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Developing Computational Tools to Investigate Stress Granules In-vivo

Carl Matthew Jones

Abstract

The classical picture of an organelle is membrane-bound and stable, but in recent years
we have been able to identify a number of membraneless organelles that may be dynamically
assembled and disassembled in response changes in the cellular environment. These condensates
exhibit liquid-like behaviour and as such, can flow and merge. Despite this seemingly transient
nature, these membraneless organelles perform a complex role in the cell, and in several
instances, these roles may depend on the interactions between several species of membraneless
organelle. Stress granules are such an example and arise from liquid-liquid phase separation
triggered by oxidative, temperature or osmotic stress. Stress granules are composed of RNA and
proteins that condense out of the cytoplasm. While stress granule composition and function has
been a subject of intense work recently, many biophysical aspects remain poorly characterised.
In this work, we present two computational tools that are backed by state-of-the-art microscopy
data. The first is a reaction-diffusion based model of granule formation and growth that
accurately captures the count and size distribution of granules throughout the cell with time,
providing us with insight into the dynamics of granule assembly.

Secondly, we introduce flicker spectroscopy as a method to measure the surface tension of
granules in live cells directly and apply it to stress granules induced by different chemicals and
genetic backgrounds. The measured surface tensions agree well with the current estimates used
in the literature. Additionally, we quantify bending rigidity across the surface of the droplet,
which to our knowledge has not yet been characterised for cellular droplets.

Finally, we present an open-source, user-friendly software package for performing flicker

spectroscopy, to encourage the application of this method to other biological condensates.
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Glossary

Glossary

Liquid-liquid phase separation The reversible un-mixing of a fluid into two or more separate
phases.
Biomolecular condensate Small droplets within the cell that are typically enriched in spe-
cific proteins and mRNA, that arise from LLPS. Also know as membraneless organelles.
Growth An initial stage of LLPS where the mean size of granules increases as material is
sequestered from the background cytoplasm into the droplets.
Coarsening A later stage of LLPS where the mean size of granules continues to grow

despite depleting available material from the cytoplasm.

Translation The synthesis of proteins inside a cell. Information from genes in the DNA is
transcribed into messenger RNA, which are then translated by ribosomes into proteins..
mRNP Messenger ribonucleoprotein: A mixture of mRNA bound to protein.
Polysomes During translation, many ribosomes may attach to a single mRNA in a structure

known as a polysome or polyribosome.

Confocal microscopy An optical microscopy technique, where a pin-hole aperture is placed

to block light between the sample and sensor. This serves to block out-of-focus light from the

sample, increasing resolution and the imaging of a single thin cross section of the sample.
Fluorophore A protein or chemical compound that emits light after excitation via higher
frequency light. An example fluorophore used commonly in this work GFP (Green fluorescent
protein). Flourophores are bound to a protein of interest and then imaged via microscopy.
Laser scanning microscope A class of confocal microscope where a raster image is created
by scanning a laser across the sample pixel by pixel..
z-stack It is convention in confocal microscopy that the imaging plane is given as the zy

plane. A 3d view of the sample may be created by taking multiple images along the z-axis.



Symbols

Commonly used symbols and constants

kg

F

Z/[l,m

u(f, ¢,t)

Boltzmann constant: for a system at temperature 7', each degree of
freedom carries an energy kg7'/2. kg = 1.380649 x 10-23 J/K.

Free energy: the energy available to the system to do work
F=FE-TS.

Bending rigidity: the energy required to change the curvature of the
surface away from its spontaneous curvature.

Reduced surface tension: a dimensionless parameter derived from
the surface tension, & = o R? /.

Surface tension: an energy penalty per unit area for the interface
between two unfavourable regions.

Temperature: Assumed to be 310.15 K = 37 °C unless stated
otherwise.

3D perturbation magnitudes: the strength of the corresponding
spherical harmonic, Y} ,,,, term in the granule surface.

Surface Perturbation: the distance between the granule surface, S,
and a uniform sphere at a given angle (6, ¢) and time ¢.

2D perturbation magnitudes: the strength of the ¢ mode in the
observable granule on the imaging plane. Can be separated into
fluctuating F, and constant components Cj.

Spherical harmonics of degree [ and order m: A linear
combination of these functions allows us to describe a 3d stress

granule. Normalisation and angle convention given in sec. A.2.






Chapter 1

Introduction






1.1 Organisation and Structures in Biology

Biology is a story of many scales and levels of complexity. In the central dogma of molecular
biology, DNA in the nucleus contains all of the information required to make an organism by
encoding instructions to make proteins; this information is then transcribed onto messenger
RNA and brought to ribosomes in the cytoplasm where they are translated into proteins.
Clusters of these proteins form protein complexes which then build organelles, which form the
cells, tissues and eventually full organisms.

Each of these steps represents an emergent behaviour: organelles perform a wide variety of
roles in the cell, far beyond what is possible in any single protien complex. The structure and
organisation of these proteins is what allows for this complex behaviour, and is arguably what
separates living systems from simple chemistry.

In this work, we focus on organelles, these are small subcompartments in the cell that
perform specific functions. The classical model of a cell is based around membrane-bound
organelles, the most prominent examples of which are the nucleus, endoplasmic reticulum and
mitochondria [1, 2|. The membrane provides both structure and clear division between the
organelle and the surrounding cytoplasm, providing a mostly impermeable barrier between the
organelle and its surroundings, with the flow of material controlled by transport machinery.

However, there have been numerous cellular compartments identified that do not have a
membrane. In the literature, these are referred to as biological condensates or memebraneless
organelles. The first of these regions was observed in the 1830s in the nucleus, but it would
be another century before it was recognised as the nucleolus [3, 4|. Over the last two decades,
there has been a renewed interest in these compartments, with many other examples discovered
in both the cytoplasm and the nucleus, including stress granules [5], P bodies [6] and Cajal
bodies |7]. In fig. 1.1.1 we include a cartoon of the currently identified compartments in the
cell. We find that the proteins in these compartments typically have some common features
such as RNA recognition motifs and intrinsically disorderd regions that are covered more in

section 1.1.5.
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Figure 1.1.1: Cartoon of LLPS condensates found within the cell. Some condensates occur only in
specific cell types. In this work we are focused primarily on stress granules. From [8].

Membraneless organelles can be created dynamically by the cell and can last for hours or
even days, before mixing back mix into the surrounding material once the conditions for their
formation have ended [8]. The most pressing questions at the time when these condensates
were discovered were how these compartments remain separated from the rest of the cell,

despite the lack of membrane and what biological role these compartments play in the cell.

1.1.1 Liquid-liquid phase separation

The nature of these compartments remained poorly characterised until seminal work by Cliff
Brangwynne, Tony Hyman and Michael Rosen demonstrated that these compartments behave
as liquid droplets rather than solid entities [9, 10, 11]. It has been shown that organelles
continuously change shape and can flow when force is applied [12]; two organelles can coalesce
into single larger droplet [13] and they can wet on surfaces on the cell [9]. Photo-bleaching
experiments have revealed, that unlike the membrane-bound organelles, they are in dynamic
equilibrium and rapidly exchange material both internally and with the surrounding area [9,

8, 14].



1.1.1. LIQUID-LIQUID PHASE SEPARATION

This behaviour demonstrated that these compartments are an LLPS (liquid-liquid phase
separation) system: two (or more) liquid species that spontaneously separate from each other.
These systems are prevalent in both organic and inorganic systems, with the most commonly
known example being oil in water (or vinegar in olive oil). Fundamentally, LLPS is the
phenomenon of particles self-organising in order to minimise the free energy of the system.
This self-assembly is responsible for not only membraneless organelles, but also the lipid bilayer
membranes and more complex structures such as vaults and viruses [15]. The oil and water
system separates as the water molecules are strongly bound to other water molecules, and
similarly, the oil molecules can interact through van der Waals forces along the length of the
long tails. However, there are no meaningful bonds between the oil and water molecules. This
means it is energetically favourable to maximise the water-water and oil-oil contact in order to
minimise the oil-water contact, and this is achieved by oil and water separating into droplets.

This idea of separation generalises well to other systems, and a useful way to rationalise

this by considering the so-called free energy, F, [16, 17|,

F=E-TS, (1.1.1)

where F is the internal energy of the system, T is the temperature and the entropy S. The
internal energy of the system, F, is given by the sum of the interactions between the particles.
In complex systems of many components, it may be non-trivial or even impossible to form an
analytical solution. However, if for now, we only consider a simple system of two components
A and B then we have only three pairs of interactions to consider: the similar pairs AA, BB
and the interactions between mixed pairs AB, with energy Fx4, Epp and E4p respectively.
It is convention that the interactions energies between particles are given as a negative value,
with stronger bonds having more negative energy, and so is favourable, as we might expect.
The condition for unmixing is that the change in free energy of unmixing is negative,

AFunmxing < 0. This change is energy is given by,

A‘Funmixing = Funmixed — Frmixed (1123)

AFunrnixing = Eunmixed - Emixed - TASunmixing . (1-1-2b)

Usually, the entropy will be higher in a mixed system ASuumxing < 0, and so favour mixing.
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Naturally, when unmixing, we increase the number of bonds between the same components
and decrease the number of bonds between the opposite pairs.! If the AB interactions are
stronger than the AA and BB interactions, then both the enthalpy and entropy favour mixing,
so the system will mix in all cases.

Of more interest are the cases when the interactions between the same pair interactions
are stronger than the unlike pair, as this sets up a balance between the entropy and internal
energy that allows the system to unmix and phase separate under certain conditions. In the
separated system this leaves an interface between the two regions, for which there is still an
energy penalty. The energy cost per unit area for this contact is defined as the surface tension,
o. As we explore further we see that surface tension controls much of the dynamics of the
droplets and the interactions between other species of biological compartments.” Relating this
to our oil and water example, there is strong hydrogen bonding between the water molecules,
FE 44, and van der Waals interactions between the long oil molecules, Egp, but only very weak
interactions between the two, F4p. At room temperature, this dominates over the entropy,
and the oil and water will separate.

Equation (1.1.2b) implies that increasing the temperature of the system increases the
contribution from the entropy term and so encourages mixing. This is not often considered in
eukaryotic cells, as they are typically held at a regulated temperature by the organism and
will suffer deleterious effects with relatively small changes in temperature. However, it has
been demonstrated by Lee and Putnam that increasing the temperature from 20 °C to 30°C
in C. elegans embryos will cause the dissolution of already formed P granules [18, 19]. This
highlights another important factor of LLPS compartments, that once the conditions for their

formation are removed they mix back into the cytoplasm.

1.1.2 Role in the cell

We see in the above section that condensates serve to draw a given component into a small
area, which can lead to a tremendous increase in the concentration of the component, that can
reach as high as 3,000 fold. In this section, we consider the effects of this compartmentalisation

and how it may be advantageous in the cell.

1. We make a number of simplifications here. For instance, there is some complexity due to the number of
interactions between each of the particles.

2. In a liquid-liquid system, the contact region is better characterised as an interface, rather than a surface.
Meaning that interfacial tension is a more apt term than surface tension; however, surface tension is the more
prevalent term in the literature, and we will continue to use it in this work.
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We find that compartments serve three primary roles. The most apparent consequence of
which is as a reaction crucible [20]. Standard reaction kinetics (or enzyme-based Michaelis-
Menten kinetics) predicts that increasing the concentration of reactants in this manner would
lead to a corresponding increase in reaction rate. This allows reactions that were previously
prohibitively slow, due to the sparse components, to proceed in a robust manner.

A second consequence is that compartments may draw material away from regions where
they may have unwanted or deleterious effects. Thedieck, Grellscheid et al. illustrated that
stress granules inhibit the mTORC1 pathway required for translation by sequestering key
mTORC1 components, which aids translational arrest [21].

Finally, these membraneless organelles provide a means for the cell to organise material and
reactions [22]. In a case of particular interest, C. elegans localises the formation of P granules
to the posterior of the cell by setting up a concentration gradient of Mex-5, a protein that
favours P granule dissolution [9, 11]. As a further example, the membraneless organelle, the
centrosome, can only nucleate around a centriole. So by only creating a pair of centrioles, the

cell is able to limit the number of centrosomes formed.

1.1.3 Conditions for phase separation

The cell has some mechanism for controlling when and where the compartments form, so let us
now consider the conditions required for compartment formation and how the cell might exploit
them. We have seen two different ways in which phase separation is triggered. Centrosomes are
an example of the first case, where there is a external nucleation site that is required. P bodies
are example of the second, where only a change in concentration is required for formation.

In non-biological LLPS systems, the temperature of the system is also a significant factor in
phase separation, but as already covered, this typically remains fixed in a biological system.
Conversely, in many in-vitro systems we can assume that concentration of components is fixed,
but in a cell, there are numerous active processes occurring that may change the concentration
of the phase separating components.

Let us now consider what LLPS theory allows us to predict about condensate formation. We
see that eq. (1.1.2b) gives a condition for compartments to form, but besides the temperature
dependence, it does not give much insight into how external nucleation or concentration changes
will lead to formation, so we instead make use of the Cahn-Hillard model. This is a powerful

theoretical model that captures the basic essence of many (binary) phase separating systems.
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We start by giving a convenient notation for describing the concentration of material at a

point. If, for now, we have two components A and B we define an order parameter ¢ = ki};%

so that ¢ = 1 for a pure A region, ¢ = —1 for a pure B region and ¢ = 0 corresponds to an

equally mixed region. We then give the total energy of the system, F', as,

K S
Flol = [ (ft0)+ 5 (vor ) ar (113
where f(¢) is the free energy per unit volume at a given point in the system and, as we shall see,
the (V¢)? term corresponds to an energy penalty—leading to to the notion of surface tension,
o—at the interface between the regions [23|. K is a parameter controlling the magnitude of
this effect.

A oft-used description of the free energy is given by,

f(9) = ¢+ (1—-¢)In(1—¢)+xo(1—-9), (1.1.4)

the first two terms are the entropy contribution and the third term is the interaction energy in
term of an interaction parameter y which directly captures difference in energy between mixing
or self interaction [15, 24|. However, this form vastly complicates the following derivations,
while not offering any greater insight, so instead we preform a Taylor expansion, where we are
able to neglect the odd powers by our choice of ¢ to give a simpler form of the free energy

[25]7

f(¢) = 5% + %qb“ : (1.1.5)

a
2
a is a control parameter related to the energy of the interactions or the entropy of the system.
For instance, this may be substituted for temperature, interaction strength, pH or even ATP
concentration in a biological system.? The ¢* term corresponds to the entropy contribution,
with a magnitude parameter b [26].

As the free energy, f(¢), scales with the volume of the system, this dominates the large scale

behaviour of the system. However, we will see that the gradient term, V¢, is also important

3. This is actually far more general than it may seem at first; while this particular form is for a fully
symmetric system, in an asymmetric system we are able to transform ¢ — ¢ — 02/36 and a — a — 02/36 to
remove cubic terms. While this changes the position on the phase diagram, the underlying physics remains the
same. Any linear term would just introduce an additive constant to F[¢] which has no effect on the overall
behaviour.
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Figure 1.1.2: Free energy of the system given by eq. (1.1.5) depending on the sign of a. In (a) mixing
is energetically favourable (a > 0) there is only a single minima and mixing will always occur. For (b)
mixing is unfavourable (a < 0) causing two minima, given by blue dots, known as binodals and two
spinodal points as crosses.

in the evolution of the system.

1.1.3.1 Trivially mixing systems

It is important to explore what eq. (1.1.5) implies in more detail. In a mixed system we start
with an average concentration ¢ and if the system phase separates it will split into two regions:
one enriched in A (at concentration ¢ + A¢) and the other depleted (¢ — A¢p)*. Therefore, to
phase separate, the total free energy must decrease.

The first case we will consider is the case where a > 0, namely AB pairs are preferred over
AA or BB interactions. When we plot the total free energy, F' as function of concretion in
fig. 1.1.2.a. We see that the lowest energy state is at an even mixture of A and B (¢ = 0). For
a system starting here, any increase or decrease in concentration in this region will raise the
free energy of the system and so the system will remain mixed.

Furthermore, we find that any starting concentration, ¢, will be unable to separate. If we
start with, say, a system enriched in A ¢ > 0, any small region can reduce its energy by
decreasing the local concentration of A, however, the total amount of material in the system

must be conserved and so increase the concentration is other regions of the systems. As the

4. In an oil and water mixture the regions may entirely exclude each other; quickly going from an even
mixture ¢ = 0 to two regions: ¢ = +1 for oil only and ¢ = —1 for water only. However, in more general cases,
the expected concentrations are the binodal points, ¢, as introduced later, so in general we do not expect
that a compartment will entirely deplete its constituents from the cytoplasm.
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Figure 1.1.3: Demonstration of free energy in-
crease with positive curvature. Upon separation, a
starting mixture of ¢ = 0.5 splits into two regions
¢ £ ¢5. While the unenriched region at ¢ — ¢ is
energetically favourable, the corresponding energy
increase in the enriched region is greater. The mean
energy of the phase separated system is given by
the indicated point on the dashed blue line connect-
ing the two points above the starting concentration,
and is higher than the energy of the mixed system.
Therefore there are no conditions under which this
system will separate.

Free Energy, F

curvature of the free energy is always positive, 02 f / 09> > 0, the energy benefit for the
reduced region is less than the energy penalty for the corresponding energy cost elsewhere, so
the system will always remain mixed. An example of this is shown in fig. 1.1.3, the energy of
the mixed system is given by the point on the curve at ¢ (black triangle), and the total energy
of the mixed system is given by the line connecting the two split states at ¢ & ¢, (blue circles).
Regardless of the starting position, the average energy of the two split states will always be

higher.

1.1.3.2 Binodal separation

Of more interest are the systems where the mixing is energetically unfavourable, for which,
a < 0. The bionodal points, ¢y, are defined to be the points between which it is energetically
favourable for phase separation to occur. For the model given in eq. (1.1.5), this corresponds

to the condition® f'(¢) = 0 [26, 15] leading to,

a
d)b:jq/—g, (1.1.6)

and are given as the blue dots in fig. 1.1.2.b. When |¢| < ¢, the system is able to phase
separate, however this behaviour is divided into two stability regions. These stability regions

are defined by the spinodal points, the points at which the curvature of the free energy goes

6

from negative to positive, f”(¢s) = 0. From eq. (1.1.5) these are given® as,
a
=4/ —=. 1.1.7
b=ty (117)

5. In general this condition is that f'(¢1) = f'(¢2), but these conditions are equivalent in our symmetric
system.
6. We also make use of the fact that the curvature is negative at the origin: f”(0) < 0

10
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and are shown as black crosses in fig. 1.1.2.

Between these two spinodal points, the curvature of the free energy is negative and any
un-mixing will lower the free energy yielding a distinctive spinodal decomposition where the
entire system will spontaneously split into small enriched or depleted areas that will then
coarsens into larger regions.

Outside of these spinodal regions the total energy of the system is lower in a phase separating
state, but the mixed state is locally stable against small perturbations. We can interpret this
as an “activation energy” or barrier that must be overcome before the system can separate.

In order to start phase separating, there must be a small enriched region that serves as
a nucleation site about which the phase-separated region will continue to grow. These sites
can be heterogeneous, seeding formation on the surface of some external nucleation site. This
provides a mechanism for the cell to organise the compartments within the cell. Examples
include centrioles being used to nucleate centrosome formation [27], misfolded proteins can
serve as a nucleation site for stress granules [28|, with further examples in [29]. Alternatively,
the thermal motion of the molecules may happen to create a small enriched region about which
formation can continue, in a process known as homogeneous nucleation. However, homogeneous
nucleation is much slower than hetrogenous nucleation and provides little means for the cell
to control where the compartment is formed. It is a currently open question for most of the
compartments in the cell on which of the two nucleation methods are used. We cover this
in more detail in section 1.1.5, when discussing the required biological components for stress
granule formation and nucleation is a central question in Chapter 3.

By plotting the separation type as a function of starting concentration, ¢, and control
parameter, a, we can create a phase diagram, as shown in fig. 1.1.4. We again note that
the control parameter may correspond to different changes in the system enviroment, such
as temperature or pH, as indicated on the right axis. In the orange region, the system will
undergo binodal separation, and in the inner region, the system will undergo spontaneous
spinodal separation. Outside of these regions the system will mix. From the phase diagram
we find that there is a critical point (indicated by the critical temperature, T¢ in fig. 1.1.4)

above which phase separation is not possible.
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Figure 1.1.4: Phase diagram of a phase
separating system, with cartoons of the
regions underneath. (i) and (v) Outside
of the coloured regions no phase separa-
tion will occur, and the system will re-
main mixed. This is the case for all sys-
tems above the critical temperature Te.
(ii) and (iv) Inside the solid line is the
bionodal region, where the mixture can
phase separate around nucleation sites.
(iii) Within the inner dashed line the sys-
tem will undergo spontaneous spinodal
separation.

S
1

Mixing parameter, a
Temperature, pH, etc...

Starting conc., ¢
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1.1.4 Formation of stress granules

Stress granules are the membranesless organelles of particular interest in this thesis. These are
pools of mRNA and protein mixture (mRNP) in the cell that separate out from the cytoplasm
in response to stress; and once this stress is removed the components mix reversibly back
into the cytoplasm. Stress granules were first discovered in 1998 and were initially proposed
as simple sites of storage for mRNA transcripts during the stress response and translational
arrest.

However, they perform a richer role, Kedersha coined the term “mRNA triage” [12], as
granules have been shown to have some mechanism in order to selectively filter for valuable
transcripts to remain in the stress granule and while others are passed on for degradation [30].
Intriguingly, this filtering is dependent on the characteristic stress, for instance, transcripts
for the heat shock protein HPS27 are not recruited into stress granules during heat stress [31].

Stress granules also exhibit the other two behaviours of general membranes-less organelles
discussed in sec. 1.1.2. It has been demonstrated that stress granules can sequester away
apoptosis signals to prevent cell death [32, 33|, and Takahashi shows stress granule inhibiting
reactive oxygen production [34]. Stress granules are frequently found in contact with processing
bodies (PB) [30, 35] to enable transcripts to be passed directly from the stress granule to
the PBs for degradation. This highlights an example of the organisation and interaction of
multiple species of LLPS that will become increasingly important in understanding the role

of biological condensates.
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The canonical pathway for granule formation is given as follows [31, 36, 37|: in the presence
of a stress stimuli the cell will release a relevant serine/theonnie kinase which catalyses the
phosporylation of elF2« at serine 51 [38]. This increases elF2a’s affinity for eIF2B, binding it
antagonistically and leaving it unable to form the eIF2—GTP—Met—tiRNA complex required to
place the 43S pre-initiation complex at the start codon [39], and causing translational arrest,
leading to polysome disassembly and flooding the cytoplasm with mRNA and hence making
phase separation favourable.

Translational arrest serves multiple purposes, the first of which is preserving resources
during the stress response, but it also serves as an anti-viral response. Stress granules were
first discovered in the context of viral response [40], and this translational lockdown stops the
viral hijacking of the translation machinery. Nevertheless, viruses can overcome this attempt,
and stress granule formation may be inhibited or even exploited [41, 42|, and it is of particularly
timely interest that this includes the SARS-CoV-2 [43, 44].

Stress granule formation is “both redundant and adaptable”, the canonical pathway discussed
above may be adapted depending on the applied stress [28, 45]. As we might expect, it may
even be bypassed entirely by directly increasing RNA concentration by triggering polysome
disassembly by using eg, puromycin [46] or over-expressing certain stress granule proteins |31,
47].

In the literature, it is typically reported [38, 42, 48] that stress granules begin to form about
15 minutes after the initial stress stimuli. However, there is some ambiguity in this definition,
as granules grow from a nucleation site, the granules—and hence the fluorescent tags—would
initially form very small and dim puncta that would be indistinguishable from microscopy noise.
It is likely that this quoted time merely reflects the time at which the granules have accumulated
enough material to be visible via microscopy. More recently, following improvements in the
sensitivity and imaging rate of microscopes, small points can be seen forming much before
this time as shown by [49] and in our own experimental observations.

It is unclear at what size the stress granules begin to have a biological role in the cell.
Interesting paths of investigation are if the composition of mRNA of proteins changes in these
proto-granules or when the more advanced RNA triage effects can be observed. In Chapter
4, we investigate the physical properties of granules as a function of granule size, but we are
only able to study granules visible by microscopy, and it seems no current method is able to

give insight into the structure or composition of these proto-granules.droplets.
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1.1.5 Composition

In order to phase separate, there must be a preference for material inside the compartment to
bind to other material in the compartment rather than that in the cytoplasm in general. This
leads us to ask: What properties do the molecules within the compartments share?

Compartments are mixtures of mRNA and protein. A common factor of proteins related
to granule formation are RNA recognition motifs (RRMs) and intrinsically disordered regions
(IDRs) [46]. IDRs are areas of seemingly arbitrary sequences that do not produce structured
protein regions. Instead, they form weak electrostatic and hydrophobic interactions with other
IDR regions [37] that allows for aggregation between identical or other IDR rich proteins |50,
51]. However, we do find that many compartments have a dependency on a given protein,
for instance, stress granules formation is consistently suppressed when G3BP is knocked out.
G3BP (Ras GTPase-activating protein-binding protein) refers to two proteins, G3BP1 and
G3BP2 [47, 52, 53] and even blocking small regions in the proteins, such as the FGDF motif
is enough to stop formation [12, 54] .

While there is a great deal of interest in the composition of stress granules in the literature, it
can be challenging to get a clear and consistent understanding, due to the seemingly inconsistent
nature of the granules. Several proteins have been identified as critical to stress granule
formation, however, these may become dispensable in another cell line or under different stress
stimuli. TTAR and TIA-1 are a good illustration, as they are required for granule formation
under many conditions [46, 55, 56, 57| but stress granules may form still in its absence, for
example, under heat shock [58].

There are over 200 proteins that are found to co-locate with stress granules [59, 60|, however,
as these surveys only reveal which proteins co-locate in granules, it is unclear which of these
are functional and which are merely sequestered. Moreover, this is complicated further as the
composition of granules varies depending on the resultant stress, such as heat shock, oxidative

stress, osmotic stress, nutrient starvation and UV irradiation [61, 62].

1.1.6 Internal structure

Due to the complex composition observed for stress granules, we might expect that the sim-
ple two-component theory in sec. 1.1.3 may be unable to describe membraneless organelles

fully. A fundamental limitation is that the theory is currently only able to describe uniform
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droplets; however, experimentally, we can see instances of ternary structure within membrane-
less organelles. Germ granules can be seen forming distinct components using phase-contrast
microscopy [63]. In a more complex example, Feric et al. showed the three-phase structure
of nucleoli in-vivo using microscopy [2], each with a distinct composition and functional role:
with the outermost layer responsible for ribosome assembly; the middle layer rRNA processing
and the innermost layer handling rDNA transcription.

We can approach modelling this by extending the current model to a three-component
system [64], which in this case we might interpret as a background cytoplasm, C, and droplets
of species A and B. The interactions of these droplet regions are controlled by the relative
surface tension of the regions [20]. With the introduction a new component there are now
three surface tensions to consider o 4B, 0 ac,0Bc, which are the surface tensions between the
two droplets and each droplet and the background respectively.

There are several possible cases that we might consider. (i) is the trivial case, if the surface
tension between the droplets is higher than the surface tension between either droplet and
the cytoplasm, then these droplets will not co-localise. In case (ii), the largest surface tension
is between B and C, and so to minimise this contact, the droplet of B will be enveloped by
a droplet of A. Naturally, the converse case can occur when A and C' is the highest surface
tension. It is this scenario that is expected to give rise to much of the structure of complex
membraneless organelles. Case (iii) also arises from this extension and occurs when all three
surface tensions are similar, in which case the droplets will interact, but not engulf each other.

Case (iii) is a means for the cell to organise distinct membraneless organelles, bringing
stress granules and p-bodies together so that the SG may pass transcripts on for degradation
[12] or similarly, locating B-snurposomes next to the larger Cajal body, where transciption
and processing components are preassembled in the Cajal body, before being transferred. |7].
Schematics of these cases are given in fig. 1.1.5.

This section further illustrates the importance of surface tension in phase separating systems

and the importance of tools for measuring it, as we introduce in Chapter 4.

1.1.6.1 Stress granule structure

Two complementary models approach the question of stress granule structure; these are the
shell-core and scaffold-client model. Jain et al. proposed the shell-core model which considers

the spacial structure of the granules. They propose denser core regions in the granule that are
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SECTION 1.1. ORGANISATION AND STRUCTURES IN BIOLOGY

case (i) case (ii) case (iii)
OAB > OBC Or OAB > OAC OBC > OAC > OAB OAB = OAC = OBC

C
C C

A

A

Figure 1.1.5: The relative surface tension between the droplets and the background controls interac-
tions between different droplet species.

surrounded by a less dense shell region [65], and it is motivated by the detection of electron-
dense regions within the stress granule during election microscopy [66]. Direct verification of
the shell-core model was previously seen as infeasible due to the size of the structures being
below the classical diffraction limit of microscopes. Still, a combination of stimulated emission
depletion (STED) microscopy for super-resolution imaging and expansion microscopy [67, 68|
allowed direct imaging of small regions that contain UBAP2L but not G3BP1 within the
granule [69].” This is an example of the case (ii) ternary structure given above.

Banani et al. introduced the scaffold-client model to consider the interactions between
components within the organelle [70]. The majority of stress granule components, including
TIA-1, TTAR and TDP-43 rapidly recover from photobleaching, which suggests that they are
exchanged to and from the cytoplasm, [12, 46, 71|, however other proteins such as FXR1 do
not recover [72]. The slowly recovering proteins are then labelled as a scaffold. Generally, client
proteins are largely dispensible for granule formation, whereas scaffolds are required. Not all
proteins are divided cleanly into these two groups, however. G3BP1 is commonly required for
granule formation, but recovers from photobleaching, albeit slowly and so is typically regarded
as a scaffold. Recent work by Shinna [71] attempts to account for this by extending the model
to include both “rough” and “smooth” scaffold. The latter is a more mobile scaffold component,
and includes G3BP1 and TDP-43 whereas rough components are less mobile and includes

components such as FUS, FMR1 and FXRI1.

7. STED microscopy is a very powerful super resolution microscopy method, that claims a resolution of
30nm in comparison to 140 nm for green light in the classical limit using the best lenses currently available.
Expansion microscopy isotropically expands the sample in order to make smaller structures visible by STED
allowing for a combined resolution that was previously only available by EM.
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1.1.7 Time evolution of biological compartments

A point of interest is to investigate how membraneless organelles change with time. In the
section 1.1.1 on page 4, we stated that phase separation aimed to minimise the contact between
the two separating regions, and while this is achieved well when the system separates out into
droplets, the total energy would be minimised further in a single large droplet. While this may
be observed in-vitro, it is not seen in living cells. We therefore investigate the mechanisms by
which the granules can grow and how these might be limited. A question related to this is:

Do biological reactions in the organelle cause a change in the physical properties with time?

1.1.7.1 Growth

Once the nucleation site is formed, the granule will continue to grow by recruiting material
from the cytoplasm. This would seem contrary to our intuition of diffusion, where the material
is expected to flow from an area of high concentration to one of lower concentration.

The derivative of the free energy, eq. (1.1.5), with respect to concentration, ¢, gives the
chemical potential, u = §f/d¢. The chemical potential is proportional to the energy required
to replace a particle of A with a particle of B, it is therefore favourable for particles to flow
from an area of high chemical potential to one of lower chemical potential. The rate of material
flow, Jis proportional to the gradient of the chemical potential J —Vu [15, 26].

In typical liquid-liquid systems, with mixing components, entropy dominates, and the ma-
terial flows down the gradient, going from regions of high concentration to low concentration.
However, in a phase separating system, the energy term dominates, causing the sign of the
chemical potential to switch, 4 > 0, and hence drive material in a “reverse diffusion” from
areas of low concentration to a higher concentration.

This growth will continue until the material within the cytoplasm reaches a minimal equi-
librium level and p is approximately even across the system. As previously mentioned in sec.
1.1.3.2, this does not necessarily mean that material is entirely depleted in the cytoplasm. This
matches our observations from photobleaching, material is still flowing to and from compart-
ments. After this stage, phase separation theory—supported by in-vitro observations—predicts
that, despite the no net loss in material from the background, the average size of the droplets
will continue to grow in phenomenon known as coarsening, reducing the overall energy penalty

for the contact between the droplet and background.
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1.1.7.2 Coarsening

The most intuitive mechanism for coarsening is for two droplets to merge—or coalesce—
into a single larger droplet. This behaviour is observed in biological compartments, including
stress granules, and indeed was one of the behaviours that suggested the liquid-like nature of
membraneless organelles. This mechanism is, of course, limited by the ability of the organelles
to come into contact with each other; this is less of a problem in-vitro, but the cytoplasm is
host to many other structures that may impede the movement of compartments, for instance,
the endoplasmic reticulum, cytoskeleton or the nucleus. Moreover, the cytoplasm is incredibly
viscous and densely packed with other proteins.

There is also a second mechanism by which droplets may continue to grow: Ostwald ripening,
this is a more subtle effect where we find that larger droplets continue to grow at the expense
of smaller droplets. If we consider a single droplet, the energy penalty due to surface tension
may be reduced by compressing the droplet and directly decreasing surface area. This must
be balanced by an increased pressure in the droplet relative to the surrounding region, AP,

giving us AP dV = o dA, which when assume a spherical droplet, gives a pressure difference®,

2
AP =0— 1.1.8
o (118)

known as the Laplace pressure and causes an increase in chemical potential at the surface
of the droplet. As the Laplace pressure is higher for smaller droplets this sets up chemical
potential gradients, and therefore a flow of material from small to large droplets, even though,
the level of the material in the background remains the same.

This leads to a critical radius, R., below which the granule will shrink, and above which the
granule will continue to grow. This can be seen by plotting the change of granule radius with
time, R, as a function of radius, R in fig. 1.1.6. We see that this shows a positive-feedback
loop: granules that are smaller than the critical radius decrease in size, which further increases
the Laplace pressure and the rate of material lost. This process will continue until there is
only a single large droplet [26].

Both of these coarsening mechanisms are complementary methods, and Berry et al. demon-
strate that the coarsening of nuclei is due to a combination of these effects [24]. These mecha-

nisms are an intrinsic property of LLPS systems, and so we would expect that, according to

8.V, A, R being the volume, area and radius of the spherical droplet respectively.
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Figure 1.1.6: Rate of granule growth with time, R, as a
functiona of granule size R. Due to Ostwald ripening, granules
above a critical radius, R. will continue to grow, whereas
droplets below this size will shrink at their expense.

this theory, that coarsening should be observed in biological compartments as well; however,
this has been studied very little in the literature, and so we investigate, how these mechanisms
apply to biological systems in Chapter 3 and if some mechanism might be proposed to stop

coarsening.

1.1.8 Dissolution of granules

In the theory laid out in sec. 1.1.3, we see that a phase separating system should mix back
into the cytoplasm when the conditions for formation are removed. Stress granules formation
is reversible once stress stimuli is removed [31], or when polysomes are stabilised, for example,
by treatment with emetine [46, 73].

However, LLPS theory does not give a complete picture of stress granule disassembly.
Although granules are typically positive for the organism, there have been links between the
ability to form stress granules and neurodegenerative diseases such as amyotrophic lateral
sclerosis (ALS) and frontotemporal dementia (FTD) (74, 75, 76]. Optogenetic experiments
show repeated formation and disassembly of granules can lead to the build up ordered fibril-like
regions that are not removed with the rest of the granule, and will continue to aggregate [52].
Work this year by Marmor-Kollet et al. suggests that there is a class of disassembly engaged
proteins (DEP) that are required for the dissolution of stress granules, suggesting the aid of
other biological mechanisms [72]. In Chapter 3 we model material lost from stress granules
back into the cytoplasm and in Chapter 4 we introduce a method to investigate the physical
properties of granules as a function of size or time, that may be used study granules as they

mature.
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1.1.9 Thesis aims

In this thesis, our overall aim is to develop and harness advanced computational tools to
improve our understanding of stress granules and biological LLPS systems in general. This
is particularly pertinent given recent developments in state-of-the-art microscopy techniques
and the datasets they can now generate.

Our first goal is to create an analysis pipeline to reliably extract stress granule characteristics,
such as the mean granule area and the number of granules per cell, from our microscopy data,
as described in Chapter 2. We further develop these methods for high resolution single granule
characterisation in Chapter 4.

In Chapter 3 we develop a simulation approach for the formation and growth of stress
granules across the cell. Our corpus of experimental data can be used to refine the model
parameters, such as the reaction rate constants, to accurately capture the size and time distri-
butions observed in the cell. By varying the key assumptions in the model and contrasting the
outcomes against experimental observations, we further aim to gain insight into the mechanisms
underlying granule growth.

Chapter 4 develops flicker spectroscopy as a powerful method to directly measure the surface
tension of stress granules in-vivo. We rigorously verify the theory and model implementation,
and we apply the method to study stress granules induced by different chemicals and in
different genetic backgrounds. We also create an open-source software package to allow other
groups to extend this analysis to other LLPS systems.

Finally, in Chapter 5, we discuss the success of these goals, further possible applications of

the developed tools, and their potential extensions.
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Chapter 2

Materials and Methods






2.1 Cell Culture and Imaging

2.1.1 Maintaining cells

Throughout this work, we will make use of U208 cells, these are an immortalised cell line
taken from a human bone cancer (Osteosarcoma) sample that is a commonly used and well-
established line. As we covered in the introductory chapter, G3BP (Ras GTPase-activating
protein-binding protein) refers to the proteins G3BP1 and G3BP2, which are regarded as
a critical stress granule component, we therefore use G3BP1 as a target for fluorescence
tagging. Unless stated otherwise, we use a AA17-U20S-GFP-G3BP1 cell line created by
Nancy Kederesha. These cells have had endogenous G3BP1, G3BP2a and G3BP2b removed
and a fluorescent GFP-G3BP1 added. The endogenous G3BP1 is removed in order to avoid
over expression. G3BP2 must also be removed as it will begin to over express to compensate
for the loss of G3BP1. We also make use of the related cell lines, AA17-U20S-GFP-G3BP2a
and AA17-U20S-GFP-G3BP2b that have fluorescent G3BP2a and G3BP2b respectively.
We followed the established protocol in the lab: cells are grown within T75 and T25 flasks
containing DMEM (Dulbeco’s Modified Eagle Medium) *, with 10% FBS (fetal bovine serum),
1% penicillin-streptomycin, and 1% L-glutamine added by volume. The cells were stored in a
37°C incubator held at 5% COsz. The cell population will continue to grow exponentially, and
so a fraction of the population must be removed periodically (passaged). This was achieved by
first removing the old DMEM, and then twice washing the cultures in 37°C PBS (phosphate-
buffered saline) before being incubated in 0.25 % trypsin®, in order to detach the cells from the

flask, so that they may be transferred. This typically needed to be performed twice a week.

1. Sigma No. D5671
2. Sigma No. T4049
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2.1.2 Stressing cells

Cells are prepared for imaging in 35 mm glass dishes®. For arsenite treatment, 1 ml of 400 uM
sodium arsenite diluted in DMEM is added to 1 ml of untreated DMEM on the cells for a
resultant concentration of 200 uM. For the clotrimazole treatment, all DMEM is replaced with

200 mM clotrimazole diluted in the serum free Opti-MeM*.

2.1.2.1 Fixing cells

In addition to the live cell analysis, we also make occasional use of fixed cells; this process
preserves the cell by covalently cross-linking the proteins. Cells were washed twice with 37 °C
PBS, before being fixed in 4% paraformaldehyde for 10 minutes and then washed twice again
in PBS.

2.1.2.2 Transfecting cells

When an established cell line is not available, the cells lines have to be transfected. This is
the insertion of the desired DNA—typically fluorophore tagged—from a bacterial plasmid into
the cells. The exogenous genes are introduced into the nucleus, where they are taken into the
DNA of the cell, leading to the production of the new protein by the cell.

Transfections are notoriously inconsistent, many cells do not respond at all, and in those
cells where the transfection takes, the expression strength may vary by orders of magnitude.
In order to improve consistency between cells, we perform FACS (fluorescence-activated cell
sorting) upon the transfected cells, this allows us to filter the cells by the expression of a given
fluorescent protein. This dramatically improves the number of granules that we can analyse
per experiment.

The transected vector will also typically contain resistance to a given antibody, thus allowing
us to remove untransfected cells by treating the cells with this antibody. However, the vectors
we have are mostly resistant to neomycin which requires 1-2 weeks of treatment and is typically
unreliable. This is complicated further as the AA17-U20S-GFP-G3BP1 cell line already has
resistance to 3 antibodies, due to the two knockouts and the GFP-G3BP1 add back.

The transfection was performed by Tom Stevenson of the Grellscheid group. The cells are

chemically transfected with 1ug of DNA at a ratio of 1:1 per Lipofectamine. Transfection

3. p-Dish 35mm high Glass bottom, IBIDI Cat. No. 81158
4. Thermofisher Cat No. 31985062
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was used to express FXR1-YFP (yellow florescent protein) in the FXRI1 over-expression

experiments in chapter 4.

2.1.3 Image acquisition
2.1.3.1 Equipment used

For the long time scale observation of granule formation in Chapter 3, we make use of a
DeltaVision OMX blaze SR microscope, this is a 3D SIM (structured illumination microscopy)
super resolution system located at the Department of Biosciences, Durham University. We
used an Olympus TIRF 60x ApoN (NA=1.49) oil lens and took a 3d stack every 2 minutes
for 60 minutes.

For the fluctuation analysis in Chapter 4, we used an Andor Dragonfly 505 spinning disk
confocal microscope located at the Molecular Imaging Centre, University of Bergen. We take
a time series of 1,000 images on each field of view. Finite burst mode was used to collect the
frames as rapidly as possible. We aimed to reduce the exposure time of the microscope images
in order to minimise the blurring of the rapidly moving stress granule boundary. In order to
account for the reduction in signal to noise ratio, high laser power was used, allowing us to
achieve an exposure time of 10 ms while still measuring maximum pixel intensity in the 20,000
- 65,536 region in order to make use of the full 16-bit depth resolution of the sensor. When
available a 100X 1.49 NA CFI SR HP Apo TIRF oil immersion lens with a 1.5X magnification
objective or a 60X 1.40 NA CFI apochromat Lambda oil immersion lens with 2X magnification
objective is used on a 1024 x 1024 pixel iXon 888 Life EMCCD camera.

2.1.3.2 Photo-bleaching and photo-toxicity

In both of these situations, we must consider photo-bleaching, which is the gradual, irreversible
degradation of the fluorophores with repeated activation. During the long time scale experi-
ments, we make use of 3D SIM, this requires that a stack of images must be taken—typically
16—each of which contributes to the bleaching. The high laser power used in the fluctuation
analysis also causes significant bleaching, and is the limiting factor in how many images we
can collect. Due to the nature of the spinning disk microscope, care has to be taken that cells
in the surrounding area are not also illuminated and bleached, we, therefore, pick the smallest
possible illumination aperture to cover the area of interest. Illumination mode PD2 is also

used for this reason.
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Repeated laser exposure can also cause the release of reactive oxygen species that can
oxidise DNA, proteins or un-saturated lipids, leading to deleterious side-effects in the cell, in
a phenomena known as phototoxicity [77]. This is of particular concern during the extended
time scale imaging as this toxicity will accumulate with time. Complicating this further,
phototoxicity can trigger a stress response and granule formation [unpublished experiments].
Consequently, phototoxicity is the limiting factor in how frequently we can image during the
long time scale observations. We performed a control run of imaging with cells in untreated
DMEM to ensure that the imaging frequency and light levels used do not cause a stress
response, or other deleterious effects in the cells. This is less of a concern in the fluctuation
analysis, as we only image the same region of cells once, over a short period of time.

Both of the microscopy methods we have chosen are CCD based, where the entire image
is captured at once on a camera-like sensor. This is in comparison to line scan microscopy
(LSM), where a laser is rastered across the sample, building the image pixel by pixel. While
LSM does offer exciting super-resolution methods, such as Airyscan and STED, we explore

why these proved to be unsuitable.

2.1.3.3 Imaging considerations

As explored in the introduction, granules start at a small nucleation site and continue to grow
until they are of the order of 1um, therefore it is worthwhile to consider what are the optical
limits of a microscope. When a point source of light is imaged through a microscope, it will
result in a Airy disk, as pictured in fig. 2.1.1.a. This effect is due the limited diameter of
the lens aperture, D, and the distance between the maximum intensity point and the first

minimum, d is given by,

fA
d=1.22— 2.1.1
- (21.1)

where \ is the wavelength of the light and f is the focal length of the lens’. This length
defines an “Airy unit” (AU). The Rayleigh criterion [78| states that two objects cannot be
distinguished if they are closer than one Airy unit.

It is convenient to characterise the optical properties of a lens by the numerical aperture,

5. The numerical constant is more precisely 1.21966989. . ., the value of the first minima of the Bessel function
of the first kind, order one J; divided by .
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Figure 2.1.1: (a) Simulated image of the observed airy disk when imaging a point source of light.
Note the non-linear colour map to highlight the outer rings. An Airy unit is defined to be the distance
between the central maximum and the first minimum ring. (b) Two point source (dashed lines)
separated by 1 AU and the resultant image (solid line). From the Rayleigh criterion this is the limit
at which the two sources cannot be resolved.

NA [79]. This allows us to give the diffraction limit as,
d= - . (2.1.2)

Currently NA = 1.49 for the highest quality lenses. Assuming a wavelength of 510 nm°, we
get a minimum distance we can resolve as approximately 170 nm. For practical reasons, it is
not always possible to choose the smallest value of A, violet lasers are much less common and
violet flourophores are not commonly available.

We are able to overcome the resolution limit by using super resolution methods. Typically
these methods are computational super-resolution, and involve taking many images—either in
time or the z-dimension—and performing post-processing to calculate the centre of the point
spread function. Examples of these methods include deconvoultion, SRRS [80] or hyvolution
[81]. However, if we assume that the time taken between images” is comparable to the (inverse)
frequency of the vibration modes of the surface of the granule, then taking multiple images will
only blur the interface and make the reconstruction of the region impossible. This problem is
particularly significant during the fluctuation analysis as the rapidly moving interface hinders
the restoration step and introduces major artefacts into the resultant image.

Two approaches avoid this problem, STED microscopy and airyscan [82]. In exceptional

6. The peak emission wavelength of the eGFP flourophore most often used in our cells.
7. Notably, this is different from the total exposure time of the image. In CCD cameras, there can be a
significant read out time before the camera can take a new image.
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cases, STED can achieve an incredible resolution of 8 nm [83] by introducing a second, toroidal
laser that acts to deplete the fluorophores around the primary laser, ensuring that the light
intensity for given pixel comes only from a very small, well-defined area (see [84] for an
overview on the method). However, we find in practice that this method is experimentally
challenging in live cells, only offering a slight increase in resolution at the cost of requiring
specific fluorophores and introducing a great deal of noise and artefacts in the image.

The Airyscan method works by improving on the pin-hole aperture placed before the sensor
in confocal microscopes. This pin-hole blocks out of focus light from the sample, and therefore
only light emitted from the focal plane in the sample is recorded, allowing for the confocal
microscope to take “slices” through the sample. Reducing the size of this pinhole can improve
the resolution limit given in eq. (2.1.2) at the cost of decreasing the signal-to-noise ratio (SNR)
of the image by limiting the total light reaching the sensor. Typically a pin-hole of 1 AU is
taken; this resolution can be improved by up to a factor of &~ 1.4x by limiting the pin-hole
to 0.2 AU, but doing so blocks 95% of the light from the sample reaching the sensor [82].
Airyscan replaces the pinhole with an array of sensors, each of which are approximately 0.2
AU in diameter and cover a total of 1.2 AU, which allows the sensor array to achieve the
higher resolution of a smaller pin-hole while gathering more light than a traditional confocal.
Deconvolution from these sensors improves the resolution further. As the images are recorded
simultaneously across the sensors, this avoids the moving the interface between frames, and
so would be a good candidate for imaging in both experiments. However, we find that the
Airyscan is still limited by its LSM nature, as the laser has to be scanned across the FOV,
the time to acquire an image increase with the area of the FOV.

For the large-field of view, long-time period imaging required for the granule formation
analysis, we found that to get a suitable quality 3D image would typically take 2 minutes, in
comparison to a matter of seconds on the DeltaVision 3D SIM microscope. This introduced
number of problems: as we aimed to collect an image every two minutes, the 3D SIM could
use the extra time to move to another area and collect several time series in parallel. More
importantly, however, the near-constant imaging on the airyscan introduced significant photo-
bleaching and photo-toxicity that limited the number of images we could take of a given set
of cells discussed more .

During the fluctuation analysis the size scaling works in the LSM’s favour for small FOVs,

for a single granule the airyscan can capture a frame much more rapidly than a spinning
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disk, approximately 1 ms instead of 5 ms. However, during the same time, the spinning disk
is able to capture granules across multiple cells, which greatly increases the amount of data
gathered. While the FOV can be increased on the LSM, the total time to take a frame becomes

prohibitively slow as it approaches the FOV of the spinning disk.
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2.2 Image Analysis

2.2.1 Locating granules

Once we have the images from the microscope, we must extract the location and shape of the
granules. Due to the florescence tag the stress granules are bright blobs on a dark background.
This background includes G3BP1-GFP that remains in the cytoplasm, as well as the dark

regions between cells. An example image is shown in fig. 2.2.1.a.

2.2.1.1 Threshold based detection

Perhaps the most intuitive method of locating granules is a by introducing a threshold, where
the pixels are divided into either foreground (granules) or background. Any pixel brighter than
or equal to a threshold intensity, 7', is classed as foreground, otherwise they belong to the
background.

While the threshold value may be chosen arbitrarily, it is typically chosen to maximise some
criteria. In our first implementation we used the commonly chosen Otsu’s method, which

minimises the variation between the two regions,
05 (t) = wo(t)op (t) + wi(t)oi(t) | (2.2.1)

where 0 and 1 are the background and foreground regions respectively. The variance in the
regions, o; is calculated as pq(t) — pp where pp is the mean intensity of the image. These
values are then weighted by the factors, w;, as given by Otsu et al. [85].

Thresholding methods are computationally inexpensive and perform well in simple situ-
ations, however, they work best when the intensity histogram is bimodal. This is typically
the case in the later stage of granule formation when most of the cytoplasmic G3BP1 is
in granules, causing the granules to be far brighter than the surround cytoplasm. However,
when the cells are starting to form the granules, a majority of the G3BP1-GFP is still in the

cytoplasm, and therefore there is much less contrast with the granules. This lack of contrast
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Figure 2.2.1: Comparison of thresholding methods. (a) Image as taken from the microscope. This
is a particularly challenging image to threshold due to the much brighter cell at the top of the image
(b) Granules selected by the Otsu method. We see that the threshold returns the rough shape of the
granules, but notice that a large region of the brighter cell has been misidentified as single granule.
While this will be removed in further analysis, it means we are unable to analyse any of the granules
within this region. (c) Yen’s method is better able to identify the granules in this case, but there are
still a number of granules in the dimmer cell that are not recognised.

is also compounded by photo-bleaching.

If the threshold value chosen is too low, then parts of the background will be mis-identified
as granules, as shown in fig 2.2.1.b. While we are able to remove the large erroneous area
from further analysis, we are unable to get any information about the granules in this area.
There are several other algorithms for choosing the threshold intensity, and while a manual
comparison of these methods reveal that some approaches, such as Yen’s method [86], do give
an improvement over the Otsu method, the threshold level in this case is too high to isolate
some of the granules in the dimmer cell, as we can see in fig. 2.2.1.c. This is preferable to the
previous method, but still not ideal.

In images of multiple cells it may happen that the cytoplasm in one cell is brighter than some
granules in another cell. This means that it is impossible to choose a global threshold value,
T, that will isolate all of the granules without false-positives elsewhere. This is particularly
relevant in the case of transfected cells, where the brightness may vary by orders of magnitudes.
Adaptive threshold methods [87] attempt to overcome this problem by instead using a local
threshold, where a threshold is calculated for each pixel based on the surrounding area. A
simple implementation of this may be based on the mean of the surrounding pixels, for instance,
if a pixel is brighter than the mean of the pixels in the surrounding area then it is classed as
foreground. This method tends to return a large number of false positives in the cytoplasm,
and while this effect can be reduced by increasing the size of the local region considered, this

becomes increasingly computationally expensive and starts to exhibit the same problems as

32



2.2.1. LOCATING GRANULES

the global threshold, where brighter cytoplasm regions will obscure granules in the area. This
leaves the method brittle: a set of parameters that work well in one group of images may not

work well in another group.

2.2.1.2 Laplacian of Gaussian

A more robust method is the Laplacian of Gaussian (LoG) method. This is a more computa-
tionally expensive approach that is better able to detect blobs against a complex background.
The Laplacian operator, V2 = A calculates the sum of the second derivatives at each point in
the image, namely,

9% 92

2—7 -
\Y _8$2+8y2'

(2.2.2)

This operator is strongly negative around maxima (blobs). It is however very sensitive to noise

and so the image, I(x,y), is first convolved with a Gaussian kernel of width o,

9(@,y,0) = 53 P (— 5,2 (2.2.3a)
= — — . 2.2.3b
ot eXp< 2t (2:2.3b)

2 is common substitution in the

This smooths the image and greatly reduces noise. t = ¢
literature that is mathematically more convenient.

The resultant image is part of a 3-dimensional scale space representation, L(x,y,t) =
g(z,y,t) * I(z,y)." The operator V2L is strongly negative for blobs of radius r ~ /2t. To
locate granules of different sizes we repeat this convolution for a range of values of . As smaller
2

blobs give a stronger response”, a normalisation factor is applied,

V2L(z,y,t) = tV?L(x,y,t) , (2.2.4)

to define a scale-invariant response, V2 L(x,y,t).
A blob is then defined as any point (zy, s, tp) for which V2 L(xp, yp, tp) is greater than all
of its 27 neighbours. We therefore, not only get the location of the granule (xp,y;) but also

an estimate of the granule size (t;). As the microscope metadata includes the size of each

1. While in theory all three variables are continuous, in practice x and y are the discreet pixels in the image
and o will be evaluated at set number of discreet values.

2. For two areas of the same intensity, the magnitude of the second derivative will be greater for the smaller
region.
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pixel in relation to the physical sample, we are able to link the size of ¢ to the physical size of
the granules. However, the Laplacian operator is computationally expensive and significantly

slows the LoG method.

Difference of Gaussian

To remove the dependence on the Laplacian operator, in the Difference of Gaussian (DoG)

method we make use of the relation [88], *

1
5V2L = (2.2.5)

Using this with the definition of the derivative and eq. (2.2.4), we may give the normalised

Laplacian as

t
2 - _
VoL = 51tHnO 50 [L(z,y,t + dt) — L(z,y,t)] (2.2.6)
V2L ~ —tt[L(ac,y,t + At) — L(z,y,t)] . (2.2.7)

The DoG therefore approximates the V2 L as the difference of two Gaussian smoothed images.
This approximation makes DoG much faster but does not hold as well for smaller blobs. For
this reason, the LoG method is used in Chapter 3, where it is important to detect the smaller
granules. However, in Chapter 4, these smaller granules are unsuitable for fluctuation analysis

and 1,000 frames are analysed per series, so the DoG approximation is used.

2.2.2 Estimation of granule shape

As can be seen in fig. 2.2.1, threshold based methods return a set of pixels that define each
granule. These can be used to estimate properties of the granule, such as the area, perimeter
or roundness. These can either be used directly or may be used to filters the granules that
will go on for further analysis. However, the LoG and DoG methods return only the location
of the granule along with a rough estimate of the size, fig. 2.2.2.b. We therefore require a
flood fill step to classify the pixels that belong to each granule. In a flood fill we search the
area surrounding the centre of the granule for the point with the highest intensity and label

this pixel part of the granule. Using the intensity of this pixel, Ijhax, we define a threshold

3. This equation is known as the diffusion equation. This form is a major motivation for the t = o2

substitution.
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Figure 2.2.2: Example of the DoG method. (a) Example image from the microscope. (b) The
detections from the DoG are overlaid in the image with a magenta ring, the radius of which corresponds
to the estimated radius. (c) A flood-fill step is used to calculate the extent of the granules. It can be
seen that this method returns even small and dim granules without any false positves.

intensity, I, given as, say, It = 0.5].x. Any pixel neighbouring the granule that is above
this threshold is labelled as part of the granule. This step repeats until no more pixels can be
added, giving us the full extent of the granule.

This process is then repeated for all blobs. While this method is rudimentary, it performs
well for the granule growth analysis in Chapter 3 and as a rough estimation of the granule
shape in Chapter 4 for preliminary filtering as can be seen in fig. 2.2.2.c. A more accurate
method is required to locate the boundary in the fluctuation analysis, as described in sec. 4.3.

Besides the increased accuracy, an advantage of these methods over the threshold based
approach is that all of the extent of all the granules is calculated independently, if one granule
is detected poorly it can be removed from further analysis without affecting the other granules

in the area.
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Chapter 3

Modelling Granule Growth






3.1 A Model to Describe Granule Growth

and Formation

In the introductory chapter, we laid out the theoretical background for phase separation in a
simple system. In this section, we aim to create a physical model in order to bridge the gap
between the theoretical model and experiment, and using this, we want to study the formation
and growth of stress granules at the level of an entire cell. The simulations are then used to
measure physical parameters from the experimental data and investigate where this diverges

from the simple theoretical model.

3.1.1 Potential Models

Stress granule formation is both “redundant and adaptable”, many proteins critical to granule
formation in one situation can be absent when granules are formed under other conditions |54,
28, 45]. Indeed, by over-expression of proteins like G3BP, Caprinl or FAST [38, 89, 90, 91]
stress granules can form spontaneously, bypassing the requirement for polysome disassembly,
which leads to granules formation independent of mRNA levels.

Over 900 proteins are found to co-localise within granules [59, 38, 60], with the exact function
of many remaining unclear. It is unclear which of these are merely sequestered into the granule,
or which have a functional role in phase separation. Compounding this problem, stress granule
composition changes depending on the activating stress [92, 14].

This uncertainty in the composition of the stress granules limits the amount of detail that we
can include in our model. The most detailed way of simulating interactions between proteins
is a molecular dynamics simulation which considers the interactions between all atoms in the
system. Besides the infeasible computational expense, typically requiring days to simulate
nano-seconds of model time, we lack the information on the structure and distribution of
proteins within stress granules—or the rest of the cell—in order to initialise such a model.

At the opposite end of the spectrum, phase fields models exist that could be used to imple-
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ment the phase separation theory covered in chapter I directly [93, 94, 95]. These models break
space down into voxels, and calculates the concentration ¢; of component 7 in each of these
voxels. These models can gain much insight into the phase separation mechanics of two [27]
or more [96] phases. However, the number of voxels required to model the cell in appropriate
detail to capture the dynamics of small granules soon becomes prohibitively computationally
expensive. Further, while many of the behaviours such as diffusion and coalescence can be
described naturally by these models, it can challenging to describe some biologically active
processes in this framework [25].

Another approach to model stress granules is to abstract away much of the complexity of the
proteins involved, but keep the notion of “particles” at some coarse grained level. One popular
level of complexity treats the proteins as flexible strings connecting binding sites “beads”; from
which it is possible to investigate, for instance, the balance of stronger specific interactions or
weaker non-specific regions or which factors limit coarsening [97, 98, 35, 99]. While powerful,
these methods are typically limited to considering only a single granule.

In order to examine the behaviour of stress granules at the level of an entire cell, we have to
abstract the complexity away further and consider a more coarse-grained model. We, therefore,
introduce a reaction-diffusion model to investigate the interactions between mRNP particles
as they diffuse and grow to form stress granules.

There are three main actions that the particles undergo in the simulation. The first step is
diffusion, where the droplets move randomly around in the cytoplasm. Second, this movement
may cause collisions between two droplets, leading to coalescence and the formation of a
single larger droplet. Finally, granules are also dynamic, material moves from the droplet and
back into the cytoplasm, in a process which we refer to as attrition. In the next section, we
discuss the implementation of each of these actions in more detail, including how they are

parameterised and linked to physically observable values.

3.1.1.1 Goal of the model

The three actions above allow us to capture the behaviour of the physical system. There are

three primary areas we wish to investigate with these reaction-diffusion steps:

1. The cytoplasm of the cell is very viscous and is interlaced with an actin filament network
that we might expect to hinder granule diffusion, especially as the granules grow. Is

diffusion enough to explain granule growth, or is there some active process that drives
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transport?

2. As introduced in the introduction, Ostwald ripening is a phenomenon in LLPS systems
whereby larger droplets will continue to grow at the expense of smaller droplets once
material is depleted from the background. We wish to investigate what role Ostwald
ripening and granule coalescence has on the size distribution in the coarsening stage of

formation, once the mRNP in the background is no longer supersaturated.

3. We know that material is continuously exchanged between the granules and the cyto-

plasm, but what is the nature of the material lost from the granule.

We now propose an outline of the expected behaviour in the model. At the start of the
simulation, many individual particles diffuse around in the model cell, and these particles
frequently merge but then rapidly fall apart. These droplets can only grow further if they
undergo several collisions in rapid succession. This makes the formation of clusters of multiple
particles unlikely and mirrors the random nature of noise-based nucleation. Once these clusters
reach a given size, nproto = 4, they become more stable than the small clusters, at which point
we refer to them as proto-granules. Proto-granules still undergo attrition as we see from FRAP
results that RNP is still returned to the cytoplasm, but at a much slower rater.

We propose that these larger proto-granules are more stable due to the establishment of a
scaffold-like structure from less mobile proteins such as FXR1. This effect has been observed in
a number of LLPS systems [70]. As the granules continue to grow, we can change the diffusion
behaviour of the particles, this may include confining the granules to a radial walk to simulate

a movement on a microtubial.

3.1.2 Implementation

The most crucial step in implementing this simulation is the coalescence of two droplets. This
typically involves two stages: calculating the distance between two particles to test if they
are within a reaction radius and if so, checking if they interact. The first of these stages is
the most computationally expensive operation in the simulation, as a naive implementation
will check all pairs of particles'. The second step is highly non-trivial, as we have to link the
reaction probability to the macroscopic rate constant and likelihood that the particles happen

come into contact.

1. In the optimisation section, we cover steps that can be taken to reduce this expense.
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3.1.2.1 Diffusion

From Fick’s second law, we have that during a time §t, a particle with diffusion constant
D will diffuse a distance dx given by <5x>2 = 6D,,0t. To simplify the implementation of the
coalescence events, we implement diffusion at each time step by allowing a particle to jump a

distance, [, in a random distance with a probability,
Pry(n) =1 —e At/ (3.1.1)

where At is the simulation time-step. 7, is the waiting time and is chosen to retain the correct

rate of diffusion within the model

(3.1.2)

The jump length is required to be longer than the expected diffusion distance during a
simulation timestep (I > 6DAt). This means that the granule does not move continuously
with each timestep, but instead takes a longer jump of length [ with a period corresponding
to the waiting time 7. As the waiting time is still many orders of magnitude smaller than the
total simulation time, T, the overall diffusion behaviour matches that of the smaller timestep
case, making the coalescence step easier to implement.

The subscript n indicates that the diffusion constant, D,,, and correspondingly the waiting
time 7,,, depends on the size of the RNP droplet. Generally diffusion is slower (smaller D)
for larger droplets. Following the work of Oshima et al. [57], rather than assigning a different
diffusion constant for each possible size of RNP droplet, we instead have separate diffusion

constants for RNA droplets smaller and larger than the proto-granule limit.

Biased walks

In addition, for droplets larger than some size, nyi.s, we will consider possible effects due to
biased radial diffusion towards the centre of the cell. Once a proto-granule has exceeded np;as,
we consider it a full sized granule. The motivation to introduce this biased radial diffusion is
two-fold. Firstly, it will become increasingly difficult for larger particles to diffuse in the crowded
cytoplasm. Second, it has been debated whether active transport (e.g. as accommodated by

microtubules) plays a role in the formation and growth of RNP droplets. The model parameters
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used in this chapter are summarised in table 3.4.1.

3.1.2.2 Coalescence

The second component of our model is the coalescence of two RNP droplets into a single larger
droplet. If we denote ¢, as the concentration of RNP droplets of size n, we can write down
the macroscopic chemical reaction for the coalescence of droplets of sizes m and n into those

of m+n as
k'm,n
Cm + Cn —— Cmtn, (3.1.3)

where £k, , is the macroscopic rate constant.
If a particle takes a diffusion step, we check if this step brings the moved particle—of size
m~—to within a collision radius, r,, ,, a particle of size n. If it is within the collision radius,

then there is a probability that the two particles will collide and merge, given by

1 k. At
P.(m,n) = 1 ’

gﬂr;dn,nNA 2 - B_At/Tm — e—At/Tn ? (314)

where N4 is the Avogadro constant, 7, and 7, are the waiting times of particles of sizes m
and n, as defined in eq. (3.1.2). The detailed derivation of eq. (3.1.4) can be found in [100].
This reaction probability relates the rate at which the particles collide via diffusion to the
expected macroscopic reaction rate k, ,.

This approach is not fully constrained, and so we can choose a collision radius 7, , and
use this to calculate the reaction probability P.(m,n) [101]. In principle, the method is more
accurate the smaller the reaction volume, as this follows the assumptions made in the derivation
better. However, if the reaction volume is too small, the approach breaks down as this would
require P;(m,n) > 1 to match the macroscopic reaction rate.

Following the works of Ohshima et al [57], we set nproto = 4 and use unique rate constants
km,n for possible values of m,n = 1,2,3,4. For droplets larger than the size of the proto-
granules, n > 4, we assume they have the same rates as those for nproto = 4 when interacting
with clusters smaller than proto-granules. Finally, in the case of two larger granules merging,
we set P, = 1 and increase the reaction radius according to rp,, = rlarge(ml/ 34 pl/ 3), to
account for the increasing radius of the particles involved, while also avoiding breakdown of

the model. By varying the value of rj,.4. We are able to increase the merging rate of the larger
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granules.

Optimisation

We can divide the coalescence step into three main sections, movement of the particles, checking
for reactions and updating the cluster size. Upon benchmarking, it soon becomes clear that
checking for the reactions is the time-critical step. This is because, in a naive implementation,
all particles must be tested against all others, making this an O(n?) step?. In order to avoid
this, it is common to break the simulation space into a grid [102, 103, 101] of blocks and only
calculating the distance between particles in the same or neighbouring cells, reducing this to
O(n).

While this offers a significant improvement in the simulation performance, reading particle
positions from memory becomes the limiting factor. To explain why, we introduce a simplified
model of a computer, which consists of a processor that performs calculations, a small cache
of fast memory connected to the processor and a relatively slow, but much larger memory
(RAM)?.

A typical processor works at approximately 3 billion cycles per second or around 0.3 ns per
cycle. Therefore, calculating the distance between a pair of particles will typically take the
order of nanoseconds. However, the particle positions are stored within the RAM, and the
processor must copy a ’line’ of data from the RAM to the cache before it can work on the
data. The lines are a fixed size of contiguous memory, meaning that the positions of many
particles are copied in each operation, however, this copy is very slow (relatively), taking the
order of 100 ns.

This delay becomes problematic when we consider only the interactions between particles
in the neighbouring cells, as there is no correspondence between the position of the particles
in the simulated space and in the RAM. In the worst case, when calculating the distance from
a given particle, each comparison particle would be on a different 'line’ and so would require
a cache read each time. This would mean that the processor spends much of its time idle as it
waits for data.

To avoid this fragmentation problem, we require that the particles that are close to each

other in the simulation space are also close together in memory. Therefore, we add a sorting

2. Big O notation gives the computational complexity of the function. For an O(n) function, the work scales
linearly with the number of particles. For the O(n?) the work scales with the square of the number of particles.

3. This is vast over simplification of modern processors with multiple levels of cache, but it is enough for
this analogy.
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step before the distance check: the simulation space is divided up into M equally spaced blocks
in each direction and the particles labelled by which cell they are in. This label is then used
as the sort key [104, 105, 106]. For instance, if we use a scheme where the label is given by
(X,Y, Z) where X is the number of the block in the x dimension, the particles in (0,0,0) are
moved to the first group, (1,0, 0) the second and so on; once we have reached the limit in the
direction, then we start at (0, 1,0), as is shown in 3.1.1.a. Although this sorting step introduces
its own computational cost*, we find that the overall performance gains are significant, as now
all the particles within a block can be brought into the cache at once and the processor can
work continuously [104].

One final subtlety is the choice of the labelling system for the cells. The labelling system
given above; (X,Y,Z), while simple, has a flaw, cells in the z direction will end up close
together in memory, but those in the y and z are located much further away as can be seen
in fig. 3.1.1.a. While the particles in a single block are grouped close together, there may still
be a siginificant distance between those in neighbouring cells. Therefore, we instead use a
z-ordering or morton code [107, 108| to label the cells, with an example shown in fig. 3.1.1.
The (X,Y, Z) coordinates are converted to a one-dimensional Morton index by interleaving
the bits in the X,Y and Z values. Other schemes, such a Hamiltonian curve, are arguably
more effective at reducing the distance between the nearby blocks in memory, however they
are more difficult to implement and are more computationally expensive [109]. Whereas the
grid index can be converted to Morton index using simple bit operations, that are both easy
to implement and can be computed rapidly.

Overall this leads to a significant improvement in run time, while the authors in [57] required
24 hours of run time for a similar simulation (on a 3.4 GHz i7-4770), we found an average
completion time of 20 minutes (on a slower 2.4 GHz Xeon E5-2680). While a small variation
is to be expected due to the hardware, we have over an order of magnitude decrease in the
simulation run time. Due to the stochastic nature of the simulations, this improvement in
performance is significant as we can run more simulations in a given time and average the

random noise between runs and allows us to refine the parameters in the model more efficiently.

4. The choice of the sorting algorithm has a significant impact on the overall performance. The quicksort
algorithm is typically regarded one of the "best" choices for many applications, but it performs poorly in this
case, where the data is (after the first step) already mostly sorted and containing many of the same values.
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XY Labeling 7-order

Figure 3.1.1: Example labelling scheme for the blocks in two dimensions. (a) In the first case the cells
are labelled along the x-direction first, before incrementing in the y-direction. This means that there
is a large gap in memory between the cells along the y-direction. (b) The average distance in-memory
between the cells is decreased using the z-curve/morton code.

3.1.2.3 Attrition

Loss of material from the granule is a first order reaction characterized by a decay constant,
d,,, which is the probability of decay per unit time and has units of s~!. In our approach the

loss of material can be represented as the splitting of a droplet into smaller parts,
d’IL
Cn —% Cp—em + Cm, - (3.1.5)

To match the decay constant, the probability of decay for a particle in a given simulation

time-step is given by
Py(n) =1 — exp(—d,At) , (3.1.6)

where we have to ensure that d,, < 1/At.

During the attrition of small granules we randomly choose the value of m in eq. (3.1.5) from
1 to n — 1, however in larger granules, we place an upper limit on the value of m, to limit
the size of the material lost from the granule. As we will discuss in the results section, we
consider several possibilities for this upper limit, my.x as these lead to significant changes in
the behaviour of the attrition modes. In our implementation, we have used individual decay

rates for small RNP droplets (n < nproto — 1 = 3) and a single attrition rate for the larger
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Figure 3.1.2: Our model cell with G3BP droplets pictured
in the cytolpasm. The inner ring of the cell corresponds to
the nucleus and granules are excluded from this region.

droplets (n > nproto = 4), independent of size.

In general, this treatment of attrition leaves the model time irreversible. As two droplets of
sizes greater than mpax can coalesce, but then cannot split into two droplets of the original
sizes. This can be mitigated by either a choice of m,.x that depends on the size of the granule

or making mmax sufficiently large.

3.1.2.4 Model cell

We simulate the cell as a three dimensional ring or annular cylinder, with an outer radius of
6 um and inner radius of 2um and a height of 1.5um as pictured in fig. 3.1.2. Particles are
excluded from the inner region that corresponds to the model nucleus. The particles start

distributed evenly throughout the cell as described in sec. 3.4.1.1.

47






3.2 Results

3.2.1 Exploring the parameter space

The presented model has a relatively large number of parameters for droplet coalescence,
decay and attrition. For our case of npyrot0 = 4, we have 10 coalescence rates for ky, ,, with
m,n = 1,2,3,4 and 4 decay and attrition rates for d,,, with n = 1,2, 3,4. This gives a total of
fourteen parameters, in addition to two diffusion coefficients for large and small RNP droplets.
Therefore we will take steps to reduce the parameter space. This is to ensure, that we do not
over-fit the experimental data and to make exploring the parameter space less computationally
expensive.

In this subsection, we investigate which coalescence parameters in the model are the most
important, and which ones may be removed from further analysis. To do this, we first run a set
of control simulations, and then a series of repeats where each perturbed a single parameter.
For each set of simulations, we run and average the results from 10 independent simulations.
Fig. 3.2.1.a shows the results for granule count as a function of time, where clusters of more
than twelve particles are counted as granules visible by microscopy.

We observe that perturbing the majority of the coalescence rate constants makes little
change to the time distribution of the granule count. The most significant changes come from
perturbing the coalescence rates between the particle monomers with other RNP droplets. To
understand why this is the case, in fig. 3.2.1.c we show heat maps of the count of coalescence
events in the simulation. This leads us to propose the following explanation: first, the formation
of granules is determined by k1 1, k12 and k1 3, as we see that the reaction between monomers
is the most common. The dimers often decay back into monomers, but they can undergo
a quick succession of collisions with other monomers to form trimers and proto-granules.
Second, the growth of granules is mostly due to collisions with monomers (diffusion-limited
growth). Indeed, increasing k; 4 leads to material more rapidly accumulating on the proto-

granules (larger average size), but at the same time, it depletes the surrounding background
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Figure 3.2.1: (a) By perturbing a reaction rate, k, we can examine its relative importance; the
original values, given in grey are those in table 3.4.1, blue values are scaled by a factor of 1.5 and 2
and red scaled by a factor of 0.7 and 0.5. The most significant changes are shown in the reactions
involving monomers. (c) We can see that this is due to the frequncy of the reactions of each particle
type, as shown in the heatmap. The reactions between pairs of monomers and a monomer and large
granule are the most dominant. Therefore we consider the simplified reaction as shown in (b), the
other parameters are removed from futher analysis. The particles with more than 4 components (G*)
are treated in the same manner as those of size 4.

and prevents the formation of nearby granules.

Another mechanism for granules to grow is via droplet-droplet coalescence. While this does
occur, in our simulations, we find it is orders of magnitude less common than the monomer-
droplet interactions, but we will investigate the role this plays in later sections. In some
scenarios, we find that the dimer-dimer collision rates can become relevant. However, our
simulation results are insensitive to the values of the other coalescence rates, as they rarely
occur. This leads us to a simplified model shown in fig. 3.2.1.b, where the dominant coalescence
rates are highlighted.

Now that we have an understanding of the parameters in the model, we may use these to
attempt to change the time and size distribution of the granules and compare this to our
experimental results. We gather the imaging data using the OMX-blaze 3D-SIM microscope,
creating a 3d image of the cells every 5 minutes. We then use a maximum projection to flatten

this stack into a 2d image. An example image is shown in fig. 3.2.2 for treated and untreated
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20 pm

Figure 3.2.2: Examples microscope image of the cells (a) before and (b) after treatment taken from
the OMX microscope used in the analysis.

cells. A Difference of Gaussian method is used to locate the granules and a flood fill algorithm
is then used to draw an approximate boundary' as demonstrated in fig. 3.2.3. Boundaries
between the cells are drawn by hand, and granules are grouped by the cell.

To obtain the best fit simulation parameters that match the experimental observation we
performed a manual guided optimisation: we generate several possible parameter perturbations
and simulate these in parallel, and then judge the best fitting parameters. We iterate this
process until we have a good agreement with the experimental data if possible. Parameters that
have no clear effect on the model were ignored. While automatic minimisation algorithms such
as L-BFGS-B [110] are powerful, they require the calculation of a gradient vector (Jacobian) at
each step, which involves repeatedly running the simulation while changing each of parameters
in turn. As many hundreds of total steps are typically required for convergence, the long run
times of the simulation (and the averaging repeats) would have lead to very slow convergence.
As the simulations are stochastic, we perform multiple repeats of each run, so that we may
average and reduce the noise in the size and time distribution of the granules.

Changing the rate constants and decay rates in this manner allows for some slight control
over the count and size distribution of the granules. However, in order to investigate physical
dynamics of the model, we require more significant changes to the model. The behaviours of
the small clusters and proto-granules are below the microscopy limit and so are not observable

directly, but has large impacts on the resultant distribution of the granules. By investigating

1. sec. 2.2.1.2 and 2.2.2
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Figure 3.2.3: (a) Cropped image of granules located by the DoG algorithm. Smaller, uncertain
detections are labelled in white. (b) Extent of the granule as measured using the flood-fill method
gives us a rough boundary and measure of the granule area.

a. Small, unstable attrition b. Small, stable attrition c. Large attrition
10 10 10

50 20 50

40 30

Figure 3.2.4: Top down view of our model cell. Each disk corresponds to a different exeperiment and
the time advances in each segment in 10 minute intervals in a clockwise manner. In the case of the
small, unstable decay (n < 3), we are left with a few larger granules. In the case of n > m/2 we have
a large number of small granules. In the case of small, stable attrition we have a mixturue of granule
sizes. This is explored more quantitatively in next figure.

these behaviours in the model to biological mechanisms of the cell, we can gain insight into

stress granule formation in-vivo.

3.2.2 Attrition modes

While it is clear from FRAP experiments that there is material transport between the granule
and the surrounding cytoplasm, it is unclear what form this material takes and if it has any
influence on the surrounding granules. To investigate this, we extend the current attrition
implementation of the model: by limiting the maximum possible size of the droplet lost during

attrition events, we can change how the granule interacts with the surrounding area.
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Figure 3.2.5: Match of model size distributions (blue bars with std. dev. error bars) compared to
emperical data at a given time point. (a) When no attrition occurs the there is a strong skew to larger
granules, similarly for the case of the small attrition mode (b). (c) When we allow the granules to
undergo split attriton there is strong skew towards smaller granules. (d)-(e) The only mode that gives
a good fit to the size distribution is case when decay products may be small proto-granules, this shown
at both 40 and 50 minute time points.

For a granule of size m we limit the size of the secondary particle lost to n. We find that

there are four main regimes dependant on the value of n,

1. Small, unstable attrition, n < npreto: in this case, the secondary droplets lost from the
parent granule are smaller than the proto-granule limit, meaning that they are still

unstable

2. Small, stable attrition, n = npret0: the secondary droplets are possibly stable proto-

granules

3. Large attrition, n = m/2: when the granule undergoes attrition, it may split into two

equally sized granules

A comparison of how these modes progress with time is given in fig. 3.2.4, where for each
experiment we show a snapshot of the granules during the simulation giving a qualitative
overview of the granule size distribution and count. A quantitative size distribution, and

comparison to the experimental distribution for each experiment is given in fig. 3.2.5.
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In the first case, the secondary droplets lost during attrition are small and unstable and
rapidly decay into background monomers. This what is typically implicitly assumed in most
LLPS models, that the material is unchanged if it enters and leaves the phase-separated region.
As the granule grows, it depletes material from the surrounding area and hence decreases
formation rates in the local area, meaning that the there is limited inter-granule interactions.
This means the granules are distributed sparsely across the cell and reach equilibrium with
their surroundings, leading to large granules of roughly the same size, fig. 3.2.4.b. This is similar
to the case of no attrition, but with a smaller average size, as in this case the growth soon
becomes diffusion-limited instead, as seen in fig. 3.2.5.a, with the skew in the size distribution
favouring larger granules.

In the second case, there is some probability that the droplets lost due to attrition are small
proto-granules that act as nucleation sites that continue to grow by absorption of material from
the cytoplasm. In contrast to the previous case, this means that the presence of a granule will
increase the formation rate of granules in the local area, leading to a wider size distribution.
However, the competition for RNP material will lead to a smaller overall average size, as
shown in two time points at in fig. 3.2.5.c-d with a strong agreement with the empirical size
distribution due to a mixture of granule sizes.

In the third case, rather than the granule losing a small fraction of material during attrition,
it is possible for the granule to split into two granules of equal size, hence allowing for the
model to be time reversible. his much more aggressive attrition further decreases the mean size
of the granules. Compounding this, as secondary granules are immediately able to undergo the
same attrition, this can lead to a cascade of new granules being formed in the local area. This
effect is motivated by [111] whereby droplets in similar active phase separation systems may
become unstable and split into two smaller droplets. The results of this splitting with max
attrition size = N/2 are shown in fig. 3.2.5, resulting in a large number of smaller granules.
Further in fig. 3.2.4.e we can see how this is due to cascading decays from the tight clusters
of small granules, particularly in the early time points. Unlike the smaller, gradual attrition,
these splitting events are large enough to be directly observable by microscopy, and while we
have recorded these events they are exceptionally rare, further suggesting that this is not the
correct attrition model.

Out of these attrition modes, only the second case gives a good fitting to the experimental

size distribution. Although it does tend to underestimate the number of smaller granules.
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Figure 3.2.6: By changing the size at which the granules begin the radial walk we can influence
the radial distribution, (a), here we have used p,, = 0.6. The result on the far right correponds to
the case where the radial walk is effectively prohibited. Although we see a large change in the radial
distribution, there is little change in the size of the granules. In (b) we see that despite drawing the
particles closer together, there is no siginificant change in the size distribution at the given time points,
suggesting that the granules need not be brought closer together to promote merging.

3.2.3 Biased Walks

The cytoplasm is an incredibly viscous environment, and as the drag on granule scales with
a surface area, we would expect that the random Brownian motion of the granules would
become negligibly slow as the granule grows. However, granule movement has been observed
experimentally, so we introduce a 1D radial random walk once the droplet gets above a specific
size. This can be interpreted as the droplet attaching to a microtubule, or some other means
of active transport. We also introduce a bias to this random walk, changing the probability
that a granule will walk towards the nucleus, p,,. This biased walk is based on observation
that microtubules may control stress granule movement [112, 48|.

The role of microtubules is debated in the literature. It is unclear if the microtubules are
essential in the early growth stages, where they could be used to bring the material together.
Alternatively, they may play a role in the later stages, moving the granules together to aid
in coalescence [57]. Finally, some authors claim flaws in the previous experimental work and
that microtubules are unimportant to stress granule formation [113]. Due to the multitude of
roles of microtubules in the cell, it is difficult to isolate the primary and secondary effects of

microtubule disruption on stress granule formation.
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We explore this effect by changing the size at which the clusters begin the radial walk,
Nradial, With p, = 0.6 in fig. 3.2.6.a. In the left-most figure, we use the default values where
cluster begin to radial walk at size 12 and we can see that this causes larger granules to cluster
towards the nucleus, as we intended. We then increase the size at which the granules begin
the radial walk. In the right most figure, we start the radial walk at size 1000, as this is much
larger than any granule formed, this prohibits the radial walk.

This biased radial walk causes a skew in the nearest neighbour distribution of the granules,
making the coalescence of larger granules more likely. However, there is no significant effect on
the size distribution shown in fig. 3.2.6.b across all radial walk sizes. While we are unable to
rule out the effect of microtubules in the early stages of the model, we can say that coalescence
of larger granules is unimportant in the size distribution of granules at later time points —
while we increase the number of merging events, they remain insignificant in comparison to

other growth methods.

3.2.4 Attrition scaling

The primary mode of growth in the cell is the absorption of particles from the background
onto the granules, but in the later stages of the model, the background will no longer be super
saturated and the granules will be in equilibrium with the surrounding area. Nevertheless,
it is still possible for the mean size of the granules to increase after this stage, in a process
known as coarsening.

The most obvious form of coarsening is by direct merging of the granules. However, as it is
increasingly difficult for these larger granules to diffuse around the cytoplasm, combined with
the limited time before the cell undergoes apoptosis from the stress response, these merging
events are limited, as we have shown in the previous section.

The second coarsening effect is due to Ostwald ripening. LLPS occurs when it is energetically
unfavourable for two components to mix, while the separation into droplets lowers the free
energy of the system. There still exists an energy penalty due the interface between the
droplets and the background. This surface tension is minimised in a system where the material
is concentrated in a few large granules rather than many smaller ones, so to this effect we find
that material is indirectly deposited from smaller granules onto the larger ones.

To implement this in the model, we can add a size dependence to the attrition rate. For a
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Figure 3.2.7: a) Top down views of the cell throughout the simulation for each of the attrition scaling
values. As the magnitude of the attrition scaling increases the larger granules grow at the expense of
the smallest granules, typical of a coarsening effect. b) We compare the (scaled) total area as a function
of time. The experimental results best fit the simulations in the case of no attrition scaling. Introducing
the effect causes a large disagreement. c¢) Size distribution of the granules at 40 minutes in the case of
no attrition scaling, showing a good agreement with the experiment. d) The same experimental time
point compared to cases with attrition. We see that the skew in the size distribution towards larger
granules is conisitent with what we might expect with coarsening but not what with what we observe
experimentally, suggesting that coarsening must be suppressed.

particle of size a, the decay rate, d, is given by,

dp = doa™®", (3.2.1)

where o > 0 is a scaling factor. By increasing the magnitude of this scaling factor we are able
to tip the equilibrium point further and force material to move from smaller granules to the
larger granules.

As laid out in the introductory chapter, the magnitude of the Ostwald ripening scales with
the radius of the granule, which would correspond to the case where o = 1/3. This is also
motivated by the idea of “sampling” of reactions allowing for a maturation of the granule.

Over time the scaffold will go through many configurations and favour the stronger specific
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interactions, making the older and more mature granule, more stable and less prone to attrition.

We see in fig. 3.2.7 that increasing the decay scaling leads to a skew in the size distribution
towards larger granules, as they continue to grow at the expense of the smaller granules.
However, any decay scaling factor leads to a poor fitting to the experimental data, suggesting

that there is some effect suppressing the coarsening effects.
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3.3 Discussion

3.3.1 Similar packages for modelling reaction-diffusion

There are other software packages implementing reaction-diffusion simulations. Some of the
most well-used are Smoldyn [114, 115], STEPS [116] or MCell [117]. While these are robust and
mature packages, we felt they were unsuitable for this work, in particular, most of these packages
are designed to work with a well-defined set of reactions, not the continuous accumulation we
required to model growing stress granules. Manipulating attrition is also not easily achieved
and would likely require editing of the source code of the package. ReaDDy (version 2) seems to
address these concerns. However the first release of this version was in April 2018 (with a second
release later in the year [118]), which was too late to be used in this chapter [119]. Alternatively,
reaction-diffusion may be approached numerically using the Smoluchowski equation, but this
does not give us spacial information about the granule formation, and is highly non-trivial [120,
121]. Besides the computational expense, we also believe it would be non-trivial to capture
the behaviour of the biased random walk for larger granules and the attrition mode changes

in a phase field model.

3.3.2 Model conclusion

We see two significant divergences in our biological system from the LLPS model in a simple
system. The first of which is that formation of an initial granule leads to an increase in the
formation rate of granules in the local area, rather than a depletion like we might expect.
Secondly, there does not seem to be significant coarsening of the granules beyond a point. Also,
while we are unable to rule out the role of microtubules in the early stages of the model, we
can say that coalescence of larger granules is unimportant in the size distribution of granules at
later time points — while we increase the number of merging events, they remain insignificant
in comparison to other growth methods.

Our model is not strictly time reversible, due to the attrition behaviour of the larger granules.
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We find that the changing the decay behaviour to allow for reversible merging and splitting
of larger granules is not supported by the computational model or experimental observations.
Our choice of behaviour may bias the model into forming larger granules.

Suppression of coarsening is particularly surprising, as it is observed in many biological
or passive LLPS systems [16]. One proposed mechanism behind the supression of Ostwald
ripening in the cytoplasm is chemical interactions within the phase separating material [122,
123]. In the following section, we propose some extensions to the model that would allow us

to investigate this in more detail.

3.3.3 Future Directions

We implemented an extension to the simulation to cover accumulation of multiple accumulating
species which makes the model much more flexible; for instance, we might split the particles
in the simulation into scaffolds or clients [70]. Proteins such as G3BP are dynamic and are
replaced continuously within the granule. In contrast, some components such as FXR1 do
not recover from photo-bleaching and so do not leave the granule. We might reflect this
by reducing the rate of attrition of the scaffold when compared to the more dynamic first
component. We could then investigate what changes this requires in the model by comparing
our AA17-GFP+G3BP1 cell line to one over-expressing FXR1.

Another case of interest is that of Caprinl and USP10, both are found to bind competitively
to G3BP, respectively enabling and disabling its ability to take part in LLPS [54]. Mathematical
modelling suggests that a transition between a soluble and insoluble state can suppress Ostwald
ripening [124, 122]. It would be interesting to investigate if coarsening is encouraged in USP10
knockdown cells.

Therefore, we believe that there would be many interesting scenarios to investigate the
two-component model: however, we found that introducing other accumulating species leads
to an exponential growth in model parameters and concerns of overfitting. Not only would a
second particle species require another set of parameters for the reaction rates and attrition
rates, but also introduces many more parameters for the interactions between the species. Care
would have to be taken to distinguish which parameters can be interpreted experimentally
and which that are merely an artefact of the model.

This would require the collection of more data, the current bottleneck of which is the

boundary drawing around the granules. Segmenting cells is a difficult problem, and it changes
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significantly as the cytoplasmic G3BP1-GFP is drawn into granules, as we can see in the
example microscope images in fig. 3.2.2 on page 51. Approaches in machine learning seem to
make advancements here [125, 126], but it is still limited to cells that are mostly well separated.
While this may be aided by fluorescent membrane dyes to highlight the cell boundary, this
requires additional imaging that can lead to further photo-toxicity and bleaching.

Published work after this work was finished suggests that UBAP2L droplets may form the
initial nucleation site of the stress granule [69], which we could account for in the model.
However this is not required to match the distributions that we see. Our model also underesti-
mates the frequency of the smallest granules and this may be improved in these more complex

models.

3.3.4 Use in Vietri et al.

We were fortunate to be able to collaborate in the work of Vietri et al. [127] by performing the
in-stlico experiments. This paper covers the recovery of nuclei after membrane rupture, where
it can be seen that the large primary nucleus can recover from a membrane rupture, whereas
micronuclear rupture is irreversible and leads to membrane collapse. When the membrane is
ruptured, ESCRT-III (endosomal sorting complex required for transport-111) forms membrane-
bound filaments to help seal the rupture. For ESCRT-III to be recruited, CHMP7 must bind
with LEMD?2 sites on the inner nuclear membrane.

We were responsible for modelling the flow of CHMP7 protein into the nuclei upon rupture,
where it binds to LEMD?2 sites. The CHMP7-LEMD?2 reaction is reversible and follows a
binding and unbinding step, following the same implementation used in the coalescence and
decay steps. We track the progress of the formation of bound CHMP7-LEMD?2 sites as a
function of time and the distance from the rupture as can be shown in figure 5.a,c (reproduced
in fig. 3.3.1 and fig. 3.3.2 respectively) and figure 9.a-d in that paper. In the primary nucleus,
we find that CHMP7 only binds around the rupture site, meaning ESCRT-III is only recruited
around the rupture where it is needed, and the nucleus would be able to recover. However, in
the micronuclear simulations, we find that CHMP7-LEMD?2 sites rapidly begin to occupy the
entire inner membrane, implying ESCRT-III begins to accumulate across the micronuclei. So
instead of repairing the rupture, it distorts the membrane and leads to membrane collapse.
Both of these scenarios agree well with the expected outcomes from the experimental results

by the other authors. More details of these simulations are covered in the appendix.
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Figure 3.3.1: Figure 5.a from [127] showing the density of bound CHMP7-LEMD?2 spreading along
the inner nuclear membrane from a rupture. Scale bar 1 ym. In the top row we have micronuclei, where
the membrane is rapidly saturated by CHMP7-LEMD2, leading to run away ESCRT-III accumulation
and rupture of the micronuclei. In comparison, in the bottom row we have primary nuclei, where the
LEMD?2 sites are only occupied near the rupture, and ESCRT-III can repare the rupture.

<
-2 10 _ Figure 3.3.2: Figure 5.c from [127] showing the
'E o density of bound sites opposite to the rupture for
3 -;51 087 , micronuclei of various sizes. The density is given
§§ 0.6 Volume (um7) - yelative to the density of sites at the rupture. It
W § 0.4 - 2 can be seen that the smallest nuclei rapidly reach
N9 0 g rapidily reaches equilibrium across the nuclei.

7] .2 o
za —8
g of — 10

I I
0 6 12 18 24 30
Time after rupture (min)

62



3.4 Appendix to Chapter 3

3.4.1 Generating random points on disks and spheres

A subtle point that caused significant issues when implementing the diffusion simulation

involved correctly picking random points in 3D space, in particular:

1. We have to uniformly distribute the particles throughout the disk of our simulated cell

when starting the simulation.
2. The particles have to move in a random direction when diffusing.

3. In the extension, we have to pick a random direction for a particle moving across the

surface of a sphere.

3.4.1.1 Points on a disk

The simplest case is that of generating points on a unit disk'. This is used at the start of
the simulation to place the particles within the cell, and it serves well to demonstrate the
problem; a first approach may be to generate two uniformly distributed variables, r € [0, 1]

and ¢ € [0,27), and then give the position of the particles as

X =1Cos P (3.4.1a)

y=rsing . (3.4.1Db)

However, when we generate points using this scheme, we see that this leads to particles
more densely clustered around the centre of the disk, as is shown in fig. 3.4.1.a, it is essential
to correct the distribution, as clustering the particles in this way leads to too many collisions

at the beginning of the simulation.

1. A circle of radius 1.
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3.4.1. GENERATING RANDOM POINTS ON DISKS AND SPHERES

To see why this clustering occurs, we consider thin rings of width dr with areas

dA = 2xrdr |

namely, the area of the ring grows linearly with the radius; we therefore require that the
probability density function (PDF) of the chosen points should also scale with the radius.
To correct for this we can integrate the PDF to give the cumulative distribution function,

CDF = [rdr o r?. We can then apply the inverse of the CDF (1/7) to the generated points:

x = \/rcos ¢ (3.4.2a)

y = +/rsing , (3.4.2b)

which for gives uniformly distributed points as shown in fig. 3.4.1.b.
In our model of the cell, we exclude a small region at the centre of the disk, which we take
to be the nucleus. To account for this we treat it as a ring (or annulus) of outer radius, 7oyt

and inner radius riy,. We can follow the same steps as above, to give the points

r = \/[Tfnax =2+ (3.4.3a)
x=1"cos¢ (3.4.3b)
y=r1'sing, (3.4.3¢)

for r € [0,1] and ¢ € [0, 27) as before.
3.4.1.2 Free diffusion

When the particles jump during diffusion it moves a distance [ in a random direction. This
distance can be determined by picking a point on the surface of sphere.

In a similar manner to the above section, the area element of a (unit) sphere, dA = sin # df dy,
is a function of $6. This leads to clustering of points around the poles of the sphere where
sin # is smallest [128|. However, if we make the substitution u = cos#, so that du = sin 6, we
can give the area element as dA = du dy which is independent of w.

If we, therefore, pick variables u € [0, 1] and ¢ € [0,27) we can convert these to Cartesian
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coordinates following the definition from eq. (A.1)

x=11-—u%cosf (3.4.4)
y=+v1—u’sind (3.4.5)

z=u. (3.4.6)

3.4.2 Implementing Vetri et al.

To model the nuclei, different model geometry and diffusion behaviour was required. The
nucleus was modelled as a sphere with a 100 nm rupture, from which the CHMP7 may enter.
The primary nucleus was a sphere of 400 nm? and the micronuclei a sphere of 4nm?. LEMD2
is located on the inner surface of the nucleus

Once CHMP7 binds to LEMD?2, it is bound in place until the complex decays and new
LEMD?2 sites are introduced once a given percentage of the sites are occupied. We investigated
the case of both free CHMP7 that diffuses in 3d space and CHMP7 that is bound to the
nuclear membrane and can only diffuse on this surface. Both of these cases give the expected
behaviour. The parameters used in this model were taken from multiple experimental sources;

see Supplementary Table 1 in the paper for more detail.

3.4.2.1 Diffusion on a sphere

In the extension, we consider the movement of a particle across the surface of a sphere. As
before, the particle moves a distance [, however, when the particle starts at an arbitrary
position on the surface, it is difficult to calculate a non-biased random angle.

This problem is made much simpler when we consider a particle starting at the north pole
of the sphere, O, (¢ = 0, # = 0) and move the particle a distance [, at random angle, along
the surface of the sphere. This places the particle at a point P with a random azimuth ¢ and
an altitude 0 = [/R.

To relate this to a jump starting at an arbitrary point on the surface (', there is a rotation
R that would map the north pole on to the new starting point of the jump?, O — RO = O'.
Applying this same rotation to the particle, P — RP = P’, gives a particle at position P’

that is at a distance [ from starting position of the jump at a uniform angle as we required.

2. The exact method of the rotation is not important; however, as we start the rotation at the origin this
can be achieved rather simply by, say, rotating about the x-axis to the correct altitude, then rotating about
the (global) z-axis to the correct azimuth.
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3.4.2. IMPLEMENTING VETRI ET AL.

Table 3.4.1: Table of parameters used in the simulation giving the overall best fit to experimental

data.

Parameter Value

kl,l 7 % 104 M/S
k12 5x 10*M/s
ki173 1x 105 M/S
k1c 2 x 105 M/s
koo 1 x 105M/s
ka3 1 x 105M/s
ko, 1 x 105 M/s
ks.c 1 x 105M/s
ka.c 1 x 105M/s
d2 1 /S

ds 1x1071 /s
dy 3x1073 /s
Divono 1x10712 /s
Dpoly 1x 10716 /s
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Chapter 4

Measuring Stress Granule Properties

Using Flicker Spectroscopy






4.1 Theoretical Description of Shape
Fluctuations of LLPS Droplets

In the introductory chapter, we presented the concept of surface tension as an energy penalty
for the interface between the two different liquids in a phase separating system. Surface
tension plays a role in much of the behaviour in LLPS, including the early stages of droplet
growth in the case of stress granules, where RNP is drawn in from the cytoplasm into droplets
[129] as well as granule maturity and homeostasis between different types of membraneless
organelles in the cell that are all postulated to arise as a consequence of LLPS [8|. There
are several LLPS systems within mammalian cells: such as stress granules, p bodies, germ
granules and aggresomes within the cytoplasm and nucleoli and Cajal bodies within the nucleus
[35]. Interactions between the different LLPS bodies will become increasingly important in
understanding their role in the cell. As discussed in sec. 1.1.6; in the simplest case, surface
tension controls the amount of contact—or lack thereof—between two droplets. An example
of this can be seen in the interactions between stress granules and p-bodies, where the contact
allows transcripts to be passed from the stress granules into the p-bodies for degradation [12,
35].

It also allows for more complex ternary structures such as one droplet species engulfing the
other. The theoretical background for such structure is provided |2, 20, 27| and demonstrated
in-vitro with protein droplets in [130, 35| and after phase separation within RNP droplets in
[131, 71]. We can also observe these similar structures in stress granules directly in-vivo, as
shown in fig. 4.7.4. Examples of these different morphologies can be seen in fig. 1.1.5. There
are three surface tension values to consider in the dual separating system: each of the droplets
will have an independent surface tension with the background, and additionally, a surface
tension penalty between the two droplets. When two droplets are in contact, the surface
tension between them can be calculated by measuring the contact angles between the droplets

as shown elegantly in [130]. Measuring the surface tension between a droplet organelle and
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the cytoplasm in a biological system such as a live cell presents unique challenges, which we

address in our work presented here.

4.1.1 Measuring surface tension

Although phase separation in biological systems is a rapidly growing field, there is a lack of
quantitative data on the physical properties of stress granules—or other LLPS droplets—in
the literature.

In this chapter, we focus on surface tension. A simple estimate for the surface tension is

given by [132]

o~ kpT/C?, (4.1.1)

where T is the temperature of the system, which when multiplied by the Boltzmann constant,
kp, gives the thermal energy scale. The interpretation of the correlation length, (, is more
complicated: the full derivation of this approximation is beyond the scope of this work but
is given in [133, 134]; the primary assumption made is that the minimum width of a ripple
across the granule surface can be no smaller than the molecules involved, and this defines
the interface roughness or correlation length, (. However, while this interpretation may be
straightforward when considering simple liquid mixtures, it is unclear how ¢ would be calculated
when considering a stress granule consisting of many hundreds of different proteins, all with
complex interactions and folding. So this approximation can only be used to give an order
of magnitude estimate of the granule surface tension. For instance, this approximation has
previously been used by Brangwynne and colleagues in the estimation of the surface tension
of biological LLPS organelles; giving a value of o ~ 10uN/m for X. laevis oocyte nucleoli [10].
The estimated surface tension can further be used to calculate the viscosity of the droplet
7. The typical timescale for two droplets to fuse after contact, 7, is related to the droplet size
[, viscosity n and surface tension o, by 7 = ln/o. By analysing the merging dynamics between
two droplets, if the surface tension is known, this allows us to estimate the droplet viscosity,
as is done in [10] above. This leads to an estimated viscosity of = 1 x 103 Pas.
Alternatively, if the droplet viscosity can be found using another approach, the above relation

provides a way to estimate the surface tension. For example, this was done with c. elegans
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P granules’ to give a surface tension value of o = (1.0 & 0.2) uN/m, where the viscosity is
measured using micro-rheology in-vitro [2].

Measurement of surface tension of droplets is possible in in-vitro systems with a high degree
of accuracy. In [135], Jawerth et al. embedded two beads in a PGL-3 protein droplet. PGL-3 is
a major component of P granules, and undergoes LLPS to produce droplets. Two optical traps
were used to manipulate the droplet via the beads and measure its response as a function of
frequency; from which they were able to measure many properties of the granule, including
surface tension and viscosity.

Using this method they demonstrated a significant change in the surface tension as a
function of salt concentration in the medium; demonstrating that surface tension does not
depend on just granule composition, but also on the material surrounding the granule, and
hence highlighting the need for a method to examine biological compartments within the
cytoplasm. Unfortunately, while these methods allow us to accurately measure a number of
stress granule proprieties, they are only possible in non-living systems, in highly controlled
in-vitro environments.

We therefore investigate flicker spectroscopy (FS) approach to assess its suitability to be

used to measure LLPS organelle properties in live cells.

4.1.2 Flicker Spectroscopy

The central idea of flicker spectroscopy is to study fluctuations in the shape of the droplet
using microscopy and use them to infer material properties of the droplet. More specifically,
in relation to surface tension, if there is a higher interfacial tension between the regions, the
surface will be harder to deform. However, as we will see in the following sections F'S provides
much more insight into the properties of the granules. For instance, we find that, to explain
the fluctuation spectrum of the droplet, we need to include a bending energy term.

In the rest of this chapter, we start by covering how we describe the fluctuations across the
surface of a droplet and then move onto how these may be related to the surface tension and
bending rigidity.

This method has been used successfully within the soft matter community to study vesicles
in-vitro, but it has not been applied to biological LLPS droplets, we therefore use sec. 4.2 to

discuss the steps required to adapt this model and how we used simulations and additional

1. Not to be confused with mammalian p-bodies covered elsewhere in this text.

73



SECTION 4.1. THEORETICAL DESCRIPTION OF SHAPE FLUCTUATIONS OF LLPS DROPLETS

experiments to verify our approach.
As covered in the introductory section 1.1.6, internal structure of the granules has been a
topic of great interest and debate [65, 37, 71]; a strength of flicker spectroscopy is that the

method is independent of possible shell-core structures within the granule.

4.1.2.1 Describing the surface

It is typical to describe the surface of a granule, S, as a small perturbation, u, on the surface

of a sphere of radius, R,
S(0,¢,t) = R[1+u(0,p,1)] . (4.1.2)

We may then write the perturbation as a weighted sum of spherical harmonics Yj,,,

[e%) l
u(®,0,6) = Y Vi (0, )i (t) (4.1.3)

=2 m=—1

where Uy, (t) is the magnitude of the given spherical harmonic term?. It is by changing the
values of these terms that we are able to describe our surface. [ and m are the indices of the
spherical harmonic terms. In general, [ > 0 and —I < m < [. However [ = 0 corresponds to a
uniform spherical term and [ = 1 to translations, so we are not interested in these terms.

The perturbations of the surface of a sphere are illustrated in fig. 4.1.1 for each of the
spherical harmonic modes 2 < I < 5. The increasing (angular) frequency of the perturbations
can be seen as [ increases.

Breaking down the surface into spherical harmonics in this manner is useful, as it allows us
to calculate the energy of each of the individual spherical harmonic terms separately and then

sum them to give the total energy of the system, as we cover in the following section.

4.1.2.2 Helfrich Hamiltonian

From the introductory chapter, we know that there is an energy cost per unit area, o for the
interface between the stress granule and the cytoplasm. If, in our first approach, we assume

that this is the only energy contribution, then the total energy of the surface, H, is given as

H= /SdAa. (4.1.4)

2. See appendix A.2 for the normalisation used.
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Figure 4.1.1: Spherical harmonic modes perturbing the surface of a sphere. For clarity in this figure,
we normalise the spherical harmonic terms to have the same maximum magnitude. Regions that have

been perturbed outwards from the original position are coloured in orange, and those that are moved
inwards are coloured purple.

However, we find that this simple description is insufficient to account for the fluctuation
spectra we measure in stress granules (sec. 4.5.2), and so we instead make use of the Helfrich

Hamiltonian. This includes an energy cost for both deforming and stretching the surface,
K 2
H=[dA [5(11 ~2¢0)% + a] (4.1.5)
S

where, H is the total curvature at a point and ¢ is a spontaneous curvature®, that we will
take to be zero for the rest of the analysis. k is the bending rigidity; a measure of the
difficulty of bending the surface away from its preferred, spontaneous curvature. There is
also a contribution to the total energy from the Gaussian curvature, I, however, from the

Gauss-Bonnet theorem, this term is a topological constant. Therefore, it is constant for all

3. The total curvature is defined to be the sum of the principal curvatures H = (¢1 + ¢2). The curvatures
can be measured as the inverse of the radii of circles that fit the surface shape at a given point.
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shapes that we will consider, and has no further role in this analysis. The Helfrich Hamiltonian
is most commonly used to discuss the mechanics of lipid bilayers. This is a very different
system to our stress granules. However it can be shown that the Helfrich Hamiltonian provides
the only way that the curvatures can be meaningfully combined to describe the deformation
energy of a surface (to second order) [136, 137].

It can be shown that the energy required for each fluctuation mode, defined in eq. (4.1.3),

is given by

l
E = g 3 Ul +2) (0~ D[+ 1)+ 3] (4.1.6)
m=—1

where ¢ = 0 R?/k is the (dimensionless) reduced surface tension. We note that there is no
dependence on the order of the spherical harmonics, m. The exact derivation of eq. (4.1.6) is
provided in [138, 139]. To illustrate the steps involved, we derive the equivalent spectrum for

the simpler planar spectrum in appendix sec. 4.7.1.
The equipartion theorem [139] states that all of these modes should have the same energy,
corresponding to the thermal energy of the system, E; = kgT'/2, giving an expected spectrum

of

kT 1
k (—1D)(I+2)[I1+1)+a]’

(Um|?) = (4.1.7)

where we have taken the time average of the fluctuations, ([Um|*).

4.1.2.3 Projections onto the plane

Equation (4.1.7) above contains information about the components of the 3D spherical har-
monics. However, in practice we are only able to image a single plane of the granule® and so
we must relate the magnitudes of the 3D spherical harmonic terms, Uj,,, into terms that we
can observe directly.

If we assume that we are imaging the equatorial plane of the granule, then we see a cross
section of the perturbations, 4, which without loss of generality, we may give as the § = /2
plane, or more explicitly: u(m/2, ¢, t) = u(p,t).

In a similar manner to before, we decompose the perturbation cross section down into

4. Attempts can be made to measure the entire granule, however, it is typical for microscopes to have much
worse resolution in the “z’-axis and requires movement of the imaging stage, which slows data gathering.
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Figure 4.1.2: Decompostion of the shape peturbation in the equatorial plane into Foruier modes. The
mode number, ¢, corresponds to the number of maxima in the mode. By controlling the amplitude of
these modes, V,, we are able to represent any radial function.

Fourier components
0 .
W, t) =D Vee 4%, (4.1.8)
q=2

where ¢ is the vibration mode and V), is the amplitude of that mode that we can measure
using microscopy. g can be interpreted as the number of maxima in the surface and ¢ must be
a positive integer to ensure circular periodicity. Further, in a similar manner to the spherical
harmonics [ terms; the ¢ = 0 mode corresponds to a uniform increase in radius or “breathing”,
this can be seen as part of the uniform sphere rather than the perturbation and ¢ = 1 translates
the surface, and so we take terms ¢ > 2 only. An example of a decomposition of a surface is
shown in fig. 4.1.2 along with the definition of the vibration modes.

These terms are computed via a Fourier transform,

1

T o

2
V(1) /0 i, t)e' % dyp . (4.1.9)

Importantly, this cross section of the surface must match the definition of the full surface

in eq. (4.1.3). This constraint leads to

1 (% _
Vi gr [ S tnYin(n/2. ) dg (4.1.102)
0 Im
1 27 ) )
V, = 27r/0 Zullemle(cos W/Q)@Zl‘pew dy (4.1.10Db)
Im

where Py, and N, are the associated Legendre polynomials and a normalisation factor
respectively, the definitions of which are given in section A.2.
Solving this (see e.g. [139, 140]), we get a relation between the time averaged magnitudes

of the observable fluctuations, V,, and U, as

lmax

(Val?y = (|thm|*) N Py (cosm/2) (4.1.11)
I=q

7



SECTION 4.1. THEORETICAL DESCRIPTION OF SHAPE FLUCTUATIONS OF LLPS DROPLETS

This sum converges rapidly [141, 139], and we find that [ = 75 is sufficient for our work.

Substituting, eq. (4.1.7) into eq. (4.1.11), we obtain

kT e Py, (0)Ng,
(V) = i > (1_1)(142)[1(1; 1)+a]’

l=q

(4.1.12)

this allows us to relate the experimentally observable fluctuation terms.

4.1.3 Outline

In the next section, we will investigate the theory behind the flicker spectroscopy method
and, in particular, verify our implementation of the theory. Section 4.3 covers the extraction
of the experimental data from the microscopy data. In section 4.4, we introduce a package,
granule-explorer, that aims to allow the reproduction of this work in other groups and across
other LLPS systems. Finally, we perform the analysis on experimental data in section 4.5,
across a number of different treatments and mutant cell lines. The discussion of these results

and the overall method is given in sec. 4.6.1.
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4.2 Verification of the Flicker Spectroscopy
Method for Applications in LLPS droplets

Flicker spectroscopy has not previously been applied to LLPS droplets in-vivo, and there is a
lack of measurements for the surface tension of LLPS droplets in the literature that we can
use to check for agreement. Therefore, here we create several benchmark simulations. We start
from the base case of a flat disk and increase the complexity of each simulation until we are
modelling a fluctuating droplet. This allows us to be sure that not only is each step correctly
implemented in the code, but also investigate the assumptions in each step. This is particularly
important when we investigate the quasi-spherical base shape of the granule, as this is not
typically considered in the literature. We also investigate the conversion given in eq. (4.1.11)
between the 3D spherical harmonics terms and 2D Fourier terms that we experimentally
observe.

After we have verified that we can achieve the correct results from simulated data, there
are two experimental challenges unique to stress granules that we must address. Granules
are a much more challenging system to image than the vesicles typically investigated in the
soft matter community. This is due to two main factors. First, stress granules are much
smaller than vesicles. Second, the cytoplasm is a much nosier environment than an in-vitro
system. We therefore wish to ensure that the fluctations we observe are indeed due to the
thermal fluctuations of the granule surface, and not from microscopy noise or from incorrectly

interpreting random rotations of the stress granules as their shape fluctuations.

4.2.1 Simulating a fluctuating droplet

Extracting the physical properties of the granules is done in two steps. The first steps are
to measure the fluctation spectrum from each granule in the microscope images. The second
set of steps is to analyse this spectrum and extract the values of surface tension and bending

rigidity.
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SECTION 4.2. VERIFICATION OF THE FLICKER SPECTROSCOPY METHOD FOR APPLICATIONS
IN LLPS DROPLETS

a. b.

Microscope frames ’ ‘ Fourier Terms

Measure fluctat-

Locate granules .
ing components

Find best fit against

Draw boundaries theoretical spectrum

Fourier transform Save o and

Save Fourier terms

Figure 4.2.1: (a) Flowchart of the first stage of the analyis, starting with the microscope images
and ending with the Fourier terms for each frame saved to disk. (b) From these saved Fourier terms
we calculate the experimental fluctuation spectrum and compare this to the expected theoretical
spectrum.

The first steps of the analysis are given in fig. 4.2.1.a. For each of the microscope frames
in the time series, the granules are located using the Difference of Gaussian method' and the
granule boundaries are located with sub-pixel resolution. We then Fourier transform the shape
of each granule to identify the relevant perturbation modes.

The second steps of the analysis are given in fig. 4.2.1.b. The experimental fluctuation
spectrum for each granule is calculated by aggregating the measured perturbation modes
across all time points. This experimental spectrum is then compared against the theoretical
spectrum given in eq. (4.1.12). The L-BFGS minimisation algorithm is used to give the best
fit between the spectra as a function of surface tension and bending rigidity. The values of o
and x giving the best fitting are taken to be the measured surface tension and bending rigidity
for that granule.

The first stage of the analysis, locating the granules within the image and boundary detection
can be verified well by eye and so the following simulations in this section are concerned mostly
with the second stage of the analysis. We will verify that we are able to correctly recover

the experimental spectrum from a fluctuating disk and the comparison of this against the

1. Materials and methods, sec. 2.2.1
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theoretical spectrum.

4.2.1.1 Flat disk

Here, we focus on the Fourier transform step, in which we will typically analyse the equatorial
contour of an LLPS droplet to identify the amplitudes of different fluctuation modes as
described by Eq. (1.7). A simple but sufficient test is to simulate a circular disk with base

radius Ry which we perturb with the following Fourier modes:

R(p) = Ro(1 +a(6)), (4.2.1)

where 4 is given by,

() =3 Re (eiqevq) (4.2.22)
q

= Z aqgcos gt — bysingh | (4.2.2b)
q

where we have expanded the complex amplitude by V, = a,+1b,. In this test, we may introduce
different perturbation modes and amplitudes. Importantly, the Fourier transform step in our
analysis must return the same perturbation modes and amplitudes, as well as disk radius,

compared to the values initially introduced.

4.2.1.2 Fluctuating disk

Any fluctuating LLPS droplet will have shape deformation that is time dependent. This time
dependence can in general be very complex, and for our purpose, the key quantities to capture
are the time averages of the square of the fluctuation amplitudes, <\Vq|2>, as these are what
we compare to the expected theoretical spectrum.

The validation test we have designed is to analyse simulation data corresponding to a

circular disk fluctuating with Fourier mode ¢ and amplitude
Vy(t) = Vg0 cos(wgt + dg). (4.2.3)

Here, w, and d, are assumed to be constants. This choice is particularly useful because more

complex form of V,(t) can in principle be expanded as a Fourier series in the time-frequency
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Figure 4.2.2: A round disk fluctating over a period of mode g = 2, as given by eq. (4.2.3). The indices
(1-8) show advancing time.

domain, although detailed analysis is beyond the scope of this work.
For a typical analysis, we will assume that the data has been acquired for a time, T,
much longer than the period of any relevant frequency in the problem. For the form given in

eq. (4.2.3), we have

2 LT e
<’Vq| >: ™ [Vgl” dt (4.2.4a)
T 0

1 [T
=V ’0’2T/0 cos® wyt dt . (4.2.4Db)

The term in the integral, I, can be evaluated as

I(T) = [; - m(j:]qt)]j ; (4.2.5)

and using our assumption that T' > w,, we get limy_,oc I = T'/2. Correspondingly, we have,
2 1 2
(Val*) = 51Vaol* - (4.2.6)

To test our implementation, we create a disk for each time point, as shown in fig. 4.2.2, from
which we then extract the Fourier terms and calculate the time average of these values. We
have introduced perturbations with only one g-mode at a time, as well as multiple g-modes

simultaneously. In all cases, we find that our implementation behaves as expected.
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Figure 4.2.3: A disk peturbed with a fluctating ¢ = 3 and a constant ¢ = 2 mode. Upon applying
eq. (4.2.8) we can separate out these terms.

4.2.1.3 Quasi-spherical disk

In the above subsections, we have assumed that the surface can be described as perturbations
on top of a disk. Provided that we image for long enough, the mean of the perturbations will
be zero. However, in our microscopy images we can see that is a poor description for a granule,
as the mean shape of the boundary is far from circular. We, therefore, investigate if we can
correctly recover the fluctuating terms from a disk with an irregular, or quasi-spherical, base
shape.

We extend our description of the fluctuating terms in eq. (4.2.3) to include fluctuating

terms, Fg, and constant components, C4, that do not change with time,
Vy(t) = Fycos (wgt +6) +Cq . (4.2.7)

An example of such a surface with a fluctuating ¢ = 3 mode and constant ¢ = 2 mode is
shown in fig. 4.2.3.
Pécréaux et al. [142] also considers this problem in the context of quasi-spherical vesicles,

and gives the mean squared magnitude of the fluctuating terms as
2 2
| Fol” = <|Vq|2> — [Vl (4.2.8)

where the final term on the right hand side can be interpreted as square of the constant
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contribution to the perturbation spectrum, |(V,)|* = ca.

Example test cases are shown in table 4.2.1. In case (i), we demonstrate a disk that only
has fluctuating components. This is identical to the test in the previous subsection, in which
no correction is required. As expected, the total fluctuations and eq. (4.2.8) give the correct
values. Case (ii) gives a granule that has no fluctuating components and case (iii) gives a
granule that has both static and fluctuating components. In these cases only eq. (4.2.8) is able
to correctly distinguish the static and fluctuating components.

We are therefore confident that we are correctly measuring the experimental Fourier spectrum

from our simulated disk.

Table 4.2.1: Extracted Fourier terms for three sample disks: Disk (i) contains only fluctuating
terms, disk (ii) does not fluctuate and disk (iii) has a combination of fluctuating and constant terms.
Measuring total fluctations cannot distguish between the fluctuating and constant modes, leading us
to overestimate the magnitude of the fluctating component.

Expected (Va?) | eq. (4.2.8)
Disk | Order Fluct Fixed | Total Fluct Fixed
2 0.320 0.000 | 0.320 0.320 0.000
(i) 3 0.180 0.000 | 0.180 0.180 0.000
4 0.080 0.000 | 0.080 0.080 0.000
2 0.000 0.640 | 0.640 0.000 0.640
(ii) 3 0.000 0.360 | 0.360 0.000 0.360
4 0.000 0.160 | 0.160 0.000 0.160
2 0.020 0.250 | 0.270 0.020 0.250
(iii) 3 0.045 0.040 | 0.085 0.045 0.040
4 0.005 0.040 | 0.045 0.005 0.040

4.2.1.4 Fitting to a granule-like spectrum

We have shown that we can recover the magnitudes of the fluctuating perturbation terms from
a sample disk. In a physical system we expect a fluctuation spectrum that depends on the
surface tension and bending rigidity of the surface. This subsection tests that we can recover
information about the surface tension and bending rigidity from our fitting to the recovered
fluctuation spectrum.

In the appendix sec. 4.7.1 we derive the fluctuation spectrum for a flat surface. This follows
a similar spectrum as the spherical case, but avoids the complex conversion terms involved in

spherical geometry. In this case, the perturbation spectrum is given by

ksT

(Val*) = o - (4.2.9)
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o =1uN/m, k = 0.50 kT
10-3 o

Spectrum
® Fluct. only
v Total Perturbation
Best Fit
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10—5 4
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Figure 4.2.4: (a) Snapshots of a fluctuating disk corresponding to a stress granule with ¢ = 1uN/m
and k = 0.5kpT. (b) Analysing the fluctuation spectrum returns the expected surface tension and
bending rigidity values.

We, therefore, simulate a disk with a fluctuation spectrum corresponding to eq. (4.2.9).
The amplitude of each fluctuation mode, V,, for ¢ € (2, ¢max) is given by \/Wew/l
The factor of 1/2 accounts for the time averaging, as is shown in eq. (4.2.6). €% is a random
complex phase that prevents alignment of the perturbations.

Examples of these simulated disks are shown in fig. 4.2.4.a. From two hundred such snapshots,
we take the Fourier transform of these boundaries and average them to extract the simulated
“experimental” fluctuating and constant spectrum using eq. (4.2.8). We then find the best fit
values of o and k and compare these to the values used to create the disk.

We get exact recovery of the provided surface tension and bending rigidity in all cases, with
an example shown in fig. 4.2.4 for a surface tension of ¢ = 1uN/m and bending rigidity of
k = 0.5kgT. The surface tension values correspond to that of P-granules in-vitro as discussed
in the Introduction, sec. 4.1.

Arbitrary constant terms may also be added to the spectrum, which significantly changes
the shape of the granule, as shown in fig. 4.2.5. However, we can separate these fluctuating and
fixed terms easily, leading to the correct recovery of the provided surface tension and bending

rigidity as is shown in fig. 4.2.5.b.

4.2.1.5 Fluctuation spectrum of a spherical droplet

The final, and most important, simulation step is to verify that we are able to extract the

expected surface tension and bending rigidity from simulated spherical droplets. The spectrum
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o =1nN/m, k = 0.50 kT
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Figure 4.2.5: Introduction of constant components in the first five fluctuation modes on top of
the fluctation spectrum. (a) The constant components significantly effect the shape of the granule.
(b) There is a significant difference between the full perturbation spectrum (red tri-points) and the
fluctuating terms (blue dots), but fitting to the fluctuating spectrum is unaffected and returns exactly
the expected values.

of the 3D model, given in terms of spherical harmonics, is

kT 1
(-1 +2)[(l+1)+a]

(thml*) = (4.2.10)

We are not able to observe all of these terms directly, so instead we use a conversion into the

Fourier terms at the equator

Imax
(V) = (| q*) N2 P2y (cos(m/2)) . (4.1.11 revisited)
l=q
This test verifies that we correctly convert from the 3D spherical harmonics into the observed
fourier terms at the equatorial plane, and that we then recover the expected values of o and
k after fitting.
Similarly to before, we create a perturbed surface, u, using a set of perturbation magnitudes,

U m, given in eq. (4.2.10),

u(p,m/2) = Upm(t)Yim(p,7/2) . (4.1.3 revisited)

Ilym

Next, we compare the fluctuation spectrum computed in two different ways. In the first
approach, we create the fluctuating 3D sphere from the given perturbation magnitudes, which
is then sampled around the equatorial plane to give a fluctuating boundary. At this stage we
may also introduce arbitrary constant terms. For each of these frames we perform a Fourier

transform to get the perturbation modes, V,;, and we then aggregate these modes across the
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frames to calculate the magnitudes of the fluctuating and constant modes, F; and C,. This is
shown by downwards path of fig. 4.2.6. In the second approach, we directly compute F, and
C, from Uj ,, using eq. (4.2.6) and eq. (4.1.11) (right path of fig. 4.2.6). It is important that
these values are consistent.

Finally, we fit .7’-"q2 to obtain the values of o and . This is shown in fig. 4.2.7, for the example
case of 0 = 1uN/m and k = 0.5kgT. We see that we once again retrieve exactly the values

used to create the sphere, even in the presence of constant terms that distort the base of the

granule.
Set of amplitudes Ui, m eq. (4.2.6) Calculate time
provided by eq. (4.2.10) average ([Uim|*)
eq. (4.1.3) eq. (4.1.11)
Optional, arbitrary Create fluctuating Numerically convert
constant terms, C;,m spheres > UymYim these into (|F,|*)

FFT equatorial
plane to get V,

eq. (4.2.8)
Extract fluctuat- Check that these
. —
ing term (| F,|*) terms are equal

Figure 4.2.6: Flowchart to test that we are able to analyse the fluctation spectrum of a quasi-spherical
droplet.

b. o =1 uN/m, k = 0.50 kT
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Figure 4.2.7: Recovery of physical values from the full 3d spectrum. This approach allows us to

remove the constant contributions to the perturbation spectrum and accuratly recover the values of o
and kK.
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4.2.2 Rotation of rigid bodies

Although we are confident in the implementation of our model, we wish to be sure that
the experimental data that we gather is meaningful, and is genuinely due to the thermal
fluctuations of the droplet surface. A possible cause of the deceptive movement of a droplet
boundary in our images could be due to a rough body that rotates rather than fluctuating.
We can extend the simulations above to investigate this scenario and what effect this has
on the observed perturbation spectrum. Instead of individual perturbation modes fluctuating
with time, we now allow for the entire object to rotate uniformly. Investigating these scenarios

requires a detour into the mathematics behind rotations.

4.2.2.1 Methods of Rotations

For the rotations in the following section we use quaternions to rotate the rigid body. These

have several useful properties and they are given in the form of

q=a+bi+cj+dk, (4.2.11)

where a, b, ¢, d are real numbers and i, j, k are the quaternion units following the rules,

i =2 =k*=ijk=—1. (4.2.12)

It is common to represent the imaginary components as a vector, ¥, with a scalar component
for the real part, namely, ¢ = a + bi + ¢j + dk = a + T.
We introduce these because the rotation of a vector, v, about the axis r for an angle o can

easily be given in terms of quaternions as’:

vV = qvg !, (4.2.13)

2. The product of two quaternions is distributive: every element of the first quaternion is multiplied by every
element in the second; hence giving another quaternion. When considering quaternion-vector multiplication
the same rule applies, with the 3-vector treated as a quaternion with no scalar component.

3. This relation only holds when |g| = 1, which is required for rotations. Otherwise, there is an additional
factor related to the normalisation of the quaternion.
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1

where the quaternion, ¢, and its conjugate, ¢—* are given by,

q:cos%—l—f‘singzcos%—i— (g)sin% (4.2.14a)
g ! = cos © — Fsin @ = cos & — (2)51]{1g . (4.2.14b)
2 2 2 d 2

We find that we can compose two rotations by quaternion multiplications, ¢’ = q1qo.

Uniformly distributed rotations

Quarterions are very convenient, as provided that we can uniformly generate rotation axes in
the unit sphere, the rotations about these axes will also be uniformly distributed.
In a similar manner to section 3.4.1, care has to be taken for generating uniform rotation.

To illustrate this point, consider the area element of a sphere given by

dA =sinfdfdy . (4.2.15)

If we generate the points uniformly in ¢ and 6, we find that the points are more densely packed
around the poles [128]. Instead, we have to generate the points uniformly across u = cos 6"

and ¢. Translating u and ¢ into Cartesian coordinates,

r=11—u2cosp, (4.2.16a)
y=vV1—-u’sing, (4.2.16b)

z=u, (4.2.16¢)

where u € [—1,1] and ¢ € [0, 27).
We can then use these points to create a vector r and by choosing a rotation angle o € (0, 27),

we create a random quaternion rotation that is evenly distributed across the sphere.

4.2.2.2 Creating the rough body

We now investigate how we may model the rigid body themselves. In a similar model to
the description of the granules, we assume that surface roughness of the rigid body can be

described using spherical harmonics with a spectrum Uj,,.

4. For which du = sin 6 df accounting for this term in eq. 4.2.15
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Figure 4.2.8: When the spherical harmonic terms
are added with no additional phase, this often leads
to shapes with large peaks, as the deformation is
concentrated at the poles.

The simplest approach to create a perturbation on the surface, u(g, 6), as a sum of these

terms,

lmax l

u(,0) =Y > UmYim(8, ) , (4.2.17)

=2 m=—1

from which we may give the surface as R(y, ) = Ro[1 4+ u(p,0)]. However, we find that this
creates strong deformations around ¢ = 0 where the maximum of the each of the spherical
harmonics terms stack as shown in fig. 4.2.8.

Therefore, we introduce a random phase into these terms,

lmax 1

u(l,0) =D > UimYim(0,¢) (4.2.18)

=2 m=—1

where Uj ,, = \L{l’m\ew,ew/. This is done by creating a vector X representing the point given
by (6, ¢) on the unit sphere and then rotating this vector by a random quaternion ql(fm (as
described in section 4.2.2.1). The results employing eq. (4.2.18) are shown in fig. 4.2.9, showing

the more even distribution of the perturbations.

4.2.2.3 Results
Smooth rotations

The first case that we investigate is if the uniform rotation of a rigid body resembles the
thermal fluctuations of a stress granule. From sec. 4.2.2.2 each perturbation mode is created

with a random rotation given by a quaternion qgm. We then uniformly rotate the entire body
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Figure 4.2.9: Rotation of the perturbation terms
leads to more even distribution of perturbation
leading to a more physically likely shape.

using a given quaternion ¢,, giving the final rotation as qim = qgqu.

In order to calculate the intermediate rotations between these points, we use Slerp (Spherical
linear interpolation)[143]. To start, we calculate the angle subtended by the rotation, 2, which
is given by the dot product of the quaternions corresponding to the start and end points:

Q= ¢°- ¢'. Then the interpolation is given by

sin([1 — t]Q) n sin(t92)

4.2.19
@ sing ( )

S(qo,q1,t) = o

where 0 > ¢t > 1 is the interpolation parameter between the start and end points. Values of
t > 1 continue this rotation. This method is used as it guarantees that the rotation proceeds
at a uniform rate with ¢. In the special case where Q = 7/2, we can simplify’ the above

expression, by introducing 6 = t7/2 to give the following
S(q0,q1,0) = g1 cos 0 + gy sinf . (4.2.20)

To verify the correct working of this approach, we show in fig. 4.2.10 the simple case of
a rotation about an axis out of the plane. This can be seen as a confocal slice of a granule
rotating while keeping the same region visible, just changing the orientation. These rotations
will change only the phase of the Fourier terms and not the magnitude. In a more general
case, the granule may rotate about another axis, meaning that the slice seems to fluctuate as

material rotates in and out of the visible plane. This is shown in fig. 4.2.11.

5. Making use of the fact that sin(r/2 — t7/2) = cos(tn/2).
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“
“
“
“

Figure 4.2.10: We verify the correct modelling of a rotation of a rigid body in the simple case of a
counter-clockwise rotation in the visible plane. Time advances with the indices (1-8).

“
“
“
“

Figure 4.2.11: A body with the same power spectrum as fig. 4.2.10 is rotated 27 radians about the
y-axis, which leads to apparent fluctuations in the visible z=0 plane.

We create a rough body with a given power spectrum U ,, and then rotate this 27 radians
around ¥ = (0,1,0) and record 100 images from the z = 0 plane evenly spaced throughout the
rotation. From these disks we perform a Fourier transform and then the fitting as per our usual
methods. We use a pink noise power spectrum, U ,, o 7!, as this noise spectrum is often
found in biological systems [144, 145]. We see in fig. 4.2.12 that the rotation of the rigid body
quantitatively resembles the thermal fluctuations of the droplet surface, but the measured
spectrum is clearly distinct and cannot be fit to the theoretical spectrum for a fluctuating

droplet.

Modeling rotational Brownian motion

A better model for the rotations of a rigid body in our system is a series of small rotations

about a random axis, similar to thermal Brownian motion of a diffusing particle. Therefore,
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b. o = 705nN/m, K = 33.3 pkgT
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Figure 4.2.12: (a) Apparent fluctuations of a granule-like rigid body due to rotation. (b) However,
the measured fluctation spectrum does not fit well to that of a fluctuating LLPS droplet.
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Figure 4.2.13: Apparent fluctuation spectrum of a rough body due to random rotation as given in
eq. (4.2.21). The resulting spectra are still distinguishable from thermal fluctuations.

we describe the rotation at each time step as

Ghn = dimds (4.2.21)
where the rotation quaternion, ¢!, is randomly generated at each time point, with rotation
angle, w, chosen from a normal distribution with standard deviation wy and rotating about a
random axis.

We create a rough body as above and simulate 100 rotation steps over several repeats
varying rotation angle wg. The results of which are shown in fig. 4.2.13 when the rough body is
initialised with a pink noise spectrum. The resultant apparent spectrum is noisier the standard
deviation wy is. However, in all cases we can still distinguish them from the expected spectrum
if the droplet surface fluctuates. In fig. 4.2.14 we demonstrate that that the poor fitting to the
theoretical spectrum is also present in a body created with white noise spectrum that has no

dependence on [.
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Figure 4.2.14: Apparent fluctuation of a rough bodies with a white noise shape spectrum, due to
random rotation as given in eq. (4.2.21). The power spectrum is still distinct from thermal fluctations.

4.2.3 Fixed cells

The second experimental concern raised in this section is that the apparent fluctuating surface
is due to microscopy noise rather than thermal fluctuations.

Paraformaldehyde (PFA) can be used to fix the cells by cross-linking proteins®, which freezes
the granules mid fluctuation. This gives a nearly identical model system to contrast to living
cells, but where any perturbations will be solely due to microscopy noise. Here we present
two means by which we can distinguish the microscopy noise in fixed cells from the boundary

fluctuations in live cells.

4.2.3.1 Each point in the spectrum of fixed granules is randomly offset

While a granule within a fixed cell will retain its granule-like shape, we expect its time averaged
(squared) spectrum, (|V,|?), to be distinguishable from a fluctuating granule.

We expect that, in a live cell, each of perturbation modes will fluctuate with the form

Vy(t) = Vg0 sin(wgt) , (4.2.22)

where Vo is the amplitude of the fluctuation and w, is the (temporal) frequency of the
fluctuation.
As already covered in sec. 4.2.1.2, during the live cell analysis we image for a time, T', which

we assume to be much longer than the fluctuation period. We can then calculate the time

6. Methods section 2.1.2.1
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Figure 4.2.15: Comparison of the fluctuation spectrum for live (a) and fixed cells (b). For the fixed
cells all of the points are offset by a random factor, allowing them to be clearly distinguished from a
granule in a live cell.

a. Live b. Fixed

8- 107® a
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q q
average as
{IVel*) / V7 dt (4.2.23a)
{Vq?) / sin? w,t dt (4.2.23b)
(Vel*) = 51}370 : (4.2.23¢c)

However, for the fixed cell case, we instead image cells that are frozen at a given time, 7, in

the fluctuations, leading to

(Val*)fea = / Vi o sin® (w,7) dt (4.2.24a)

(Val*) fiea = Vo sin(wqr) - (4.2.24b)

We see that the measured mean squared amplitude for the fixed cells can be similar to
the live cell case, eq. (4.2.23c). However, each term is offset by a random phase factor in the
sin2(wq7') term. Therefore, we might expect the fit to the theoretical spectrum to be much
poorer because there is a great deal of noise in each point as they are shifted by this phase
factor. This can be shown in fig. 4.2.15.b where we compare the fit of a granules in a live cell

to one within a fixed cell.
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Figure 4.2.16: (a) In a living cell the magnitude of the second order term varies smoothly with time
as would be expeceted for a rippling surface. This can clearly be distinguished from (b) a fixed cell
where there is only a noise component that has no structure with time.

4.2.3.2 The temporal fluctuations can be distinguished in live and fixed
cells

We may also distinguish fluctuations in live granules to noise in the fixed cells by studying
the behaviour of the mode amplitudes with time. While the exact nature of the fluctuations
in the live cell is highly complex, there will be structure in the amplitudes, increasing and
decreasing smoothly with time as the surface ripples. In contrast, imaging noise will naturally
be uncorrelated with time.

Examples of the magnitude of the second mode with time can be seen in fig. 4.2.16 for live
and fixed cells respectively. We see that the results for live cells show a clear structure with
time, whereas for the fixed cells, they are entirely random and do not reflect the motion of
a physical surface. This further allows us to distinguish our measurements from background

noise.
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4.3 Image Analysis

Now that we can be confident that the perturbations we observe are thermal fluctuation of the
stress granules, we discuss how we measure the fluctuation magnitudes from the microscope
images, and how these are converted into our calculated values of surface tension and bending

rigidity. Details on how the images are collected are covered in the methods section 2.1.3.

4.3.1 Edge Detection

A critical step in our analysis is drawing the boundary around detected stress granules.
There are several ways in which this may be achieved, and so we wish to compare possible
approaches. We do this by simulating a fluctuating droplet, degrading the images to model
typical microscope effects, and comparing the measured surface tension and bending rigidity
values.

While some approaches define the boundary as a selection of pixels, this is unsuitable for our
analysis for reasons outlined in the methods section. Instead, we need a method that returns the
radius of the interface from the granule centre as a function of angle. We must also consider
the limitations of microscopy imaging: images will have noise applied, and high-resolution
features will be blurred.

Our first approach is to draw the boundary as the point at which the image intensity goes
below a threshold, for instance, 70% of the maximum intensity of the granule. However, the
choice of the threshold value is entirely arbitrary and changing it causes a change in the
recovered values. This would have left our results fragile and somewhat arbitrary.

Therefore, given an image of a granule, I, we draw the boundary of the granule using the
directional gradient, g. This is calculated as the dot product between the gradient of the image
VI and radial unit vector from the centre of the granule t, namely: g = VI - . This approach
requires us to accurately calculate the gradient of the image and then the maximum of this

function.
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The directional gradient is a two-step operation. The first is calculating the gradient numer-
ically VI. For each pixel in the image this gives a vector that points in the direction of most
rapid intensity change. The magnitude of the gradient corresponds to the rate of change of
the intensity, and so we would expect this to be highest at the granule boundary. The second
step is the dot-product VI - . this refines the boundary by only taking the component of
the boundary that is along the direction to the centre of the granule. In the following section
we discuss and compare various numerical methods for estimating VI, with an emphasis on

maximising accuracy and resistance to noise.

4.3.1.1 Calculating the gradient

For now, we consider the one dimensional case, where the definition of a derivative, f'(z) =
df/dx, is
df . flz+dz) - f(z)

e = dm (31

However, in a image we cannot make dz arbitrarily small, instead it is the size of a pixel, h,

and so we must use a discrete forward difference method,

dffz] _ fle+1] - flz]

~
~

4.3.2
I h : (4.3.2)

where f[z] is the intensity of pixel x in the image'. The accuracy of the approximation
decreases as h increases.
We show in fig. 4.3.1 that this approximation can be improved by using the central finite

difference,

dffz] _1f[z+1] - flz—1]
T~ . . (4.3.3)

In the forward-difference method, the error scales as O(h); namely the error scales linearly
with the pixel size. In the central difference method, the same number of points are evaluated
but the error scales with O(h?), making this a second order method. The improved accuracy
of the central difference method is shown in fig. 4.3.1.b.

Each numerical approximation method can be summarised as a stencil, k, of 2N +1 elements.

1. There are several options for what to do when we attempt to sample a pixel outside of the image; however,
it is sufficient in our work to take these values to be 0.
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Figure 4.3.1: On the left, we see an arbitrary test function. On the right is the relative error in
numerically calculating the gradient of this function. We see that there is approximately a two order of
magnitude reduction in error when moving from the first order, forward difference method, eq. (4.3.2),
to a second-order central difference method, eq. (4.3.3). For reference, we also include a fourth-order
central difference, eq. (4.3.5), which yields another two order magnitude reduction in error.

For instance, the stencil of the forward difference method in eq. (4.3.2) can be given as
k = (0-11) and the central finite difference, eq. (4.3.3), is given by k = $(-101). The

gradient of the image function, I, in the x direction, G, is then calculated as G, = k, * I,

where * is the correlation” operator, defined to be
Geli] =kexI= > k[n]-I[i+n], (4.3.4)

for a kernel of size 2N + 1.

When we consider the two dimensional case, the gradient in the y direction, G, can be
calculated in a similar manner.

At the cost of additional computational expense, we can evaluate more points and calculate

a 4th order approximation,

1
k4th:12<—1 -8 0 +8 —1>. (4.3.5)

The increased accuracy of the fourth order method, in comparison to the central difference is

shown in fig. 4.3.1.

2. This is almost identical to the more well-known convolution operation, but differs by a sign change.
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SECTION 4.3. IMAGE ANALYSIS

4.3.1.2 Smoothing

The above methods are quite sensitive to noise in the image, so it is common to include

an orthogonal component k, , that acts as a smoothing component. For instance, the Sobel

operator is commonly used in image processing. It is created as a combination of gradient and

smoothing operations,

1
k||=(—1 0 1) and ki = |2

1

These two kernels are convolved in the following order to the image?,
Gy =ky*(ky*1I).
Similarly, the smoothed gradient in the y direction can be calculated as
Gy =kl * [kﬁ*[} =(121)% [(7{1) *I} .
We then give the gradient of the image, VI, as
VI = (G x+Gyy)I,

from which we can calculate the directional gradient.

(4.3.6)

(4.3.7)

(4.3.8)

(4.3.9)

We also consider several kernels commonly used in image processing: scharr is similar

to sobel, a 2nd order accurate central difference method that is designed exhibit better

rotational in-variance [146, 147]. The five tap and seven tap methods are higher order

accuracy methods that use a larger Gaussian smoothing kernel [148|. For completeness we also

include the 3rd order forward diff and backward diff kernels. The stencils are included in

the appendix, sec. 4.7.2.

3. We note that we could convolve the two 1d kernels into a single 2d kernel and then apply this to the
image. However, for two kernels with N elements this will require N? options rather than 2N, and so will be

much slower. It is worth noting that not all square kernels can be separated into the linear kernels.
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4.3.1. EDGE DETECTION

4.3.1.3 Calibrating the kernels

There will be some error in our estimation of the gradient terms, G, and G,. We will look into
the structure of this error and how it will propagate to the directional gradient and then onto the
detected boundary. The directional gradient is dependant on both the magnitude of the gradient
and its phase. We wish to investigate if the phase of the gradient will be correctly conserved.
Once we have calculated the gradient of the image in the x and y directions (G, and Gy,I),
these are used to construct the gradient VI. However, due the to the smoothing introduced
in the Sobel-like methods, the gradient is under-represented in diagonal directions compared
to those parallel to an axis [149]. To investigate this response, we create a test image from an
analytical function, for which we can calculate the deviates analytically and compare this to
the numerical methods. We choose a Gaussian function, I(z,y) = exp [—(2/04)* — (y/0y)?].
By varying the values of 0., 0, we can change the aspect ratio of the test function to verify
the kernels accuracy as a function of the boundary angle.

We compare the phase and magnitude of the approximation against the analytical solutions.
We cover this in more detail in the appendix section on the kernels 4.7.2. We provide a short
summary of this here, with an example in fig. 4.3.2 showing the accuracy of the sobel kernel.
We see that there is a distinctly anisotropic response to the magnitude error, with a difference
between the error at diagonal or primary directions. The phase difference tends toward the
x,y axis, suggesting that these off-diagonal terms are underestimated as we might expect.
This is in contrast to the isotropic response of the Scharr or seven tap kernel. Although there
is a significant anisotropy in the fourth-order central difference method, the error magnitude

is significantly smaller than any of the other kernels.

4.3.1.4 Simulating granule images

While useful for understanding the kernels, the Gaussian functions used above are a limited
model for our stress granule images. We can use a radial function, R(p,t) = Y. V,(¢)e'?, to
generate the frames of the granule images by choosing a spectrum, V,, to resemble a fluctuating
granule.

We start with an array of points, and for each of these points, we calculate the distance
from the origin r = \/W . An initial approach is to create a binary image, where if the
distance to a given point is less than the test function at the same angle, r < R(yp), the pixel

is set to 1, or 0 otherwise. However, this creates a sharp interface that gives an inadequate
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Figure 4.3.2: Gradient estimation of a Gaussian function. In this figure we plot the error in the
sobel kernel. The phase is correct only at the primary x,y directions and diagonals, which suggests
that the phase is underestimated towards the primary axis. There is a significant anisotropy in the
magnitude error between the primary and diagonal errors.

description of the microscopy stress granule images that have a blurry interface. So the value

of the pixel, 4, is instead given as

i(r) = %[1+tanh(RC_r>] , (4.3.10)

where ( is the interface width. This function gives a value of +1 in the granule and —1 outside,
but now transitions smoothly at the granule boundary.

In figure 4.3.3.a we show a single frame of a simulated granule. Fig. 4.3.3.b gives the cross
section of this granule, which we can see is similar to the cross section of an experimentally
measured granule in fig. 4.3.4. The directional gradient of this simulated granule is shown in
fig. 4.3.3.c and the detected boundary is shown by white points.

These frames are then analysed following the typical pipeline to extract the measured
surface tension and bending rigidity. We can complicate the imaging by adding a shot noise
component—proportional to the square root of the magnitude at that the point—and varying
the interface width to simulate blurring.

To compare the kernels, we simulate fluctuating granule images and calculate the error in
recovering the surface tension as a function of both interface width, £, and noise magnitude,
with 40 granules per group as summarised in fig. 4.3.5.

The fitting to a simulated granule image is demonstrated in fig. 4.3.3.d where we see the

best fit between the simulated and theoretical spectrum leads to measured surface tension and
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Figure 4.3.3: Edge detection on a simulated granule. (a) Simulated image. (b) The cross section of
the simulated granule resembles the cross section of an experimental image. (c) Directional gradient of
the image, as calulated by the Sobel kernel. The maximum of the directional gradient is highlighed in
white, showing the granule boundary. (d) The fit from this boundary gives a good fit to the theoretical
spectrum, but surface tension is overestimated slightly.
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1.0 )
Figure 4.3.4: Cross section of an actual granule
taken from ImagelJ [150]. We see that is similar in

0.8 - profile to the one used in the simulation.

0.6 -

0.4 1

0.2 A

0-0 T T T T T T T

bending rigidity that are similar to the provided values of 100 nN/m and 1 kg7 respectively.

Firstly, we consider trends that are independent of the kernel. For very narrow interfaces
widths, as on the left of fig. 4.3.5, all of the methods have a significant variation in the recovered
surface tension. However, this interface width is comparable to the pixel size, from which we
are unable to determine the boundary width accurately. As this does not reflect images from
a microscope, we ignore this column. None of the kernels can recover the expected surface
tension at the other extremes of interface width, corresponding to excessive blurring in the
image. Simulated images that closely resemble our collected stress granule images correspond
to intermediate values of interface width, such as that shown in fig. 4.3.3 for ¢ = 0.08 with a
noise magnitude of 0.1.

Outside of these extreme cases, we see that the five-tap and seven-tap—and less so
the sobel and scharr—kernel consistently underestimate the surface tension. While the
forward-third and backwards-third method have a mean value close to the expected values,
there is a large degree of uncertainty. We, therefore, favour the central-fourth-order method

due to the reliable accuracy in the presence of noise and blurring.

4.3.2 Calculating the best fit values of surface tension and

bending rigidity

So far, we have derived the theoretical fluctuation spectrum of a LLPS droplet in eq. (4.1.12)
and have demonstrated that we are able to measure the experimental fluctuation spectrum

from images of granules. The final step in the analysis is to relate these two spectra and extract
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Figure 4.3.5: Relative error on the recovered surface tension for the kernels, as we change the interface
width and the noise magnitudes. The far left corresponds to the flat interface case. The methods are
quite unreliable here due the discrete nature of the boundary. The granules in the far right correspond
to very noisy imaging conditions with a large interface width that are worse than what is seen in our
experimental data.
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the values of surface tension and bending rigidity.

We define the theoretical spectrum, S(o, x;q) as the right hand side of eq. (4.1.12),

ltnax
kpT Py, (0) N,

Ko (=D +2)(l+1)+a]

S(o,K;q) =

(4.3.11)

During our microscopy experiments we collect a series of 1,000 frames® and extract the
perturbations of the granules, 4, using the steps in the section above. From this we perform
a Fourier transform aggregate with time to give the experimental fluctuation spectrum, .7-"3 .
By changing the values of ¢ and k we attempt to find the best fit between this theoretical
spectrum and the experimentally measured fluctuation spectrum for the granule. The resultant
best fit values of 0 and x are then our best estimates for the surface tension and bending

rigidity of the granule.

4.3.2.1 Fitting the Spectrum

We have to be careful in the choice of how we define a best fit to the experimental spectrum.
An error function, €(o, k), gives a quantitive value for the fit. Here we show that a poor choice
of the error function leads to poor fitting to the experimental spectrum.

Our first approach was to define the error as the root-mean-squared distance between the

two spectra,

Ems(0,8) =Y (S(o,k,q) — Fp)* . (4.3.12)
q
However, as the fluctuation magnitudes, .7-"3, can cover multiple orders of magnitude, this leads
the minimiser to prioritise only the significantly larger first orders (low q) and neglect the
much smaller later orders. This leads to a very poor overall fit, as is demonstrated in fig. 4.3.6.a
using experimental data from a granule that should fit well to the theoretical spectrum.
We can attempt to improve this by introducing a normalisation factor that reduces the

importance of the larger first-order terms,

2
8 s vy - f2
Ermsnorm (05 K) = ) (W) . (4.3.13)

q

We see this leads to a much better fitting than the previous method in the first test case, with

4. Section 2.1.3 for details on the microscope and settings.
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Figure 4.3.6: Examples of the different error measures between the experimental and theoretical
spectrum for a typical granule with little noise, that can be fit closely to the experimental data. (a)
The RMS distance in eq. (4.3.12) in practice puts too much weight in the lower order terms and gives a
very poor fitting even in this simple case. In (b) and (c) we see that both eq. (4.3.13) and eq. (4.3.14)
lead to a good fitting between the spectra, although the latter gives a better fit to the higher order
terms.

a granule that fits well to the experimental spectrum in fig. 4.3.6.b. However, in fig. 4.3.7.b we
demonstrate a more challenging case of noisier experimental data, where the resultant fitting
is less convincing.

We also investigated an error measure that is based on the error ratio between the two

points,

€log = g

%

: (4.3.14)

log [ Si ]

10 | =2
7

which we see in fig. 4.3.6.c gives a similarly good fit to the previous measure in the simple

case and improves upon the fitting in the nosier case of fig. 4.3.7.c. We therefore use this as

the error function to minimise in the rest of the analysis.

4.3.2.2 Minimisation algorithm

We initially used the L-BFGS-B algorithm [110] to minimise the fitting error, e. However, we
find that there is often a large and relatively flat minimum region, as is shown by the bright
region in fig. 4.3.8.a. While the local minimiser will typically reach this region, it may halt
due to the very shallow gradient, before reaching the true minimum. In fig. 4.3.8.b we change
the colour-map for the data to highlight the region around the global minimum® showing the
best fit point as the brightest point in the centre of the plot.

We investigated several approaches, including changing the convergence limit for the min-

5. We keep our notation of ¢ being the order, although n = ¢R is also used elsewhere in the literature.
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Figure 4.3.7: Examples of error measures between the experimental and theoretical spectrum for a
noisy granule spectrum where the correct fitting is more ambiguous. (a) The rms fitting, eq. (4.3.12),
gives a clearly incorrect fit. (b) Introducing a normalisation factor eq. (4.3.13) improves the fitting
quality somewhat in this more complicated case. (c) The relative error measure eq. (4.3.14) gives a
much better fit to the experimental spectrum.

imiser and performing multiple minimisation runs in parallel with varying starting positions.
However, we find that the global minimiser approach known as basin hopping [151] was the
most reliable.

Basin hopping consists of a loop of three steps after the minimiser has been run from the

first time:

1. Perturb the coordinates of the previous minimum randomly to a new position
2. Use this point as the starting point of a local minimisation;

3. Compare this minimum to the minimum in the previous iteration. Based on some
criterion we either continue with this new minimum or reject this step and revert back

to the previous minimum.

The criterion for accepting or rejecting a step is based on the Metropolis criterion. If the
new minimum is lower than the previous step then it is automatically accepted. If not there is
a probability that they are accepted of P = exp(—(¢ — €prev)/T) where T is a “temperature”
that should be similar to the differences in the minima. It is this step that allows the basin

hopping algorithm to locate the true minimum, while the local minimisers stop in a false

minimum.

4.3.2.3 Granule filtering

Once we have attempted to draw the boundary, we reject any boundary where there is a large

discontinuous jump between two adjacent points. The discontinuities are due to two main
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Figure 4.3.8: (a) Example of a heat map with
a large flat minimum in the centre. (b) The same
heatmap rescaled to highlight the structure of the
minimum region. A traditional minimiser will nor-
mally stop randomly within this region, and so we
require the basin hopping algorithm to locate the
global minimum.
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Figure 4.3.9: Example of granules unsuitable for
analysis due to being mid-coalencence. The at-
tempted boundary drawing is shown in red and the
centre of the granule as a blue dot.
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factors. The first is the case when the granule cannot be represented by radial function. This
is the case when there are large overhangs in the granule and may be due to granule merging
events, an example of which is given fig. 4.3.9. These granules break many assumptions of the
derivation of the fluctuation spectrum in eq. (4.1.12).

Secondly, there may be errors in our boundary drawing, likely caused by noise in the system,
but these errors are less important as these effects are reduced by time averaging across the
frames.

These rejections are evaluated on a frame-by-frame basis, giving a boundary pass rate for
each granule. We remove a granule from further analysis if the boundary is rejected in more
than 50% of the frames. In this case, it likely that the rejections are due to an invalid granule

shape—eg merging-rather than noise.
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4.4 Granule Explorer

Here we present granule explorer, a software package developed to gather quantitative data

on stress granules and other LLPS systems.

4.4.1 Features of the package

Granule explorer is designed both to gather data from experimental microscopy images and to
interact with and explore this data. While the primary purpose of the package is to measure
surface tension and bending rigidity from time series images, it can also be used to locate
and quantify fluorescent LLPS droplets in still images. The package allows for comparisons
between results from different different experiment conditions, making it easy to infer relevant
trends and insights from the collected data.

The package provides three main analysis outputs:

Measurement of surface tension and bending rigidity Our goal with the package is to
make the analysis and, in particular, the flicker spectroscopy method available to groups
studying other LLPS systems, without requiring an extensive mathematical or technical
background. The results, and the rest of the analysis pipeline, need to be easily shareable,

understandable and reproducible by the rest of the community.

Granule location and tracking A subset of the analysis for the flicker spectroscopy is
locating granules and tracking them across frames. We provide a separate pipeline to
allow for automated detection and tracking of LLPS droplets in general microscopy

images.

Shape analysis of granules We also provide quantitative tools to analyse the granules de-
tected within the image, which for instance, may be used to calculate the size distribution
of the granules or the eccentricity of their shape. These results can either be exported for
external analysis by the user, or may be analysed using the software’s data exploration

and filtering tools.
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4.4.1.1 Running the analysis

The package has been made available on the python package manager, pip, https://pip.
pypa.io,and can in most cases be installed by a single command: pip install granule-explorer
L. Alternatively, the anaconda package manager can be used to handle the installation of ex-
ternal dependencies, conda install -c bioconda granule-explorer. This latter option is
recommended on servers. We will demonstrate basic functionality in this section, but a full
guide and documentation is available at granule-explorer.readthedocs.org, including the
equivalent command line tools and a guide for gathering data suitable for the fluctuation
analysis.

Upon starting granule explorer, a web page will display summaries of the experiments
available for analysis, with an example shown in fig. 4.4.1. From this screen, a user may add
more experiments by providing microscope files and experimental information, such as the cell
line imaged, that can later be used to interact with the data. Currently, we support the image
formats from Ziess (.czi) and Andor (.ims) microscopes and the open format .ome.tiff .

Once an experiment is created, granule explorer automatically tracks the analysis progress.
When output files are not found, such as for the FXR1 experiment shown in fig. 4.4.2, a link is
provided that will automatically start the analysis processes. Once this is completed, clicking
on a card will give a detailed break down on the experiment.

This shows data at the level of individual granules, including the measured surface tension
and bending rigidity. Each step of the analysis produces diagnostic figures that allow visual
verification of the methods and parameters used for individual granules. In particular, this
includes the quality of the granule boundaries drawn and the quality of the fitting to the
spectrum as illustrated in fig. 4.4.2. Granule data may be exported from this screen in human
readable .csv format for external analysis. The page also allows editing of the experimental
metadata and inspection of the configuration files used.

A key part of granule explorer is the metadata attached to each experiment. This may take
the form of categorical data, such the cell line or treatment used, or may be free-from, such as
the user provided descriptions of the cell line. The categorical data may be used to organise

and link experiments, as can be seen in fig. 4.4.3.

1. These hyperlinks are non-functional for now, as the code repositories are private while the thesis is under
review, please contact the author for access.
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4.4.1. FEATURES OF THE PACKAGE

Experiments

Click on any card to get more information about the experiment or

+ load experiment from disk

FXR1 over-expression

Description:

Cells transfected with additional FXR1 and

FACS sorted.

Cell line:

GERLG3RR1.with.EXR1.EACS

Treatment:

200.pM.Sodium.Arsenite

Path:
usr/experimental-data/FXR1-

-2020-01-31

Progress:
» config v
s image analysis X
s spectrum fitting X

Run analysis

Arsenite Treatment 2019-10-24

Description:
Standard arsenite treatment

Cell line:

AMZ:G3RBR1XGER

Treatment:

200.puM.Sodium.Arsenite

Path:
usr/experimental-

data/control_long-2019-10-24—-
fourth-order-10

Progress:
* config v
* image analysis v
s spectrum fitting v

Figure 4.4.1: Screenshot showing the experiment list, with a short summary for each experiment

showing the progress of the workflow.

Arsenlte Treatment 2019-10-31

Description:
Standard arsenite treatment

Cell line:

MNZ-G3BR1EGER.

Treatment:

200.puM.Sodium.Arsenite

Path:
usr/experimental-

data/control_long-2019-10-31--
fourth-order-10

Progress:
» config v
* image analysis v
e spectrum fitting v

Clotrimazole treated cells

Description:

Cells treated with clotrimazole on 2019-12-

09

Cell line:

MZ-G3RR1EGER.

Treatment:

20.uM.Clotrimazole

Path:
usr/experimental-

data/clotrimizol-2019-12-09 -
fourth-order-10

Progress:
* config v
* image analysis v
» spectrum fitting v
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Experiment: FXR1 over-expression

Description:

Cells transfected with additional FXR1 and FACS
sorted.

Summary

« Located at
/home/carl/Documents/PhD/projects/granule_explorer/usr/experimental-
data/FXR1--2020-01-31

« Created using GFP+G3BP1 with FXR1 FACS cells

« Treated with 200 uM Sodium Arsenite

Contains the files

Configuration Values

Contains the granules:

Granule details: Granule details:
s 0=77.78 nN/m s 0=799.47 nN/m
s K=0.04kT s k=19.08kT
* Passrate = 68.07% * Passrate = 100.00%
* Fititng error 0.17 * Fititng error 0.54
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Figure 4.4.2: Screenshot showing how the experiment can be broken down in detail, allowing the
user to inspect individual granules within a experiment, including images of the spectrum fitting and
the boundary detection.
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4.4.2. REPRODUCIBLE RESEARCH

Cell lines

Click on any card to get more information about the cell line or

Cell line created by Nancy Kedersha.
Endogenous G3BP1/2 removed and

AA17-G3BP1+GFP cells transfected with replaced with fluorescently tagged GFP-
FXR1and FACS filtered G3BP1
. Cl-c;tfi-ma-zale treated cells
¢ Arsenite Treatment 2019-10-24
e Arsenite Treatment 2019-10-31

. F)(R‘I -ovér:expression

Figure 4.4.3: Example screenshot of the cell line summary in the granule explorer, showing the user
provided description of the cell line and links to the experiments in which the cell line is used.

4.4.1.2 Data Insight

Typically the result of a scientific study is a set of figures that summarises the results of the
analysis. Currently, the majority of these plots are static and presenting the data in this way
can mean that a great deal of information can be lost and it is nearly impossible to link points
in plots to entries in raw data easily. In contrast, interactive data visualisation helps the author
to quickly explore the data and investigate trends that may be hidden in the summary figures.

To this aim, we provide an interactive plotting tool for the granule database. This aggregates
data across multiple experiments and allows interactive filtering of granule properties, to a
range of radii and maximum fitting error, but also the selection of individual granules for
inspection. Figure 4.4.4 is an example screenshot of this plot, where we see data split by the
user provided treatment.

Selecting any point in the top scatter plot will provide more detail for the given granule,

including the fit spectrum shown in the bottom half of the figure.

4.4.2 Reproducible research

When designing scientific software, it is essential to consider not only the tools made available

to the user but also that other groups can reproduce and verify this work. For instance, while
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Figure 4.4.4: Screenshot of the data exploration tools. The plot columns and colour split of the data
may be change by using the drop down menu at the top of the graph including surface tension, bending
rigidity or radius of the granules. The user provided categories, such as the stress treatment, may be
used to split the data. Finally, the quality of the fit and boundary detection pass rate may also be
plotted. Sliders along the bottom of the figure allow for interative filtering of the data.
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the granule detection steps can also be implemented in a general microscope image processing
software such as ImageJ /Fiji [152, 150] or CellProfiler [153], the analysis with these packages
have to be automated using custom-written scripts, which then require further steps to merge
them with the rest of the workflow. Therefore, it may still be difficult for other users to
reproduce the workflow, even when the raw data is made available [154]. In the worst-case
scenario, parameters may be provided interactively by the user and then not recorded or
published, making validation impossible.

In the granule explorer package, each experiment’s entire analysis is contained within one
directory tree containing: the configuration files used to generate the results, intermediate files,
final figures and data tables. Combined with the use of the snakemake workflow management
system [155], means that each step of the analysis and every parameter used, is explicitly
recorded. snakemake performs the analysis steps automatically, from microscope files to final
results and figures. This not only makes the analysis simple to run for non-technical users,
but also means that the exact analysis can be reproduced and verified by external groups.

The package is also published in github.com for version control. We ensure that analysis
can be repeated exactly, even if major changes have since been introduced into newer versions

of the code.

4.4.3 Publishing the package

A core step of making code available involves taking steps to ensure that the software will run
on a user’s machine without undue difficulty. We, therefore, link the code with a continous
integration (CI) service, Travis CI, http://travis-ci.org, which automates installation and
testing of the software on several test Linux and macOS virtual machines® whenever a change
is pushed to the code repository. This allows us to be confident that the software runs not
only on the computers we used to develop the code but also on many different setups that are
common in the community.

A core part of a CI setup is testing of the code, this is provided at the level of individual
functions by unit tests. These test the smallest logical blocks of the code are producing the
expected output from given test data, from verifying that images are loaded correctly from
sample microscope files to fluctuation magnitudes are being correctly averaged with time. The
simulations in section 4.2 are then used to validate the interaction between these functions.

Importantly, CI is run every time the code repository is updated, which means that we can
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be confident that any new code does not break older components and the new code does what

is expected. This becomes increasingly important as other authors begin to contribute.

118



4.5 Experimental Results

4.5.1 The base shape of the stress granule must be accounted

for

We initially performed the analysis using the theory covered in section 4.1, without any other
corrections, on stress granules induced with 200 uM sodium arsenite in U20S cells. This gave
us a mean surface tension of approximately 100 nN/m as shown in fig. 4.5.2.b, which was at
least an order of magnitude lower than the surface tension values for the similar biological
condensates discussed in sec. 4.1.

This assumes that the base shape of the granule is spherical. However, visual inspection
of the granule in fig. 4.5.1.a and tracking of the granule boundary with time in fig. 4.5.1.b
shows that this is not a good assumption. Therefore, we include the correction covered in
sec. 4.2.1.2 to separate the fluctuating and constant components of the granule boundary.
Instead of fitting the experimental spectrum directly to the theoretical spectrum, we instead

fit the theoretical spectrum to the fluctuating component,

}—3 = <|Vq|2> - |<Vq>|2 . (4.2.8 revisited)

Not including this correction means that the average shape of the granule is erroneously
included in the fluctuation magnitudes, which leads to an overestimation of the lower fluctuation
orders as shown in fig. 4.5.2.a. Overestimating the size of the fluctuations in this way leads us to
underestimating the difficultly in deforming the surface and a corresponding underestimation
of the granule surface tension by an order of magnitude as is shown in fig. 4.5.2.b. We see the

experimental fluctuation spectrum with this correction fits well to the theoretical spectrum.
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Figure 4.5.1: Quasi-spherical nature of stress granules in cells treated with 200 uM sodium arsenite.
(a) Cropped first frame of the microscope image from an arsenite treated cell, with the granule
boundary drawn in white. (b) The fluctuating boundary of the same granule is shown in blue for each
frame of the analysis. The mean shape is shown in red and is highly non-spherical.
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Figure 4.5.2: Comparison of the fluctuation analysis with and without corrections to the base shape
of the granule. (a) The total experimental perturbations (uncorrected) are plotted with a red cross
while the fluctuating components (corrected) are shown as blue dots. The non-spherical nature of leads
to large overestimation of the lower order terms and poor fitting to the spectrum. (b) Not accounting
for the quasi-spherical base shape leads to an underestimation of the surface tension by an order of
magnitude as the surface tension dominates for the lower order terms. (¢) As the bending rigidity
dominates the higher-order terms, it is mostly unaffected by removing the constant terms from the
experimental spectrum.
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4.5.2 Surface tension alone is not enough to explain granule

shape

In a membraneless organelle, we would expect that the bending rigidity is negligible and to
test this, we take the limit of kK — 0 in eq. (4.1.12) to give a spectrum that depends only the

surface tension,

l 2
_ kpT &2 NigPr(0)
1 2y = A
i ([Val*) = 2 —~ (-1 +2)

(4.5.1)

In fig. 4.5.3.a we see that this surface tension only spectrum does not fit the observed fluc-
tuations for this sample granule, and while it may be adjusted to fit well to the to first few
orders, it is unable to account for the higher order terms.

For completeness, we can also take the limit of 0 — 0 in eq. (4.1.12), to give a spectrum

that depends only on the bending rigidity,

kTS NPEO)

Yim ([Val) = =2 lzg(z_1)(z+2)(z+1)r

(4.5.2)

This spectrum alone is also not enough to explain the observed fluctuations. In particular,
we see that it fits best to the higher order terms. We can explain this as bending rigidity
contributes a component that scales with ¢* while surface tension with ¢2, causing the bending
rigidity to dominate for the high g terms. Therefore, for this granule we require both surface
tension and bending rigidity to capture the full fluctuation spectrum.

We wish to see if this applies to all granules. Therefore in fig. 4.5.3.b and fig. 4.5.3.c, we
compare the fitting error for when the full spectrum with surface tension and bending rigidity
are used, and when only the surface tension or bending rigidity is accounted. The change in
fitting error is shown with a horizontal line for each granule example, with black dots indicating
cases where the full spectrum is considerably better and the orange dots where the fit qualities
are similar. From these steps, we find that surface tension and bending rigidity are both equally
important in the model, and removing either significantly lowers the fitting quality. However,
while there is a clear interpretation for the surface tension in the LLPS droplet, the nature of

the bending rigidity is unclear.
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Figure 4.5.3: (a) An example experimental fluctuation spectrum, showing fits to theoretical spectra.
The surface tension-only spectrum (green dashed) can only fit the lower order terms but not the full
experimental spectrum, whereas the bending rigidity-only spectrum fits well for only the higher order
terms. Therefore, we see that we must include both surface tension and bending rigidity in the model.
(b) For a sample of granules, we show the change in fitting error when surface tension is removed with
a horizontal line In all cases we see that the fitting quality is worse when the surface tension is removed.
(c) Similarly to above, we show the change in fitting error when bending rigidity is removed from the
model. For clarity we plot only 300 arsenite treated granules in panels (a) and (b), approximately
one-tenth of the total number of measured granules and the same trend applies to granules caused by
other treatments.

4.5.3 Comparison between granule treatments

In this section, we compare the results for the granules with arsenite and clotrimazole treat-
ments. After filtering the granules as discussed in section 4.3.2.3, we collected data from
1,796 granules in cells treated with 200 uM sodium arsenite, and 1,986 granules from 20 yM
clotrimazole treated granules.'

The surface tension and bending rigidity of the two treatments are log normal distributed
with a (geometric) mean surface tension of (0.56 £ 0.05) uN/m under the arsenite treatment
and (0.36 = 0.06) uN/m under clotrimazole as shown in fig. 4.5.4.a.

The mean bending rigidity is (1.240.2) kgT and (1.64+0.3) kT for clotrimazole and arsenite
treatments respectively. While this is much lower than 20 kg7’ we might expect for a bi-layer
vesicle [156], it is similar to the thermal energy of the system and non-neglible. The distribution
of bending rigidity values is shown in fig. 4.5.4.b.

We use the granule radius as a marker of granule maturity rather than the time since
treatment as granule formation depends on the cell cycle. Therefore, not all cells will start
to form granules at the same time after treatment. Additionally, one mechanism of granules
growth is by coalescence which leads to a sizeable stochastic influence in granule size with

time. When examining the surface tension of the droplet as a function of radius we see that

1. Materials and methods section 2.1.2.

122



4.5.4. ADDITIONAL TREATMENTS

the mean surface tension of the granule decreases rapidly with the radius until around 0.6 ym,
beyond which the surface tension of the granules is independent of size. For all granule radii,
we see that the surface tension of the clotrimazole granules is lower than that of the arsenite
treatments, but conversely, the bending rigidity is higher.

The comparison between the arsenite and clotrimazole granules underlines the importance
of correcting for the granule base shape. Without these corrections, we would have concluded
the arsenite granules have a lower average surface tension. To rationalise this further, we
track the granule boundary with time, where we see a distinction between the two treatments.
An example of a clotrimazole granule is shown in fig. 4.5.5.b and we see that the granule
fluctuates a great deal, but averages out to a roughly circular shape. In contrast, the arsenite
treated granule in fig. 4.5.5.a has an irregular mean shape and—due to the higher surface
tension—fluctuates a small distance from that position.

This suggests that there is some internal structure in the arsenite granule not present in
the clotrimazole granules. We wish to investigate if this same trend occurs across the rest of
the granules. To do so, we collect the fluctuating, F;, and constant components, C,. In the
clotrimazole treated cells we find that the these terms are similar in magnitude across the
granules, as shown in fig. 4.5.4.e. however in the arsenite treated granules there is a much
larger constant component to the granule shape that does not change with time, with a smaller

fluctuating component on top of this.

4.5.4 Additional treatments

We now extend the analysis to cell lines that are over expressing stress granule granule related

proteins.

Caprinl over-expression

Caprinl is another important stress granule related protein, that unlike FXR1 rapidly recovers
during photo bleaching. This was provided by a tet/on Caprinl system, which expresses
additional Caprinl as a function of doxycycline in the media. The cells are moved to doxycycline
positive medium 24 hours before experiment, allowing time to express additional Caprinl.
Unfortunately, this analysis had to be halted due to external factors (COVID), and so
only 188 Caprinl over-expressing granules were able to be analysed. Figure 4.5.6 gives the

distribution of surface tension and bending rigidity when compared to the AA17-G3BP1+GFP
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Figure 4.5.4: Comparison of arsenite and clotrimazole granules after the shape correction is applied.
(a) and (b) Surface tension and bending rigitity distribution of the granules under both treatments
(c) Surface tension of the granules as a function of radius with the standard error plotted. The surface
tension is higher under the arsenite treatment. (d) Bending rigidity as function of radius. In constrast
to the surface tension, the bending rigidity is higher in the arsenite trement. (e, f) Comparison of the
magintudes of the 2nd order terms. In the clotrimazole treatment, the magnitude of the fluctuating

and constant terms are of similar magintudes; whereas for the arsenite treatment there is much more
significant contribution from the constant components.

Radius (um)
Radius (um)

Figure 4.5.5: Tracking of the granule interface during the experiment. The position of the boundary
at each frame is given by a solid line and the mean granule shape is given by the dashed red line. (a)
Example of an arsenite treated granule, where we see that the mean shape of the granule is significantly
non-circular. In contrast, the example of a clotrimazole treatment granule in panel (b) has a more
circular mean shape, but the boundary fluctuates more.
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Figure 4.5.6: A limited number of granules in Caprinl overexpressing cells. (a) The surface tension
is higher in the overexpressing cells. (b) The bending rigidity is higher in the overexpressing cells.
However, note that these results are not statistically significant.

cells. From the data currently gathered, the surface tension of the Caprinl over expressing
cells is higher than the control cells, but the bending rigidity is lower. However, due the limited

number of granules, this may change as more data is gathered.

FXR1 over-expression

Fragile X mental retardation syndrome-related protein 1 (FXR1) is a protein found in stress
granules [38, 59| that when over-expressed can lead to granules that are qualitatively more
irregular. It is possible that this shape irregularity is linked to fibril formation within the
granule. As discussed in the introductory chapter, this is of medical interest as fibrils will
remain after granule disassembly. The accumulation of these fibrils lead to deleterious effects
in the cell and are associated with neurodegenative diseases.

A gene for the expression of mCherry flourophore tagged FXR1 was transfected into the
cells? and when combined with the endogenous FXRI, this leads to an over expression of
FXR1 in the cell. The cells are then treated with the same 200 uM sodium arsenite treatment.
As a function of radius, we see in fig. 4.5.7.a that under the arsenite treatment, the surface
tension does not change significantly when FXR1 is over expressed in the cells. In contrast, we
see in fig. 4.5.7.b, the bending rigidity in the FXR1 over expressing cells is significantly lower

than in the similarly arsenite treated control cells. We perform the same analysis of splitting

2. Materials and methods section 2.1.2.2
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Figure 4.5.7: Properties of the granules in the FXR1 overexpressing cells treated with soduium
arsenite are given in orange. The treatments of the AA17-G3BP1+GFP control cells are as given
in fig. 4.5.4. (a) Surface tension as function of radius for stress granules. The surface tension is
indistinguishable in the two NaAs treatment cases. (b) The bending rigidity is much lower in the
FXR1 over expression cells. (¢) The difference between the fluctuating (orange) and constant (gray)

magnitudes are significantly smaller than in AA17-G3BP1+GFP cells treated with arsenite but larger
than in the clotrimazole treatment.

the constant and fluctuating modes, in 4.5.7.c. We see that the constant terms are larger than
the fluctuating terms, suggesting that there is a consistent irregular base shape in the granules
in the FXR1 overexpressing cells, although this is not as pronounced as in the control cells.
The effect of the decrease in the bending rigidity under the FXR1 overexpression is shown
in a simulation of the granule surface in fig. 4.5.8. Both simulated granules have a surface
tension of 100 nN/m, but the decreased bending rigidity in the FXR1 overexpressing granule

causes a much rougher appearance of the granule surface.
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y

Figure 4.5.8: 3D simulations of a stress granule surface. (a) A simulated granule created with a
bending rigidity of 1.5 kgT, corresponding to a arsenite treated granule in a control cell. (b) A granule
with bending rigidity of 0.5 kgT', corresponding to a granule in an FXR1 overexpressing cell has a
much rougher surface.
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4.6 Discussion

4.6.1 Comparison to current estimates

There is currently a lack of accurate methods to measure the surface tension of LLPS droplets
in-vivo, while several ways of providing order of magnitude estimates have been proposed. At
present, to our best knowledge, there also has not been any report on the surface tension of
stress granules.

Our measured surface tension values are 0.56 uN/m and 0.36 uN/m for the arsenite and
clotrimazole treatments respectively. These values are much lower than what is found in
simple liquid-liquid interfaces (typically of tens of mN/m) but it is worth noting that surface
tension values as low as 0.1 uN/m can be found in colloidal mixtures [132, 133]. In fact, our
results are of similar order of magnitude compared to those estimated for P granules of 1uN/m
using the approximation in eq. (4.1.1) [9, 2|. It also correlates well with the range of surface
tension of 1uN/m to 5uN/m for P-granule protein PGL3 droplets measured in-vitro using
optical tweezers upon variation of the salt concentration [135].

The only other approach to directly measure the surface tension of an LLPS droplet in a
biological system in-vivo was by Caragine et al. [157]. This method also used the fluctuating
surface of the droplet, but only the total fluctuation is considered, rather than the power
spectrum. In analogy to eq. (4.1.1), the surface tension is estimated as o = kgT'/ <u2>,
where u is the total fluctuation magnitude. Again, their estimate for surface tension of o =
(1.5 £ 0.5) uN/m for human nucleoli is still of similar order to our measurement. The approach
by Caragine et al. is more limited compared to the current work for a number of reasons. First,
it is based on the planar interface derivation, and it does not include the corrections to the
shape of the droplets. Second, this simpler approach loses any information about the spectrum
of the fluctuations. It is only by studying the fluctuation power spectrum, as is done in our
method, that we are able to verify that there is the distinctive =2 component that corresponds

to surface tension contribution. At the same time, we have also shown that LLPS droplets are

129



SECTION 4.6. DISCUSSION

not simple droplets. There is an additional elastic contribution that emerge as non-negligible
bending rigidity component, which the Caragine approximation does not account for. Based

on our own results, this typically leads to an overestimation of the role of surface tension.

4.6.2 Sources of bending rigidity

We have shown that we must include a bending rigidity contribution to fit the observed
experimental fluctuation spectrum.

Our observed value of 1.2 kgT' is much lower than the typical bending rigidity of a bi-layer
membrane of 20 kT [156, 136]; nonetheless, it is still non-negligible. A possible reason for
this term is due to surfactant-like effects in LLPS droplets, in which species of molecules
preferentially locate at the interface between the droplet and cytoplasm. A classic example of
surfactants is lipid molecules. At a water-oil interface, their hydrophilic heads would favour
facing the water, while their hydrophobic tails face into the oil. This is known to reduce the
surface tension and to introduce a weak bending rigidity [15]. In the context of stress granules,
we may speculate a number of molecules which may prefer to be at the droplet interface.
In the core-shell model of granule formation, FXR1 is found to locate in the outer shell of
the granule [72]. Indeed, overexpression of FXR1 causes a notable decrease in the bending
rigidity of the granule, which may suggest that overexpression of FXR1 leads to a disruption
of the structure of the shell, making it much easier to deform. In addition, it has been shown
LLPS droplets are often caged by an elastic network [158] and a possible hypothesis is that
the presence of micro tubules surrounding the droplets can give rise to an effective bending
rigidity. At present, it is not possible to probe the detailed internal structure of the granules
with confocal microscopy. It would be interesting to investigate this in the future with higher

resolution microscopy, such as super resolution STED or electron microscopy methods.

4.6.3 Possible improvements

Our flicker spectroscopy method may underestimate the absolute value of the surface tension.
One possible source of underestimation is due to the limitations of confocal microscopy. In
particular, this is due to the blurring of the moving interface during the exposure {159, 160] and
the non-zero height of the image plane [156], which has been shown to lead to underestimation
of up to 50% for lipid vesicles. However, at present we are unable to make the same correction

in the stress granule case without detailed knowledge about the time series fluctuations of the
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droplets.

The second source of uncertainty may be due to our assumption that the fluctuations
are thermal. We know that there are active, ATP-dependant processes that drive molecules
within the cytoplasm, and potentially in the droplets themselves. The energy scale for active
fluctuations is often larger compared to thermal sources [161, 162, which would make it seem
like the interface is easier to deform. This would then lead to an underestimation of the surface
tension and bending rigidity.

Delineating active and passive fluctuations is an important but challenging future work. For
example, clotrimazole is a weak mitochondrial poison [12, 163] and so we might expect this to
lower the level of ATP in the cell and reduce the magnitude of the non-thermal fluctuations.
Contrary to this expectation, we instead find that the measured surface tension increases under
the clotrimazole treatment. However, it is known that there is a compositional change to the
stress granules under clotrimazole treatment, and so this may be the dominant effect [164]. A
reagent such as sodium azide may be used to inhibit ATP hydrolysis 2], but at the same time
this causes many other immediate deleterious effects in the cell, including a stress response

that obscures ATP related effects on the granules.

4.6.4 Limiting factors in data acquisition

We see that there is a wide distribution of surface tension and bending rigidity across the
measured stress granules. Therefore, we are required to image a large number of granules to
reduce the uncertainty in the measurements. Due to the close agreement of the fitting between
the theoretical and experimental spectra, we believe that the majority of this variation reflects
biological variation between the droplets rather than uncertainty in our methods. However,
there is still a limit to the rate at which we can collect data, as we require approximately
one minute per microscope time series. While the spinning disk microscope does allow us to
capture several granules at once, we are not able to decrease the time taken for the analysis,
as we are required to image for longer than the relevant fluctuation modes.

Transfection, as is done with the FXR1 over expressing cells, is a typically a very noisy
process. Only a minority of cells—typically 1 in 20—respond to the transfection and of these
cells there can be orders of magnitude of intensity of the expression of the gene. This variation
can be seen from the FACS sorting summary in fig. 4.6.1. These cells are typically unsuitable

for analysis. The low transfection rate vastly limits the number of cells that can be analysed
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in a given experiment and the wide range of fluorescence intensities also complicate imaging.
While our methods are able to account for some range in the granule intensities within a single
image, we are still limited by the dynamic range of the microscope itself. The expression level
would also have to be disentangled from the normal biological variation and the imaging time
soon becomes dominated by manually searching for cells suitable for analysis. Fluorescence-
activated cell sorting (FACS) helps deal with these issues by only keeping the cells within
a particular range of expression levels. However, FACS is an expensive process and is time-
consuming as a correspondingly larger number of cells must be cultured to give an acceptable

yield after sorting.

4.6.5 Conclusion

We believe we have a powerful method for investigating the surface tension and bending
rigidity of LLPS droplets in a living cell in a minimally invasive way. The slight underestimate
of the surface tension due to microscopy effects can be accounted for once the temporal
fluctuation spectrum of granules is better understood. Performing the time series analysis of
the fluctuations can give further insight into the structure of the granule, and we explore the
benefits as well as potential experimental and theoretical challenges in the Chapter 5.
Flicker spectroscopy is currently the only method to analyse LLPS droplets in living cells.
This is a critical advantage over other methods as highlighted by Jawerth et al. [135]. The
properties of LLPS droplets depend not only on the composition of the droplet itself, but also
on the composition of the background cytoplasm. This places a limit on in-vitro experiments,

as while the droplet composition may be investigated, less attention is paid to the background
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of the system, and in-vitro systems cannot approach the complexity of the cytoplasm. So far,
we have demonstrated the use of flicker spectroscopy to make clear distinctions between the
arsenite and clotrimazole treatments, as well as the FXR1 over-expressing cells.
Additionally, as flicker spectroscopy requires only a confocal microscope, any group should
be able to collect the required data, which can then easily be analysed by the provided granule-
explorer package. This then serves as a means to gather quantitative data on granule properties,
and to get some insight into the structure from the ratio of constant to fluctuating terms in
the fluctuation spectrum, which is not available in any other analysis. Therefore, FS may be
used a first step to screen potentially interesting mutations or treatments of interest, before

more time-consuming analyses such as electron microscopy or optical tweezers.
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4.7 Appendix to Chapter 4

4.7.1 Spectrum derivation for a flat interface

This section illustrates how the fluctuation spectrum can be derived for the simplest case of a
flat interface. For the full derivation in the spherical case, see [165, 166].

We adapt the derivation from [136]. We investigate fluctuations across a flat plane of area
L x L. the fluctuations of this surface are described according to the Monge representation, as
it is ideally suited to modelling fluctuations on a plane. As shown in fig. 4.7.1, in the Monge
representation, the shape of the surface is described by the height function h(z,y) !

We can then expand height function by its Fourier components,
h(z,y) = hge'd™, (4.7.1)
q

where q is the frequency vector and is given as
q=— ) (4.7.2)

where ng,n, € Z and L is the length of the plane. If we assume there is no spontaneous

curvature, then we may give the energy of the interface as
K2
H={dA [§H v a} . (4.7.3)
S

In the small fluctuation approximation, the area element in the Monge representation is

given by dA = |1+ (Vh)Z/Q} dz dy. The mean curvature, H is given by, [167, 166],

1 Vh
H=_V (W) , (4.7.4)

1. Similarly to our radial describution of the spherical interface, this representation is not able to model
interface where there are multiple values of h for a given (z,y).
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Figure 4.7.1: Three points on a inter-
face described in the Monge representa-
tion. The interface is parameterised by
its height above the Z = 0 plane.

-h(X3.Y3)J

h(x1,y1)

h(x2,y2)

which in our limit of small fluctuation, |[Vh| < 1, gives H = V2h/2. As such, we can give the

Hamiltonian, eq. (4.7.3), as
H= /dx dy (k(V?h)? + o(Vh)?) . (4.7.5a)

We now show how this can be derived. We can write the relevant gradients of the height

function as follows

Vh= Z hgide'd™ (4.7.6a)
Zh ihe (—q - q)e!drd) T (4.7.6b)

V2h = Z hg(—g?)e'd™ (4.7.6¢)
(V2h)? Zh ihe (q%q?)edra)T (4.7.6d)

Substituting these terms into the Hamiltonian, eq. (4.7.5a), while making use of the Kronecker

delta function,

046 = / @0 d?r (4.7.7)
’ LxL
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we find that
1
Ehend = / d®r) " hghge'@ [ ffqzq’2+(—61-ci’)] (4.7.8)
LXL qa 2
2 1 2 12 1 —/
= hghg L0540 gha’d” + 5 (-4 d) (4.7.8b)
4,4/
_ L2 h=h 1 4 1 2 4
= Z dh-a|5K4 +§o—q (4.7.8¢)
—LQZ\hq\ [ kq' + Uq] : (4.7.8d)

In the last step, we make use of the fact that the height function is real h(r) is real, which
requires that the Fourier modes satisfy h_g = h:il.

By the equipartion theorem each of these degrees of freedom has the thermal energy of the
system namely, E(q) = kpT/2,

1 1
§kBT: {|hyq] >L2[ rq* + 2aq} : (4.7.9)

leading us to the final result

kT 1

This parallels strongly to the 3d spectrum,

kT 1

(um™?) = s =0T D0 1o (4.1.7 revisited)

In the limit of large I, we see similar power trends for the order of the spherical harmonics, [,
and the fluctuation mode, q.

Perceaux used this simple flat fluctuation spectrum as an approximation to the spherical
system [142], arguing that this approximation holds well for their system, vesicles with ap-
proximate surface tension 0 = 20nN/m and x = 15 kgT'. However, in that work it is shown
that this approximation is breaks down for the lower perturbation orders. As these are the
terms that we are able to measure most accurately, we do not make use of this approximation

in our work.
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Table 4.7.1: Stencils of the image derivative kernels. In this table the five and seven tap kernels are
truncated at 3 decimal places for conciseness, the full values are given in [148].

Name k| ki

Fourth order central (1-808-1)/12 1

Third order forward (000 -1118-92)/6 1

Sobel (101) (121)/8

Scharr (-101) (3103)/32

Five tap (0.104 0.292 0.000 —0.292 —0.104 ) (0.030 0.249 0.439 0.249 0.030 )
Seven tap (0.018 0.125 0.193 0.000 —0.193 —0.125 —0.018 ) (10.004 0.069 0.245 0.361 0.245 0.069 0.004 )

4.7.2 Stencils

In table 4.7.1 we list the kernels that we compare in the image gradient analysis. We are
interested in not only the size of the error but also its structure. In particular, if an anisotropic
response will negatively affect the calculation of the directional derivative. Here we demonstrate
the action of the stencils on the Gaussian function f(z,y) = exp[—(x/0,)* — (y/oy)?]. We
compare the numerical derivatives calculated by the kernels to the analytical derivative given
as

TO,

Vf=- I (4.7.11)
Yoy

A plot of the test function and the analytical derivative are shown in fig. 4.7.2.

0.8
0.6
0.4
0.2

Figure 4.7.2: Gaussian test function and the magnitude of its derivative.

0.10

We have included a number of direct numerical derivatives. The magnitude and phase
error of the kernels are given in fig. 4.7.3. The central fourth-order and forward third-order
methods [168] have no smoothing components in the perpendicular direction. Both methods

only evaluate four points per pixel, but the fourth order central method is far more accurate,
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as we might expect. These methods all display anisotropy.

The sobel filter, third order and fourth order kernels display a slight anisotropy where the
diagonal terms are underestimated in comparison to the primary x, y-axes. The Scharr, five
tap and seven tap kernels improve on this, with an identical response at all angles, as they are

designed to [148].

4.7.3 Supplementary figures

Figure 4.7.4: Example microscopy image of ternary structures within a stress granule. Dark voids are
present within the bright GFP-G3BP1 region. The composition of the voids are currently unknown.
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Chapter 5

Discussion






In this work we aimed to develop computational approaches to study stress granule dynamics
and quantify their material properties in living cells. In Chapter 3 we introduced a reaction-
diffusion model, that despite its relatively simple rules, was able to accurately capture the
size and time distributions of granules formation and gain some insight into the microscopic
behaviour of the granule components, in particular the nature of the material lost from the
granule due to coarsening. We further outlined several scenarios that might be explored with
a system of two aggregating components. The key challenge here is to parameterise the model
parameters, particularly to relate them to experimental observables.

The simulation was also flexible enough to perform the in-silico experiments in Vietri et
al, including diffusion while bound to a spherical surface and more complex interactions with
the model geometry, such detecting if a particle a passes through a pore. We managed to
make significant optimisations to the simulation, which greatly aided in the exploration of
the parameter space. The optimisations of the memory reads are a significant step towards
SIMD (Single Instruction, Multiple Data) optimisation in future work. Rewriting the collision
detection to make use of SIMD on a CPU requires a good understanding of the underlying
compiler behaviour, but would offer a substantial increase in the speed of the particle detection
step as a single processor core could, optimally, calculate the distance between 4-16 particles
in parallel [104]. A much more extreme approach would be to rewrite the code to run a on
GPU (graphics processing unit), these are capable of thousands or millions SIMD operations
in parallel, but are much worse at complex logic and would require a significant change in
implementation of the diffusion and decay steps as well. However, in the best case scenario,
the end result can be a one or two orders of magnitude increase in speed [102, 105].

Some packages do allow for rigid body accumulation of particles, where a particle freezes in
place when it interacts with another particle, allows for the build up of complex 3d structures.
Our method of accumulation into an increasingly large droplet is a more natural fit for an
LLPS system, but a combination of the two approaches may help in modelling scaffold-client
structures or the build up of fibrils with in the granules.

Similarly to the granule explorer, this code could also be made into a package. It would face
competition from other more mature packages such as Gromacs and ReaDDY, but our software
does offer a couple of unique advantages, mainly regarding the attrition of material from
droplets. Although, it would be important to first refine the user interface and documentation,

and optionally include quality-of-life improvements such as the ability to view the movies of
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the particles mid-simulation, as is offered in packages such as Smoldyn [115].

We have demonstrated that flicker spectroscopy is a powerful method to investigate stress
granules in living cells in Chapter 4. The close agreement between our measurements with
the estimated values in the literature, combined with our extensive simulations allow us to
be confident in these results. We have also shown that we can distinguish between different
treatments and transfected cells. Even though our own efforts to apply the method to more
variants have been temporarily halted due to the pandemic, we are excited to see how it will
be used in the community as stress granules are an area of great interest in the literature, and
their anomalous formation has been linked to both aging and neuro-degenrative diseases [169,
62, 170].

There are several interesting potential avenues for future development in the method. We
did not expect there to be a significant bending rigidity in stress granules, and while we have
several conjectures, these need to be investigated experimentally. It is only in the last two years
that other groups in the field have produced microscopy images of ternary structure within
the stress granules, thanks to development in state-of-the-art tools such as STED, STORM
[72] and expansion microscopy [67]. Therefore, it may be possible to investigate these potential
candidates in-vivo using microscopy directly. It is currently unknown if this term is unique to
stress granules or found in other biological compartments.

A great deal of information about droplet structure could also be gained from looking at
the (temporal) frequency of the fluctuation modes. When there is no viscosity, the frequency
follows a simple relation that depends on the nature of the forces binding the droplet. For
instance, in a droplet dominated by surface tension, the frequency, wy, of the mode ¢ is given
by

2

ok (5.0.1)

wast = 4a(q —1)(q +2)
where p is the density of the droplet [171]. While, for a droplet with a bulk charge distribution,

this is instead,

1 kEQ?
(q+2)(2¢+1) 7R3 |’

2 _ Q(q - 1)
wq,charge - 3
pR

3
b 5.0.2
o 5 ( )

where @ is the total charge on the granule [172]. Likewise, we can also give an expected

spectrum for a droplet where the charge is only distributed on the surface of the droplet
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[173]. Then in a manner similar to the flicker spectroscopy method, we would measure an

2

; and fit this against the spectra above to recover the

experimental frequency spectrum w
most suitable spectrum and the best fit parameters. This approach is of particular interest
to biological compartments, as it would allow us to probe the distribution negatively charged
mRNA throughout the droplet. There also exists a spectrum for a droplet surrounded by a
flexible layer [174, 129] that may give insight into the nature of the bending rigidity found in
stress granules. Further, insight into the frequency spectrum of stress granules would allow us
to make the corrections discussed in sec. 4.6.3 and remove a source of underestimation for the
measured surface tension.

However, in the spectra given in eq. (5.0.1) and (5.0.2), there is an assumption that both the
droplet and the surrounding medium are non-viscous, which is an inappropriate approximation
for the cytoplasm of a cell and the introduction of this viscosity term vastly complicates the
fluctuation spectrum. This problem was first studied by Chandrasekhar [175] and the resultant
fluctuation spectrum is entirely non-trivial and must be solved numerically. Fortunately, Reid
[176] showed the underlying spectra can be separated from the viscosity effect, and so—at
least, in practice—it is still possible to distinguish the nature of the fluctuations.

We could also expand the pool of stress granules available for analysis, as currently a
significant number of the granules we image prove unsuitable. This is mostly due to the
restriction that we are only able to describe radial functions', as at this time we parameterise
the surface as S = R(1 + Zl’m YimUim). Instead, we might define the surface using SPHARM,
this is a parameterisation used in biophysics and medical imaging that can describe any

arbitrary shape [177, 178, 179]. This gives the surface, §, as a function of two parameters v, w,

x(v,w) l Ul
§(v,w) = | y(v,w) | = Z Z U;{m Yim - (5.0.3)
=0 m=—
z(v, w) Uim

This means that instead of one set of perturbation magnitudes to describe the surface, U ,,,

there are now three sets (U, imo U 4

Lm Uf,m)' This parameterisation is chosen as the energy of

the surface can be given rather simply in terms of the of derivatives oS / v, S / Ow and

the corresponding second order derivatives [167|. This would allow us to then construct an

1. Granules for which we can define a central point and describe all the surface as a singe radius, r as function
of some angle ¢, this rules out granule with any “overlap” for which there would be multiple values of r.
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expression for the fluctuation energy as function of (U}, Ulym,

Uf ), analogous to eq. (4.1.6)
which could then be fit against the experimental fluctuation spectrum of any arbitrary shape
to measure its surface tension and bending rigidity. Care would still have to be taken with
granules that are wetting onto a membrane or in the middle of merging event, however, as
changes in the surface of these granules will likely not be dominated by fluctuations.

Granule explorer should prove to be a powerful tool for other groups that wish to investigate
stress granules, and the flicker spectroscopy tools are general enough to be applied to any
biological LLPS system of similar size or larger. Even if the user is not interested in flicker
spectroscopy, the package can also be used to detect and categorise granules in still images
without the complications of a more general image processing tools.

There was a surprising amount of difference between working code used for research in an
individual group and a package to share with the community. This included ensuring that there
was documentation and user interface suitable for users of all computational expertise. I believe
the dual command line and web-based interface has achieved that, and the ability to track
individual granules and diagnostic figures throughout the analysis has helped dramatically
in our own debugging. Developing the package has also personally helped to enforce good
programming practices such as test-driven development and continuous integration, to ensure
that the software can be installed and run easily for other users.

In future, the software might also be expanded to cover the analysis of fluctuating vesicles as
there is much of an overlap in both the theory and implementation. The two most significant
changes would be to the boundary detection step and the experimental spectrum. Detecting
the boundary of vesicles may be somewhat easier; vesicles are much typically much larger
than biological LLPS systems and, unlike droplets, there is a well-defined surface that may be
detected unambiguously, so an edge detection kernel will not have to be applied. The time-
series fluctuations of vesicles are also much better understood, so corrections can be made to

the experimental spectrum, for instance, to account for the blurring of the interface.

146



Chapter 6

Appendix






A Conventions

A.1 Spherical Coordinates

We use the convention more commonly seen in physics, as shown in fig. A.1, where 0 > ¢ > 27
is the longitude/azimuth angle and 0 > 6 > = is the altitude/inclination angle.

This gives a conversion between Cartesian and spherical coordinates as

x = rsinf cos (A.1)
y=rsinfsingp (A.2)
y=rcosf . (A.3)

A.2 Spherical Harmonics

We define the complex spherical harmonics as

Y0, 0) = N P" (cos )™ (A4)
Z
Figure A.1: Convention used for spherical har-
X ( r, 0 ) g P
R A (p monics. From [180]
M
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APPENDIX A. CONVENTIONS

with: P/ the associated Legendre polynomials with the Cordon-Shotley phase; [ > 0 the
degree of the spherical harmonics and —I > m > [ is the order of the spherical harmonic.

The normalisation is given by

2041 (1 —m)!
N = LA A.
! 4 (I +m)! (A.5)

As we are primarily interested in real surfaces, we also make use of the real analogues of

the spherical harmonics, Y},,, defined to be,

V2im [v{™] it m <0

Yim = ¢ Y0 if m =0 (A.6)

V2Re[Y™]  ifm >0,
or equivalently,

)
\/§Nl|m|Pl|m|(cos 0)sin(|m|p) ifm <0

Yim = 4 NP P(cos 0) itm=0 (A.7)

V2N P/ (cos 0) cos(mep) ifm>0.
\
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