit the diffusion of freely diffusing material from the mother cell to the
daughter cell, for example limiting the free diffusion of protein aggregates, and other
ageing by-products. This is in opposition to metabolically transported complexes such
as the vacuole, inherited from the mother cell to the daughter cell with acute
organisation and control, mainly via polarised cytoskeleton dependant transport
processes involving molecular motors.

Furthermore, to test crowding recovery under osmotic stress we salt-shocked yeast and
investigated the local crowding dynamics with a time-lapse FRET readout through cell
division. We analysed on a whole-cell level, using deep learning based segmentation to
identify cell outlines and performed semi-quantitative subcellular visualisation through
pixel-by-pixel heatmap generation. With this method, crowding readouts show a non-
uniform distribution throughout the cytosol, but have a range of distribution values

visible, with the presence of local hotspots and dynamic evolution with time and along
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cell division (Figure 4-3 and Figure 4-4). Complementary whole-cell analysis verified that

the population-level dynamics were largely homogeneous (Figure 4-4.b).

| presented a range of complementary characterisations performed using the CrGE and
CrGE2.3 sensors. This included successful copy numbers and single molecule track
characterisations for the CrGE sensor (Figure 4-5) and a promising first attempt to read

CrGE2.3 FRET efficiency for single molecules identified in vivo (Figure 4-6).

As part of my overarching aim to correlate molecular crowding and organelle trafficking
events during cell division, we have also presented here our latest methodological
progress to reading out macromolecular crowding while simultaneously visualising the
vacuole, demonstrating compatibility for a three-colour imaging experiment where the
CrGE sensor (the cyan mCerulean3 donor and the yellow mCitrine acceptor) conserves

its sensing properties while the vacuole was labelled with red dye FM4-64 (Figure 4-7).

6. Discussion

Overall, this chapter shows an intracellular dynamic exists and is detectable. It is
however challenging to attribute the observed results to a specific mechanism. One can
however hypothesise a greater role for this observed crowding difference and gradient,
such as being an effective diffusion barrier during cell division, ensuring that only

actively transported cargoes reach the growing bud (Figure 4-2).

The presence of various cellular components and organelles that are progressively
trafficked and accumulating in the daughter cell volume is considered a possible driving
force for the crowding gradient observed. The link between subcellular crowding
dynamics and the physical properties of organelles (such as their density or composition)
is not clearly identified in the field. The results presented in this chapter lead to
considering the occupancy rate and physical presence of macromolecules involved with
cell division close to the bud neck and in other parts of the cell. The diffusion dynamics
of molecules and elements in various areas are key to understanding the influence of
local crowding in the cytoplasm, and maybe identifying factors responsible for the

presence of a diffusion barrier between mother and daughter cells (Figure 4-2).
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Chapter 5. Aggregation dynamics in yeast

1. Introduction

In eukaryotic cells, the abnormal accumulation of proteins in insoluble structures also
called aggregates commonly occurs in response to ageing and environmental stress
episodes. These aggregates ultimately accumulate in the cell and escape existing
degradation and clearance processes, becoming harmful components for metabolic
functions. Using budding yeast, | developed a cellular model that produced fluorescently
tagged cytoplasmic aggregate reporters. | then used Slimfield microscopy on this cellular
model to observe and determine the influence of osmotic stress on stoichiometry and
the diffusion of pre-formed aggregates in the cytoplasm. Finally, | have characterised
the localisation of these aggregates during cell division and investigated the vacuole
compartment dynamic simultaneously with the presence of aggregates. This chapter
contains unpublished data reporting the development of a fluorescent reporter for
protein aggregates in the cytoplasm of yeast cells. It presents the single molecule
characterisation for stoichiometry and diffusion of this system under the influence of
salt and sorbitol, typically inducing a crowding upshift. The section describing vacuolar
inheritance visualisation was extracted from our published paper (Lecinski et al., 2021).
At last, this section includes bio-image analysis methods developed to segment and

characterised fluorescent aggregates.

2. Research contextualisation

Cellular stress (e.g., starvation, osmotic pressure) triggers drastic metabolic responses,
such as modulation of protein levels and physiological changes such as cell volume and
diffusivity (Fulda et al., 2010; Hohmann et al., 2007). The regulation of these changes is
essential to ensure cell survival. The formation, spreading, clearance, and localisation of
stress-generated compounds are widely studied for insights into age-related

pathologies (Kourtis & Tavernarakis, 2011). Indeed the intracellular formation and
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spreading of aggregates are often associated with ageing and neurodegenerative
diseases caused by a particular type of aggregate called amyloid (Chiti & Dobson, 2006).
Amyloid aggregation is characterised by the formation of organised insoluble fibres
resistant to degradation (Campioni et al., 2020; Chiti & Dobson, 2006). But other types
of aggregates exist, such as amorphous aggregates forming globular and compact
insoluble structures (Housmans et al., 2023; Sethuraman & Belfort, 2005; Weids et al.,

2016).

Protein aggregation has also been identified as a protective mechanism to counteract
the effects of chronic stress (Arrasate et al., 2004; Tyedmers et al., 2010), reducing
metabolic function with a reversible effect when the cell reaches stable homeostasis.
However, generally, the presence of stress-induced aggregates is reported to interfere
with normal biochemical processes (Olzscha et al., 2011). They have been observed in
the cytoplasm, but also in compartments such as the nucleus (Gutekunst et al., 1999),
mitochondria (Beal, 2005; Engel, 1964), and the endoplasmic reticulum (Scheper &

Hoozemans, 2009).

In the cytoplasm, recent studies have reported the sequestration of misfolded proteins
into well-defined structures, such as the aggresome (Johnston et al., 1998; Kopito, 2000;
Wang et al., 2009). Observed both in bacteria and eukaryotic cells (Tyedmers et al.,
2010), these structures are suspected of limiting harmful intracellular effects and
minimising spreading through cell division (Rujano et al., 2006; Tyedmers et al., 2010).
Indeed, in yeast, the accumulation of damaged proteins and the formation of aggregates
shows an asymmetrical distribution between the mother cell and daughter cell (Liu et
al., 2010; Steinkraus et al., 2008; Zhou et al., 2011). Retention in the mother cell prevents
the accumulation of damaged products in the daughter cell and therefore is suspected
to be responsible for resetting the replicative potential for the newly formed cell
(Steinkraus et al., 2008). There are two opposing explanations for mechanisms driving
this polarity and diffusion barrier between two dividing cells (Liu et al., 2010; Spokoini
et al., 2012; Zhou et al., 2011). The first one involves metabolic responses with active
and factor-dependent transport, such as retrograde transport along actin cables (Liu et

al., 2010). The second model assumes a stochastic and factor-independent diffusion
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process, with the sequestration of aggregates in the mother cell attributed to the
diffusive properties of the aggregates in their environment (Spokoini et al., 2012; Zhou
et al., 2011; Zhou et al., 2014). It also considers the constraining geometry of yeast
budding (Zhou et al., 2011). Misfolded proteins and aggregates can be found in two
compartments (Kaganovich et al.,, 2008): first, the juxtanuclear quality-control
compartment (JUNQ) (Sontag et al., 2017), close to the nucleus and composed of
recruited ubiquitinated proteins and secondly, the insoluble protein deposit (IPOD) in
peri-vacuolar regions (Rothe et al.,, 2018). They are “aggresome-like” structures
regrouping inactive proteins and other protein complexes (Bagola & Sommer, 2008;
Kaganovich et al., 2008). The nature of their structure and dynamics remains poorly

understood (Kaganovich et al., 2008).

Various biological parameters have been identified to trigger aggregation, such as the
intrinsic physical properties of the protein (e.g., hydrophobicity, viscosity), the physical
properties of the surrounding environment (e.g., pH, water content) and crowding
(see Chapter 1.2.2). Unfolded or misfolded proteins with an exposed portion of
hydrophobic sequence are more likely to form aggregates, this is typically observed in
vivo in cells exposed to thermal stress which destabilised the 3D conformation of the

protein (Vabulas et al., 2010).

Mutant proteins prone to aggregation have been developed specifically to study protein
aggregation. The Ubc9ts mutant protein for example is a thermosensitive variant of the
SUMO-conjugating enzyme Ubc9 (Spence et al., 1995) which cannot properly fold in
yeast cells fold in yeast (McClellan et al., 2005). It helped identify JUNK deposits in yeast
(Escusa-Toret et al., 2013; Kaganovich et al., 2008; McClellan et al., 2005).

The chaperone protein Hsp104 (Sanchez et al., 1992) is also a key protein used to
identify and track damaged proteins during cell division. This molecular chaperone is
indeed recruited at the site to promote their clearance (Grimminger-Marquardt &
Lashuel, 2010; Saarikangas & Barral, 2015; Zhou et al., 2011) and is crucial for the
survival of Saccharomyces cerevisiae exposed to various stress (Sanchez et al., 1992).
Hsp104 promotes survival up to 1000 fold under extreme thermos-stress (Sanchez &

Lindquist, 1990) or high concentrations of ethanol (Ding et al., 2009; Sanchez et al.,
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1992). The development of the fluorescence Hsp104-GFP became an efficient reporter
to detect the presence of aggregates and misfold proteins (Erjavec et al., 2007;
Schneider et al., 2022; Spokoini et al., 2012). A recent study showed that hyper-osmotic
shock induced by salts such as lithium or sodium chloride promotes the formation of

Hsp104 foci, revealing the presence of salt stress-induced aggregates (Reith et al., 2022).

More relevant to this study, another system to track aggregates has been used in yeast
derived from the vacuolar protease carboxypeptidase Y or CPY (Stevens et al., 1982).
The trafficking and modification of the native enzyme became a classical model to study
ER export, Golgi transit and vacuolar protein sorting mechanisms (Bryant & Stevens,
1998; Stevens et al., 1982; Van Den Hazel et al., 1996; Wolf & Fink, 1975). Soon a mutant
version prone to form aggregate CPY* (Finger et al., 1993; Hiller et al., 1996) was
developed and allowed to study stress management in the ER (Haynes et al., 2004; Liu
& Chang, 2008; Merksamer et al., 2008). Later, with the development of the cytoplasmic
AssCPY* protein, aggregates clearance dynamics in the cytoplasm were investigated
(Park et al., 2007; Park et al., 2013) — see next section.

Moreover, AssCPY* is the protein that forms the aggregates observed. This can be useful
to study the formation, growth and spreading dynamics of aggregates, as opposed to
the recruited Hsp104, at the site of endogenous pre-formed aggregates.

Finally, a recent study (Hanzén et al., 2016) demonstrated Hsp104 was not recruited at
the site of AssCPY*-GFP aggregates in Tsal-deficient H202 stressed yeast cells (oxidative
stress sensitive cells) (Hanzén et al., 2016). This shows some insoluble structures can

bypass the recognition pathway through Hsp104 chaperon proteins.

Therefore, a synthetic circuit to induce the expression of trackable aggregates can be
valuable to help understand their formation and evolution in vivo. To this end, |
constructed and optimised a cellular model producing trackable aggregates to study

protein aggregate dynamics in S. cerevisiae, using AssCPY*-mGFP protein fusion.
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3. Construction cellular model

3.1. Cytoplasmic aggregates, CPY

To visualise aggregates, AssCPY* the Agg protein needs to be associated with a
delectable tag, such as a fluorescent protein. The cloning strategy adopted here was to
first tag the protein with fluorescent probes (mNeonGreen, mGFP or mScarlet-l) and
control the expression with a copper inducible promotor (PCUP1) (Macreadie et al.,
1991) (Figure 5-4 and Table 2-1). Secondly, non-fluorescent aggregates were also
developed to be co-expressed with the FRET sensor under a two-colour experiment
regime (see Chapter 6.4). As a model for cytoplasmic aggregates, a mutant version of
the carboxypeptidase Y (CPY) was chosen. This mutant is indeed able to form aggregates

in the cytosol and derives from the carboxypeptidase Y (Stevens et al., 1982).

The native carboxypeptidase Y (CPY) is coded by the gene PCR1 on the 13 chromosomes
(Bowman et al., 1997; Valls et al., 1987) and localised in the vacuole lumen where it
hydrolyses protein peptides for their degradation (Jung et al., 1999). This hydrolase is
first synthesised as a precursor protein before being addressed to the vacuole. Post-
translational modifications through the ER, form the p1-CPY precursor, the Golgi forms
then the p2-CPY precursor. These are necessary to build the mature active protein. After
complete maturation, the active CPY is a protein with a molecular weight of 61 kDa (Jung
et al., 1999). CPY mutants with defective vacuolar protein sorting became powerful tools
to screen for many factors involved in trafficking events (Bankaitis et al., 1986; Robinson
et al., 1988; Rothman, 1989; Rothman & Stevens, 1986). Later, a mutant version termed
AssCPY* was used as a cytoplasmic protein aggregate model (Eisele, 2011; Oling et al.,
2014; Paxman et al., 2022; Schnitzer et al., 2022). AssCPY* carries a single amino acid
mutation with a glycine substituted by an arginine at position 255 (G255R) (Stolz & Wolf,
2012) responsible for its misfolding (termed CPY*) (see Figure 5-1.a and b).

AssCPY* also has an N-terminal truncation to cleave the signal peptide (Ass), in

consequence, the protein does not enter the ER and instead accumulates misfolded in
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the cytosol, ultimately forming aggregates (Stolz & Wolf, 2012). AssCPY* has been
shown to localise in both, JUNQ and IPOD (Hill et al., 2017). The mutation responsible
for the protein misfolding is the mutation responsible for the aggregative behaviour
observed. A prolonged over-expression of CPY*-GFP and AssCPY*-GFP leads to the
formation of strongly fluorescent aggregates (Clay, Caudron, Denoth-Lippuner,

Boettcher, Buvelot Frei, et al., 2014).

Little is known regarding the structure of these mutants. However, the mutation site
responsible for the aggregative behaviour, Glycine 255 (G225) is situated in the middle
of a beta-sheet in the native protein (See Figure 5-1) very close to the active Serine (257)
of this protease (Finger et al., 1993). This study reports substituting a neutral Glycine
with a positively charged Arginine, destabilises the protein. The G255R mutant (CPY*),
was reported misfolded as rapidly degraded in the cell compared to the native protein
and displaying different resistance to proteases in vitro (Finger et al., 1993; Hiller et al.,

1996; Wolf & Schafer, 2005).
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Figure 5-1: CPY* variant prone to aggregation

A) Structural model of native CPY (left) with the zoomed area of the Glycine mutation
site at residue 255. In yellow the glycine to arginine substitution of CPY* is indicated
(right). Structures were generated in Chimera using a pdb file from the RCBS databank
(protein ID:1wpx) and resolved by x.ray diffraction at a resolution of 2.70 angstroms. B)
Schematic representation of the carboxypeptidase Y sequence showing CPY* mutation
site and active Serine. C) Sequence carboxypeptidase Y with highlighted regions involved
in the formation of alpha-Helix (in yellow) or beta-sheets (in green). The glycine

mutation site at residue 255 is indicated by a red rectangle.
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| further modified the AssCPY* to create C-terminal fusions with newer bright
fluorescent proteins (mMNG and mScarlet-I) to allow the visualisation of aggregates using

confocal microscopy or super-resolution Slimfield microscopy.

| then aimed to control the expression of AssCPY* independently of its endogenous
promoter (PRC1), which is metabolically regulated (i.e., it is upregulated under certain
stress conditions, like nutrient limitations (Bradley et al., 2009; Segal et al., 2003)) which
might bring confusion to the interpretation of AssCPY* aggregates dynamics in response

to stress.

Therefore, we modified the 5’ sequence to remove the metabolically regulated
endogenous promoter (lchikawa et al., 1993; Van Den Hazel et al., 1996; Wolf & Fink,
1975) and inserted an inducible and titratable copper responsive promoter (CUP1)
(Macreadie et al., 1991) (Figure 5-2). We found no effects of fluorescence quenching
using copper in the media in cells expressing the methionine permease Mupl under the
control of its endogenous promoter (Isnard et al., 1996), even at 200 uM CuSOa, and
never experimentally used more than 100 uM for expression of AssCPY* (Figure 5-3.a).
We also found expression levels AssCPY* could be rapidly induced, with robust increase

after 1-hour copper, and levels saturated after approximately 4 hours (Figure 5-3.b).

| selected a standard 2h copper incubation time to express AssCPY*. Cells were
transferred to 37°C on the second hour to promote the formation of trackable
fluorescent foci, the aggregates (Figure 5-4.b and c). To maximise downstream
applications of our inducible aggregate AssCPY* reporter, in addition to creating red and
green fluorescent versions, we also switched the auxotrophic marker genes for plasmid
selection (from URA3 to LEUZ2 selection). This was achieved by generating the LEU2 gene
from the integration plasmid pRS305, including ~300bp of plasmid common to the
AssCPY* reporter expression plasmid to facilitate recombination (based on pRS316). The
PCR product was transformed into wild-type yeast alongside the URA3 expression
plasmid allowing the marker to be converted to LEU2 by homologous recombination

(Figure 5-4.b).
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Figure 5-2: Cloning of CUP1-AssCPY*-mGFP (pSLO4).

(a) Gel electrophoresis for visualisation integration of AssCPY* in using oligo s5 and
cm195 (Table 2-6) to backbone plasmid p695 and generating the pSLO4 plasmid,
successful clone where sequenced. The first line displays a 1KB ladder. (b) visualisation
of successful double digestion of pSLO4 with Xhol and Hindlll restriction endonuclease,
this cloning step allows the removal of the unwanted GFP to be replaced by mGFP. The
remaining linearise vector was extracted from the gel (see method Chapter 2.2.1.7) and
used as the Gibson assembly vector. (c) Visualisation of mGFP insert generated by PCR
using primers s8 and s9 (Table 2-6). (d) schematic visualisation of pSLO4 (CUP1-
AssCPY*-mGFP).
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Figure 5-3: Characterisation of the inducible system

(a) Flow cytometry characterisation of the influence of copper sulphate on GFP
brightness, from stably expressed Mup1-GFP in BY4742 cells. Each data set, n = >10*
cells. Error bars show SEM. See also classic scatter plot representation for cytometry
data as supplement material (b) Fluorescence intensity CUP1-AssCPY*-mGFP induced by

copper sulphate.
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Figure 5-4: Visualisation AssCPY* aggregate

(a) Micrographs representing selected conditions to induce visible protein aggregates
under confocal microscopy imaging. (b) Electrophoresis gels for the construction of
fluorescently tagged AssCPY* aggregate with either mScarlet-l or mNeonGreen. On the
Left: colony PCR verifying fluorophore exchanged after Gibson assembly, mGFP tag
sequence being replaced by either mScarlet-l or mNeonGreen (mNG). On the right:
Single digest plasmid with EcoRlI to verify plasmid Leu conversion, for mGFP, mScarlet-|
and mNeonGreen. Plasmid holding the URA selection only cut once and displaying one

band. Plasmid holding the LEU selection will instead display two bands. (c) Micrographs
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mNeonGreen and mScarlet-l version of the AssCPY* aggregate reporter. Left: Agg-
mScarlet-l expressed in EGFP-HOF1 strain. Right: Agg-mNeonGreen expressed in BY4742
WT strain.

3.2. Single-molecule for aggregate stoichiometry and diffusion

To characterise aggregates dynamic under crowding “pressure”, newly constructed
strains for AssCPY* aggregates were imaged using Slimfield microscopy (Figure 5-5) for
stoichiometry and diffusion information. Aggregates were produced following the
established standard condition, and cells grown to log phase were induced for protein
expressing with 100 uM copper for 2 h including 1 h heat shock at 37°C. (See section 0.1
above and Figure 5-4). Osmotic stress with 1 M NaCl and 1.5 M Sorbitol was applied and
compared to the control condition with cells in 50 mM NaPi (sodium phosphate buffer).

See Figure 5-6.
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Figure 5-5: Simple schematic Slimfield principle

(a) Right: schematic representation aggregate foci in budding yeast. Left: Schematic for
photobleaching process, excitation laser exposure progressively bleaching molecule
revealing single molecule, for stoichiometry count, tracking. Process more extensively

describes super-resolution section and methods. (b) Right: simple representation of
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Slimfield microscopy epifluorescence illumination. Left: micrographs matching the top

left schematic and showing a budding yeast in photobleached to reveal single molecules.

In Figure 5-6 we observe an increase in stoichiometry for both stress conditions applied,
from 156.67 (+/-24.9) for a non-stress condition with cell in NaPi buffer to 290 (+/-28.28)
for 1 M NaCl corresponding to an 85.1% increase. The stoichiometry measured for 1.5 M
sorbitol is 216.67 (+/-16.99) a 38.2% increase compared to the control condition
(boxplot in Figure 5-6.a). Correlation with the measured coefficient of diffusion from
tracked spot showed an associated reduction of aggregate mobilities in a strongly
crowded environment. The control condition shows a diffusion coefficient of
0.99 (+/- 0.15) pm?/s compared to 0.47 (+/- 0.04) for 1 M NaCl and 0.36 (+/- 0.057) um?/s
for 1.5 M Sorbitol corresponding respectively at 47.5% and 36.3% mobility decrease
(boxplot in Figure 5-6.b). We note the effect of molecular crowding on aggregates
stoichiometry and diffusion is of greater extent when induced by 1 M NacCl salt exposure
than for 1 M Sorbitol. The respective density plot intensity seems to revels a greater
distribution of stoichiometry for spots detected in the 1 M stress condition compared to

the two other conditions tested (Figure 5-6.a and b).

Results are consistent with the physical reality of crowding upshift after osmotic shock
and display the expected behaviour for aggregates oligomerisation dynamics in a high

crowding environment.

The presence of Sorbitol as an inert crowding agent might indirectly influence forces of
interaction or oligomerisation between molecules in the confined crowded volume,
compared against the more direct effect of dissolved NaCl in the media. However, the
difference between Sorbitol and NaCl shock in Figure 5-6 could be explained by an
osmolarity difference; indeed, the osmolarity of 1 M NaCl is 2 osmol/L as NaCl
dissociates into two species in solution, while the osmolarity of 1 M sorbitol is 1 osmol/L
and does not dissolve into smaller pieces. There is, therefore, a difference between the
two conditions. 1.5 M sorbitol has a lower osmolarity (1.5 osmols) compared to 1 M
NaCl (2 osmols). This difference could explain the greater shift observed for

stoichiometry and diffusion with the concentration of NaCl applied compared to the one
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of sorbitol. Adjusting the conditions to apply the same osmotic pressure for both sorbitol
and NaCl would be a sensible improvement to the experimental setup. This can help
elucidate if the nature of the agent responsible for the osmotic shock affects the

stoichiometry and/or diffusion of aggregates in the cells.
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Figure 5-6: Slimfield microscopy for aggregates stoichiometry and diffusion

(a) Boxplot for the three replicates stress condition tested on copper-induced Agg-mGFP
strain. The error bar represents the standard deviation between conditions. (b)
Equivalent histogram KDE plots showing the distribution of values measured for

detected spots.
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4. Development analysis tools- spot count with Image)

To detect and analyse fluorescent aggregates from confocal images, an Imagel-based
spot count macro/plugin was developed and coded under the Java-based ImageJ-Macro
language (see Figure 5-7). On a microscopy image loaded in Imagel(Fiji), the macro can
segment fluorescent foci within a targeted area (e.g., the cell volume) and extract
information such as intensity and area. The macro requires overlays for each segmented
cell on the initial/input image saved either in ROI-manager or as overlays in the image
metadata. These overlays are generally generated using the cell magic wand tool
(Walker, 2016) or the Imagel selection tool. Detected by the macro, these outlines serve
to identify the area to specifically run the Imagel in-built “particle detection” program
(Figure 5-7.a). This analysis is performed on a binary image generated beforehand using
thresholding options available in ImageJ, including Otsu, Huang, minimum or the Image)
default one. The type of thresholding is chosen by the user in a dedicated GUI
programmed to pop up at the start of the analysis run (Figure 5-7.b). An "object size
range" option is available to narrow the spot detection to the user's expectations for
object size. The unit is expressed in pixels if the image is not set for scale or in the unit
attributed to the image by the metadata, if this information is present (Figure 5-7.a —
left). The position of spots newly identified on the binary image is used as a reference
to identify the position of objects on the conserved original data and extract their
intensity and area. The output is displayed in a result table, which can be saved as a csv
text document (Figure 5-7.c). Additionally, the code generates a second table for “spot

count” indicating the number of spots detected per cell (Figure 5-7.c).
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Figure 5-7: Imagel) Macro-plugin development for spot count

(a) Right: input image with cell outlines stored as an overlay or added to ROl manager in
Imagel. Left: GUI displayed to select threshold, segmentation option, and image channel
to analyse (b) Left: Intermediate state, a duplicate image is generated and used to create

a binary mask following selected thresholding conditions. On this binary mask, as soon
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as the "analyse particle" inbuilt utility is launched, it loops through each cell to generate
an outline for each spot (cells detected from the initial cell outlines required prior to
running the code). Outlines are stored in the ROI-manager table (middle) and
transferred to the original image for measurement. (c) The output result table displays
the quantified intensities and area measured for each selection on the image. Selections
are typically labelled to identify each cell and the associated spot detected within its
volume. An additional table is created by plugging, displaying the spot count per cell in

the image. See code in Appendix ap.0-9.

5. Time-lapse experiment, vacuole and aggregates

With the library of strains | had generated, | was able to follow inheritance events as
cells divided. This section reports the inheritance dynamic of the vacuole during cell
division simultaneously with relevant fluorescence markers, including the aggregates

model presented above.

Figure 5-8 and the first paragraph below are adapted from (Lecinski et al., 2021). Figure

5-9 and the description completing this section are unpublished data.

The vacuole is conveniently a large organelle that is inherited early in the budding
process (Li et al., 2021), | used dual-colour time-lapse microscopy to follow the
inheritance of the vacuole and explored organelle inheritance. Using a mNeonGreen
tagged version of the uracil permease Fur4, which localises to the plasma membrane
and also the vacuolar lumen (Paine et al., 2021), we could track inheritance over time.
We also labelled the vacuole by performing a pulse-chase with media containing the
red-fluorescent dye FM4-64 (Vida & Emr, 1995) see Methods Chapter 2.3.4.1. This dye
does not diffuse freely through the plasma membrane but instead gets internalised by
endocytosis and stains the yeast vacuolar membranes (Fischer-Parton et al., 2000;
Petranovic et al., 2010). By tracking the inheritance of FM4-64 labelled vacuoles over
time in cells co-expressing either the polarised v-SNARE protein Sncl or the bud neck

marked sfGFP-Hofl strain, we observe vacuole inheritance events (Figure 5-8). The

150



process observed can be decoupled in three steps. First, the initial vacuole deformation
forms an apparent protrusion that migrates toward the bud neck region. Secondly, this
is followed by a crossing event, where the vacuole starts occupying the bud neck region
and crosses the bud neck cell with progressive transport and relaxation toward the
daughter cell cytoplasm. Finally, the scission event occurs almost instantly at the bud
neck site. We also noticed some rare events of maternal vacuole retraction at the earlier
stage of the crossing phase and thus a failure of efficient vacuolar inheritance during
these experiments. Stable and timely occupancy of the near bud neck region appears
therefore critical to undergo vacuolar migration; this suggests the existence of an

adaptive transition before organelles engage crossing.
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Figure 5-8: Vacuole inheritance

Strain expressing either GFP-Sncl bud polarized plasma membrane protein and sfGFP-
Hof1 bud neck specific protein, combined with pulse and chase staining with FM4-64 to
image the vacuole. Micrographs show each channel for the vacuole in red (FM4-64) and
the local marker in cyan (GFP & sfGFP), as well as the merge. White arrows to indicate

bud/daughter cell position. Scale bar: 1 um.
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Additionally, to assess the spatio-temporal dynamics of aggregates during cell division,
| tracked through time the inheritance of the vacuole and the diffusion of aggregates
using the mGFP tagged version of the AssCPY* aggregate reporter. And similarly stained
the strain vacuole with the red fluorescent dye FM4-64 (Vida & Emr, 1995).

Aggregates were induced with copper under the same standard conditions mentioned
in the precedent section. The vacuole was labelled following the pulse-chase methods
described above (see also Methods Chapter 2.3.4.1). Dual-colour imaging shows the
aggregates observed in the mother cell to be retained through cell division, confirming
spatial retention of aggregates in the mother cell as previously reported in the literature
(Higuchi-Sanabria et al., 2014; Hill et al., 2016; Lindner et al., 2008; Rujano et al., 2006;
Spokoini et al., 2012), now preliminary verified with this experiment for our model for
cytoplasmic aggregates (Figure 5-9).

Importantly, the cell dividing presented in Figure 5-9 shows the presence of two foci
aggregating together (see white arrow in the figure). From this observation, | have
hypothesised that such a fusion event occurs at the late stage of division. This event was
interesting to observe, revealing that not only free molecules diffusing in the cytoplasm
nucleate together to form aggregates but that new aggregates can emerge from the
nucleation or fusion of two smaller pre-formed aggregates. We hypothesise also that
such an event could play a role in stress responses as a coping mechanism when

exogenous and potentially cytotoxic molecules accumulate in the cytoplasm.

Furthermore, we notice aggregates localising close to the vacuole during cell division
without being led to the daughter cell when a fraction of the vacuole gets inherited. On
the contrary, it appears to be retained in the mother cell. This observation shows that
our aggregates model may display the same behaviour as IPOD bodies, describing the
localised accumulation of insoluble structures adjacent to the vacuole; and potentially

actively involved in the retention of aggregates in the mother cell during cellular growth.
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Figure 5-9: Aggregate localisation and fusion event during cell division

Strain expressing cytoplasmic AssCPY*-mGFP aggregates combined with pulse and chase
staining with FM4-64 to image the vacuole. Micrographs show each channel for the
vacuole in red (FM4-64) and in green the Agg (AssCPY*) protein, and lastly the merge.

White arrows indicate the aggregate fusion event. Scale bar: 1 um.
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6. Conclusion

In this chapter, | presented the cloning strategy adopted for trackable
cytoplasmic aggregates expressed in the cytoplasm of yeast cells. For this, | used a
mutant version of the vacuole carboxypeptidase, AssCPY* and generated several
versions fused with various fluorophores (MGFP, mNeonGreen or mScarlet-1). The
expression of aggregates is controlled by a copper inducible promoter and versions of
the expression vector under different autotrophic markers (Uracil or Leucine selection)
(Figure 5-2). | characterised this construct as able to produce cytoplasmic aggregates
and reported optimised expression conditions to standardise the production of
aggregates in yeast for experimentation (Figure 5-3 and Figure 5-4).

| then proceeded to perform Slimfield imaging of the Agg-mGFP strain for single
molecule detection and access to stoichiometry and diffusion information. | specifically
assessed the effect of osmotic stress-induced with either 1 M NaCl or 1.5 M Sorbitol.
Data analysis demonstrated that exposure to 1 M NaCl and 1.5 M Sorbitol greatly
increased aggregate stoichiometry while decreasing the diffusion coefficient compared
to the control condition. This reflects lower mobility for aggregates under the high
crowding regime induced in the cells shocked by osmotic pressure (Figure 5-6).

| also reported in this chapter the development of a spot count macro tool to
characterise bio-images displaying fluorescent foci in cells, to identify and count them
in each cell, as well as to extract intensity and area information (Figure 5-7).

Finally, | reported a dual-colour imaging set-up optimised to evaluate both the vacuole
and aggregate distribution and polarisation during cell division. Results showed the
vacuole synchronised inheritance events and offered new clues for tracking
AssCPY*-mGFP aggregates in the mother cells and their localisation dynamics in the
cytoplasm in comparison to the identification of other compartments in the cell, such as

the vacuole, the plasma membrane, or the bud-neck (Figure 5-8 and Figure 5-9).
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7. Discussion

| present in this chapter a novel and innovative method to investigate aggregation in the
cytoplasm of eukaryotic cells. This combines different technologies: cloning to develop
a fluorescent aggregate reporter, super-resolution microscopy to access cutting-edge

level system characterisation, and tools and methods to analyse the microscopic data.

This chapter shows all the preliminary data from the engineered yeast strains. The
production of cytoplasmic aggregates is controlled by a copper-inducible promoter,
CUP1 (Macreadie et al.,, 1991). Fluorescent tags on the protein prone to form
aggregates (AssCPY*) ensure the trackability of aggregates in vivo by fluorescence
microscopy. This system of expression improves the reproducibility of experiments and
opens up possibilities for following the growth and spread of cytoplasmic aggregates.
We note for future directions that a reachable improvement of this new construct can
be reached by the genomic integration of the expression system to allow acute control

of the copy number and expression level of the protein of interest.

The combination of this model with various techniques of investigation, such as confocal
microscopy and super-resolution microscopy opens research opportunities for cellular
behaviour characterisation across different biological scales, from the cell population
phenotypic trait to single molecules dynamic information with the access of physical

parameters such as stoichiometry and diffusion.

The data presented shows how osmotic shock affects the stoichiometry and diffusion of
aggregates. Indeed, they are shown to diffuse significantly slower, while the
stoichiometry of foci detected increases. This effect can be the result of high molecular
crowding and density in the cell, typically occurring after osmotic stress (see Chapter 3),
thus directly affecting the mobility of aggregates and increasing their formation. Various
studies also suggest active mechanisms for clearance, including the spatial protein
quality control system that can be responsible for mobility changes (Hill et al., 2017;

Lindner et al., 2008; Schnitzer et al., 2022; Sunchu & Cabernard, 2020).

Finally, the analysis spot-count tool developed is a proposed solution to perform fast
and robust analysis on fluorescent images, identify fluorescent objects, and extract

guantifiable information, such as the area and intensities. This programme has the
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potential to help perform image analysis for a wide range of bio-imaging projects and
therefore support research and discoveries in any field of study relying on image
analysis.

The advancements presented in this chapter are perhaps the ones with the greatest
potential to inspire future research. Our new system was designed to facilitate the
investigation of aggregate dynamics, including the methodology presented for the

strategic use of technologies available (e.g., microscopes, analysis tools).
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Chapter 6. Additional research experiments

1. Introduction

This chapter presents various experimental leads explored during my PhD with varying
degrees of success. The section below is therefore a selection of these side experiments
and trials that | found relevant to mention in my thesis and representative of the

scientific “test and try” journey.

2. Crowding and lithium chloride induced osmotic stress.

In this section, | present the work resulting from my collaboration with Patrick Reith
from Prof Marija Cvijovic and Prof Stefan Hohmann's research groups established in
Gothenburg, Sweden (Chalmers University of Technology) and partners in the Syncrop
network established by our common funding body (Marie Sktodowska-Curie Actions).
Their work notably focuses on metabolic pathways associated with osmotic stress and
stress recovery. The presented article focuses on the effect of lithium chloride osmotic
stress on yeast cell physiology. | helped bring extra information regarding crowding
modaulation dynamics under lithium chloride and NaCl osmotic stress by using analysis

tools previously developed. (Figure 6-1.d).

The following section and associated Figure 6-1 are extracted and adapted from the

published work associated with this collaboration (Reith et al., 2022).

Reith, P., Braam, S., Welkenhuysen, N., Lecinski, S., Shepherd, J., MacDonald, C,, ... &
Cvijovic, M. (2022). The effect of lithium on the budding yeast Saccharomyces cerevisiae

upon stress adaptation. Microorganisms, 10(3), 590.
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For context, the whole figure (Figure 6-1) presents a complete characterisation of the
salt induced osmotic stress response and associated recovery process. First showing the
Hogl phosphorylation profile is dependent on the strength of the osmotic upshift
(Figure 6-1). Proteins part of the HOG (High Osmolarity Glycerol) MAP-Kinase signalling
pathway indeed regulate glycerol accumulation in yeast cells (Hohmann, 2002).
Secondly, it shows the effect of the stress on cell size (Figure 6-1.b) and the heat shock
protein Hsp104-GFP used to report aggregation profile during stress conditions (Figure
6-1.c). Finally, my figure on panel d brings extra information on the crowding dynamics

for the same stress condition.

To investigate how crowding levels, change upon hyperosmotic stress correlatively to
cell volume changes, we used yeast cells expressing a FRET-based sensor, termed CrGE,
allowing for acute macromolecular crowding quantification (Boersma et al., 2015). We
observed a clear increase in crowding immediately upon stress exposure for all
conditions tested (Figure 6-1.d). These observations are consistent with the immediate
salt-induced cell volume reduction. In the control condition, where no salt stress was
applied, we observed a slight progressive increase in ratiometric FRET values measured

between 0 and 90 min.

Upon immediate exposure to 1 M NaCl, the FRET ratio increased by approximately 0.2.
250 mM NaCl and 200 mM LiCl showed a smaller increase in FRET efficiency, a shift
coherent with the equivalent osmolality effect. This correlates with the strength of the
cell size reduction observed with a high concentration of salt as water flows out of the

cells under the strongly associated hypertonic condition (Figure 6-1.b and d).

90 min after stress exposure, as the cells progressively recovered to their initial volume,
macromolecular crowding decreased. Ratiometric FRET for all stresses tested reached
lower levels than prior to stress application, thus reflecting a lower crowding
environment than initially measured. Equally, this progressive crowding reduction was
observed to a greater extent after 1 M NaCl exposure compared to the two other
conditions. 250 mM NaCl and 200 mM LiCl displayed similar behaviour in the first

40 minutes after shock with macromolecular crowding still being reduced over time.
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Figure 6-1: Assessment of the impact of salt stress on yeast cells
(a): Activation of the HOG pathway upon salt stress. Western blot of Hogl
phosphorylation in S. cerevisiae before and up to 90 min after the addition of salt stress.
Hogl-P/Hogl is the ratio of the Hogl phosphorylation signal divided by the signal for
the total Hogl. (b): Cell volume recovery upon osmotic stress. Single-cell trajectories

(grey) and the average (black) are shown. (c): Salt stress-induced aggregation in yeast
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cells. Percentage of cells with Hsp104-GFP foci before and after application of salt stress.
The colour shades represent the number of aggregates per cell; for each condition, at
least 100 cells were assessed per timepoint. Error bars indicate SD (d): NaCl and LiCl
stress recovery and crowding. FRET/mCerulean3 ratiometric plot before and after salt
upshift (vertical line). Cells were imaged every 5 min for 10 min prior to shock, and 90
min after the media exchange to the standard SDM (grey), 1 M NaCl (red), 250 mM Nacl
(yellow) and 200 mM LiCl (green). One out of three representative experiments is

shown. Error bars indicate SEM.

Additionally, | developed a small program in Python to complete the main pipeline
analysis. It can identify outliers and dead cells to be removed from the analysis using the

interquartile range (IQR) method. (Figure 6-2 and Appendix ap.0-7).
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Figure 6-2: Outlier filtration

(a) FRET/mCerulean3 ratiometric plot through time for each cell tracked using our

Python-based bespoke analysis pipeline, revealing the presence of outliers and dead

cells in the analysis. On the right: fluorescence micrographs to visualise a cell dying after
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60 minutes of exposure to 1 M NaCl, a merge of the brightfield, FRET and mCerulean3
channel. Scale bar: 1 um. The arrow represents the identified dying cell, in the cell-by-
cell track plot and the image. (b) Boxplot of the same data, output from our Python3
bespoke utility. Boxes show the interquartile range (IQR), with bars extending 1.5*IQR

from the upper and lower quartile. Blue circles for values are considered outliers.

(c) Boxplot for filtered data, using a Python-based bespoke code, values above 1.5*IQR

were removed from the analysis.

As a side note regarding crowding dynamics using the CrGE or CrGE2.3: fluorophores are
sensitive to pH (e.g., GFP with its pKa of 6). This sensitivity can impact crowding

efficiency.

If comparing the readout for the same population of strains is still reasonable to
highlight behavioural differences within the same grown cellular population. For future
work, a complete characterisation of intracellular pH under selected osmotic stresses
will be valuable to better comprehend the data acquired. The same type of experiments
will be extremely valuable to understand both intracellular dynamics during stress and
to help further characterise this type of sensor. Interestingly, new versions of the sensor
may come out soon with enhanced capability, for example using the pH-resistant

Gamillus green fluorophore (pKa 3.4) instead of EGFP.
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3. Development of a gravity-fed flowcell media exchange system

This gravity-fed flowcell system was specifically constructed for implementation in our
epifluorescence Slimfield microscopy to permit single molecule imaging the closest to

the instant of the switch.

The device has the advantage of using common lab materials and being washable and

reusable. This system is theoretically exportable to work within any lab facility.

An air-tight tunnel on the slide was constructed with a similar process to the one used
to produce a standard tunnel slide; however, instead of using double-face tape, a
custom silicon sealant was made. Media entry and exit are achieved through previously
drilled holes on the slide (an inverted slide with entry and exit points on opposite sides
of the coverslip). The great advantage of this system is that it allows following cell-by-
cell stress dynamics in a controlled environment, especially when performing Slimfield
super-resolution microscopy, where the field of view is reduced to contain only one to
two cells. (Figure 6-3). A 3-way Luer lock system was constructed to select between the
two 50 ml reservoir syringes which media flow through the channel. Silicon tubes of the
same diameter as the drilled holes in the slide (1 mm) were used to connect each slide
to the media reservoirs. (Figure 6-3). The flow rate of the system using a syringe holder
at approximately 20 ml from the level of the slide is approximately 1 ml per minute.

A homemade holder with a microscope metal rod attached to a purification column

holder was made to keep the system in place.

The system is functioning, however, it has proven to be a little tedious to implement for
experiments in the restricted space around the microscope. After each usage, the

material was cleaned with ethanol. A schematic of the system is presented.

Working together with Dr Jack Shepherd, we finalised a working prototype. This system

has the potential to become an entry-level solution to implement easy-flow media
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exchange as opposed to more complex microfluidics systems existing in the market that

are slower to implement and require advanced skills and training.
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Figure 6-3: Gravity-fed flowcell prototype

(a) Gravity-fed flowcell device, schematic representation. (b) Left: photograph showing
the hermetically sealed microscopy slide of the system. The blue arrow shows the point
of entry and exit where the gravity media flow is applied. Right: photograph showing the
3-way controlled system for media exchange between two 50 ml syringes and the flow

conducting tube.
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4. Non-fluorescent 3xHA tagged aggregates

This strain was developed to express non-fluorescent aggregates. Essentially, AssCPY*
instead of being tagged by a fluorophore protein, was tagged in the C-terminal by a non-
fluorescent marker, the 3xHA tag (epitope tag) (Field et al., 1988), consisting of three
repetitions of the Human influenza hemagglutinin a small protein with the following
amino acid sequence: YPYDVPDYA (1.08 kDa). This protein can be detected by
immunostaining (Knop et al., 1996; Russell et al., 1999; Schneider et al., 1995). The
following figure shows the western blot results for clones developed by Gibson assembly

(see Chapter 2.2.1.1) for CUP1-AssCPY*-3xHA expressed in WT BY4742 yeast cells.

Clone Clone
1 2 3 4 5 1 2 3 4 5
100 kDa
CPY*- 3xHA
75kDA - —— = </
- “mcpy

a-HA a-CPY

Figure 6-4: Western blot PCUP1-Agg-3xHA

Cells were grown for 3 h with 100 uM CuSO4 and revealed using anti-HA or anti-CPY

antibodies confirming the presence of CUP1-AssCPY*-3xHA in clones 1, 3, 4 and 5.

Strains expressing non-fluorescent aggregates can be combined with the FRET sensor or
any dual-colour strain of interest. In doing so, the effect of the presence of aggregates
can be assessed with fluorescent-based technology, keeping possible experiments on a

two-colour regime.
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5. Yeast cell growth synchronisation

This section shows the preliminary results for cell synchronisation an extremely valuable
technique to homogenise the cell population and assess metabolic effects related to
cellular growth and the correlation of various parameters (e.g., crowding) with different
stages in the cell cycle. The figure and description are adapted from (Lecinski et al.,

2021).

Cell division synchronisation was optimised for wild-type MATa cells to focus on cell
division events during crowding analyses. Cell cycle arrest at the G1 phase was
performed by incubating cells in 10 uM a-factor for two hours (Robles et al., 2017;
Udden & Finkelstein, 1978), leading to the formation of so-called shmoos (Merlini et al.,
2013) (Figure 6-5.a). After exchanging the buffer for one not containing the a-factor, we
observed a return to cell division. After eight hours of growth we confirmed that all cells
were back to a budding elliptical shape while conserving cell cycle synchronicity across
the population (Figure 6-5.b). Four hours after a-factor release, some cells were still
dividing from a shmoo-like phenotype, forming an unwanted subpopulation of cells that
were dividing but not forming a regular bud neck. After 8 hours, all cells display the
budding round phenotype, and all cells in the field of view budding at a similar rate

(Figure 6-5).
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Figure 6-5: Cell cycle synchronization

(a) Schematic representing the cell cycle with its 4 phases (S, G1, M, G2) highlighting
arrest of the cycle at the G1 phase when MATa yeast cells are exposed to 10 uM a-factor.
Cells stopped dividing and adopted the shmoo phenotype. (b) Brightfield images of
shmoos formed after 90 minutes and 120 minutes of incubations with 10 uM a-factor
(scale bar: 1 um). Micrograph below shows a shmoo entering cell division immediately
after the removal of a-factor from the media (scale bar: 1 um), and a micrograph 8 hours

after removal showing synchronised budding of yeast cells (scale bar: 5 um).
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6. Marking CrGE FRET sensor fusion at the plasma membrane

Finally, this section will present the early stages of a cloning strategy to attach the
CrGE2.3 sensor to the plasma membrane, to target crowding dynamics in proximity to
this highly dynamic interface. Secondly, as mentioned in Chapter 4.4 a semi-static
structure will be acquired by the sensor tethered to the membrane and therefore not
diffuse freely in the 3D volume of the cytoplasm. The potential advantages of this design
are to stabilise the FRET efficiency readout as more permissive to higher exposure times

when carrying out single-molecule Slimfield imaging.

| selected three protein candidates: Canl (Ahmad & Bussey, 1986), Sur7 (Sivadon et al.,
1997) and Ste3 (Hagen et al., 1986), all proteins expressed at the plasma membrane, for

their stability of expression and for being encoded by non-essential genes.

| designed primers that follow the cloning strategy which is to tag the CrGE2.3 sensor,
donor fluorophore sequence mEGFP to the C-terminal of the candidate protein (e.g.,
CAN1, SUR7, STE3) separated by a flexible hydrophilic glycine-serine linker (Van
Rosmalen et al., 2017). | selected two different lengths to test: 5 aa or 15 aa. The
optimisation of the linker length is often critical to ensure the stability of the fusion
protein. The genomic construct finally comprises a his5-pombe loxP (Gueldener et al.,
2002) behind the mScarlet-I sequence for autotrophy selection. The figure below (Figure
6-6) is a schematic to summarise the strategy and is followed by a table (Table 6-1) with

the list of primers designed for genomic integration.

Linker

\Prote\'n candidate /

Figure 6-6: Schematic CrGE2.3 at the plasma membrane
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AAATGCTACTTCAACAGGAGCATAGGCCACTAG
TGGATCTG

Name | 5’-3’ sequence Description

s36 AAGATCATGAACCAAAGACTTTTTGGGACAAAT | CAN1-5aalinker-CrGE2.3
TTTGGAATGTTGTAGCAGGTGGTGGTGGTTCTa | (Forward primer)
tgagccatcaccatcaccacc

s37 AAGATCATGAACCAAAGACTTTTTGGGACAAAT | CAN1-15aalinker-CrGE2.3
TTTGGAATGTTGTAGCAGGCGGTGGGGGATCT | (Forward primer)
GGTGGTGGCGGGTCCGGCGGTGGCGGATCAAT
GAGCCATCACCATCACCACC

s38 CGAAGTTATATTAAGGGTTGTCGACCTGCAGCG | HIS5pombe_Crge2.3
TACGAAGCTTCAGCTGGCGTTATTTGTACAGCT | (Reverse primer)
CATCCATACC

S39 CGAAAGATCTGAAGGTAGACATTCTACTGGTG | CrGE2.3_HIS5 pombe
GTATGGATGAGCTGTACAAATAACGCCAGCTG | (Forward primer)
AAGCTTCGTACGC

5S40 CAAGTTGATTAAAATGTGACAAAAATTATGATT | HIS5pombe-pUG27vector

(Reverse primer)

Table 6-1: List of primers for CrGE2.3 at the plasma membrane
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Chapter 7. Thesis discussion and conclusion

1. General summary

This thesis summarises the research work | conducted during my PhD for my project,
which focuses on using optical microscopy methods to study cellular stress responses in
S. cerevisiae. This work gravitates mainly around two axes: the characterisation of
macromolecular crowding dynamics and the development of a cellular model to

investigate aggregation dynamics.

In the first two chapters of the result section (Chapters 3 and 4) | report my research
advancements in assessing macromolecular crowding dynamics at a subcellular level in
the budding yeast. To quantify crowding, | used recently developed FRET base sensors,
called CrGE and CrGE2.3 (Boersma et al., 2015; Liu et al., 2017), extremely valuable tools
in the context of hyper-osmotic stress, translating physical changes due to confinement
effects into a quantifiable fluorescence signal. A suspected bet-hedging behaviour for
cell population grown at high glucose concentration (Figure 3-4) has raised our interest
to investigate crowding dynamics at the single-cell level to access disparities between
individual cells constituting the same group and even at the subcellular level in growing
cells. | first compared the mother cell and daughter cell FRET readouts for crowding
information, which confirmed the relative stability of crowding in the entire volume for
both populations (Figure 3-6). This result is coherent with previously published data
comparing aged cells with newly formed cells (Mouton et al., 2020). Next, helped by a
Python analysis utility | highlighted the presence of a local crowding gradient between
mother and daughter cells in proximity to the bud neck (Figure 4-2).

| hypothesise this gradient plays the role of a diffusion barrier between the mother cell
and daughter cell and contributes to describing asymmetrical cell division observed in
the budding yeast where cytotoxic molecules and ageing markers/by-products have
been reported polarised in the mother cell. On the contrary, the vacuole can be
inherited by active metabolic mechanisms and bypass this crowding diffusion barrier. |

also report in this thesis (Chapter 4) that macromolecular crowding can be sensed in a
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three-colour imaging experiment, using sequentially CrGE for FRET readout followed by
the near infra-red compatible FM4-64 dye, marking the vacuole (Figure 4-7). This result
shows that the mCerulean3-mCitrine FRET pair is compatible with near-IR and by
extension infrared probe for three-colour imaging which can be generally valuable for a
wide range of studies involving the required visualisation of any compartment of
interest while measuring physical parameters such as crowding with the CrGE sensor.
This is valid with any other sensors holding the appropriate compatible probes

(mCerulean3-mCitrine).

To try to highlight more of the local heterogeneity | also tracked single cells and mapped
macromolecular crowding through time in each cell (during growth or osmotic stress).
This experiment leads to the detection of local crowding hotspots (Figure 4-4). These
hotspots display however a high signal-to-noise ratio in the intracellular environment.
We suspect local crowding dynamics to be below this interval, on the millisecond
timescale as for other metabolic events and our time-lapse experiments (5 min intervals)
with an acquisition time of 1.56 seconds to contribute to increasing the noise
surrounding the identified hotspots. The SNR of the hotspots however is close in
magnitude to the SNR threshold used for tracking single molecules in vivo imaged with
the Slimfield technique. This result is therefore encouraging preliminary support for the
presence of intracellular local crowding dynamics alongside cellular stress, stress
recovery, and during cellular growth. Therefore local crowding dynamics may play a role
in various metabolic activities, by influencing molecules diffusion, interactions, and

localisation.

Finally, | presented single molecule level characterisation of the CrGE sensor and
CrGE2.3 (Figure 4-5 and Figure 4-6). And successfully reported the detection of single
molecules by Slimfield microscopy, to extract copy number information and tracks.
However, measuring FRET efficiency for individual sensor molecules detected was a
challenging task which raised questions about how to optimise the system. One idea
would be to image with increased exposure time a semi-static system (e.g., the sensor
attached to the plasma membrane) to improve the identification of single molecules and

ratioFRET signal. Various parameters, whether technical on the microscope or biological
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on the cellular model, can influence the readout and thus complicate the work to find

optimal conditions.

For the second part of my PhD project (from chapter 5) | developed a cellular model
reporter of aggregation via the production of a fluorescent mutant protein prone to
aggregation in the cytoplasm: AssCPY*, a mutant version of the vacuolar
carboxypeptidase Y. | generated different versions of this copper inducible reporter,
expressing different fluorophores such as mNeonGreen and mScarlet-1, the initial
construct expressing mGFP tagged AssCPY* (Figure 5-3 and Figure 5-4). | first
characterised the aggregates with Slimfield super-resolution microscopy and showed
how the stoichiometry increase is associated with reduced mobility in cells with
aggregates (using copper induction system) exposed to osmotic stress with associated
crowding upshift using a high concentration of sodium chloride (1 M) or sorbitol (1.5 M)
(Figure 5-6). This copper inducible construct successfully produces fluorescent
aggregates and provides preliminary insights into aggregates' dynamics under osmotic
stress. The model is opening endless opportunities for studies in various domains,

including cellular stress but also ageing and cell polarity.

Through my PhD | have coded several Imagel) macros to automate analysis tasks of my
data, this includes the presented macro for ratiometric FRET macro or the presented
spot count macro to detect aggregates in cells. Allowing from segmentation mask of the
cell to extract all information | require from the image for my analysis (e.g., fluorescence
intensities, areas, counts). These are simple tools but very efficient to perform large-
scale characterisation of fluorescent images and therefore could be valuable tools to the
scientific community.

Finally, the last chapter, chapter 6 presents a non-exhaustive list of valuable side
experiments, collaboration results and trials with research new directions and
aspirations, such as the gravity-fed flowcell system or the premises of a new cloning
strategy to attach locally the CrGE2.3 sensor at the plasma membrane.

This chapter overall represents well the scientific adventure that was my PhD, with many
scientific questions and hypotheses identified (nourished by countless debates and
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discussions). These hypotheses and new ideas were tested and resulting experimental

outcomes progressively shaped my work to the present reported research project.

2. Research impact

2.1. Academic impact

The research’s academic impact is evaluated by its contribution to understanding and
advancing knowledge in the field investigated and by the dissemination of scientific
methods, results, and applications in the discipline(s) concerned. This project was
designed to address the above and target key biological-biophysical questions to

understand living system dynamics.

The work presented and methodology developed focused on understanding cells'
responses to environmental stress and investigating macromolecular crowding and
associated spatiotemporal events to ensure cell survival, such as the intracellular
distribution of stress-induced aggregates. Investigating the biological mechanisms
behind stress survival can lead to a better comprehension of the fundamental rules
governing living systems, which are complex and currently poorly understood. In this
regard, the project was set-up to answer crucial pending questions that, if answered,

will benefit the scientific community and push our biological knowledge further.

The initial focus was on macromolecular crowding dynamics in the cell during cellular
stress (osmotic stress, glucose availability) or cell division. Indeed, the intracellular
environment is crowded, and the density of molecules at a given time can influence the
entire proteostasis and intracellular pathways. It can alter the diffusion and localisation
of molecules, the folding and kinetics of proteins, and their interactions (see in more
detail in the literature review Chapter 1). To be able to quantify crowding in living cells,

Dr. Arnold Boersma and Prof. Bert Poolman have developed bio-compatible sensors
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utilising FRET technology (CrGE and CrGE2.3 — see Chapter 3) which we used in this
project to measure macromolecular crowding changes in living cells in various

conditions and to assess local crowding information.

Therefore, this work directly continues previous research advancements in the field.
Importantly, new methodologies were developed to fully utilise the potential of the
sensor technology and maximise the information that could be extracted from the data.
The development of pixel-by-pixel maps for ratiometric FRET was the first step to
accessing molecular crowding information at a subcellular level and opens a new
research path regarding the role of crowding at local points in the cells. The
experimentation was pushed down to access single-molecule information with
biophysical instrumentation such as Slimfiled super-resolution, a bespoke microscope
developed in the lab, giving access to dynamics at the millisecond time scales of tracked

fluorescent molecules.

Overall, we addressed questions at different biological scales, considering cell
populations as a unit but also the disparities in individual cells' behaviour, especially with
age differences between cells, for example, heterogeneous and subgroups such as
mother cells and daughter cells exist. This includes synthetic biology and genomics to
develop a novel fluorescent reporter for aggregation, but also microscopy techniques.
This approach is connected with several current research challenges, especially those

regarding cellular polarity during cell division and stress responses.

In this project, techniques and tools for acquiring and analysing image data that could
benefit the rest of the scientific community were developed and shared through peer-
reviewed published articles. This outcome greatly promoted collaborative discussions
and new research developments with other research groups. The entire project was
highly collaborative, such as our collaboration with Prof. Marija Cvijovic's lab, whose
work focuses on the mathematical modelling of biological processes related to ageing

(e.g., asymmetrical distribution of aggregates, osmotic stress response pathways).

Finally, the dissemination of the research through articles, seminars, and talks has
inspired valuable ideas in this direction for future work and connections between
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academics working on similar topics. The interdisciplinary nature of the project also
greatly helped the development of a network of scientists and collaborators, as
mentioned above, which helped the project's progression and its potential to inspire

new research developments in the future.

2.2. Economic and societal impact

This research project was funded by Marie Sktodowska-Curie Actions under the SynCrop
consortium (Synthetic Circuits for Robust Orthogonal Production). The project targeted
the understanding of key fundamental biological processes (responses to environmental
stress, ageing, and crowding) to ultimately answer critical questions for industrial and
biotechnology purposes. Specifically, it aimed to anticipate synthetic circuit behaviours
introduced in living cells for the production of pharmaceuticals or food additives. The
introduction of synthetic components indeed reprograms metabolic pathways in the
host organism to achieve the biosynthesis of a desired product. The homeostasis of the
cells is disturbed by the accumulation of the exogenic compound, which ultimately
induces premature cellular stress and threatens cell integrity. It can impact cell survival
and therefore compromise production yields for the compound of interest. In the
industry, it became important to develop new approaches to understand and monitor
the performance of synthetic circuits and their interaction with core metabolic
processes in the cell. Doing so will help model and predict the performance of existing
and newly designed synthetic circuits and ultimately permit the optimisation of

practices for high-yield production.

This major scientific goal was targeted through the development of a new cellular model
in the budding yeast. This organism is commonly used in the industry to produce
vitamins (Kessi-Pérez et al., 2022; Lanen et al., 1942; Mata-Gomez et al., 2014) and key
pharmaceutical drugs such as the insulin precursor treating diabetes (Kjeldsen, 2000) or
hepatitis surface antigens required for to make hepatitis vaccines (Bitter et al., 1988;
Madhavan et al., 2021; Nielsen, 2013). The cellular model developed and presented in

this thesis has a controllable synthetic circuit for the production of cytoplasmic protein
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aggregates attached to a fluorescent reporter (AssCPY*-mGFP mutant proteins), which
accumulate in the cell and are visible by optical microscopy methods. Importantly, we
developed new image analysis tools for their rapid spatiotemporal quantification to
monitor and analyse the distribution dynamics of such compounds in stressed cells,
especially during osmotic stress for which we got insights into crowding dynamics. We
indeed investigated crowding as it is a key physical parameter to maintain cellular
homeostasis and cell integrity. Experimental results have helped us better understand

how cells manage environmental stress and stress imposed by synthetic gene circuits.

In brief, the work presented found that yeast cells grown with high and low glucose
concentrations display low and high intracellular molecular crowding in the population,
showing the key relation between nutrient availability and crowding as a physical
property of the cytoplasm (see Chapter 3). Using our new analysis pipeline enabled
dynamic pixel-by-pixel quantification of macromolecular crowding and showed how
osmotic stress and cell growth induce heterogeneous crowding, with potential
subcellular hotspots of crowding identified after stress events. We discuss in Chapter 4
the technical challenge of observing these hotspots dynamically, the novelty of this
technology, and its potential as a launching ramp for the future development of robust
methods for local crowding dynamics with for example improved spatial and temporal
resolution. At proximity to the cell bud neck during division, local stable crowding
differences were measurable and suspected to influence the cell polarity and diffusion
barrier between the mother cell and daughter cell (see Chapter 4). Finally, our project
showed how osmotic pressure drives the nucleation of protein aggregates while

reducing their intracellular diffusion (see Chapter 5).

These new insights can help develop future strategies to better mediate cellular stress
responses and improve expression output from synthetic gene circuits in host
organisms. This aims to improve performance, reduce costs, and eventually increase the
accessibility of bio-products and pharmaceuticals to the general population.

Finally, the therapeutic and biomedical impact of this research comes from the choice

of the cellular model S. cerevisiae. This single cell eukaryotic microorganism exhibits

177



biological properties comparable to those of mammalian cells (Botstein et al., 1997;
Gershon et al.,, 2000; Mager & Winderickx, 2005), with similar intracellular
compartmentalisation (e.g., nucleus, ER, mitochondria), protein homeostasis, and
fundamental metabolic functions such as cell division and response to cellular stress
(Duina et al., 2014; Gershon & Gershon, 2000). Life systems are therefore at equilibrium,
and understanding how this is adjusted and maintained over time will meaningfully
contribute to understanding stress regulation and ageing processes with great

biomedical potential.

Yeast as a cellular model becomes doubly interesting with protein aggregates typically
associated with cellular stress, ageing and responsible in humans for pathologies such
as neurodegenerative diseases (Miller-Fleming et al., 2008; Piper, 2006; Tenreiro et al.,
2013). It is therefore an entry-level model to understand processes of aggregation such
as those observed in various pathological conditions (e.g., cataracts, Parkinson and
Alzheimer diseases) (Bharadwaj et al., 2010; Bharadwaj et al., 2008; Braun et al., 2015;
Mcdonald et al., 2020; Morishita, 2022; Satoh et al., 2021). With the longer life
expectancy of our societies, age-related pathologies from diabetes (type 2) (Suastika et
al., 2012), cancers (De Magalhdes, 2013; Smetana et al., 2016) to neurodegenerative
disease (Hou et al., 2019) have progressed to become a current public health problem
that needs to be addressed (Niccoli & Partridge, 2012; Prince et al., 2015; Suastika et al.,
2012). Our research was therefore designed to address biomedical challenges with high

societal impact.

2.3. Conclusion

To conclude, the research's impact, especially in terms of economic and societal
influence, can be a challenge to evaluate. To ensure the greatest possible outcome and
application of this research, the project was designed to promote communication
between the industries and academics, to develop new methods to perform high-
throughput characterisation on production systems, and target to find answers to
biological questions that will benefit both parties. The project shows the outcome of our

effort to quantify and map macromolecular crowding at the intracellular level (pixel-by-
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pixel maps from read-outs of biomolecular sensors), identifying key areas with
differential local crowding (the bud neck). A parameter directly linked to the regulation
of cellular stress and influencing the spatiotemporal dynamics of molecules and
metabolic functions. Its understanding is therefore critical to elucidate for both
industrial and biomedical purposes. Finally, we also designed a cellular model for
controlling protein aggregation that not only mimics the yeast expression system for the
production of commercial biomolecules but also permits investigations into the
fundamental processes of protein aggregation relevant to the biomedical field. For this
purpose, novel methods of imaging were used (Slimfield microscopy), allowing access
to dynamic information down to the single-molecule localisation precision and
millisecond time resolution. Overall, this work has the potential to inspire a variety of
new research developments, both beneficial for the progress of our fundamental
understanding of living systems and for the development of applied scientific

methodologies with economic and societal benefits.
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Appendices

1. CrGE2.3 gel filtration elution profile
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Appendix ap.0-1: CrGE2.3 gel filtration elution profile

U.V Elution profile with legend extracted from the used chromatography system (AKTA

pure protein purification system, Cytiva). In yellow the sample point of injection, in blue

the U.V profile with the characteristic point of injection.
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2. Glucose availability and NFRET
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Appendix ap.0-2: Glucose
availability and crowding

(NFRET)

(a) Kernel density estimates
(KDEs) of  the NFRET
distribution for cells grown in
1%, 2%, and 4% glucose
conditions and imaged at 0 M
NaCl. For all conditions N>100.
(b) KDE of the cell size
distribution, with area in um?,
for cells grown in 1%, 2%, and
4% glucose and imaged at 0 M
NaCl. Lines are given by a KDE
fit.

(c) Jitter plot showing NFRET at
high (1 M) and low (0 M) salt
concentration for cells grown at
1%, 2%, and 4% glucose and
imaged in 50 mM NaPi. The p-
value was corrected with

Bonferroni’s method.



3. Glucose availability histogram visualisation
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Appendix ap.0-3: Glucose availability, histogram and fit

(A) Histogram and Kernel density estimates (KDEs) of the FRET/Cerulean3 ratio
distribution for cells grown in 1%, 2%, and 4% glucose conditions and imaged at 0 M
NaCl. Data with only fit in Figure 3-4.a (B) Histogram and KDE of the cell size distribution,
with area in pm?, for cells grown in 1%, 2%, and 4% glucose and imaged at 0 M NaCl.

Data with only fit in Figure 3-4.b.
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4. Ratiometric FRET macro for Image)

Appendix ap.0-4: Macro code for ratioFRET measurement

if (nImages == 0) {
showMessage(*'Macro error", "There is no image open");
exit
}
Dialog.create(""Background noise™);
Dialog.addNumber(*Donor", 180, 2, 5, " ");
Dialog.addNumber("Fret", 370, 2,5, " ");
Dialog.show();
NoiseDonor = Dialog.getNumber();
NoiseFret = Dialog.getNumber();
imagebatch = getList("image.titles");
Array.sort(imagebatch);
Array.print(imagebatch);
MaskPath = getDir("'choose™);
MaskPath = MaskPath +File.separator;
istfile = getFileList(MaskPath);
n = lengthOf(imagebatch) ;
PathOnlyNfretDoc = MaskPath+"ratioFret.csv";
HeadlineDocfret = "RatioFret";
File.append(HeadlineDocfret , PathOnlyNfretDoc);
PathOnlyAreaDoc = MaskPath+"Area.csv";
HeadlineDocarea = "Area "";
File.append(HeadlineDocarea , PathOnlyAreaDaoc);

for(i=0;i<n;i++){
print(i);
Imlinitial = imagebatchli];
print(Imlinitial);
selectWindow(Iminitial);
getDimensions(width, height, channels, slices, frames);
initialroiCount = roiManager(*'count");
selectWindow(Iminitial);
run(*'Split Channels™);
wait(20);

for (j = 0; j < nlmages; j++) {
selectimage(j+1);
imch = getTitle();
if (startsWith(imch, "C1")) {
rename("C1");
}
else if (startsWith(imch, "C2")) {
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rename("C2");

}
else if (startsWith(imch, "C3")) {
run("Close™);
/lclose();
print(“"closed cothers");
}
else if (startsWith(imch, "C4")) {
run("Close™);
Ilclose();
print("closed cothers™);
}
}
1

ImInitial2 = File.nameWithoutExtension;
maskimg = Imlnitial2+"masks.tif";
open(MaskPath+maskimg);
selectWindow(maskimg);
run("Make Binary");
run("Select None");
run("Analyze Particles...”, "add");
selectWindow(maskimg);
Iclose();
1
selectWindow("C1");
roiManager("deselect");
roiManager("measure");
roiManager("draw");
selectWindow("Results™);
valuesD = Table.getColumn(*Mean");
Area = Table.getColumn("Area");
run("Clear Results");
selectWindow("C2");
roiManager("deselect");
roiManager("measure");
roiManager("draw");
selectWindow("Results");
valuesFret = Table.getColumn(*Mean");
run("Clear Results");
for (j = 0; j < lengthOf(valuesD); j++) {

Donorval = valuesDIjJ;

FRETval = valuesFret[j];

Areaval = Arealj];

RatioF = (FRETval-NoiseFret)/(Donorval-NoiseDonor);

File.append(RatioF , PathOnlyNfretDoc);
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File.append(Areaval , PathOnlyAreaDoc);
}

run("Clear Results");
roiManager(*deselect"); //to clear segmentation before next slice
roiManager("delete™);

selectWindow("C1");
close();
selectWindow("C2");
close();

5. Imagel ring shapes macro

Appendix ap.0-5: Macro code for customise ring-shape outline

run("Set Measurements...", "area mean min integrated display redirect=None
decimal=3");
if (nlmages ==0) {

showMessage("error", "There is no image open™);

exit

}

else {
getimageJD();
initialimagetitle= getTitle();
StackSlice = nSlices;

}

initialroiCount = roiManager(*"count™);
getimageJD();

initialimagetitle= getTitle();
StackSlice = nSlices;

CO0 ="CO-"+initialimagetitle;

C1 ="C1-"+initialimagetitle;

C2 = "C2-"+initialimagetitle;

C3 ="C3-"+initialimagetitle;

C4 = "C4-"+initialimagetitle;
ChoicesChannel = newArray(C1,C2,C3,C4);
n=1,

//Dialogue Box

Dialog.create("Set Values");

Dialog.addNumber("Width (microns):", -0.5);
Dialog.addNumber("iteration™, 1);
Dialog.addChoice("Fluorescent Channel:", ChoicesChannel);
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Dialog.addCheckbox(""Background correction?", false);
Dialog.addNumber("If yes, Background Mean value:", 0);
Dialog.show();

X = Dialog.getNumber();

nbiteration = Dialog.getNumber();

FluorescentChannel = Dialog.getChoice();

NoiseYes = Dialog.getCheckbox();

BackgroudMean = Dialog.getNumber();

Il Overlay
if (Overlay.size '= 0){

run("To ROI Manager");
initialroiCount = roiManager(*"count™);

¥
else {
if (initialroiCount == 0) {
waitForUser("No selection”,"Create a ROI List and click OK to continue");
initialroiCount = roiManager("count™);
}
¥
/11 Stack

selectWindow(initialimagetitle);

if (StackSlice 1= 1) {
run(*Split Channels");
selectWindow(FluorescentChannel);
ImageAnalysedID = getimageJD();

}
else {
selectWindow(initialimagetitle);
ImageAnalysedID = getlmageJD();
¥

I/l Make rings

if (nbiteration == 0) {
for (i=0; i<initialroiCount; i++) {
roiManager(“select”, i);

if (i<10){
J="0"+i;
}
else {
=i
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¥

roiManager(“"rename”, "cell-"+j+"_00");

}

else {

for (i=0; i<initialroiCount; i++) {
roiManager(“select”, i);

if (i<10){
j="0"+
by
else {
=i
}

roiManager(“"rename", "cell-"+j+"_00");
run("Enlarge...", "enlarge="+X);
roiManager("Add");
NewRoiCount = roiManager(*'count™);
while (n<= nbiteration) {
roiManager("select”, NewRoiCount-1);
run("Enlarge...", "enlarge="+X);
roiManager("Add");
if(n<10){
m="0"+n;
}
else {
m=n;
}
roiManager("rename", "cell-"+j+"_"+m);
n=n+l;
NewRoiCount = NewRoiCount+1;
}
roiManager(“select”, NewRoiCount-1);
roiManager("delete™);
n=1,

¥

roiManager("Deselect");
roiManager("Sort");
selectimage(ImageAnalysedID);
roiManager(""Show All");
roiManager(""'measure");
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/I Set result table
for (i=0; i<nResults; i++) {
roiManager("select”, i);
newLabel = getinfo("'roi.name");
setResult(*"Label", i, newLabel);
if (NoiseYes == true) {
MeanCorrected = getResult("Mean", i)-BackgroudMean;
intDentCorrected = getResult("IntDen", i)-(getResult("Area", i)*BackgroudMean);
setResult("Mean_NoiseCorrection™, i, MeanCorrected);
setResult("IntDent_NoiseCorrection”, i, intDentCorrected);

¥
¥

nDoughnutResult = nResults-2;
k=0;
1=1;
Doughnutcount= 1;
for (i = 0; i <= nDoughnutResult ; i++) {
if (Doughnutcount<=nbiteration) {
IntDoughnutArea = getResult("IntDen", k)-getResult("IntDen", I);
if (NoiseYes == true) {
IntDoughnutAreaCorr = getResult("IntDent_NoiseCorrection”, k)-
getResult("IntDent_NoiseCorrection”, 1);
InitialLabelName = getResultString("'Label™, i);
Compositenumbername = substring(InitialLabelName, 0, 7);

setResult("Doughnut”, i,
Compositenumbername+"_Donut_"+Doughnutcount);

setResult("IntDen-Doughnut”, i, IntDoughnutArea);
setResult("IntDen-Corrected-Doughnut™, i, IntDoughnutAreaCorr);

k= k+1;

I=1+1;

Doughnutcount = Doughnutcount+1;
}
else {

InitialLabelName = getResultString(*"Label”, i);
Compositenumbername = substring(InitialLabelName, 0, 7);

setResult("Doughnut”, i,
Compositenumbername+"_Donut_"+Doughnutcount);

setResult("IntDen-Doughnut”, i, IntDoughnutArea);

k= k+1;

I=1+1;

Doughnutcount = Doughnutcount+1;
}
}
else {
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setResult("Doughnut”, i, "--");

setResult("IntDen-Doughnut", i, "--");

if (NoiseYes == true) {
setResult("IntDen-Corrected-Doughnut”, i, "--");

}

Doughnutcount =1 ;

k= k+1;

I=1+1;
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6. Growth control bud neck strains

A Growth assay Day1 (24h) Day2 (48h)
SfGFP-Cdc12 (&) ‘. . e
sfGFP-Cdc11 . . ’ b R
sfGFP-Myol ‘ [y} ‘,3 &
SfGFP-HOF1 . @ ' o,
WT BY4741 . .' N
B
Hof1l
Myo1l
Cdc11
Cdc12

Appendix ap.0-6: Control for yeast growth GFP tagged bud neck reporter

(A) Growth Assay for wild type BY4741 (WT) yeast and a selected range of GFP
fluorescent bud neck markers (SWAp-Tag Library - (Weill et al., 2018)) and constitutively
expressed under the NOP1 promoter in BY4741 background strain. 10-fold serially
diluted plate from a culture grown beforehand to log phase was photographed after 24h
and 48h incubation at 30°C. Strains expressing a fluorescent marker (Hofl, Myo1, Cdc11
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and Cdc12) grew similar to the WT strain with no growth defect to report for all strains
tested (Appendix ap.). (B) Confocal images for each strain tested, with GFP fusion bud
neck reporter expressed in budding yeasts. Showing, the DIC grey channel, GFP green

fluorescence channel and the merge between the two.

7. Overlay filtration — Python code

Appendix ap.0-7: Python outlier filtration

import numpy as np

import matplotlib.pyplot as plt
import csv

import seaborn as sns

import scipy

import statistics as st

import pandas as pd

import math

import matplotlib as mpl

from scipy.stats import sem
from sklearn import preprocessing
import scipy.stats as stats

import glob

import os.path

from itertools import zip_longest

#keep rows with values within 1.5*IQR of Q1 and Q3
#
Dir=r"C:\_DeepLearning\src for Sarah\rep3_boxplot data/"
t#tdataSaveName = ["ctrl","1M-NaCl","250mM-NaCl","200mM-LiCI"]
dirfiles = glob.glob(Dir+'*')
mydatafiledir =[]
# Working directory
dirfiles = glob.glob(Dir+*") #os.listdir(Dir) #glob.glob(Dir+"*.xlsx") to get all file
AllData =[]
for i in range(len(dirfiles)):
if dirfiles[i][-1]=="x": #detect excel

print("excel")

data = pd.read_excel(dirfiles[i], skiprows=None, index_col=None, header=0) ##
skiprows=None if keeping the header

#data = data.to_numpy()
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AllData.append(data)
mydatafiledir.append(dirfiles[i])
if dirfiles[i][-1]=="v": # detect csv
print(“'csv detected™)
data = pd.read_csv(dirfiles[i], skiprows=None, index_col=None, header=0)
#data = data.to_numpy()
AllData.append(data)
mydatafiledir.append(dirfiles[i])

datalist = AllData

if (len(mydatafiledir)==0):
print("No files detected™)

if (len(mydatafiledir)!=0):
for i in range(len(datalist)):
dataOUTLIERclean = pd.DataFrame()
dataOUTLIERcleanlist =[]
data = datalist[i]
TheHeader = data.columns

for j in range (len(data.columns)):
dataw = data.iloc[:,j]
dataw = [x for x in dataw if ~np.isnan(x)] # remove NAN
dataw = pd.DataFrame(dataw)
al = dataw
### Interquartil methods
Q1 = dataw.quantile(g=.25)
Q3 = dataw.quantile(g=.75)
IQR = dataw.apply(stats.igr)
dataclean = dataw[~((dataw < (Q1-1.5*IQR)) | (dataw > (Q3+1.5*IQR))).any(axis=1)]

a2 = dataclean

#a2 = [x for x in a2 if ~np.isnan(x)]
#datacleanFrame = d.to_frame()

datacleanlist = dataclean.to_numpy()
dataOUTLIERcleanlist.append(list(datacleanlist))

# df = pd.DataFrame.from_records(dataOUTLIERcleanlist)

df = pd.DataFrame(dataOUTLIERcleanlist). T
df = df.to_numpy(dtype="float32').T

#.to_csv(mydatafiledir[i][:-4]+"_Interquartil filtered'+'.csv', header=TheHeader,
index=False)

with open(mydatafiledir[i][:-4]+'_F'+'.csv', 'w', newline=") as file:
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wr= csv.writer(file)
wr.writerow(TheHeader)
wr.writerows(zip_longest(*df)) # wr.writerows(c) # raw ans not column

file.close()

8. Scatter plot: cytometry experiment
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Appendix ap.0-8: GFP positive cells population in presence of copper sulfate

Additional evidence to show that copper levels do not impact the brightness of GFP.
Scatter plots obtained by cytometry to identify and measure GFP positive cells,
experience performed at various copper sulfate concentrations on BY4742 cells stably

expressing Mup1-GFP (the methionine permease).
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9. Spot detection for Image)

Appendix ap.0-9: A spot count tool

///// initial variable and parameters
if (nImages ==0) {
showMessage("Macro error”, "There is no image open");
exit
}
else {
fileName = getinfo("image.filename"); // to save in the name of the file where
the image is
initialimagetitle= getTitle(); // get the name of the image active on Image)
StackSlice = nSlices; // number is 1 if the image is not a stack
RoiCount = roiManager("count");
}

run("Set Measurements...", "area mean integrated display redirect=None decimal=3");

C1 = "C1-"+initialimagetitle;
C2 = "C2-"+initialimagetitle;
C3 = "C3-"+initialimagetitle;
C4 = "C4-"+initialimagetitle;
ChoicesChannel = newArray(C1,C2,C3,C4);

ChoiceThreshold =
newArray("Default","Otsu","Huang","Minimum","Intermodes","MaxEntropy","RenyiEn
tropy","Yen");

///// Dialogue box //////1/1/1

Dialog.create("Set parameters");
Dialog.addChoice("Automatic Threshold ", ChoiceThreshold);
Dialog.addMessage("----To help segmentation----");

Dialog.addCheckbox("Add Background substraction (On a duplicate image - original
untouched)", false);

Dialog.addNumber("if yes, rolling ball radius:", 0 );
Dialog.addMessage("-------- ");
Dialog.addChoice("Fluorescent channel", ChoicesChannel);
Dialog.addMessage("Dot size range");
Dialog.addNumber("Min size:", 0);
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Dialog.addNumber("Max size:", 100);
Dialog.show();

Thresholdop = Dialog.getChoice();
RollingBall = Dialog.getCheckbox();
RBradius = Dialog.getNumber();
FluorescentChannel = Dialog.getChoice();
MinSize = Dialog.getNumber();

MaxSize = Dialog.getNumber();

//// Detect stack and composite image

selectWindow(initialimagetitle);

if (StackSlice 1=1) {
run("Split Channels");
selectWindow(FluorescentChannel);
ImageAnalysedID = getimagelD();

}
else {
selectWindow(initialimagetitle);
ImageAnalysedID = getimagelD();
}
//// Overlay

if (Overlay.size != 0){
run("To ROl Manager");
RoiCount = roiManager("count");

else {
if (RoiCount == 0) {
waitForUser("Create ROIs","Create ROI(s) and Click OK to continue \n
if no ROl added, the entire image becomes the ROI");

RoiCount = roiManager("count");

if (RoiCount ==0){
run("Select All");
roiManager("Add");
RoiCount = RoiCount+1;
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///// Binary image and spot thresholding
run("Select None");
selectimage(ImageAnalysedID);
run("Duplicate...", "title=---Duplicate");
selectWindow("---Duplicate");
if (RollingBall==true){
run("Subtract Background...", "rolling="+RBradius);

}

run("Enhance Contrast...", "saturated=0.5 normalize");
run("Gaussian Blur...", "sigma=1");
//setAutoThreshold("Minimum dark no-reset");
setAutoThreshold(Thresholdop+" dark no-reset");
setOption("BlackBackground", true);

run("Convert to Mask");

run("Fill Holes");
////// Spot count table

titleNewTab2 = "[Spot count table]";

run("New... ", "name="+titleNewTab2+" type=Table");
print(titleNewTab2,"\\Headings:Cell-Number \t Spot-count");

for (i=0; i<RoiCount; i++) {
RoiCountStart = roiManager("count");
roiManager("select", i);
selectWindow("---Duplicate");

run("Analyze Particles...", "size="+MinSize+"-"+MaxSize+" add");
NewRoicount = roiManager("count");

// if (NewRoicount != RoiCountStart) {
// roiManager("Update");
// }

//roiManager("Update");

print(NewRoicount);

SpotCount = NewRoicount - RoiCountStart;

print(SpotCount);

print(titleNewTab2, i +"\t"+SpotCount);

RoiFirstSpot = NewRoicount - SpotCount;

i=1

for (k=RoiFirstSpot; k<NewRoicount; k++) {

roiManager("Select", k);
roiManager("Rename", "Spot"+j+"_Cell"+i);

231



j=i+L

// Spot measurement on original image
roiManager("Show None");
selectimage(ImageAnalysedID);
roiManager("Show All without labels");
roiManager("Deselect");
roiManager("Measure");

run("Tile");
selectWindow("Results");
selectWindow("Spot count table");
selectWindow("ROI Manager");
roiManager("show all");
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