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Abstract

The establishment of cell architecture, whether in a migrating cell, a polarized ep-

ithelial cell, or an asymmetrically dividing stem cell, requires proper intracellular

patterning. One mechanism by which cells are able to locally concentrate molecules

in space is through directed transport, typically through the action of cytoskeletal-

motor networks.

Using polarization of the C. elegans embryo as a model system, I sought to

understand how actomyosin cortical flows drive efficient segregation of polarity

proteins to one side of the cell. Prior data established that anterior PAR proteins

are segregated into the anterior by cortical actomyosin flows, yet the mechanisms

underlying this transport are unclear. More recent work suggested that oligomeriza-

tion of PAR-3 and its ability to recruit other aPAR proteins is specifically required

for efficient segregation. This data raised additional questions: Do all membrane-

associated molecules sense flows? Do particular features of molecules such as clus-

tering enable their segregation by advection? How is this regulated to enable correct

spatiotemporal control of protein targeting?

We combined single molecule tracking methods with perturbation of PAR-3

cluster dynamics to directly assess the ability of polarity molecules to be advected

by flows and how this may be affected by cluster regulation. My results suggest

that a variety of polarity molecules are advected by cortical flows, allowing flow to

shape molecular distributions. At the same time, not all molecules are advected, or

at least not advected efficiently, indicating that specific molecular features of pro-

tein complexes facilitate advection. Surprisingly, despite being required for efficient

segregation, clustering of PAR-3 is not required to sense flows. Moreover, although
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clustering alters diffusivity, the observed changes are minimal and would not be ex-

pected to substantially alter their ability to be segregated. Rather, clustering is most

likely required to shape the pattern of membrane association, potentially through

positive feedback, though this remains to be definitively explored.



Impact Statement

One of the fundamental problems in biology is the transport of chemicals across

space. While intrinsic processes such as diffusion are sufficient for distributing

nutrients within small cells such as bacteria, larger cells and organisms need more

developed methods to control distribution. One such method is bulk fluid flow. This

form of transport can be used within individual cells, to regulate processes such as

cell polarity. In this thesis, I investigate how evolutionarily conserved PAR proteins

are moved by the bulk flow of the acto-myosin cortex and what specific features

enable them to do so.

The findings of this thesis revise initial hypotheses that clustering of proteins

is required for their instantaneous transport by acto-myosin flows, and indicate that

clustering may serve other primary purposes such as maintaining stable polarized

domains. This advances our understanding of how cells are able to establish and

maintain a geometric axis based on the asymmetric localization of proteins.

To reach these conclusions, I established novel single molecule imaging and

tracking methods to track both protein clusters and freely diffusing molecules, and

decompose their motion into separate diffusive and advective components. Us-

ing this method in combination with CRISPR/Cas9 gene editing methods, I could

relate transport efficiency to specific characteristics of proteins, such as oligomer-

ization ability and membrane binding affinity. As acto-myosin cortical flows are

a widespread phenomenon, for example in migrating cells, this image analysis

method can be applied to different cellular contexts to determine if individual

molecules are able to be advected by cortical flows. Additionally, the CRISPR

methodologies I have established in the lab, based on antibiotic resistance, will help
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members of the lab to generate gene edited worm strains faster, with a more efficient

use of their time.

This work was also carried out as a participating member of the Marie Curie

Innovative Training Network ’PolarNet’, which aimed to understand the principles

of cell polarity establishment and maintenance, and their relevance to pathological

conditions. Through PolarNet, I have contributed to the dissemination of my work

by presenting my research at scientific conferences and communicating to the wider

audience via public engagement activities.
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Chapter 1

Introduction

1.1 Patterning and polarization of cells by intra-

cellular flows
Note: Concepts in this section have been adapted from (Illukkumbura et al., 2020).

The transport of molecules by fluids and how this transport is regulated has

been a topic of study in many different contexts. This ranges from pollen move-

ment through the air (Brown, 1828) to nutrient distribution in the circulatory sys-

tem (Scholander P.F., 1960) and even spreading of viruses by wind currents (Bhagat

et al., 2020).

Intrinsically, all molecules exhibit some kind of random motion due to thermal

energy or collisions with other molecules (Berg, 1983). This type of motion is

known as diffusion and it acts as a method of passive transport in which molecules

are able to disperse along a concentration gradient. While simple diffusion allows

proteins to move across the length of small cells like bacteria in milliseconds, the

insufficiency of this mode of transport becomes apparent when length scales and

timing are taken into account. The same protein would take hours to traverse the

1 mm Xaenopus laevis egg, and days to move along a 1 cm neuronal axon (Milo

and Phillips, 2016), making diffusion too slow to execute the transport processes

necessary for proper cellular functioning.

In general, cells also require more specific control over the rate and directional-

ity of transport in order to facilitate spatio-temporal organization at the sub-cellular
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subunit
gain

subunit 
loss

Direction of cargo transport
Direction of cargo transport

subunit
gain

subunit 
loss

Motor protein

a b

Figure 1.1: Modes of cytoskeletal driven active transport. (a) Treadmilling-driven trans-
port. During Pseudomonas phage infection, the polymerization of tubulin-like
filaments (PhuZ, orange) at the cell poles drives treadmilling and flux of sub-
units, which carry the attached viral capsids (blue) to the cell center. Tread-
milling of PhuZ filaments also drives rotation of the phage nucleus (dark blue)
to distribute arriving capsids around its surface (Chaikeeratisak et al., 2019).
(b) Motor-driven transport. Plus-end-directed kinesin motors drive anterograde
transport of dense core vesicles (DCVs) along axons to growth cones (Pack-
Chung et al., 2007).
Portions of figure and legend reprinted from Illukkumbura et al. (2020)

scale. Looking into the bustling world of an individual cell, we can find many

directed intra-cellular transport processes working together in concert within the

fluid-like cytoplasm.

1.1.1 Intra-cellular transport mechanisms

Directed active transport is achieved in various forms; the most widely used method

of cargo carrying is by motor proteins moving along cytoskeletal networks (Fig. 1.1

b), such as actin or microtubules, that have intrinsic structural polarity (Vale, 2003).

Cargo ’surfing’ at the ends of polymerizing/depolymerizing cytoskeletal filaments

is another method of active transport commonly used by pathogens, such as Liste-

ria and Rickettsia, and somewhat similar mechanisms were recently discovered in

Pseudomonas phage infection (Fig. 1.1 a). In both modes of transport, the rapid

exchange kinetics of cytoskeletal subunits and the speed of motor proteins allow for

swift responses to signalling events and significantly outpaces diffusion.
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Another alternative to motor driven transport is the non-specific transport of

molecules by fluid flows. These flows consist of an entire body of moving fluid,

much like a river, which is able to move anything suspended or flowing within it.

This form of transport is known as advection. As the cytoplasm, plasma membrane

and actin cortex have fluid-like properties, they are able to flow and drive the advec-

tive transport of molecules. The key difference between bulk flow driven transport

and motor driven transport is that the cargo need not be directly bound to motor

proteins nor are they carried along specific cytoskeletal tracks; instead what occurs

is the transport by flux of material. These types of flows can drive the asymmetric

distribution of proteins and thereby play an important role in processes such as the

establishment of cell polarity, fate specification and cell migration (Bray and White,

1988; Maiuri et al., 2015).

1.1.2 Intra-cellular fluid flows and how they are generated

The earliest known example of intra-cellular bulk flows was that of cytoplasmic

flows in Characean algae (Corti, 1774) where long-range internal fluid flows are

thought be critical for the transport of nutrients and metabolites (Goldstein et al.,

2008). Cytoplasmic flows (also known as cytoplasmic streaming/ cyclosis) have

since then been observed in diverse cell types including algae and plants, and in

the oocytes of many species; eg: Drosophila, Xenoupus, mouse and starfish oocytes

(Goldstein et al., 2008; Niwayama et al., 2011; Goldstein and van de Meent, 2015;

Quinlan, 2016; Klughammer et al., 2018). The mechanisms behind the generation

of these flows vary, but they are most frequently brought about by the action of

cytoskeletal components and viscous coupling. This can be from the active motor-

driven transport of vesicles/organelles along the cytoskeletal tracks, or from the

bulk flow of cytoskeletal elements themselves (eg: the actin cortex), either of which

can hydrodynamically couple to the surrounding cytoplasm and entrain its motion

(Fig. 1.2 b), (Niwayama et al., 2011; Goldstein and van de Meent, 2015; Mogilner

and Manhart, 2017; Illukkumbura et al., 2020). Cytoplasmic flows can also arise

from myosin-generated pressure gradients (Keren et al., 2009), hydrostatic pressure

increases as a result of cell shape deformation (Charras et al., 2005; Prentice-Mott
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Figure 1.2: Viscous coupling of fluid layers. (a) Model for reverse fountain flow stream-
ing driven by cortical actomyosin (red). Here, flow of the actomyosin cortex
(red arrows) generates shear stress, which is transmitted to the overlaying mem-
brane (brown arrows) and adjacent cytoplasm (orange arrows). Motion of the
cortex can therefore be coupled to flow of both cytoplasmic components (green
arrows) and transmembrane proteins with their surrounding lipids (dark brown
arrows, inset). (b) Model of circulatory flow (cyclosis) in a plant cell. Myosin
XI (purple, inset) transports large organelles, such as the endoplasmic retic-
ulum, along oriented cortical actin filaments (purple arrows), inducing flow
of the cytoplasm (orange arrows) in which they are moving. The cytoplasm
is hydrodynamically coupled to the vacuole interior (green) via the vacuolar
membrane. Thus, shear stress originating from Myosin XI motion at the cell
cortex propagates throughout the various compartments of the cell, driving the
observed pattern of fluid flow.
Figure and legend reprinted from Illukkumbura et al. (2020)
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et al., 2013) and osmolyte concentration differences (Stroka et al., 2014). These

mechanisms have been extensively discussed in reviews like Goldstein and van de

Meent (2015); Tao et al. (2017) and Mogilner and Manhart (2017), making it in-

creasingly clear that the fluid mechanics of the cytoskeleton and the cytoplasm are

closely linked.

Arguably the most widely discussed cytoskeletal-driven flows are in relation

to the actin cortex (Bray and White, 1988). A classic example is that of a lamel-

lipodium of a migrating cell (Abercrombie et al., 1970, 1971). The lamellipodium

is a thin extension of membrane at the cell where polymerization of actin filaments

at the leading edge creates protrusive forces and gives rise to retrograde flow. As

polymerization causes the network to extend to the front, the overall network flows

rearward, accelerated by the contractile activity of non-muscle myosin II at the rear

of the cell. Through the generation of local contractile stress, NMY-2 also facilitates

actin network disassembly, which together with the action of actin disassembly fac-

tors, such as the actin severing protein cofilin, allows recycling of actin monomers

back to the leading edge to sustain continued subunit addition, ultimately giving rise

to a conveyor-belt like flow of the cortical actin network from front to rear (Ridley,

2011).

For the cell to move, this internal actin flow must ultimately be transduced into

a force that can be applied to the substrate to propel the cell forward and there-

fore the actin network must be mechanically coupled to membrane components.

Put another way, the internal flow of actin must drive directed transport of plasma

membrane components on the outside of the cell. This is achieved in part through

the binding of membrane anchored cell adhesion molecules, like integrins and cad-

herins, to the actin network via adapter proteins such as talin and vinculin (Case

and Waterman, 2015). An example of the rearward movement of transmembrane

components is the retrograde transport of signalling receptors within filopodia fol-

lowing binding to the epidermal growth factor (EGF) and adapter proteins that link

to actin (Lidke et al., 2005).

Additionally, the flow of actin beneath the plasma membrane may also indi-
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Figure 1.3: Retrograde flows in cell migration (a) Schematic representation of the actin
cytoskeleton in a migrating cell. Actin polymerization (black arrows) in the
lamellipodium exerts protrusive forces on the membrane at the leading edge
and gives rise to retrograde flows (yellow arrows). (b) In migrating cells, a
polarized cycle of endocytosis and exocytosis of membrane components, with
exocytosis at the leading edge coupled to endocytosis at the cell rear, leads to
retrograde flow of material in the bilayer (red arrows). It has been hypothesized
that this membrane flow could act as a ‘fluid drive’ to propel the cell forward.
Portions of figure and legend reprinted from Illukkumbura et al. (2020)

rectly induce flow of membrane components through the effects of viscosity, as in

the case of cytoplasmic flows. As molecules directly connected to the actin network

are pulled through the membrane, they would be expected to entrain the motion of

surrounding membrane components, which would be transported along with them.

Physical consideration of the membrane as a 2-D liquid overlaying a visco-elastic

actin cortex suggests that the membrane could sustain the shear stress produced by

retrograde flows and thus flow along with the underlying cortex (Fig. 1.2 a).

Moving beyond the lamellipodium, we find acto-myosin driven flows in differ-

ent cellular contexts but with similar general principles engaged in the generation

of the flow. Cortical flows play a prominent role in polarizing C. elegans zygotes

(Goehring et al., 2011b) and Drosophila neuroblasts (Roubinet et al., 2017; Oon

and Prehoda, 2019). We also find cortical flows into the cleavage furrow of divid-

ing cells, where it is proposed that they help align actin filaments and concentrate

molecules (Reymann et al., 2016).

While it is generally accept that actin polymerization and retrograde flows

drive cell migration, there have also been arguments that membrane trafficking
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could propel cells forward (Fig. 1.3 b). This proposed ’fluid drive’ was thought

to function through local deposition of membrane material via exocytosis at the

leading edge and subsequent retrieval by endocytosis towards the rear (Bretscher,

1996). In this model, membrane components would necessarily undergo net flux

towards the rear independently of actin cortex movement. Evidence for this model

is lacking and recent work based on membrane tension measurements suggests that

lipid flow may actually be restricted to distances on the order of a micron, contra-

dicting the idea of a global lipid movement (Shi et al., 2018; Chein et al., 2019;

Jacobson et al., 2019). However, rearward cortical and membrane flows have also

recently been discussed in the context of amoeboid cell migration (O’Neill et al.,

2018), which is a form of adhesion-independent migration (Paluch et al., 2016).

Resolving this question of long range lipid flow will require more insight into the

dynamic nature of the plasma membrane and is not the focus of this project.

In this thesis, I focus largely on acto-myosin driven cortical flows and their

widespread ability to transport molecules and generate highly polarized distribu-

tions of signalling molecules.

1.1.3 Life at high Péclet numbers

So far I have focussed on the existence of flow-dependent transport, but molecu-

larly, how does this work? Proteins that are directly bound to the flowing cortex

(as well as those with indirect connections via adaptor proteins) are moved along

with the flow (i.e. they are advected) but it is still unclear how molecules that

are membrane-bound are also transported. Are there specific features that allow

some molecules to tap into flows? Do only some molecules ‘feel’ flow, for exam-

ple through physical association or entanglement with the actin meshwork? Or do

all membrane-associated molecules ‘feel’ these cortical flows, with their effective

transport defined by their molecular dynamics?

To answer these questions, we must first understand what governs molecular

movement. Two factors contribute to the motion of a particle suspended in flow:

advection and diffusion. The efficiency of directed transport can be calculated as

a ratio of these two factors, which is captured by the dimensionless Péclet number
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(Pe = Lu/D, where L is the typical length scale of motion, u is the velocity, and D is

the effective diffusion coefficient). If we think about transport along a membrane,

we also need to consider exchange between the membrane and a cytoplasmic pool.

In the cytoplasm, diffusion is assumed to be extremely rapid (Milo and Phillips,

2016; Goehring et al., 2011a), so once a molecule detaches from the membrane, its

position becomes randomized. Therefore, the rate of dissociation (ko f f ) limits the

the distance that the molecule can travel such that L =
√

D/ko f f . As in Goehring

et al. (2011b), this can be incorporated into the expression of the Péclet number as

follows:

Pe =
u√

ko f f D
(1.1)

Note that in equation 1.1 diffusion and dissociation rates are critical deter-

minants of net transport. With increasing diffusion/turnover, the Péclet number

is reduced, and advection is less dominant (Pe << 1). With decreased diffu-

sion/turnover, the Péclet number is increased, indicating more efficient advective

transport (Pe >> 1) (Goehring et al., 2011b; Illukkumbura et al., 2020). Tuning

the efficiency of directed molecular transport by flows can be achieved by shifting

these kinetic parameters as discussed in Illukkumbura et al. (2020). In the case of a

polarizing flow (e.g. flow from one pole of a cell), the balance of kinetic parameters

directly specify the magnitude of asymmetry achieved (Fig. 1.4).

One commonly used mechanism of regulating the Pe number of a given

molecule is clustering. Oligomerization of membrane-associated molecules causes

a significant reduction in diffusion due to an increase in size (Iino et al., 2001).

Bigger molecules experience increased drag forces, and are also subjected to lo-

cal membrane compartmentalization or corralling by membrane-associated actin

(Nakada et al., 2003; Suzuki et al., 2005; Gowrishankar et al., 2012; Heinemann

et al., 2013; Lee et al., 2018). Clustering can also increase the avidity of molecules

for membrane/cytoskeletal structures - if an individual protein only has a weak as-

sociation with the flowing cortex, by oligomerizing to form a large assembly, it can
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Figure 1.4: Generation of molecular asymmetries by cortical flows. Flow-induced
asymmetry depends on the ratio of diffusive and advective transport. For
membrane-associated species subject to advection, asymmetric accumulation
by flow will depend on multiple factors: flow velocity, diffusion rates on the
membrane and in the cytoplasm, and the rate of exchange between the mem-
brane and cytoplasmic compartments. Here, we consider two simplified cases
in which flow velocity is held constant and we vary either diffusion or mem-
brane dissociation rates. In (a), we consider a molecule that is stably associated
with the membrane (i.e. does not exchange). For a given flow velocity, asym-
metry is inversely related to the diffusion coefficient – gradients steepen as the
diffusion is reduced (i.e. increasing Pe). In (b) we consider the case of vary-
ing membrane detachment rates, holding diffusion in the two compartments
fixed, in this case (Dmem = 0,Dcyto = 1 µm2/s). Here, asymmetry declines
with decreasing lifetime of the bound state, as the time spent being advected is
decreased relative to the time spent diffusing (i.e. decreasing Pe). Plots show
distributions from a 1-D simulation implementing a graded velocity function
across the system where flow velocity u = −0.005 ∗ x (µm/s). Concentration
shown in green.
Figure and legend reprinted from Illukkumbura et al. (2020)

cause a significant increase in its affinity to the flow. Recently, the phenomenon of

liquid-liquid phase separation has been proposed to facilitate the accumulation of

low-affinity cortex binding proteins into macroscopic bio-molecular condensates,

thus enabling their collective transport by actin flows (Schwayer et al., 2019). De-

pending on the protein, a mixture (or all) of these factors can contribute to an in-

crease in its Pe number as a result of clustering.

However, a high Pe number alone may be insufficient in determining whether

molecules are capable of establishing lasting asymmetries. Concentration profiles

of transported molecules are ultimately a balance between their advection, diffusion
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Figure 1.5: Flow induced molecular asymmetries is a balancing act. (a) In migrating
cells, retrograde actin flow transports molecules towards the rear end of the
cell. The accumulation of molecules at the rear by flow is opposed by turnover
at the membrane which allows molecules to be recycled back to the cell front.
A fast rate of turnover and recycling coupled to local deposition at the leading
edge allows concentration at the cell front (yellow species), while slow turnover
(green) drives accumulation at the rear. (b) Altering turnover in a simple math-
ematical model of advective transport can dramatically alter the concentration
profile of molecules across the cell. Here a slowly diffusing molecule on the
membrane (D = 0.01) is subject to flow as in Figure 1.4 and recycled to the cell
front at variable rates krecy.
Figure and legend reprinted from Illukkumbura et al. (2020)

& exchange kinetics and trafficking mechanisms. This is well illustrated in the

case of N-Cadherin-mediated adherens junctions in migrating astrocytes, where the

junctions initially undergo retrograde transport by actin flows to the cell rear, where

they are then internalized and recycled in the formation of new junctions at the

leading edge (Peglion et al., 2014). Shifting this rate of recycling can counteract the

effects of flow in generating a gradient (Fig. 1.5).

Importantly, a low Pe number does not indicate that molecules are unable to

sense and be transported by flows, merely that over the time scales considered,

diffusion dominates molecular motion. To detect whether molecules are able to

sense flows, the advective component that contributes to its displacement must be

distinguished from its diffusive component, a feat that is challenging for extremely
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fast diffusing molecules.

Once molecules are able to tap into flows, their transport can facilitate a range

of functions that have in the past been associated with nutrient mixing (Pickard,

2003), persistent cell movement (Bray and White, 1988; Maiuri et al., 2015) and

cellular patterning & polarization (Munro et al., 2004; Goehring et al., 2011b).

1.2 Cell polarity

1.2.1 What is cell polarity?

Cell polarity is a fundamental feature observed across almost all cells. Broadly

speaking, it is the ability of cells to define a geometric axis through the asymmetric

localization of proteins and/or cellular compartments. This is sometimes reflected

by distinct sub-cellular morphologies and is usually accompanied by specialized

functions. For example, neurons have several short dendrites and one long axon;

these function as signal input and output units respectively, to allow for the uni-

directional propagation of an action potential. Polarity can also be observed in

multi-cellular contexts, as in epithelial apico-basal polarity where the specified axis

is coordinated across a tissue to form barriers that define the direction of nutrient

uptake. Cell polarity also plays a critical role in establishing cellular identity. Stem

cells are characteristic of this, where the mother stem cell is able to self-renew by

dividing asymmetrically to give rise to one daughter cell that retains its stem cell

fate, and another that can commit to a particular cell fate. This ubiquitous nature of

cell polarity makes it critical for developmental cellular processes such as prolifer-

ation, differentiation and morphogenesis (Nelson, 2003; Etienne-Manneville, 2004;

St Johnston and Ahringer, 2010; St Johnston, 2018).

Consequently, loss of polarity and the mis-regulation of polarity proteins have

been associated with pathological conditions such as cancer and developmental de-

fects such as Spina bifida (incomplete neural tube closure) (McCaffrey and Macara,

2011; Macara and McCaffrey, 2013; Butler and Wallingford, 2017). Considering

the importance of cell polarity, biologists are extremely interested in how cells are

able to generate lasting asymmetries with molecules that are inherently dynamic in
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Figure 1.6: Examples of cell polarity. Microscope images highlighting examples of cell
polarity in diverse cellular process (a) Neuronal axon specification (b) Asym-
metric cell division(Drosophila m. neuroblast), (c) Epithelial apico-basal po-
larity (follicular epithelium of Drosophila m. and (d) Oriented cell migration.
Red and cyan colouring reflect the asymmetric localization of different sets of
polarity proteins. Images not to scale.

nature.

Despite the diverse contexts that cell polarity is observed in, there are simi-

larities between the mechanisms that establish and transduce polarity. This can be

generalized into a series of events: a symmetry breaking cue, regulation of the cy-

toskeleton, the establishment and maintenance of polarity by dedicated feedback

pathways and the subsequent transduction into downstream signalling processes

that orchestrate specific cellular activities (St Johnston and Ahringer, 2010). These

commonalities are in part due to the molecular players that are responsible: the

evolutionarily conserved PAR proteins.

1.2.2 The PAR polarity network

The PARtitioning-defective proteins constitute a highly conserved network of polar-

ity proteins that have multi-faceted interactions with cellular architecture (Goldstein

and Macara, 2007; Lang and Munro, 2017). The genes responsible for encoding

these proteins were first discovered in the nematode worm Caenorhabditis elegans
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from the results of a maternal effect lethal screen (Kemphues et al., 1988). Since

then, PAR proteins and their homologs have been identified in various species across

metazoa and have been implicated in the regulation of polarity in numerous cellular

contexts (Goldstein and Macara, 2007; Hoege and Hyman, 2013; Goehring, 2014;

Lang and Munro, 2017).

A key feature of the PAR proteins is their ability to form discrete membrane

domains that define a polarity axis. Here, they regulate each others localization

and activity through antagonistic interactions (eg: inhibition via phosphorylation

of key residues). While the specific molecular components in these domains, as

well as the mechanisms that induce polarity and the subsequent functional results

of polarity differ depending on the context, the interactions between PAR proteins

appear to be highly conserved.

Broadly defined, the core PAR network consists of: the scaffolding protein

PAR-3 (Bazooka in Drosophila), the PDZ domain protein PAR-6, the kinases aPKC

(atypical Protein Kinase C) and PAR-1, and the small Rho-family GTPase CDC-

42. Depending on the cellular system, other proteins or different complexes are tied

together with these core components.

For example, epithelial specific polarity complexes such as the Crumbs com-

plex (CRB-PALS1-PATJ apical complex) and the Scribble complex (DLG-SCRIB

baso-lateral complex) function together with the PAR network to establish api-

cal and baso-laterial identities in epithelial tissue (Rodriguez-Boulan and Macara,

2014). The PARs also interact with many other polarity regulators; of particular in-

terest is that of the conserved FERM family (four-point-one, ezrin, radixin, moesin)

which provide linkages between the plasma membrane and the cytoskeleton and

have been implicated in both epithelial polarity contexts and developmental con-

texts (Dard et al., 2004; Rodriguez-Boulan and Macara, 2014; McClatchey, 2014).

1.2.3 Different paths to polarity

Having introduced the star players of the polarity program, we can now address the

question of how polarity is established. Cells are able to polarize in response to both

extra-cellular and intra-cellular cues. Neutrophils are, for instance, able to polarize
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in response to chemokine gradients in their surrounding environment and exhibit

front-rear polarity as they migrate towards high concentrations of chemo-attractants

(Servant et al., 2000). On the other hand, an intra-cellular cue provided by the

paternal centriole of the C. elegans zygote is responsible for breaking the initial

symmetry of the zygote (Rose and Gonczy, 2014; Klinkert et al., 2019; Zhao et al.,

2019). However, the budding yeast Saccharomyces cerevisiae is able to seemingly

spontaneously polarize in the absence of cues by using a positive feedback loop that

amplifies an initial stochastic asymmetry of active Cdc-42 localization (Kozubowski

et al., 2008; Rapali et al., 2017; Witte et al., 2017).

Despite the broad variation in mechanisms of polarity establishment, some

common themes have begun to emerge. These cellular strategies involve switch-

ing from a non-polarized state to a polarized state and are reviewed in Etienne-

Manneville (2004); St Johnston (2018) and Peglion and Goehring (2019). I have

also discussed a role for intra-cellular fluid flows in polarization processes in Il-

lukkumbura et al. (2020). In this section, I briefly discuss a few examples of po-

larity establishment and maintenance in early development, where polarity leads to

asymmetric cell divisions and fate specification.

1.2.3.1 Drosophila oocytes

During oogenesis in Drosophila, PAR proteins function to specific the anterior-

posterior axis of the oocyte by forming complimentary domains. The oocyte is

contained in an egg chamber, together with 15 nurse cells, and is surrounded by

a layer of somatic follicle cells (Bastock and St Johnston, 2008). Signals from

posterior follicle cells induce symmetry breaking in the oocyte (Gonzâlez-Reyes

et al., 1995), causing Bazooka (the PAR-3 homolog in Drosophila), CDC-42, PAR-

6 and aPKC to accumulate at the anterior and lateral zones of the oocyte, while PAR-

1 and LGL (Lethal Giant Larvae) become enriched at the posterior (Doerflinger

et al., 2010).

Here, mutual antagonism functions to keep the domains separate. aPKC phos-

phorylates PAR-1 and LGL to exclude them from the anterior/lateral cortex and

in turn PAR-1 phosphorylates Baz to block its oligomerization and ability to bind
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aPKC (Doerflinger et al., 2010; Benton and St Johnston, 2003b). Proteins such as

Slmb have also been implicated in removing PAR-6/aPKC from the posterior and re-

cruiting PAR1 (Morais-de Sá et al., 2014). PAR polarity then functions downstream

to organize microtubules and direct the localization of fate determinants bicoid and

oskar mRNAs and Staufen protein. Additionally, recent work has shown that cy-

toplasmic streaming and directed transport along microtubules by motor proteins

act in partially redundant mechanisms to drive posterior determination (Lu et al.,

2018).

1.2.3.2 Drosophila neuroblasts

Neural progenitors in Drosophila melanogaster, also known as neuroblasts, gener-

ate the central nervous system of the organism through a series of asymmetric cell

divisions. Upon cytokinesis, the neuroblast gives rise to two daughter cells that are

of distinct cell size and fate; one is another neuroblast which can divide asymmetri-

cally and self-renew, while the other is a ganglion mother cell (GMC) that commits

to generating neurons or glia in subsequent divisions (Chia et al., 2008). These

asymmetric divisions are directed by apico-basal polarity where PAR proteins play

a prominent role.

In the polarity establishment of neuroblasts, Bazooka localizes to the apical

cortex, and alongside CDC-42, it recruits PAR-6 and aPKC to form an apical do-

main during mitosis. Bazooka also recruits the neuroblast specific protein Inscute-

able which in turn recruits an additional complex consisting of Pins/Gα/DLG which

orient the mitotic spindle. Here, polarity maintenance does not seem to function on

the basis of mutual antagonism as baso-lateral inhibition does not function to restrict

apical proteins. However, aPKC is able to phosphorylate GMC fate determinants

such as Numb and Miranda which excludes them from the apical domain (Atwood

and Prehoda, 2009; Hannaford et al., 2018). These become basally enriched to-

gether with other fate determinants such as Brat and Prospero.

The initial localization of Bazooka to the apical cortex occurs prior to neu-

roblast de-lamination from the neuroectoderm, which itself is an apico-basally po-

larized epithelial tissue (Broadus and Doe, 1997). As polarity is re-established in
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subsequent divisions it has been suggested that spatial cues could serve as a type of

’memory’ to consistently orient polarity with the orientation of previous divisions

(Januschke and Gonzalez, 2010). The Aurora A kinase has been implicated in acti-

vating the PAR complex such that aPKC is able to phosphorylate Numb (Wirtz-Peitz

et al., 2008). Recently, cortical flows have also been suggested to aid the definition

of these polarity domains (Roubinet et al., 2017; Oon and Prehoda, 2019). It is likely

that kinase feedback together with other mechanisms reinforces the establishment

and maintenance of polarity in neuroblasts.

1.2.3.3 The pre-implantation mouse embryo

In Drosophila and C.elegans, cell polarity defines the anterior-posterior body axis

very early in development; during oogenesis in Drosophila, through a bicoid gradi-

ent and shortly after fertilization in C. elegans, by two antagonistic PAR domains. In

contrast, the blastomeres of the early mouse embryo are equivalent in developmen-

tal potential until the 8-cell stage (Guo et al., 2010) 1, when they begin to acquire

apico-basal polarity (Ziomek and Johnson, 1980) and increase in acto-myosin con-

tractility, leading to a morphogenetic process known as compaction (Maı̂tre et al.,

2015). Polarized cells are able to undergo either asymmetric cell division (where

one daughter is polarized and the other is not) or symmetric divisions (where both

daughter cells are polarized). Inheritance of the apical domain defines the blas-

tomere position within the embryo and its eventual fate, with polarized cells tak-

ing up an ’outside’ position and acquiring a trophectoderm (extra-embryonic) fate,

while unpolarized cells taking up an ’inside’ position and acquiring an inner-cell-

mass (embryonic) fate (Korotkevich et al., 2017; Maı̂tre et al., 2016).

The apical domain of the 8-cell blastomeres is rich in many polarity proteins

including PAR-3, PAR-6, aPKC and ERM proteins (Ezrin, Radixin, Moesin), while

the baso-lateral regions are defined by the localization of E-cadherin, the PAR-1

homolog EMK-1 and PIP3 (Plusa et al., 2005; Halet et al., 2008; Anani et al., 2014;

Korotkevich et al., 2017). Depletion or inhibition of these apical components dis-

1This is contested by some, arguing that differences arise as early as the 4-cell stage (Goolam
et al., 2016)
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rupts polarity at the 8-16 cell stages, and so does the depletion/inhibition of RhoA

GTPase, indicating a possible correlation between acto-myosin contractility and po-

larization. However, the exact mechanism of polarization was unknown apart from

the fact that it was an intrinsic cue that initiated symmetry breaking, as it was shown

that isolated 8-cell blastomeres were able to polarize cell-autonomously (Korotke-

vich et al., 2017).

Recent work by Zhu et al. (2020) demonstrated that ezrin localizes into clus-

ters on the apical domain and this was the first building block that built the apical

domain. Using a combination of photo-conversion experiments and computational

modeling, Zhu et al. (2020) showed that cooperative recruitment of ezrin by exist-

ing clusters enabled the concentration of molecules to form an apical domain. This

work also suggests that the lateral mobility of ezrin on the membrane was positively

regulated by RhoA signalling which controlled the spreading of the domain. While

a precise mechanism is still lacking, the processes of clustering, positive feedback

and restricted mobility seem to coordinate the establishment of apico-basal polar-

ity in the mouse embryo similar to other cellular contexts which use some of these

general mechanisms as well (Peglion and Goehring, 2019).

1.3 Polarization of the Caenorhabditis elegans zygote

The C. elegans zygote is a commonly used model for studying the mechanisms

governing cell polarity. The large embryo (≈ 50 µm in length and ≈ 30 µm in

diameter) is fast developing and easily imaged using microscopy due to its trans-

parency, and the wealth of genetic information and methodologies available for use

make it a very convenient model system. It was in this system that the PAR pro-

teins were initially discovered (Kemphues et al., 1988; Watts et al., 2000; Morton

et al., 2002). Here, PAR proteins drive polarization and the asymmetric segregation

of germline fate in a series of asymmetric stem cell-like divisions beginning in the

one-cell embryo (P0 cell). During the course of the first cell cycle, PAR proteins

form two antagonistic membrane associated domains that spatially restrict germline

fate determinants into the smaller posterior daughter (P1 cell). This process is then
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Table 1.1: PAR proteins in the C. elegans zygote and their characteristics.
Adapted from (Lang and Munro, 2017).

Name Description Localization in the
polarized zygote

Conserved in
metazoa?

PAR-1 Kinase Posterior cortex Yes
PAR-2 RING protein Posterior cortex No
PAR-3 Scaffold protein Anterior cortex Yes
PAR-4 Kinase Uniform Yes
PAR-5 14-3-3 protein Uniform Yes
PAR-6 Adaptor protein Anterior cortex Yes
PKC-3 Kinase Anterior cortex Yes
CDC-42 Small GTPase Anterior cortex Yes
CHIN-1 Putative Rho GAP Posterior cortex Yes
LGL-1 Tumour suppressor Poseterior cortex Yes

repeated in a series of ever smaller cells (P1, P2, P3 cells) to restrict germline fate to

a pair of germline founder cells (Z2, Z3) by the symmetric division of the P4 cell.

The two subsets of the PAR proteins in C. elegans have been termed the ante-

rior PAR proteins (aPARs) and posterior PAR proteins (pPARs) because they spec-

ify the anterior-posterior (A-P) axis of the worm by their predominant localization at

the anterior and posterior membrane regions of the embryo respectively. The aPARs

consist of the oligomeric scaffolding protein PAR-3, PAR-6, the kinase PKC-3 and

the GTPase CDC-42 (Kemphues et al., 1988; Gotta et al., 2001). The pPARs include

the serine-threonine kinase PAR-1, the RING finger protein PAR-2 (conserved in

Caenorhabditis), LGL-1 and the putative Rho GAP CHIN-1 (Beatty et al., 2010;

Kumfer et al., 2010; Hoege et al., 2010). Additionally, PAR-4 and PAR-5 are uni-

formly distributed in the zygote (Watts et al., 2000; Morton et al., 2002), (Table

1.1).

1.3.1 Setting up the A-P axis

The process of how the PAR proteins organize themselves spatio-temporally to give

rise to a polarized system has been decomposed into multiple steps: (1) Symmetry

breaking, (2) the polarity establishment phase, (3) the polarity maintenance phase,

and (4) asymmetric cell division (Cuenca et al., 2003), (Fig. 1.7).

Prior to symmetry breaking, aPARs are uniformly localized on the membrane

of the zygote, with pPARs distributed in the cytoplasm (Cuenca et al., 2003). This
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Maintenance Phase Asymmetric cell divisionPre-symmetry breaking Establishment Phase

Figure 1.7: Polarization of the Caenorhabditis elegans zygote is a multi-step process.
Top panel: representative images of an an embryo labelled with PAR-6 (red,
membrane), PAR-2 (blue, membrane), DNA (red, nucleus), and centrosomes
(blue, cytoplasm). Bottom panel: schematic representation of each stage.
Anterior PAR proteins (aPARs, red) are initially uniformly distributed on the
membrane. The symmetry breaking cue (purple) from the centrosome pair
(black spheres) induces the segregation of aPARs into the anterior and promotes
the loading of pPARs at the posterior pole. The two opposing PAR domains
drive the polarization of cytoplasmic factors such as MEX-5/6 (green) and P
granules (orange). Mitotic spindle displacement during cytokinesis gives rise
to two daughter cells of distinct cell size and fate.
Schematics adapted from Rodriguez et al. (2017).

symmetry is broken by signals from the paternally donated centrosome which in-

duce anterior directed cortical flows (Cowan and Hyman, 2004; Munro et al., 2004;

Goehring et al., 2011b; Rose and Gonczy, 2014). The exact nature of the symmetry

breaking cue was undefined until recently, when studies suggested that the local-

ization and activity of the Aurora A (AIR-1) kinase to centrosomes brings about

symmetry breaking through regulation of the actomyosin cortex (Zhao et al., 2019;

Klinkert et al., 2019; Kapoor and Kotak, 2019). However, precocious polarization

has been observed in some contexts, such as during oocyte maturation, indicating

that centrosome independent symmetry breaking is possible (Reich et al., 2019;

Klinkert et al., 2019). Work from our lab, indicated that PAR proteins are able to

respond to multiple cues, and specificity is ensured by the activity of AIR-1 and

PLK-1 (Polo-like) kinases which act to temporally regulate the activation of the

PAR network such that it only responds to the cue presented from the sperm centro-

some (Reich et al., 2019).

The symmetry breaking cue is thought to first bring about the local down reg-

ulation of RHO-1 activity, which in turn down-regulates acto-myosin contractil-
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Figure 1.8: Symmetry breaking in the Caenorhabditis elegans zygote.
(A) Centrosomes from the paternally donated microtubule organizing centre
(the sperm MTOC: Gray nucleus; cyan centrosomes; yellow microtubules)
provide a symmetry breaking cue which induces large scale acto-myosin cor-
tical rearrangement (orange NMY-2, blue F-actin). Local down-regulation of
RHO-1 activity results in asymmetric contractions and cortical flow, that cause
ruffling and eventually results in the formation of a transient furrow called
the pseudocleavage furrow. (B) Cortical flows drive the segregation of PAR-
3/PKC-3/PAR-6 (green) into the nascent anterior half of the embryo, providing
the opportunity for PAR-2/PAR-1 (red) to bind to the cortex at the posterior
pole. (C) Activity of small GTPases such as RHO-1 and CDC-42 is initially
enriched uniformly (pink), but is slowly restricted to the anterior as a result of
symmetry breaking.
Adapted from Munro and Bowerman (2009).
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ity in the posterior; however, definitive data about the mechanism remains lacking

(Jenkins et al., 2006; Motegi and Sugimoto, 2006; Zhao et al., 2019). The result-

ing anisotropy in cortical tension along the A-P axis triggers anterior-directed cor-

tical flows (Mayer et al., 2010). This long range flow causes the segregation of

membrane-bound PAR-3, PKC-3 and PAR-6 into the anterior cortex (Munro et al.,

2004; Goehring et al., 2011b), providing the opportunity for pPARs to associate

with the posterior cortex (Fig. 1.8).

Part of the symmetry breaking cue is thought to promote the posterior loading

of PAR-2 onto the membrane via a microtubule dependent pathway that prevents

PAR-2 phosphorylation by PKC-3 (Motegi et al., 2011). Embryos are seemingly

able to also polarize in the absence of contractility using this pathway, but polariza-

tion is delayed in this instance (Motegi et al., 2011). Once PAR-2 loads onto the

cortex, it in turn recruits PAR-1, which can polarize aPARs (Motegi et al., 2011).

The two opposing domains are rapidly formed and this is known as the ’establish-

ment phase’ of polarity, which coincides with mitotic interphase.

As the domains evolve to a steady state, the ‘maintenance phase’ follows

(the M (mitotic) phase), in which the two domains remain relatively stable in size

and positioning (Cuenca et al., 2003). During the establishment and maintenance

phases, PAR proteins orchestrate numerous downstream pathways to ensure the

asymmetric segregation of fate determinants and coordinate the positioning of the

mitotic spindle to finally give rise to an asymmetric cell division.

1.3.2 Mutual antagonism between the aPARs and pPARs

How are the aPAR and pPAR localizations kept distinct? Biophysical experiments

involving fluorescence recovery after photobleaching (FRAP) methods demon-

strated that the PARs are laterally diffusive proteins that are able to freely diffuse

down a concentration gradient and are continually undergoing exchange between a

membrane-associated state and a cytoplasmic pool (Goehring et al., 2011a), (Fig.

1.9). These dissipative processes allow the PARs to enter their opposing domains,

and thus mechanisms are required to maintain their asymmetric distributions.

Early studies led to the thought that mutual inhibition between aPARs and
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Figure 1.9: Reaction-diffusion PAR model.
aPARs (A species, red) and pPARs (P species, blue) exchange (arrows) between
a well-mixed cytoplasm and a membrane-associated state. When on the mem-
brane, they are able to diffuse laterally (wavy arrows) and until the antagonistic
activity of the opposing domain promotes their detachment from membrane
(dashed arrows).
Adapted from Goehring et al. (2011b)

pPARs, via their respective kinases PKC-3 and PAR-1, was sufficient to maintain

segregation of PARs within the complementary opposing domains. PKC-3 is both

necessary and sufficient to prevent pPAR binding to the anterior cortex by phos-

phorylating residues in the membrane binding motifs of PAR-1, PAR-2 and LGL-1

(Hao et al., 2006; Hoege et al., 2010; Motegi et al., 2011). In turn, PAR-1, can

phosphorylate PAR-3 and inhibit the local accumulation of PAR-3 clusters at the

posterior pole (Motegi et al., 2011; Sailer et al., 2015), (Fig. 1.10). Together these

data have provided the foundation for simple mathematical models that are able

to recapitulate the core features of the polarization process (Tostevin and Howard,

2008; Dawes and Munro, 2011; Goehring et al., 2011b).

These early mutual antagonism models of polarity considered the aPARs and

pPARs as two distinct complexes (based on similarities in phenotype) that acted

locally to promote one another’s dissociation (Goehring et al., 2011b), (Fig. 1.9);

however, since then it has been revealed that the dynamics and molecular circuitry

of PAR proteins are much more complex, with multiple sub-complexes within the

aPARs and multiple cross-inhibitory circuits acting to maintain polarity (Fig. 1.10).

These discoveries have in part been facilitated by the use of methods such as
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Figure 1.10: Core molecular interactions of the PAR network.
(A) A schematic view of the structures of PAR proteins, their key domains and
phosphorylation sites which mediate interactions within the network. Direct
binding indicated by solid lines; Phosphorylation/ GAP activity indicated by
dotted lines. (B) A functional view of core molecular interactions between
PAR proteins and their consequences in terms of membrane association, dis-
sociation and cluster formation.
Adapted from Lang and Munro (2017)

single molecule imaging which were used to further investigate the dynamics of the

PAR proteins. (Robin et al., 2014) used single molecule imaging to demonstrate

that the reduced concentration of PAR-6 in the posterior was not the result of an

asymmetric dissociation rate stimulated by pPARs as assumed in the mutual antag-

onism model. PAR-6 instead underwent an asymmetric recruitment rate, promoted

by the enrichment of PAR-3 and active CDC-42 in the anterior (Robin et al., 2014;

Sailer et al., 2015). In addition to the local inhibition of PAR-3 by PAR-1 in the pos-

terior, a second redundant pathway ensured CDC-42 restriction to the anterior by

the activity of CHIN-1 which accumulates in clusters at the posterior pole (Kumfer
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et al., 2010; Sailer et al., 2015).

Single molecule imaging of PAR-2 has also revealed that PAR-2 exhibits an

asymmetric dissociation rate that correlates with the concentration and activity of

PKC-3 (Arata et al., 2016), consistent with the mutual antagonism model. Addition-

ally studies have shown that LGL-1 functions redundantly with PAR-2 in polarity

maintenance, and the asymmetry of LGL-1 is also PKC-3 dependent (Beatty et al.,

2010; Hoege et al., 2010).

These multiple mechanisms and cross-phosphorylation reactions together

function in maintaining discrete aPAR and pPAR domains. The emerging insight

into the complexity of PAR protein behaviours also makes it clear that more studies

into the dynamics of PARs are required for a comprehensive understanding of the

system.

1.4 Advective transport of the PAR proteins

1.4.1 Long range cortical flows trigger advection of PAR pro-

teins

The C. elegans zygote exemplifies the establishment of polarity by intra-cellular

flows. aPAR proteins are transported away from the posterior by acto-myosin flows

that are triggered by the symmetry breaking cue, establishing initial asymmetries

in PAR localization (Munro et al., 2004; Goehring et al., 2010). As aPARs are

moved by flows they also promote anterior contraction through what appears to be

an effective positive feedback circuit; consistent with this model, the depletion of

PAR-3/PAR-6/PKC-3 results in reduced cortical flow velocities, although the exact

molecular mechanism by which they do so remains elusive (Munro et al., 2004).

LGL-1 and PAR-2 are thought to inhibit posterior contractility, further maintaining

the gradient of cortical tension and preventing the re-distribution of aPARs into the

posterior (Munro et al., 2004; Beatty et al., 2010).

As the acto-myosin cortex moves towards the anterior, it displays continuous

pulsed contractions, with NMY-2 forming foci that assemble and move a short dis-

tance before disassembling (Munro et al., 2004; Michaux et al., 2018). These dy-
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Figure 1.11: Cortial flows in C. elegans. Cortical acto-myosin flow is induced by
anisotropy of network contractility. This anisotropy is caused by the sperm-
donated centriole, which stimulates the local downregulation of NMY-2 activ-
ity (purple foci) at the posterior pole, resulting in anterior-directed flow (red
arrows) of cortical actin (orange). NMY-2 foci exhibit pulsed contractions
with cycles of assembly and disassembly as they move.
Figure and legend adapted from Illukkumbura et al. (2020).

namics of acto-myosin contractility are largely regulated by the activity of the small

GTPase RHO-1, which undergoes cycles of activation and inactivation mediated by

its GAPs (RGA-3/4) and GEFs (ECT-2). Active RHO-1 further stimulates down-

stream effectors such as ROCK (RHO kinase) and formins (CYK-1) to regulate

F-actin assembly and NMY-2 phosphorylation, driving local contractions, which ul-

timately drive flow of the entire acto-myosin network towards the anterior (Michaux

et al., 2018). A key question has been how this cortical flow drives the segregation

of aPARs.

Direct binding of molecules to the cortex could provide one mechanism for

transport. Transmembrane proteins such as HMR-1 (E-cadherin homolog), HMP-

2 (beta-catenin homolog) and LAD-1 (L1CAM homolog) have all been observed

to be moved by cortical flows and become enriched in the anterior (Munro et al.,

2004). All these proteins are linked to the actin cytoskeleton via binding mediated

by their cytoplasmic domains and in some cases, through adaptor proteins. While

many of these proteins flow, it is unclear how this would work in the case of the

PAR proteins, as there is no evidence suggesting that aPARs are able to directly
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associate with cortical acto-myosin. FRAP experiments together with the use of

pharmacological inhibitors latrunculin A, cytochalasin D and nocadazole revealed

no significant changes in the dynamics of PAR-6/PAR-2 when compared to wild-

type embryos. Furthermore, aPARs do not display any significant co-localization

with NMY-2 puncta and their association with the membrane is independent of

acto-myosin (Goehring et al., 2011a).

An alternative mechanism proposed by (Goehring et al., 2011b) is through hy-

drodynamic coupling of membrane associated molecules with the underlying cor-

tex, wherein the aPARs are advected by the cortical flow. This type of coupling has

been observed between the cortex and the cytoplasm, driving concomitant cytoplas-

mic flows during the establishment phase (Hird and White, 1993). Using a combi-

nation of experiments and computational fluid dynamics, Niwayama et al. (2011)

demonstrated how hydrodynamic coupling between the cortex and cytoplasm al-

lowed shear forces generated by cortical acto-myosin movement to drive cytoplas-

mic flow, resulting in bi-directional streaming. Whether these cytoplasmic flows are

simply a consequence of cortical flows, or serve an independent purpose is unclear.

It was initially thought that the cytoplasmic flows transport protein-RNA complexes

known as P-granules, but it is now known that P-granules are phase separated liquid

droplets that do not depend on flow for their asymmetric localisation (Brangwynne

et al., 2009; Smith et al., 2016). Nevertheless, it may be possible that cytoplasmic

flows aid posteriorization in other ways (Mittasch et al., 2018). Whether a similar

type of hydrodynamic coupling between the cortex and membrane exists and is suf-

ficient to drive flow of membrane molecules is a controversial idea, much like that of

membrane flow mediated by trafficking (Fig. 1.3 b), but in principle could provide

a potential mechanism for transport of membrane-associated molecules including

segregation of aPARs.

1.4.2 Protein-protein clustering may aid advection

Regardless of the mechanism, whether specific molecular and/or physical features

enable aPARs to be transported remains unclear. Further investigation into the spe-

cific localization of the aPARs has revealed that while PAR-3, PKC-3, PAR-6 and
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Figure 1.12: PAR-3 oligomerization is critical for advective transport.
Schematic depiction of PAR-3 oligomers being advected by anterior-directed
cortical flows. Current models suggest that PAR-3 monomers (top inset) are
highly diffusive and exchange between the membrane and cytoplasm rapidly,
making advection inefficient (low Pe). By contrast, PAR-3–dependent clusters
(bottom inset) remain membrane-associated much longer and exhibit reduced
diffusion (high Pe), facilitating long-range transport.
Figure and legend reprinted from Illukkumbura et al. (2020).

CDC-42 all localize at the anterior, they only demonstrate partial co-localization

(Beers and Kemphues, 2006). Recent work suggests that PAR-6 and PKC-3 - which

are able to heterodimerize - display functionally distinct assemblies: (1) a clustered,

PAR-3 dependent assembly with PKC-3 activity inhibited which is capable of being

transported into the anterior by cortical flows, and (2) a diffused, CDC-42 depen-

dent assembly with active PKC-3 which restricts pPAR localization in the anterior

(Rodriguez et al., 2017).

Manipulation of PAR-3 oligomerization has revealed that clustering is critical

for aPAR segregation into the nascent anterior half of the C. elegans zygote, sug-

gesting a link between clusters and advection (Rodriguez et al., 2017; Dickinson

et al., 2017; Wang et al., 2017).

PAR-3 clustering is mediated by its conserved N-terminal CR1 domain, which

allows individual molecules of PAR-3 to associate in a ”front-to-back” manner via

electrostatic interactions between charged residues (Zhang et al., 2013). While
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PAR-3 monomers have weak membrane binding activity from its C-terminal se-

quence and its PDZ2 domain, it is thought that clustering increases the binding avid-

ity of PAR-3, allowing it to more stably interact with the membrane as an oligomer

(Li et al., 2010a; Feng et al., 2007). This is supported by oligomerization-defective

mutants of PAR-3 which display extremely reduced levels of PAR-3 at the mem-

brane (Li et al., 2010a; Feng et al., 2007; Zhang et al., 2013; Dickinson et al., 2017;

Rodriguez et al., 2017). In C. elegans, these mutants are unable to segregate PAR-3

into the anterior efficiently, even with the addition of stable membrane tethers, sug-

gesting that clustering or CR1 specific characteristics play a significant role in the

ability of PAR-3 to be advected by cortical flows (Rodriguez et al., 2017).

Single particle tracking techniques employed by Dickinson et al. (2017) hint

towards a correlation between cluster size and the effective Péclet number, with

brighter clusters demonstrating reduced diffusion and increased membrane resi-

dency times and thus having a higher net displacement. However, limitations of

the technique make it unclear whether smaller PAR-3 oligomers (dimers, trimers)

are advected, whilst the advection of freely diffusing monomeric proteins has not

been considered at all. Additional caveats of the method included the use of trajec-

tory lengths to estimate membrane residency time. The observed reduced lifetime

of dimmer clusters may have been a result of their fast diffusion combined with the

fact that they are more easily photo-bleached during imaging, both of which makes

them harder to track for longer time periods.

We therefore sought to understand the role and regulation of PAR-3 clustering

in the context of aPAR segregation. The specific aims of this project were to first

assess how clustering enabled efficient segregation of PAR-3, by establishing sin-

gle molecule techniques optimized for distinguishing diffusive and advective trans-

port. By modulating clustering through selective mutations and mediating artificial

clustering of PAR-3 oligomerization-defective mutants, this project aimed to define

whether specific features allowed individual proteins on the membrane to be trans-

ported by flows. In the context of existing polarity models, the project also aimed

to investigate how PAR-3 clustering is regulated and assess the ability of PAR-3
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independent PAR-6/PKC-3 molecules to be advected by cortical flows.





Chapter 2

Materials and Methods

2.1 C. elegans culture and strains
C. elegans strains were maintained under standard conditions (Brenner, 1973) at

20◦C (except where noted), on NGM (nematode growth media) plates seeded with

OP50 bacteria. For temperature sensitive lines, feeding was performed at 15◦C for

48-72 hr and shifted to 25◦C overnight before imaging. See Table 2.1 for details of

all strains used in this work.

Table 2.1: C. elegans strains used

Name Genotype Description Source

OD58
unc-119(ed3) III; ltIs38[pAA1; pie-1::GFP::PH(PLC1 δ1)

+ unc-119(+)]
GFP::PH (Bombarded) Oegema Lab

FT204
unc-119(ed3) III; xnIs87[Psyn-4::GFP::syn-4::syn-4 3’UTR

+ unc-119(+)]
SYX-4::GFP (Bombarded) Nance Lab

KK902 itIs178 [par-3::gfp + unc-119(+)]; unc-119(ed4) III PAR-3::GFP (Bombarded) Kemphues Lab

KK973
itIs169 [Ppar-3::par-3 CR1 delta(69-82), unc-119(+)]; unc-

119(ed4) III

PAR-3 (∆69 − 82)::GFP
(Bombarded)

Kemphues Lab

KK1216 par-3(it298 [par-3::gfp]) III PAR-3::GFP (CRISPR) Kemphues Lab

LP282
par-6(cp60[par-6::mKate2::3xMyc + LoxP unc-119(+)

LoxP])I; par-3(cp54[mNG::3xFlag::par-3]) III

NeonGreen::PAR-3
(CRISPR), PAR-6::mKate2

(CRISPR)

Goldstein Lab

LP620 par-3(cp322[HaloTag∧PAR-3]) III Halo::PAR-3 (CRISPR) Goldstein Lab

LP634 pkc-3(cp328[HaloTag∧PKC-3]) II Halo::PKC-3 (CRISPR) Goldstein Lab

LP654 par-6(cp346[PAR-6::HaloTag]) I PAR-6::Halo (CRISPR) Goldstein Lab

NWG0004
unc-119(ed3) III; zuIs45[nmy-2::NMY-2::GFP + unc-

119(+)] mCherry::tbb-2
NMY-2::GFP (Bombarded) Goehring Lab

NWG0030
unc-119(ed3) III; xnIs94 [pJN455: hmr-1::HMR-1-

GFP::unc-54 3’UTR; unc-119(+)]
HMR-1::GFP (Bombarded) Francois Robin

NWG0032 unc-119(ed3); xnIs522 [hmp-1-gfp, unc-119(+)] HMR-1::GFP (Bombarded) Francois Robin
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Table 2.1: C. elegans strains used (contd.)

Name Genotype Description Source

NWG0054 par-3(it298 [par-3::gfp]) III;pkc-3(ne4246) II
PAR-3::GFP (CRISPR), pkc-3

ts
Goehring lab

NWG0055
unc-119(ed3)III;ddIs26 [mCherry::T26E3.3;unc-199(+)];

par-6(it310[par-6::gfp])
PAR-6::GFP (Bombarded) Goehring lab

NWG00146

nmy-2(cp52[nmy-2::mkate2 + LoxP unc-119(+) LoxP])

I; unc-119 (ed3) III; zuIs45[nmy-2::NMY-2::GFP + unc-

119(+)] V

NMY-2::GFP (Bombarded),

NMY-2::mKate2 (CRISPR)
This study

NWG00147

nmy-2(cp52[nmy-2::mkate2 + LoxP unc-119(+) LoxP]) I;

unc-119 (ed3) III; unc-119(ed3) III; xnIs94 [pJN455: hmr-

1::HMR-1-GFP::unc-54 3’UTR; unc-119(+)]

HMR-1::GFP (Bombarded),

NMY-2::GFP (Bombarded)
This study

NWG00148
unc-119(ed3) III; zuIs45[nmy-2::NMY-2::GFP + unc-

119(+)] V; par-3(cp322[HaloTag∧PAR-3]) III

Halo::PAR-3 (CRISPR),

NMY-2::GFP (Bombarded)
This study

NWG00150
par-3(it298 [par-3::gfp]) III;nmy-2(cp52[nmy-2::mkate2 +

LoxP unc-119(+) LoxP]) I

PAR-3::GFP (CRISPR),

NMY-2::mKate2 (CRISPR)
This study

NWG00153 par-3(crk26[par-3(S863A)::gfp]*KK1216)
PAR-3(S863A)::GFP
(CRISPR)

This study

NWG00156

nmy-2(cp52[nmy-2::mkate2 + LoxP unc-119(+) LoxP]) I;

unc-119 (ed3) III; unc-119(ed3) III; xnIs94 [pJN455: hmr-

1::HMR-1-GFP::unc-54 3’UTR; unc-119(+)]

HMR-1::GFP (Bombarded),

NMY-2::GFP (Bombarded)
This study

NWG00196

crkEx1[pNG19: mex-5p::PHplcd1::GBP::mKate::nmy-

2UTR + unc-119(+)]; itIs169 [Ppar-3::par-3 CR1 delta(69-

82), unc-119(+)]; unc-119(ed4) III

PH-GBP::mKate
(CRISPR/MosSCI), PAR-3

(∆69−82)::GFP (Bombarded)

This study

NWG00211
nmy-2(cp13[nmy-2::gfp + LoxP]) I; par-6(cp346[PAR-

6::HaloTag]) I

PAR-6::Halo (CRISPR),

NMY-2::GFP (Bombarded)
This study

NWG00220 par-3(it298 [par-3::gfp]) III, spd-5(or213) I
PAR-3::GFP (CRISPR), spd-5

ts (EMS mutagen)
This study

NWG00236
crkEx2[pRI021: mex-5p::PHplcd1::HAL(1-

105)::GFP::nmy-2UTR + unc-119(+)]

PH::HAL(1-105)::GFP
(CRISPR/MosSCI)

This study

NWG00255

unc-119(ed3) III; crkEx1[pNG19: mex-

5p::PHplcδ1::GBP::nmy-2UTR + unc-119(+)]; xnIs87

[Psyn-4::GFP:::syn-4::syn-4 3’UTR + unc-119(+)]

SYX-4::GFP (Bombarded),

PH-GBP (CRISPR/MosSCI)
This study

NWG00256

Par-3(crk49[HaloTag::PAR-3[delta69-

82]*NWG0148)/hT2[qIs48]; unc-119(ed3) III; zuIs45[nmy-

2::NMY-2::GFP + unc-119(+)] V

Halo::PAR-3 (∆69 − 82)
(CRISPR), NMY-2::GFP (Bom-

barded)

This study

NWG00261
par-6(cp346[PAR-6::HaloTag]) I, unc-119(ed3) III;

zuIs45[nmy-2::NMY-2::GFP + unc-119(+)] V

PAR-6::Halo (CRISPR),

NMY-2::GFP (Bombarded)
This study

NWG00262
par-3(crk51[HaloTag::PAR-3[delta69-

82]*NWG0148)/hT2[qIs48]; unc-119(ed3) III

Halo::PAR-3 (∆69 − 82)
(CRISPR)

This study

NWG00271

par-3(crk55[HaloTag::PAR-3[delta69-

82]GCN4*NWG0148)/hT2[qIs48]; unc-119(ed3)

IIIzuIs45[nmy-2::NMY-2::GFP + unc-119(+)] V

Halo::PAR-3 (∆69 − 82)
GCN4 (CRISPR), NMY-2::GFP

(Bombarded)

This study
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Table 2.1: C. elegans strains used (contd.)

Name Genotype Description Source

NWG00275

par-6(cp60[par-6::mKate2::3xMyc + LoxP unc-119(+)

LoxP])I; par-3(crk59[mNG::3xFlag::par-3[delta69-

82]GCN4*LP282]) III

NeonGreen::PAR-3
(∆69−82) GCN4 (CRISPR),

PAR-6::mKate2 (CRISPR)

This study

NWG00282

par-6(cp60[par-6::mKate2::3xMyc + LoxP unc-119(+)

LoxP])I; par-3(crk65[mNG::3xFlag::par-3[delta69-

82]*LP282])/qC1 dpy-19(e1259) glp-1(q339) III

NeonGreen::PAR-3
(∆69 − 82) (CRISPR),

PAR-6::mKate2 (CRISPR)

This study

NWG00292
par-3(crk65[mNG::3xFlag::par-3[delta69-

82]*LP282])/qC1 dpy-19(e1259) glp-1(q339) III

NeonGreen::PAR-3
(∆69−82) (CRISPR)

This study

NWG00294

par-6(cp60[par-6::mKate2::3xMyc + LoxP unc-119(+)

LoxP])I; par-3(crk71[mNG::3xFlag::par-3[delta69-

82]RitC*LP282])/qC1 dpy-19(e1259) glp-1(q339) III

NeonGreen::PAR-3
(∆69− 82) RitC (CRISPR),

PAR-6::mKate2 (CRISPR)

This study

NWG00295
par-3(crk71[mNG::3xFlag::par-3[delta69-

82]RitC*LP282])/qC1 dpy-19(e1259) glp-1(q339) III

NeonGreen::PAR-3
(∆69−82) RitC (CRISPR)

This study

NWG00298

par-3(crk73[HaloTag::PAR-3[delta69-

82]RitC*NWG0148)/qC1 dpy-19(e1259) glp-1(q339)

III; unc-119(ed3) III zuIs45[nmy-2::NMY-2::GFP +

unc-119(+)] V

Halo::PAR-3 (∆69 − 82)
RitC (CRISPR), NMY-2::GFP

(Bombarded)

This study

NWG00299

par-3(crk73[HaloTag::PAR-3[delta69-

82]RitC*NWG0148)/qC1 dpy-19(e1259) glp-1(q339)

III

Halo::PAR-3 (∆69 − 82)
RitC (CRISPR)

This study

NWG00300

par-3(crk74[PAR-3[delta69-82]*NWG0261)/qC1 dpy-

19(e1259) glp-1(q339) III; par-6(cp346[PAR-6::HaloTag])

I, unc-119(ed3) III; zuIs45[nmy-2::NMY-2::GFP + unc-

119(+)] V

PAR-3 (∆69−82) (CRISPR),

PAR-6::Halo (CRISPR), NMY-

2::GFP (Bombarded)

This study

NWG00301

par-3(crk74[PAR-3[delta69-82]*NWG0261)/qC1 dpy-

19(e1259) glp-1(q339) III; unc-119(ed3) III; zuIs45[nmy-

2::NMY-2::GFP + unc-119(+)] V

PAR-3 (∆69−82) (CRISPR),

NMY-2::GFP (Bombarded)
This study

NWG00302

par-3(crk74[PAR-3[delta69-82]*NWG0261)/qC1 dpy-

19(e1259) glp-1(q339) III; par-6(cp346[PAR-6::HaloTag])

I

PAR-3 (∆69−82) (CRISPR),

PAR-6::Halo (CRISPR)
This study

NWG00303
par-3(crk74[PAR-3[delta69-82]*NWG0261)/qC1 dpy-

19(e1259) glp-1(q339) III
PAR-3 (∆69−82) (CRISPR) This study

NWG00309
par-3(crk59[mNG::3xFlag::par-3[delta69-

82]GCN4*LP282]) III

NeonGreen::PAR-3
(∆69−82) GCN4 (CRISPR)

This study

NWG00310

unc-119(ed3) III; crkEx1[pNG19: mex-

5p::PHplcd1::GBP::mKate::nmy-2UTR + unc-119(+)];

him-5 (e1490) V; par-3(it298 [par-3::gfp]) III/hT2[qIs48]

PAR-3::GFP / Balancer
(CRISPR), PH-GBP:mKate
(CRISPR/MosSCI)

This study

NWG00311

unc-119(ed3) III; crkEx1[pNG19: mex-

5p::PHplcδ1::GBP::mKate::nmy-2UTR + unc-119(+)];

him-5 (e1490) V; par-3(it298 [par-3::gfp]) III

PAR-3::GFP (CRISPR),

PH-GBP:mKate
(CRISPR/MosSCI)

This study
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Table 2.1: C. elegans strains used (contd.)

Name Genotype Description Source

NWG00315

unc-119(ed3) III; crkEx1[pNG19: mex-

5p::PHplcδ1::GBP::mKate::nmy-2UTR + unc-119(+)];

him-5 (e1490) V; par-3(it298 [par-3[delta69-82]::gfp])

III/hT2[qIs48]

PAR-3(∆69 − 82)::GFP
(CRISPR), PH-GBP:mKate
(CRISPR/MosSCI)

This study

2.2 RNA interference mediated knockdown
RNAi was carried out using the feeding method (Kamath and Ahringer, 2003).

RNAi agar plates were prepared by seeding standard nematode growth media agar

plates containing 1 mM IPTG (Isopropyl β -d-1-thiogalactopyranoside) with 150

µl of an overnight 3 mL culture of bacteria expressing the desired RNAi sequence

(which was spiked with 30 µl of 1 M IPTG prior to seeding), and left at room tem-

perature overnight. L4 larvae were placed on seeded RNAi plates for 16-24hrs and

incubated in a dark box at room temperature, unless stated otherwise. Experiments

using temperature sensitive mutants and mlc-4 RNAi were incubated with equal

numbers of male N2 worms, at 25 °C for 48 hrs. The RNAi feeding clone targeting

the GFP sequence (xfp) was obtained from Dr. Christian Eckmann and transformed

into HT115 bacteria. fRNAi clones for cdc-42, nop-1, perm-1, pkc-3 were obtained

from the Ahringer collection (Source Bioscience). fRNAi clones for mlc-4, spd-5

were obtained from the Hyman lab.

2.3 Generation of endogenous PAR-3 CRISPR mu-

tants
Homologous recombination using CRISPR/Cas9 was used to target PAR-3 such

that selected amino acid sequences could be deleted and alternative amino acid se-

quences could be added in frame. Repair templates were designed and ordered from

Integrated DNA Technologies (IDT) as single stranded ultramers or megamers, de-

pending on the length of the sequence to be inserted, and contained the insertion

sequence/modification in addition to flanking regions of 40-60 base pairs of un-

modified genomic homology on either side of the modification (Table 2.2). Silent
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mutations were added to the HRT (Homologous Repair Template) to include a silent

AciI restriction site for screening purposes (WatCut Tool). sgRNA sequences were

identified using the UCSC Genome Browser on C. elegans based on proximity to

the ends of the deletion area and were ordered from IDT as Alt-R crRNAs. As the

same deletion was carried out in each par-3 mutation, the same combination of cr-

RNA1 and crRNA2 was used in each case (Table 2.3). A co-CRISPR strategy was

used to initially screen for a dominant phenotypic oligonucleotide-templated con-

version event at the dpy-10 locus to enrich the par-3 modifications as in protocols

used in Arribere et al. (2014). To this end appropriate dpy-10 crRNA sequences and

repair templates were used (Arribere et al., 2014).

L4 stage worms were picked on to a fresh NGM plate the evening before the

injection and placed at 20 °C. crRNAs were annealed with tracrRNA (IDT) by

combining 0.5 µl tracrRNA (4 mg/mL) with 2.8 µl crRNA guide (100 mM) and

2.7 µl duplex buffer (IDT), and incubated at 95°C for 5 minutes and then left at

room temperature until preparation of the Cas9-sgRNA ribonucleoprotein injection

mix. An example of a 20 µl injection mixture can be observed in Table 2.4. This

mixture was incubated for 10 minutes at 37 °C, and centrifuged for 15-20 mins at

13,000 rpm. ≈ 30 L4’s of the strain to be injection were picked the night before

and incubated at 20 °C, and the gonads of ≈ 20 young adult, gravid animals were

injected for each line to be made.

F1 progeny of injected animals had a mixture of wild-type, dumpy and roller

phenotypes. As the roller phenotype indicated that successful homologous recom-

bination had occurred at the dpy-10 site, these worms were picked and screened via

single worm lysis PCR (primers used are shown in Table 2.5 and restriction diges-

tion with AciI for successful homologous recombination at the par-3 locus targeted.

F2 WT-looking progeny from 3 independent injections were selected, and crossed

to males of par-3 hT2 or qC1 balancer lines depending on the background of the line

(qC1 roller males were used if the line had a CRISPR tagged PAR-6 background).

F3 hermaphrodite progeny carrying the balancer marker (hT2 - green pharynx; qC1

- roller) were screened via single worm lysis PCR and restriction digestion with AciI
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Table 2.2: Repair template sequences

Insert DNA Sequence

par-3 (∆69−82)

5’ ataagcaatattttaatttttcagAGCCAATATCAATCGCTTCCACTGAA
TGGAACCCGCCGAGTCACTGTTCAATTTGGACGAATGAAAAT
TGTGGTACCATGGAAGGAATCGgtgagcttttttttcaaatgttcaatcaattttttaa
tatttttc 3’

par-3 (∆69 − 82)
GCN4
(GCN4 tetramer sequence
adapted from Matsuda
et al. (2005))

5’ cagAGCCAATATCAATCGCTTCCACTGAATGGAACCCGCG
GATCCGGTGGTAGAATGAAGCAAATCGAGGATAAGCTTGAGG
AAATCCTTTCCAAACTATATCATATTGAGAATGAGCTTGCTCGT
ATCAAAAAGCTTCTCGGCGAGCGTGGAGGATCAGGATGGAA
GGAATCGgtgagcttttttttcaaatgttcaat 3’

par-3 (∆69 − 82)
RitC
(sequence of C terminal
of human Rit protein from
Uniprot)

5’ ataagcaatattttaatttttcagAGCCAATATCAATCGCTTCCACTG
AATGGAACTCGCagcgtcgaccacaaaaaaaagtcaaagTGTCCATTTTTTG
AGACCTCCGCCGCTTACCGTTACTATATCGACGATGTCTTCCA
TGCCCTCGTGAGGGAGATCCGTCGGAAAGAGAAGGAAGCTG
TCCTTGCTATGGAAAAAAAGTCCAAGCCAAAAAATTCGGTCT
GGAAGCGTCTTAAGAGCCCATTTCGCAAAAAGAAGGACTCCG
TAACTtctggccagggaggatcaggaTGGAAGGAATCGgtgagcttttttttcaa
atgttcaatcaattttttaatatttttcttg 3’

Table 2.3: Guide crRNA sequences

crRNA ID Sequence

crRNA1
/AltR1/rGrUrCrCrArArArUrUrGrArArCrArGrUrGrArCrUrGrUrUrUr
UrArGrArGrCrUrArUrGrCrU/AltR2/

crRNA2
/AltR1/rGrArArUrGrArArArArUrUrGrUrGrGrUrArCrCrArGrUrUrUr
UrArGrArGrCrUrArUrGrCrU/AltR2/

Table 2.4: Injection mix used for the creation of par-3 CRISPR mutants

Volume Component
1 µl tracrRNA/crRNA complex for dpy-10
1 µl tracrRNA/crRNA1 complex
1 µl tracrRNA/crRNA2 complex
0.5 µl dpy-10 HDR template (Goehring lab plasmid NH0127, 10 µM)
1 µl HDR template ODN (Table 2.2, 100 µM)
13.5 µl MilliQ H2O
1 µl Cas9 (10 mg/ml, IDT)

Table 2.5: Primers for screening par-3 CRISPR mutants

Primer Sequence
RI070F atctttcattcacgcttcag
RI071R ctctccgagaaaacgaaagggg
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Figure 2.1: Phenotypes of injected progeny (utilizing the co-CRISPR method) and
the introduction of new phenotypes from crossing in a relevant balancer.
Gravid young adults are injected with the Cas9 RNP/tracr-crRNA mixture and
allowed to lay eggs at 25 °C. The resulting progeny will display a mixture of
phenotypes depending on the success of homologous recombination. Success-
ful repair of the dpy-10 gene will result in a roller phenotype whilst if Cas-
9 mediated cleavage occurs without successful homologous recombination, a
dumpy phenotype will be the result. Progeny with the wild-type phenotype
indicate unsuccessful CRISPR gene editing. The F1 roller worms are most
likely to contain successful heterozygous mutants, and should be allowed to lay
eggs before worm lysis and PCR screening. Heterozygous F2 progeny can be
crossed into a strain containing a balancer - here the hT2 balancer, marked with
a green fluorescent pharynx is used (as indicated by the green coloured box).
The result progeny of this cross will have various phenotypes: progeny with
a green pharynx indicate successful mating and should be PCR screened for
the heterozygous mutant. If a secondary marker (eg: NMY2::GFP) is present,
further rounds of screening will be required to obtain the eventual strain for
experiments.

for heterozygous par-3 mutants. Figure 2.1 demonstrates a brief outline of the dif-

ferent phenotypes observed during the injection and screening process for the first

three generations of progeny (with the hT2 balancer). The same screening proce-

dure was then used for F4 WT looking progeny to homozygose any secondary tags

(NMY-2::GFP/ PAR-6::mKate). F5 progeny lacking the balancer phenotype would

be homozygous for the mutation, and so these worms were DNA sequenced to en-

sure the correct insertion had occurred in all independent lines. Balanced versions

of these lines were used for maintaining the strain.
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2.4 Brood size assay

8-10 L4 worms of strains to be analyzed (and appropriate control worms) were

placed on individual OP50-NGM plates overnight at 20 °C. The following morning,

these worms were placed on to fresh plates and left at room temperature for 5 hours

to continue laying eggs. After 5 hours these worms were transferred once more on to

new plates. The number of eggs on each plate were counted and noted. After 2 days,

the number of L4’s were noted and counted. On the 3rd day, the number of gravid

and sterile adults were counted and noted. Embryonic lethality was calculated as a

percentage of the number of L4’s that survived from the number of eggs laid. Adult

sterility was calculated as a percentage of the number of sterile adults over the total

number of worms on each plate.

2.5 HaloTag labeling

JF549-Halo and JF-646 ligands were initially obtained from the laboratory of Dr.

Luke Lavis (Grimm et al., 2015) and later purchased from Promega. Ligands were

diluted in acetonitrile into 2 nmol and 0.5 nmol aliquots which were speedvac-ed

(dry, 5 mins) to remove solvent, and stored at -20 °C in a cardboard box.

Labeling of the HaloTagged strains was broadly carried out similarly to Dick-

inson et al. (2017) via liquid culture incubation. Briefly, overnight 2 mL OP50-LB

cultures were centrifuged and the pellet was suspended in 200 µl of fresh S-medium

solution (150 mM NaCl, 1 g/L K2HPO4, 6 g/L KH2PO4, 5 mg/L cholesterol, 10

mM potassium citrate pH 6.0, 3 mM CaCl2, 3 mM MgCl2, 65 mM EDTA, 25 mM

FeSO4, 10 mM MnCl2, 10 mM ZnSO4,1 mM CuSO4). The Halo ligand in re-

suspended in 2 µl DMSO and added to the bacterial suspension to achieve a final

concentration of 10 µM. 65 µl of this mixture is pippetted into 3 different wells

in the centre of a 96 flat bottomed well plate and 30-40 L4 worms are picked into

each well. Water is added to surrounding wells to keep the plate from dehydration

and the plate is covered in aluminium foil and placed in a 20 °C shaking incuba-

tor overnight. Prior to imaging, worms should be pippetted on to unseeded NGM

plates. Once the liquid has settled, worms should be picked onto new unseeded
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Table 2.6: Shelton’s Growth Medium recipe

Volume Component
8 mL Schneider’s Drosophila medium (Gibco® Ref 21720-024)
1 mL Inulin (5 mg/ml in H2O, dissolved at 100 °C and cooled to room temp.)
1 mL Polyvinylpyrrolidone (50 mg/ml in Schneider’s Drosophila medium)
100 µl BME vitamins (Sigma-Aldrich B6891-100ML)
100 µl CD lipid concentrate (Gibco® Ref 11905-031)
50 µl Pen-Strep
Filter sterilise and store at 4 °C for up to one month.
Add 35 µl heat-inactivated foetal calf serum to 65 µl of the above. Use within one day.

NGM plates and left for 15 minutes, and then onto OP50 or relevant RNAi plates.

2.6 Live imaging of C. elegans embryos
Oocytes and embryos were dissected from gravid adult worms (picked as L4’s the

night prior to the experiment) using a hypodermic needle into 7.5 µl of Shelton’s

Growth Medium (Table 2.6 containing 18.8 mm polystyrene beads (Polybead, Poly-

science, Inc. Cat. # 18329). These were mounted between a glass slide and a high

precision 1.5H 22 mm x 22 mm glass coverslip, with the edges sealed with wax

(VALAP mixture, 1:1:1, Vaseline, lanolin, and paraffin wax).

For worms incubated with Halo ligand, fresh glass coverslips were cleaned (20

min soaking in 96 % isopropanol with sonication, 3x rinsing with MilliQ H2O)

and passivated with 30 µl 1 mg/mL PLL-PEG (SuSOS, Cat # PLL(20)-g[3.5]-

PEG(2).20mg) for 40-60 minutes at room temperature. Prior to imaging, these

coverslips were rinsed in MilliQ H2O, and dried on Watman filter paper. Passi-

vation is only effective for 48 hours and coverslips should be stored between lens

cleaning tissue.

2.6.1 Cortical plane and single molecule imaging

Near-TIRF/HiLo microscopy was used for imaging of the cortical plane and any

single molecule imaging experiments. Imaging was carried out with a 100x 1.49

NA TIRF objective on a Nikon TiE microscope equipped with an iLas2 TIRF unit

(Roper), a custom-made field stop, 488 or 561 fiber coupled diode lasers (Obis), and

an Evolve 512 Delta EMCCD camera (Photometrics), controlled by Metamorph



60

software (Molecular Devices) and configured by Cairn Research.

Single molecule imaging for diffusive behaviour analysis was carried out at

maintenance phase, at the onset of Nuclear Envelope Breakdown (NEBD), (Figures

3.6, 3.7, 3.8). Bright field movies were carried out before imaging and after, for ac-

curate staging of movies and to ensure embryo viability. I empirically determined

laser power, exposure and movie duration for different experiments. Diffusive be-

haviours of the PARs were determined by streaming for 1500-2500 frames at 33 ms

exposure times, 33 ms intervals and 60-80 % laser power.

Single molecule imaging for smPRESS experiments were carried out at 100 %

laser power, 100 ms exposure and 1 s intervals and a minimum of 120 frames were

acquired for each embryo (Figures 3.2, 3.3).

Single molecule imaging and cluster imaging for advection analysis was car-

ried out at the onset of symmetry breaking. For single molecules, streaming movies

were carried out for 2000 frames, alternating between the 488 and 561 channels

using a dual channel filter and with a 50 ms interval between each channel. The

488 channel was imaged at low laser powers (10 %) for bulk imaging of the cortex,

with 25 ms exposure, and the 561 channel was image at high laser powers (80 %)

for single molecule imaging with 25 ms exposure. The total time interval between

two consecutive 488 channel images was 100 ms (Figures 3.12, 4.4, 5.3, 5.9, 6.2,

6.4). For clusters, a multi-dimensional acquisition was used to sequentially acquire

an image from the 488, 561 and bright-field channels, all with 100 ms exposures,

10 % laser power and 1 s time interval (Figures 3.12), 4.2).

For quantification of PAR-3 cluster intensities in Chapter 7, imaging was car-

ried over the course of the cell cycle at 10 % laser power, 200 ms exposure with a 10

s time interval (Figures 7.3, 7.4). For experiments with temperature sensitive mu-

tants, imaging was carried out similarly, at 26 °C instead of room temperature, using

an objective temperature control collar (Bioptechs / Linkam, PE94), (Figure 7.6).

For air-1 RNAi experiments, dissected meiosis I embryos were imaged every 1.5

min until cortical granule exocytosis was complete, after which 5x100ms images

were then captured every 90 s for 22.5 min (Figure 7.2). For par-3 heterozygous
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embryos, imaging was carried out every 1.5 min until pro-nuclear meeting, at which

point 11x100ms images was captured for accurate quantification of cluster number

(Figure 7.5). All embryos were followed with bright field imaging until cytokinesis.

2.6.2 Midplane imaging

Embryos used for midplane imaging were dissected in 3 µl of M9 buffer (22 mM

KH2PO4, 42 mM NaHPO4, 86 mM NaCl and 1 mM MgSO4) on a coverslip and

mounted under 2 % agarose pads on a glass slide and sealed with VALAP.

Confocal spinning disk microscopy was used for imaging of the midplane of

the embryo. Imaging was carried out with a custom X-Light V1 spinning disk

system (CrestOptics, S.p.A.) with 50 µm slits, Nikon TiE with 63x or 100x objec-

tives, 488, 561 fiber-coupled diode lasers (Obis) and Photometrics Evolve 512 Delta

EMCCD camera, controlled by MetaMorph software (Molecular Devices) and con-

figured by Cairn Research. Multi-dimensional acquisition was used to sequentially

acquire an image from the 488, 561 and bright-field channels, all with 1 s exposures,

50 % laser power and 1 min time interval.

2.7 Image analysis

2.7.1 Single Molecule Detection and Tracking

Single molecule tracking and cluster tracking were carried out in Python using

the Trackpy package (https://github.com/soft-matter/trackpy). The cus-

tom Python code developed for the analysis is available at https://github.com/

lhcgeneva/SPT. It implements the Crocker-Grier algorithm to localize particles to

subpixel resolution in individual frames by fitting local intensity peaks to a Gaus-

sian point spread function. Detection parameters such as the threshold intensity

and diameter of the candidate particles are adjusted empirically for given imaging

conditions. Particles are linked frame to frame, with additional parameters that are

user specified. These parameters were optimized to minimize tracking errors and

typical parameters were as follows: feature size = 7 pixels (the approximate diame-

ter of the features that the image is being interrogated for), memory (the maximum

number of frames during which a feature can vanish, then reappear nearby, and be

https://github.com/soft-matter/trackpy
https://github.com/lhcgeneva/SPT
https://github.com/lhcgeneva/SPT
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considered the same particle) = 0 frames, minimum separation between features = 2

pixels, maximum distance features can move between frames = 4 pixels, minimum

track length = 11 frames.

The analysis of the trajectories was carried out in different ways to calculate the

diffusivity of the particles. DMSD was based on the computation of the mean squared

displacement (MSD) of each particle as a function of time. MSD = 4Dtα wass fit

for the first ten lag times to obtain a diffusivity and anomalous diffusion exponent

α (Robin et al., 2014). Dss for each particle was calculated using < δ 2 >= 4Dt,

where δ 2 is equal to all displacements over a certain lag time which are squared and

then averaged.

For quantification of PAR-3 cluster intensities in Chapter 7, the same analysis

pipeline was used as PAR-3 clusters appeared as diffracted-limited spots. In experi-

ments where quick image streams were captured, the minimum track length (MTL)

for detection was set for the duration of the stream (in Fig. 7.2, MTL = 5; in Fig.

7.5, MTL = 11). In other cases (Fig. 7.3, 7.4), MTL = 0, such that every single clus-

ter above the empirically set threshold level was detected in each frame. Average

cluster intensities for each time point were calculated by averaging the background

normalized integrated brightness of all clusters as detected by trackpy. Total cortical

PAR-3 amounts were calculated from the sum of the same values, further normal-

ized to area, which was determined by using the polygon selection tool in Fiji on

the bright field images that were acquired. This area normalization was also used in

calculating cluster density.

2.7.2 Single Molecule Photobleaching and Relaxation to Steady

State

smPRESS experiments for estimation of dissociation rates were carried out as de-

scribed in Hubatsch et al. (2019). As no tracking of particles was carried out from

frame to frame (only detection and counting was performed), intensity thresholds

were set higher than in tracking experiments to avoid detection of false positives.

Regions of interest were selected such that anterior vs. posterior differences in dis-

sociation rate could be probed. Fitting was carried out with the assumption of an
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infinite cytoplasmic pool (Robin et al., 2014). The ordinary differential equations

that described the time-evolution of the number of GFP-tagged molecules illumi-

nated at the membrane (R(t)) and the number of molecules in the bulk cytoplasm

(Y (t)) is as follows:

dR
dt

= kon ·Y − (ko f f + kph) ·R

dY
dt

=−kon ·Y + ko f f ·R
(2.1)

where konY is the appearance rate of particles (kapp) at which molecules ap-

pear on the membrane, ko f f is the dissociation rate at which molecules fall off the

membrane and kph is the rate at which molecules are irreversibly photo-bleached

due to illumination (Robin et al., 2014). The general solution to equation 2.1 can be

written, as in Robin et al. (2014), in the form:

R(t) = Ar · er1·t +Br · er2·t

Y (t) = Ay · er1·t +By · er2·t
(2.2)

where

r1 =
−σ −

√
σ2−4κ

2

r2 =
−σ +

√
σ2−4κ

2

σ = kon + ko f f + kph

κ = kon · kph

(2.3)

Estimates of ko f f and kph can be extracted by fitting the solution for R(t) to

experimental measurements in an initially unobserved cell following a step change

in illumination (Robin et al., 2014). The number of parameters to fit is reduced to 3

instead of 4 by writing Ar, and Br in terms of kph and the initial value R(0). Since
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for t < 0 the laser is switched off, kph will be equal to zero, the steady state solution

to equation 2.1 yields a relationship between the initial values R(0) and Y (0):

Y (0) =
ko f f

kon
·R(0) (2.4)

When the laser is switched on, for t > 0, we have:

dR
dt

= kon ·Y (0)− (ko f f + kph) ·R(0) (2.5)

Combining equations 2.4 and 2.5 gives:

dR
dt t=0+

=−kph ·R(0) (2.6)

Equations 2.2 and 2.6 then give the following:

Ar +Br = R(0)

r1 ·Ar + r2 ·Br =−kph ·R(0)
(2.7)

Solving for Ar and Br in terms of r1, r2 and R(0) and substituting into equation

2.2 gives:

R(t) = R(0) ·
(

kph + r2

r2− r1
· er1·t +

kph + r1

r1− r2
· er2·t

)
(2.8)

Fitting equation 2.8 to the measured response R(t) yields robust estimates for

r1, r2 and kph. Finally, equation 2.3 can be rearranged to obtain:

kon =
r1 · r2

kph

ko f f =−(r1 + r2)−
(
kon + kph

) (2.9)
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Figure 2.2: Advection imaging and analysis pipeline. (a) Imaging pipeline: 2000 frame
streaming movies were carried out, alternating between the 488 and 561 chan-
nels using a dual colour filter, with 25 ms exposure for each channel and 25
ms interval between each channel. (b) Individual channel analysis: The chan-
nel with the advected protein of interest (here 488) will undergo single par-
ticle tracking (SPT) in Python (left image: different colours of the tracks in
the plot indicate different particles tracked in Python with a minimum track
length (MTL) of 8). A region of interest (ROI) was created to filter out pos-
terior tracks, which were binned based on their intensity or perpendicular Dss.
The ROI of the posterior myosin cortex (here, 561 channel) will undergo par-
ticle image velocitmetry (PIV) analysis in MATLAB. Pre- and post-processing
processes replaced vector outliers with interpolated vectors (right image: green
arrows - non-manipulated vectors; orange arrows: interpolated vectors). (c)
Advection analysis: Extracted PIV vectors and SPT data was used in a custom
Python script to determine the advective component of the protein by plotting
distributions of of its displacements perpendicular (green Gaussian plot) and
parallel (pink Gaussian plot) to the cortical flow.
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2.7.3 Advection analysis

Tracking of clusters/ particles was carried out as described above (see Fig. 2.2),

using similar conditions, with the exception of the minimum track length which was

8 frames. Clusters were sorted into intensity bins based on the average intensity of

each cluster over the entire duration of its track. Diffusivity of each intensity bin

was calculated using the standard deviation of the clusters absolute displacement

in the direction perpendicular to local flow, over a time interval of 5 frames (σ =

2Dt). Particles were sorted into diffusive bins based on the average step size of each

particle, perpendicular to the direction of cortical flow.

The local flow field of the acto-myosin cortex was measured by applying par-

ticle image velocimetry (PIV) to the NMY-2 image channel using the PIVlab MAT-

LAB plugin (Thielicke and Stamhuis, 2014). Images were bleach corrected and

time averaged in Fiji (2 frame averaging), as saved as an image sequence which

was then imported into the plugin with a 1-2, 2-3, 3-4, etc sequence. The poste-

rior region of interest was selected as an ROI, and images were pre-processed with

a high-pass filter, using a filter size of 10. The other pre-processing filters were

disabled. A FFT phase-space PIV algorithm with 2 passes (window sizes 64 and

32 pixels) was used with linear window deformation and a 2x3 Gaussian point fit.

Post-processing was done with two filters: (1) a velocity filter where manual veloc-

ity limits of 0.3 pixels/frame were drawn to remove any outliers and (2) a standard

deviation filter where vectors that more than 5 standard deviations from the mean in

each image were removed. Vectors that were removed were replaced by interpola-

tion. On average 9.4 % of vectors were replaced by interpolation (n = 31 embryos).

The resulting flow fields have a vector every 16 pixels, and additional intervening

vectors were generated by bicubic interpolation.

The magnitude of displacement of each PAR-3 molecule in the direction per-

pendicular and parallel to the flow vector was calculated for each intensity bin and

plotted as a histogram. This histogram was fitted to a Gaussian distribution To

generate the coupling co-efficient, the median of the Gaussian distribution of dis-

placements parallel to the direction of local flow (for time interval of 5 frames) was
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calculated as a fraction of the average of the local PIV vectors in each bin. For each

embryo, both SPT and PIV analysis was carried out on the NMY-2 image channel

to generate a per-embryo control comparison. With increasing time interval (from 5

frames to 10 frames to 20 frames), the results remained similar but became noisier

due to short trajectories in the fastest diffusing bin, and for this reason a 5 frame

time interval was used consistently for each analysis to calculate the coupling co-

efficient. However, for plotting Gaussian distributions in figures, a 20 frame time

interval was used so that the shift between the parallel and perpendicular Gaussian

distributions was more visually obvious to the reader.

2.8 Simulations

Diffusion simulations were carried out to simulate particle movement movies in

2D and benchmark algorithms relying on detection and tracking of bright fluores-

cent spots. A custom Python script developed by Lars Hubatsch was used for this

purpose and is available at https://github.com/lhcgeneva/SPT. This script

creates a series of images with diffusive particles overlayed on top of noisy back-

ground. Spots are blurred by Gaussian filter to simulate a microscope point spread

function.

User defined variables include: the number of particles, diffusivity (in µm2/s,

(note: these two initial variables can be defined as an array to include diversely

diffusing populations), a coefficient of variation for diffusivity (to create additional

variability in particles behaviours), time interval between subsequent frames (in

seconds), total duration of ’movie’ (in seconds), long axis & short axis to define

area of each image (in µm).

The updated version of the simulation script for advection analysis also in-

cludes the additional user defined variables: dissociation rate (ko f f , in per seconds)

and advection velocities perpendicular to the long axis and parallel to the long axis

(in µms−1). Default values for each variable for a typical experiments have been

defined in the script for easy future use.

When all variables have been defined, the script initialises by assigning parti-

https://github.com/lhcgeneva/SPT
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cles a lifetime calculated from the probability distribution of the number of parti-

cles per frame for a given dissociation rate. The initial position of each particle is

assigned as a set of random coordinates within the user defined area. A new posi-

tion is created for each particle for each frame of its lifetime, by drawing from a

probability distribution curve for steps in x and y directions, based on the particles

defined diffusivity. If an advective component has been defined, the diffusive step

is combined with its advective component. When the particle reaches the end of its

lifetime, it is given a new random position and considered as a new particle appear-

ing on the membrane. This association rate is equivalent to the defined dissociation

rate and allows for the maintenance of a constant number of particles within any

given frame. To prevent loss of particles due to boundary conditions, the final area

of the images is determined by taking into account the maximum displacement of

any particle and extending the image area on all sides by 6 pixels from the position

of highest displacement.

2.9 Statistical analysis

Where relevant, the statistical tests that were used are given in the figure legends

and the analysis was performed either in Python or in GraphPad Prism software.

Data are presented as mean values plus all data points (with error bars indicating ±

standard deviation) or as mean ± 95 % confidence interval.

For the advection analysis, distributions of displacements in the perpendicular

and parallel directions underwent normality testing using the D’Agostino-Pearson

K2 test (using the scipy.stats package for Python). This test computes the skewness

and kurtosis to quantify how far the distribution is from Gaussian in terms of asym-

metry and shape. An unpaired parametric t-test assuming equal variances (using the

scipy.stats package for Python) was then carried out to test if the two distributions

(perpendicular and parallel) were significantly different from each other, thus veri-

fying that advection could be detected. Where perpendicular and parallel velocities

were compared, a paired t-test (using GraphPad Prism) was carried out.

When making multiple comparisons between data (eg:between coupling co-
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efficients for different intensity/diffusive bins), the data was first tested for normality

(D’Agostino-Pearson K2 test, GraphPad Prism) to determine which statistical test

to use. With data that was not normally distributed or where n was too small to

confirm the distribution of the population, the Kruskal-Wallis test with Dunn’s post-

test was carried out (GraphPad Prism); where data was normally distributed, a one-

way ANOVA (GraphPad Prism) was used.

For distributions of diffusivity, tests for the appropriate probability distribution

were carried out before carrying out fitting (both using the scipy.stats package for

Python). Goodness of fit was tested by using a Kolmogorov-Smirnov test (using the

scipy.stats package for Python).





Chapter 3

Characterization of membrane

protein dynamics and validation of

methodology

Collaborations:

• Lars Hubatsch, Goehring Lab (author of Python script for Single Particle

Tracking and smPRESS algorithms)

• Jessica McQuade, Endres Lab, Imperial College (co-author of Python script

for Advection analysis)

3.1 Introduction
The development of single particle tracking (SPT) methods in C. elegans (Robin

et al., 2014; Arata et al., 2016) provides an attractive avenue for spatially and tem-

porally resolved in vivo measurement of the diffusive behaviors of proteins, as well

as their exchange kinetics. It provides an advantage over bulk measurement meth-

ods such as FRAP, in that the kinetics of sparsely labelled proteins can be followed

over time and that it can reveal more complex behaviours, such as the existence of

distinct oligomeric states or species (Robin et al., 2014; Sailer et al., 2015; Arata

et al., 2016), which would be indistinguishable by FRAP.

Specifically, the methods developed by Robin et al. (2014) involved the use
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of fRNAi to deplete transgenic GFP-tagged proteins down to single molecule lev-

els, with minimal photo-bleaching required (i.e. use of lasers to abolish particle

fluorescence such that only a few particles on the membrane are still actively flu-

orescent). Combined with the use of Highly Inclined and Laminated Optical sheet

(HiLo) microscopy (also known as near-TIRF microscopy), this technique greatly

improves the signal-to-noise ratio for imaging single GFP molecules and allows

for using slightly different imaging regimes to infer diffusion rates and dissocia-

tion rates respectively. For these purposes, a custom Python script was written and

implemented in the lab by Lars Hubatsch (Hubatsch et al., 2019). While fRNAi

depletion of transgenic GFP-fusion proteins ensures that the embryo is healthy and

does not display any loss-of-function phenotypes (as the endogenous protein re-

mains at wild-type levels), this also means that the endogenous proteins themselves

are not the focus of the analysis. For proteins with high membrane concentrations,

tuning the level of molecules can be particularly challenging and may require ad-

ditional photo-bleaching which in turn could bias membrane protein populations

and favour proteins that display rapid membrane-to-cytoplasmic exchange or have

longer membrane lifetimes.

Recognizing both the advantages and limitations of SPT and methods used in

the past, I aimed to improve and extend the current SPT analysis pipeline established

in the lab. My goals were to:

(1) analyse diffusive behaviours and exchange kinetics of key control mem-

brane proteins to provide a baseline for the method, followed by a survey of various

PAR proteins to determine whether they demonstrate heterogeneous diffusive be-

haviours or transitions.

(2) improve imaging methods by implementing dual channel HiLo microscopy

with the use of genetically encoded improved labeling tags (eg:Halo/SNAP tags)

which could be combined with synthetic fluorophores, to look at the relationship

between proteins within the PAR network.

(3) define a new method for distinguishing the relative contributions of diffu-

sion and advection to particle motion; test and assess its limitations to determine
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Figure 3.1: smPRESS technique for measuring dissociation rates of membrane bound
proteins in vivo. (a) The steady state balance of proteins on the membrane is
maintained by a continuous exchange between the membrane bound proteins
and the cytoplasmic pool. Protein binding on to the membrane at rate kon is
balanced by unbinding ko f f . With the onset of imaging, irreversible photo-
bleaching of molecules causes disappearances at rate kph. (b) The predicted
response of the level of membrane bound proteins of an initially unobserved
cell at steady state, to the introduction of illumination. For a protein considered
to have an infinite cytoplasmic pool (pink line), the surface levels of molecules
relaxes to a new illuminated steady state. For a protein considered to have
a finite cytoplasmic pool (blue line), fast relaxation of the steady state is ac-
companied by a slower decay caused by irreversible photo-bleaching. Adapted
from Robin et al. (2014).

whether we can detect advection of both oligomers and freely diffusing particles on

the membrane.

3.2 Benchmarking membrane exchange rate analysis
Different approaches can be used with SPT methods to estimate membrane disso-

ciation rates of proteins, depending on the bleaching rate of the fluorescent probe

used. In the case of a low bleaching rate or high turnover (i.e. a particle on the mem-

brane that is imaged under constant illumination is likely to fall off the membrane

before its fluorescence is bleached), SPT can be used to determine the membrane

residence lifetime of individual particles and infer dissociation rates for different

species (Arata et al., 2016). However, molecules with turnover rates greater than the

photo-bleaching rate will be bleached before they dissociate from the membrane.

The single molecule method established in the lab was based off the technique

in Robin et al. (2014) which is referred to as Single-molecule Photobleaching Re-

laxation to Steady State or smPRESS. smPRESS relies on counting the number of

fluorescently tagged particles over time with the continuous exchange of particles

between the cytoplasm and the cortex (Fig. 3.1a). This method offers advantages
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over techniques such as FRAP, as the dissociation rates of proteins with low surface

densities can be measured. As it also only relies on counting particles not track-

ing them, it is also insensitive to tracking errors. However, this also means that

smPRESS, like FRAP, is limited in that it measures the bulk dissociation rate of

a protein and cannot identify different species. It also requires a steady state be-

haviour of the protein that is being analyzed (i.e. no large changes in membrane

concentration) and assumes that the cytoplasm is well mixed. The kinetic basis for

this approach is described in Robin et al. (2014) where the rate of change of the

number of molecules at the membrane (N) over time is expressed as:

dN
dt

= kapp− (ko f f + kph)N (3.1)

Here, kapp describes the appearance rate for the binding of molecules from the

cytoplasm on to the membrane (kapp = kon x Y , where kon is the association rate

and Y is the cytoplasmic concentration); ko f f is the dissociation rate for particles

unbinding from the membrane and kph is the photo-bleaching rate of molecules that

disappear due to irreversible photo-bleaching (Fig. 3.1a). One of the key assump-

tions of this method is that the photo-bleaching of the cytoplasmic pool is negligible

and that the imaging conditions only illuminate the cortex. If this assumption is held

true, then in the case of a protein that is considered to have an infinite cytoplasmic

pool, kapp will be constant, and with imaging, the surface density of the protein will

relax to a new steady state (Fig. 3.1b). If the protein is considered to have a finite

cytoplasmic pool, kapp will decay with time due to the irreversible photo-bleaching

of molecules. Fitting methods taking into account cytoplasmic depletion have been

compared to those that assume negligible depletion and both have yielded similar

results (Hubatsch, 2018). For my purposes of testing the method, I used the model

from Robin et al. (2014) and Hubatsch et al. (2019), both of which assume an infi-

nite cytoplasmic pool.

In order to obtain a baseline for the analysis, I decided to first study the be-

haviour of proteins that should be monomeric and homogeneous in both localization

and kinetics. For this purpose, I picked the pleckstrin-homology domain of PLCδ1
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PAR-6::GFP PAR-2::GFP

PH-PLC∂1::GFPa

b

HMP-1::GFP SYX-4::GFP

Figure 3.2: Single molecule localization of membrane proteins. Representative cor-
tical HiLo images of (a) PHPLCδ1::GFP (left), HMP-1::GFP (middle) and
SYX-4::GFP (right), (b) PAR-6::GFP (left) and PAR-2::GFP (right). Embryos
aligned such that posterior is on the right. Scale bar 10 µm.

(PHPLCδ1) bound to GFP and the transmembrane protein Syntaxin-4 fused to GFP.

PHδ1 binds phosphatidylinositols and SYX-4 is a putative syntaxin SNARE that

functions in membrane fusion pathways. Following fRNAi depletion, I used HiLo

microscopy to observe the embryo at maintenance phase, at the onset of NEBD.

This stage was chosen as no cortical flows affect molecular localisation, and the

embryo has a brief period of cortical relaxation during which these proteins ap-

pear to be at a steady state. Single molecule localisation of both proteins appeared

uniformly distributed as expected (Fig 3.2a). The third membrane bound protein I

chose was the Alpha-catenin-like protein HMP-1, which appeared to be slightly

more concentrated in the anterior (Fig 3.2a). While HMP-1 normally localises

to adherens junctions and serves as a link between the actin cytoskeleton and the

junction, in the one-cell embryo it binds predominantly to the plasma membrane

like PHPLCδ1 protein domain and the SYX-4 protein. However, unlike SYX-4 and

PHPLCδ1 which show uniform localisation patterns, HMP-1, appears to localise to

non-junctional clusters of HMR-1, the E-cadherin homolog in C. elegans. Impor-

tantly, the dynamics of all three proteins have been well-studied in numerous organ-

isms, including C. elegans (Goehring et al., 2010; Hammond et al., 2009) and the
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Figure 3.3: Measuring dissociation rates and spatial variation across different mem-
brane bound proteins. (a - c) Surface density vs. time for control proteins
with uniform distribution, aPARs and pPARs respectively, shown as a frac-
tion of the initial density of particles. Dissociation rates measured for the
whole embryo (purple), the anterior half (red) and the posterior half (blue)
for (d) PHPLCδ1::GFP, (e) SYX-4::GFP, (f) HMP-1::GFP, (g) PAR-6::GFP and
(h) PAR-2::GFP. Error bars indicate mean ± standard deviation. Points repre-
sent fitted ko f f values from individual embryos, with imaging duration ≥ 100
frames. Imaging of embryos was conducted via ≥ 3 independent experiments.
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, paired t-test)

results obtained from the smPRESS analysis can be compared to other methods. In

addition to these control proteins, the analysis was also conducted on PAR-6::GFP

and PAR-2::GFP (Fig 3.2b), both of which have been studied by SPT methods

(Robin et al., 2014; Arata et al., 2016) and also by FRAP (Goehring et al., 2011b).

The dissociation rates for each protein was calculated by fitting equation 3.1

to the bleaching curves obtained across many embryos (Fig 3.3a-c display averaged

bleaching curves). As low protein density does not impede the method, I was also

able to compare specific areas of the embryo, namely the anterior and posterior
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regions, to determine whether there was any spatial variation in dissociation rate.

The results are summarized in Table 3.1, where they are also compared to previous

measurements both from SPT methods and other methods.

Table 3.1: smPRESS determined dissociation rates of membrane bound proteins

Protein Region ko f f
FRAP/SPT (s−1) ko f f

smPRESS (s−1)

PHPLCδ1::GFP

embryo 0.12 ± 0.016 (Goehring et al., 2010) 0.189 ± 0.115
anterior - 0.163 ± 0.128
posterior - 0.139 ± 0.085

SYX-4::GFP
embryo 0.01 ± 0.003 (Goehring et al., 2010) 0.007 ± 0.002
anterior - 0.007 ± 0.002
posterior - 0.0058 ± 0.002

HMP-1::GFP
embryo 0.005 (Dawes, 2009) 0.0063 ± 0.002
anterior - 0.0072 ± 0.002
posterior - 0.0068 ± 0.003

PAR-6::GFP
embryo 0.0054 ± 0.005 (Goehring et al., 2011b) 0.0074 ± 0.004
anterior 0.0074 ± 0.0007 (Robin et al., 2014) 0.0064 ± 0.003
posterior 0.0092 ± 0.002 (Robin et al., 2014) 0.0075 ± 0.005

PAR-2::GFP
embryo 0.0073 ± 0.006 (Goehring et al., 2011b) 0.0063 ± 0.002
anterior 1.6 ± ?? (Arata et al., 2016) 0.0093 ± 0.004
posterior 0.8 ± ?? (Arata et al., 2016) 0.0042 ± 0.001

Largely, the results from smPRESS are consistent with those determined by

FRAP and agree with the literature. For example, PAR-6 demonstrates no anterior-

posterior differences in dissociation rate (ko f f
ant = 0.0065 ± 0.003 s−1, ko f f

post =

0.0075± 0.006 s−1) as identified in Robin et al. (2014). In contrast PAR-2 displays

a significant difference between the anterior and posterior regions (ko f f
ant = 0.0093

± 0.005 s−1, ko f f
post = 0.0042 ± 0.001 s−1) as put forward in Arata et al. (2016),

although the values obtained in Arata et al. (2016) are orders of magnitude higher

with the use of a different method that had its own caveats. PHδ1 and HMP-1

display no significant variation across the anterior-posterior axis; however, interest-

ingly SYX-4 appears to have a non-uniform dissociation rate which had not been

previously identified by SPT methods. This is consistent with imaging of EEA-1

(a Rab5 effector protein that localizes to endosomes) which displayed asymmetric

localization that was dependent on NMY-2 (Andrews and Ahringer, 2007).

With this study of various membrane-bound proteins, we confirmed that the

smPRESS method could be used to determine the dissociation rates of membrane
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proteins at a higher spatial resolution than methods such as FRAP. Unfortunately,

like FRAP, smPRESS is a bulk method and provided quite noisy results with high

uncertainties, making it unreliable given low sample numbers. This is also visible in

Hubatsch et al. (2019) where PAR-2 and PAR-6 smPRESS-determined dissociation

rates varied in the range of an order of magnitude.

Additionally, the accuracy of the method also relies on its adherence to key

assumptions, which include the assumption that the underlying population is kinet-

ically homogeneous and the assumption that the expression level of PAR proteins

at the membrane is steady at maintenance phase. As PAR proteins form different

complexes that likely vary in their kinetics and proteins such as PAR-3 dramati-

cally change their expression level during maintenance phase, I felt that smPRESS

would provide no additional wealth of information beyond methods such as FRAP

in the context of this thesis. As a result, I did not utilize smPRESS in any further

experiments discussed in this thesis.

3.3 Benchmarking diffusion co-efficient estimation

analysis
SPT methods have been used widely to detect and quantify diffusion (i.e. random

motion) of particles. In cell membranes, molecules exhibit complex diffusive be-

haviours, which are influenced by a wide range of factors including, but not limited

to: oligomeric state, membrane composition and the cytoskeleton. As such, diffu-

sive behaviours of a protein may be heterogeneous and molecules may even tran-

sition between different behaviours. Various techniques can be used for assessing

diffusive behaviours but the most traditional method involves measuring the mean

square displacement for an individual particle or alternatively, an ensemble of par-

ticles (Berg, 1983). The former, also known as a time-averaged MSD, is useful

for detecting proteins with varying diffusive sub-populations; however, as each tra-

jectory for a particle is evaluated individually, longer trajectories are necessary for

reliable estimation of diffusivity (Fig 3.4a). With an ensemble MSD, the MSD is

averaged over several particles, which are assumed to behave in the same manner.
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As the averaging is done over large numbers of particles, longer trajectories are not

necessary for an estimate of diffusivity. As I was interested in investigating het-

erogeneity in PAR protein behaviour, I largely opted for the use of time-averaged

MSDs over ensemble MSDs for calculating diffusivity.

Lateral diffusion along the membrane is essentially a two dimensional random

walk, where the motions in x and y directions are statistically independent and dif-

fusivity can be derived from the following:

MSD = 4Dτ
α (3.2)

where D represents the short-term diffusivity and its pre-factor depends on ge-

ometry (4D for diffusion in two dimensions, 2D for diffusion in one dimension),

α is the anomalous diffusion exponent and τ is the time lag between two positions

(Robin et al., 2014). By fitting equation 3.2 to individual particle trajectories, we

can quantify differences in behaviour. With particles that undergo simple diffusion,

α = 1, and the MSD is proportional to the square root of time (Fig. 3.4a). With

particles that display anomalous diffusion, where α < 1 as a result of molecular

crowding or caging, the motion is termed sub-diffusion and the MSD has a non-

linear dependence on the square root of time. Anomalous diffusion is also observed

when α > 1, for example due to active transport or super diffusion. Fitting individ-

ual particle trajectories to equation 3.2 allows us to determine not only the effective

diffusion co-efficient but also takes into account whether the particle is displaying

anomalous diffusion.

The limitation of using the MSD-fitting method is that it is not suitable for

particles with short trajectories. An alternative method for quantifying diffusion of

individual particles relies on using the particle’s step size distribution (Fig. 3.4b).

The step size (δ ) is the distance a particle is observed to move with a specific time

lag τ . Due to the random nature of diffusion, a particle has equal probability of

stepping to the right or to the left, and so half of these steps will be positive dis-

placements and half will be negative displacements. For a group of particles with a

given mobility, over a given period of time (t), the probability distribution of these
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Figure 3.4: Different methods of quantifying diffusive behaviours using SPT.
Schematic illustration of the results provided the different methods of calcu-
lating diffusivity. (a) Time averaged MSD analysis (DMSD): An average of the
mean-square displacement is calculated for all points of an individual trajectory
for multiple time lags (∆t). Particles may be normally diffusive (red particle,
red MSD), sub-diffusive (green particle, green MSD) or super-diffusive (blue
particle, blue MSD). The slope of the MSD is proportional to the diffusion co-
efficient. (b) Step size distribution analysis (Dσ ): For particles diffusing with
similar diffusivities, a histogram of all particle displacements (’steps’) for a
fixed time period (∆t) takes the shape of a Gaussian distribution. The standard
deviation of this distribution can be used to derive the diffusion co-efficient of
the population of particles. (c) Mean step size analysis (Dss): Averaging over
all displacements (’steps’) for a fixed time period (∆t), allows for calculation
of a mean step size for individual particles. This can be used to calculate an
estimate of the diffusion co-efficient for each particle.
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steps in each dimension will take the form of a Gaussian or normal distribution

(Berg, 1983). Calculating a diffusion co-efficient (Dσ ) for this population is possi-

ble from the standard deviation (σ ) of this distribution, which is as follows:

σ =
√

2Dt (3.3)

Here, like the ensemble MSD method, we lose the single trajectory informa-

tion but can however, account for fractions of multiple populations with optimized

fitting of absolute step size values instead (Weimann et al., 2013). To extract more

information from the step size data, we can also average the step sizes (δ ) for each

particle to obtain a per-particle mean step size (r) (Fig. 3.4c) for time lag (∆t) as

follows:

r(∆t) =
√

< δ
2 > (3.4)

This mean step size can be substituted into equation 3.4 to obtain an estimated

diffusion co-efficient (Dss) from:

< δ
2 >= 4Dt (3.5)

Equations 3.2 - 3.5 underlie the same principle of diffusion: that the root-mean-

square displacement increases with the square root of time, but the three methods

reach this principle in different ways as demonstrated in Fig. 3.4, and have distinct

advantages and disadvantages over each other (Table 3.2).

With the use of diffusion simulations, I was able to test my tracking algorithm

and apply and compare the different methods (Fig 3.5). For this purpose I gen-

erated a series of images with particles of similar eccentricity and signal to noise

compared to particles in vivo. Parameters such as diffusivity, time interval and dis-

sociation rate could be altered; in these simulations the dissociation rate ko f f = 0.01

s−1, the association rate kon = 0.01 s−1 and time interval ∆t = 0.03 s. These ’movies’

could then be subjected to the SPT tracking pipeline, and analysed with the three

methods. Figure 3.5a is an example of a still frame, and Fig. 3.5b displays the tra-
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Figure 3.5: Comparing methods for calculating diffusivity with simulated data sets.
(a) An example image of simulated particles. Individual simulations for 80
particles were run with 3 different diffusion co-efficients with added noise in
diffusivity: D = 0.02± 0.014 µm2/s, D = 0.05± 0.022 µm2/s and D = 0.10±
0.032 µm2/s, with ∆t = 0.03 s, ko f f = 0.01 s−1 and kon = 0.01 s−1. (b) Example
particle trajectories from two simulations. (c) (Left) Log-log plot of mean-
square displacement (MSD) versus lag time (∆t) for a subset of 20 particles
from each simulation, with track lengths ≥ 80 frames. (Right) Scatter plot of
diffusion coefficient D versus exponent α , measured by fitting MSD = 4Dtα

for the first ten lag times. (d) Histogram of all step sizes of all particles in
the x-axis (left) and y-axis (right), taking the form of a Gaussian distribution.
(e) Histogram of mean step sizes for all tracked particles. (f) Table comparing
the calculated diffusion co-efficients with their standard deviation vs the input
simulation diffusion co-efficients. DMSD: time-average MSD method, Dσ : step
size distribution method, Dσ : mean step size method for two different time
intervals.
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Table 3.2: Summary of the advantages and disadvantages of using different methods
to calculate diffusivity.

Method Advantages Disadvantages
DMSD
time-averaged
MSD method
(Fig. 3.4 a )

A diffusion co-efficient and anoma-
lous diffusion exponent are calcu-
lated for each individual particle.

Longer trajectories required.
Biased by active transport mecha-
nisms.

Dσ

step size distribu-
tion method
(Fig. 3.4 b )

Can use several short trajectories.
Can be decomposed into perpendic-
ular and parallel components; use-
ful for conditions with flow.

No diffusion co-efficient for indi-
vidual particles, only the diffusivity
of a homogeneous population can
be calculated.
No information on sub-diffusivity.
Biased by time lag used.

Dss
mean step size
mean
(Fig. 3.4 c )

Can use several short trajectories.
Provides a diffusion co-efficient for
individual particles.
Can be decomposed into perpendic-
ular and parallel components; use-
ful for conditions with flow.

No information on sub-diffusivity.
Biased by time lag used.

jectories obtained for 2 different simulations of varying diffusivity. The simulation

with a higher diffusivity clearly shows longer tracks, with particles exploring more

space in the simulation. Applying the time-averaged MSD (Fig 3.5c), allowed me

to probe the diffusivity and anomalous diffusion exponent of each individual parti-

cle. With increasing diffusivity, the MSD would shift upwards, indicating a greater

displacement over time. As these simulated particles underwent normal diffusion,

the slope of the MSD was similar between simulations, and this is also reflected in

the D vs α plot where the anomalous diffusion exponent remains largely between

0.7 and 1.1. With the step size distribution analysis, histograms of all the steps of

all particles in x and y axes, took the expected shape of a Gaussian function with

the standard deviation of the function yielding the diffusivity of the population (Fig.

3.5d). The per particle mean step size distributions are reflected in Fig. 3.5e, and

can be used to calculate the diffusivity of individual particles if necessary. The re-

sults of using the three different methods for calculating diffusivity are summarized

in the table in Fig. 3.5f where they are compared against the input simulation dif-

fusion co-efficient. The most accurate method appears to be the the time averaged

MSD method, which uses information from different time intervals. Methods re-
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lying on the step size appear to over-estimate the diffusion co-efficient in the case

of low diffusivities, presumably due to uncertainty in estimation of location. These

errors could be corrected by using step sizes for greater time intervals, for exam-

ple using 5 frame interval displacements where ∆t = 0.015 s, where slow moving

particles have moved sufficiently enough to detect their actual displacement (Fig.

3.5f).

For the purposes of benchmarking the tracking method with the use of control

proteins as well as for surveying PAR protein behaviours, I opted for the use of

the time-averaged MSD method (DMSD) (Fig. 3.4a). This allow me to calculate

the diffusivity of individual particles. With the time-average MSD method, I could

calculate a mean diffusion co-efficient as well as a mean restricted diffusion co-

efficient of particles with 0.8 ≤ α ≤ 1.2. However, these two results were not

representative of proteins with multiple diffusing populations, and so I used the

mean step size method (Dss), with a time interval of 5 frames to determine the

heterogeneity of diffusive behaviours. In general, both methods gave similar results

(Table 3.3).

I used the same control proteins as in the previous section (PHPLCδ1::GFP,

SYX-4::GFP, HMP-2::GFP), with one addition: HMR-1, the sole classical cad-

herin in C. elegans, which has been observed to form large clusters during polarity

establishment that are segregated to the anterior half of the embryo by cortical flows

(Padmanabhan et al., 2017).

SPT of PHPLCδ1::GFP and SYX-4::GFP show that the two proteins undergo

rapid lateral diffusion with Dmean = 1.27 ± 0.20 µm2/s and 0.55 ± 0.07 µm2/s

respectively (Fig. 3.6a , b), similar to FRAP obtained values (Table 3.3). These

proteins appear to have uniform behaviours with no significant differences between

the anterior and posterior regions. Additionally, both proteins appear to diffuse nor-

mally, with particles distributed largely distributed within an anomalous diffusion

exponent range of 0.8 ≤ α ≤ 1.2. The step size distributions for PHPLCδ1 indicate

larger displacements for the same time interval when compared to SYX-4 and yield

similar diffusion co-efficients as the MSD method, supporting the fact that PHPLCδ1
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Figure 3.6: Diffusion of control membrane proteins. Analysis of ≥ 30 particles per em-
bryo, with trajectories > 45 frames. (Left to right) Scatter plot of diffusion
coefficient D versus exponent α of particles from a representative embryo,
measured by fitting MSD = 4Dtα for the first ten lag times, with particles in
the anterior in red and particles in the posterior in blue; Distribution of absolute
step sizes of each particle in µm; Distribution of the mean step sizes of parti-
cles in µm; The per-embryo average diffusion-co-efficients calculated for the
anterior region (red), the posterior region (blue) and the entire embryo (purple),
using the time-averaged MSD method for (a) PHPLCδ1::GFP, (b) SYX-4::GFP,
(c) HMP-2::GFP and (d) HMR-1::GFP. Error bars indicate 95 % confidence
interval. Experiments conducted on ≥ 2 independent days.
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diffuses faster than SYX-4. The mean step size distribution also appears broadly

Gaussian in shape, indicating a homogeneous population of particles for both pro-

teins.

In contrast, HMP-2 and HMR-1 display much broader distributions in their D

vs. α plots (Fig. 3.6c , d), particularly HMR-1 which demonstrates enrichment

in a very slow, sub-diffusing species (Dmean = 0.022 ± 0.007 µm2/s). HMP-2

appears to be a more heterogeneous population compared to HMR-1 with molecules

exhibiting a range of behaviours (Dmean = 0.14 ± 0.03 µm2/s). This is reflected in

the mean step size distribution for HMP-2 which has two peaks: one at a shorter

step size (≈ 0.05 µm) and one at a longer step size (≈ 0.18 µm). Both HMP-2 and

HMR-1, display a lower number of particles localising in the posterior, but these

posterior particles appear to be faster diffusing than anterior particles. Together

these results seem to suggest that in addition to a slow HMP-2 species that likely

binds to HMR-1 clusters on the cortex, there is an additional, faster diffusing species

on the membrane. Whilst HMR-1 clusters accumulate in the anterior following

cortical flows, these faster, normally diffusing particles are more concentrated in

the posterior.

Table 3.3: Diffusion of control membrane proteins.

Protein Region DFRAP/SPT (µm2/s) DMSD (µm2/s) DSS (µm2/s)

PHPLCδ1
::GFP

embryo 1.70 ± 0.22 (Goehring et al., 2010) 1.27 ± 0.20 1.31 ± 0.16
anterior - 1.19 ± 0.20 1.29 ± 0.14
posterior - 1.15 ± 0.22 1.26 ± 0.15

SYX-4
::GFP

embryo 0.40 ± 0.22 (unpublished data) 0.55 ± 0.08 0.67 ± 0.11
anterior - 0.53 ± 0.11 0.63 ± 0.12
posterior - 0.53 ± 0.10 0.73 ± 0.09

HMP-2
::GFP

embryo - 0.14 ± 0.03 0.19 ± 0.09
anterior - 0.11 ± 0.01 0.18 ± 0.08
posterior - 0.24 ± 0.04 0.33 ± 0.10

HMR-1
::GFP

embryo - 0.022 ± 0.007 0.032 ± 0.070
anterior - 0.013 ± 0.005 0.021 ± 0.028
posterior - 0.066 ± 0.045 0.110 ± 0.079

In addition to these control proteins, SPT was also conducted on PAR proteins

to screen their behaviour. The proteins chosen were PAR-6::GFP, PAR-3::GFP,

PKC-3::GFP, PAR-2::GFP and LGL-1::GFP (Fig. 3.7), some of which had already

been studied by SPT methods (Robin et al., 2014; Dickinson et al., 2017; Arata
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Figure 3.7: Screening PAR protein diffusive behaviours using SPT. Analysis of ≥ 30
particles per embryo, with trajectories > 80 frames

. (Left to right) Scatter plot of diffusion coefficient D versus exponent α , measured
by fitting MSD = 4Dtα for the first ten lag times, with particles in the anterior in

red and particles in the posterior in blue; Distribution of absolute step sizes of each
particle in µm; Distribution of the mean step sizes of particles in µm; The
per-embryo average diffusion co-efficients (D) and the per-embryo average
restricted diffusion co-efficients for 0.8 ≤ α ≤ 1.2 (Drestr calculated for the

anterior region (red), the posterior region (blue) and the entire embryo (purple),
using the time-averaged MSD method for (a) PAR-6::GFP, (b) PAR-3::GFP, (c)

PKC-3::GFP and (d) PAR-2::GFP and (e) LGL-1::GFP . Error bars indicate 95 %
confidence interval. Experiments conducted on ≥ 3 independent days.

PAR-3::GFP data kindly provided by Joana Pinto for comparison to other aPARs.
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et al., 2016) and also by FRAP (Goehring et al., 2011b). Here, as with the smPRESS

method, the use of a transgenic line combined with fRNAi was required to bring

protein levels to single molecule level. In some cases, as for PKC-3, this was not

possible as we only possessed CRISPR tagged strains which could not be run down

without inducing a phenotype. In these cases, I used F1 crosses of the parent strain

to wild type N2 males, so that the resulting progeny were heterozygous for the GFP

fusion protein, while the other copy was un-tagged. Despite having one copy of of

tagged protein, significant bleaching was still required to bring these proteins down

to single molecule level.

Interestingly, all PAR proteins displayed variation in their diffusive behaviours,

with DMSD
restr being generally higher than DMSD

mean values. This observed variation in

PAR-6::GFP diffusivities is consistent with previously reported data (Robin et al.,

2014), where normally diffusing particles appear to be approximately 2-fold faster

than sub-diffusive particles. With PKC-3 and PAR-6 being able to form stable het-

erodimers and co-localise together, the diffusive behaviours exhibited by PKC-3

turned out to be extremely similar to PAR-6. In contrast, PAR-3, shows a dra-

matic increase in DMSD
restr when compared to its DMSD

mean - an almost 6 fold increase in

diffusivity between the two pools. This is generally consistent with the clustered

appearance of PAR-3 at the cortex, whereas PAR-6 and PKC-3 are more hetero-

geneous. Notably, the normally diffusing pool of PAR-3 has similar diffusivities

(DMSD
restr ) to the normally diffusing pools of PAR-6 and PAR-3, suggesting that the

PAR-3/PAR-6/PKC-3 complex is not restricted to sub-diffusive clusters.

When considering the pPARs, PAR-2 also demonstrates a population of sub-

diffusive particles, hinting at possible oligomerization states as suggested in Arata

et al. (2016). Of interest is that LGL-1, which diffuses faster than any of the other

PARs and is not known to form a stable complex with other posterior proteins. De-

spite this, LGL-1 also displays a small portion of particles that appear sub-diffusive.

None of the PARs demonstrate any significant difference in diffusivity across the

anterior-posterior axis. These results are summarized in Table 3.4, where I compare

the results from using the time average MSD method against the use of the step size
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distribution method.

Table 3.4: Diffusion of PAR proteins.

Protein Region Dmean
MSD (µm2/s) Drestr

MSD (µm2/s) Dmean
SS (µm2/s)

PAR-6
::GFP

embryo 0.081 ± 0.030 0.160 ± 0.058 0.144 ± 0.060
anterior 0.082 ± 0.040 0.150 ± 0.056 0.122 ± 0.058
posterior 0.080 ± 0.020 0.180 ± 0.100 0.126 ± 0.053

PAR-3
::GFP

embryo 0.028 ± 0.013 0.167 ± 0.040 0.065 ± 0.084
anterior 0.031 ± 0.013 0.114 ± 0.061 0.071 ± 0.040
posterior 0.033 ± 0.011 0.155 ± 0.092 0.061 ± 0.073

PKC-3
::GFP

embryo 0.087 ± 0.032 0.185 ± 0.016 0.164 ± 0.076
anterior 0.070 ± 0.030 0.131 ± 0.031 0.134 ± 0.083
posterior 0.081 ± 0.035 0.193 ± 0.063 0.114 ± 0.064

PAR-2
::GFP

embryo 0.111 ± 0.036 0.150 ± 0.050 0.157 ± 0.104
anterior 0.112 ± 0.026 0.162 ± 0.060 0.169 ± 0.108
posterior 0.089 ± 0.010 0.122 ± 0.007 0.152 ± 0.105

LGL-1
::GFP

embryo 0.264 ± 0.110 0.317 ± 0.090 0.444 ± 0.127
anterior 0.266 ± 0.130 0.304 ± 0.110 0.417 ± 0.124
posterior 0.27 ± 0.120 0.357 ± 0.130 0.461 ± 0.135

Using SPT we are able to spatio-temporally resolve the behaviours of pro-

teins and identify uniform/non-uniform behaviours. However, the SPT analysis

clearly has some obvious limitations. These include short tracking periods and

single colour imaging. With the SPT method we are able to capture trajectory in-

formation narrowed down to a time window of approximately 2-4 seconds, which

considering the cortical residence time of eg: PAR-6 (≈ 100 seconds), gives us

only a brief glimpse into the behaviours of the PARs. Another ideal improvement

to the imaging method, would be the ability to carry out multi-colour TIRF imaging

such that we could cross-correlate the single molecule behaviours of PAR proteins

with its (or other PAR protein) bulk distribution. This was previously hindered by

the increased auto-fluorescence of mCherry tagged strains, that did not provide an

adequate enough signal to noise ratio (SNR) for SPT. I sought to resolve these lim-

itations by attempting alternative labelling strategies.
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Figure 3.8: HaloTag labelling provides improvement in tracking duration compared
to GFP. (a) Schematic depicting the protein of interest (POI) with a HaloTag
fusion. With the introduction of the HaloTag ligand bound to a fluorophore
of choice, we are able to visualise the localization of the protein. (b) Com-
parison of representative images of PAR-6::mCherry labelling to PAR-6::Halo
labelling with and without coverslip coating with PLL-PEG. (c) Scatter plot
comparing the distribution of diffusion coefficient D versus exponent α , mea-
sured by fitting MSD = 4Dtα for the first ten lag times, of 100 PKC-3::GFP
particles (green) against 100 PKC3::Halo particles (purple), with track lengths
≥ 30 frames. Particles were randomly selected from n=7 embryos from 3 in-
dependent experiments. (d) (Left) Distribution of absolute step sizes of each
particle and (right) distribution of the mean step sizes of all particles tagged
with GFP (green) or Halo (purple), n=7 embryos, 500 random particles. (e)
Distribution of track lengths for particles tagged with GFP (green) compared
against particles tracked with Halo (purple), n=7 embryos, 1800 particles. (f)
Table containing the calculated mean diffusion co-efficient and mean restricted
diffusion co-efficient where 0.8 ≤ α ≤ 1.2 for PKC-3::GFP and PKC-3::Halo.
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3.4 Use of alternative labeling methods: HaloTag ap-

proach
Over the past few decades, alternative labelling strategies involving the use of en-

zyme based ‘self-labeling’ tags (eg: HaloTag, SNAP tag) have been developed

(Fernández-Suárez and Ting, 2008). These methods can be genetically encoded

such that the protein of interest is fused to a protein sequence that recruits and binds

a small molecule/ligand bound to a fluorophore of choice with high specificity (Fig.

3.8a). These versatile labelling techniques are of great use in single molecule imag-

ing methods, as they afford the ability to tune the number of molecules that are

labelled, and the ability to use different fluorophores for the same protein. The

rapid labelling kinetics and formation of a covalent bond between the fusion tag

and the synthetic ligand ensures that the labelling of the protein of interest is irre-

versible. A recent technique involved the combination of these labelling methods

to a structurally modified dye (JF-549), that displayed improved cell permeability,

brightness and photo-stability (Grimm et al., 2015). Dickinson et al. (2017) showed

that C. elegans embryos can be labelled by feeding the dye to worms in liquid cul-

ture and with TIRF imaging 80% of HaloTagged molecules could be detected by

labelling with the JF-dye ligand. Recognizing the numerous possibilities this tech-

nique could offer us (multi-color imaging, longer trajectory information, tunability

of single molecule fluorophores without the need for RNAi/photobleaching), we

decided to adopt it.

With the use of Halo-tagged PAR-3, PAR-6, PKC-3 and PAR-2 strains (ob-

tained from the Goldstein lab) and the conjugation of JF-549/JF-646 dyes to a Halo-

ligand, we are now able to carry out single particle tracking. While the HaloTag

fusion was similar in size to GFP tags (HaloTag: 297 amino acids, 33 kDa in size;

GFP: 238 amino acids, 27 kDa in size), it was unknown what effect, if any, this

would have on the dynamics of the proteins. To investigate this and any improve-

ment in track length, I crossed 2 strains: PKC-3::GFP and PKC-3::Halo to obtain

obtained F1 progeny, with 50% of PKC-3 labelled with GFP and 50% labelled with

HaloTag-JF-549. It was very clear that the signal to noise ratio was vastly better than
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that of mCherry tags but initial use of the Halo ligand displayed a lot of background

signal from unbound ligand. I created a coverslip cleaning and coating protocol

with embryo washing steps, to remove excess unbound ligand, which proved to be

very effective ((Fig. 3.8b). In terms of the kinetics of the proteins, we observed

no significant difference between PKC-3::GFP and PKC-3::Halo ((Fig. 3.8c), al-

though we did not explicitly measure dissociation rates using smPRESS. However

as we noticed no noticeable variation between GFP and Halo tagged strains for

other proteins (PAR-2, PAR-6), it seemed that the Halo strains were a feasible op-

tion for further experiments. The prime feature of the Halo was the over 2-fold

improvement in track length, with trajectories that could be followed for 10 sec-

onds and longer. This is still an order of magnitude below what we think are the

typical membrane lifetimes of these molecules, but it is certainly an improvement

over current methods.

3.5 Distinguishing advective behaviours from diffu-

sive behaviours
Having used SPT to quantify kinetic behaviours such as diffusion and dissociation, I

next wanted to investigate whether SPT could allow us to detect advection. Teasing

apart the relative contributions of diffusion and advection to instantaneous transport

requires a frame of reference to the cortical flow itself. In Dickinson et al. (2017),

the authors carried out simultaneous imaging of cortical non-muscle myosin (NMY-

2) and PAR-3 clusters during the polarity establishment phase. They quantified the

local flow field at each time point using Particle Image Velocimetry (PIV) on the

NMY-2 data, and subtracted this quantified cortical flow from the PAR-3 tracking

data to yield the purely diffusive motion of PAR-3 clusters. However, direct subtrac-

tion of the flow assumes that clusters couple 100 % to the cortical flow and exhibit

no possible effects of drag. The method also does not allow for the detection of

a mixed population, in the case where some clusters are advected while others are

purely diffusive.

These limitations and others, led me to devise an alternative method, which
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Figure 3.9: Extracting advective transport from single molecule trajectories. (a) The
method uses a combination of particle image velocimetry (PIV) and SPT to
define the local flow field and cluster movement respectively. (b) SPT of a
population of freely diffusing molecules results in a Gaussian distribution of
displacements with zero mean, i.e. (∆x = ∆y = 0). (c) In the case of flows,
displacements in x and y will still take the form of Gaussian distributions, but
they will be shifted by advection, such that ∆x= vx∗t and ∆y= vy∗t, where vx,y

are the flow velocities in the x and y directions and t is time. If x is defined as
parallel to the flow velocity, then ∆x = v f low ∗t, where v f low is the flow velocity,
and ∆y = 0.

also uses the PIV flow field based on NMY-2 as a reference of cortical flow (Fig.

3.9a); however, instead of subtracting the total motion of the clusters, I decomposed

this motion into 2 dimensions: x and y. Diffusion would occur in both dimensions,

whereas advection would bias the movement of clusters in only one dimension. In

terms of displacement, if one were to plot the step sizes of a particle in x and y, in the

case of a normally diffusing particle, these distributions would take the shape of a

Gaussian, with a zero mean (Fig. 3.9b). In the case of a particle that is both flowing

and diffusing simultaneously, displacements in x and y will still take the form of

Gaussian distributions, but the displacements parallel to the directed of flow will be

shifted due to advection (Fig. 3.9c). The efficiency of transport can be assessed by

a coupling co-efficient (C) as follows:

C =
vx

v f low
(3.6)

which is the ratio of the particles velocity in the direction of the local flow (vx),

to the velocity of the local flow (v f low). As NMY-2 is actively causing the flow

and will act as a reference, it would have a coupling efficiency of 1. Anything that

coupled perfectly to the flow, would also have a a coupling efficiency of 1.
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In both instances, with and without the flow, the variance of the Gaussian dis-

tributions allows for the calculation of diffusivity by re-arranging equation 3.3 to

get:

D =
σ2

2t
(3.7)

Unlike with diffusion, the displacement of a particle due to flow scales linearly

with time. This means that over long distances or for slowly diffusing species (small

D) flows dominate, while over sufficiently short distances or rapidly diffusing small

molecules, the effects of flow may be neglible (Illukkumbura et al., 2020). As this

technique relies on using relatively short trajectories, one of the clear limitations

is that it would unsuitable for detecting advection of fast diffusing proteins such

as PHPLCδ1. To investigate the limits of D and ko f f that would affect detection of

advective movement at short time scales, I utilized diffusion simulations once again,

with an added flow velocity.

Figure 3.10 displays the variation in the direction of molecular movement for

∆t = 1 s. In the case of purely diffusive motion, regardless of how fast this diffusion

is, the probability of the particle moving in any direction is equal (Fig. 3.10a). In

the case of flows, with no diffusion (Fig. 3.10b, first column), motion is biased

in the direction of flow (with flow here being applied from left to right). When a

combination of diffusion and advection is applied, motion is still biased however,

there is a very small probability that particles may move in a random direction.

As diffusion is increased with continuous flow, the bias towards the right becomes

reduced (Fig. 3.10b, fourth column).

The distribution of displacements can be plotted for different difusivities as

shown in Fig. 3.11a-d. While these distributions visually appeared to take the shape

of a Gaussian distribution, I also formally tested if the displacements were normally

distributed using the D’Agostino-Pearson test (D’Agostino, 1971), which combines

skew and kurtosis to produce an omnibus test of normality. Fig. 3.11e displays the

average coupling co-efficient (C), which reflects the coupling specified for the sim-

ulation (i.e. 100 % coupling, C = 1). It appeared that the error in this measurement
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Figure 3.10: Bias in trajectories due to flow at short timescales is lost with increasing
diffusion and turnover. Polar projections of the distribution of directionality
of simulated molecular motion (in degrees) at ∆t = 1s. (a) Diffusive motion
with no added flows and increasing diffusivity from left to right. (b) Constant
flow applied towards the right, v f low = 0.1µms−1 with increasing diffusiv-
ity from left to right, and decreasing membrane lifetime from top to bottom.
Each projection contains displacements from 150 randomly chosen particle
trajectories from 3 independent simulations.
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Figure 3.11: The standard deviation of coupling co-efficiency increases with increas-
ing diffusion. Distribution of 5000 randomly selected step-wise displace-
ments for ∆t = 1s of 100 simulated particles from representative independent
simulations moving with a v f low = 0.1µms−1 and with (a) no diffusion, (b)
D = 0.02 µm2/s, (c) D = 0.10 µm2/s or (d) D = 0.30 µm2/s. Normality
of distributions verified by D’Agostino-Pearson statistical tests. (e) Average
coupling co-efficient for independent simulations (represented by each point)
with varying diffusivity (n=20 simulations, 5000 random steps selected from
each simulation). With increasing diffusion the difference in the mean be-
tween the two Gaussian distributions becomes harder to quantify despite the
average C remaining similar.
(ns: p > 0.05, *p < 0.05, Kruskal-Wallis test with Dunn’s post test).
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increases with increasing diffusivity. This is likely due to the broadening width of

the Gaussian distributions which overwhelm the shift between the two distributions

in parallel and perpendicular directions. To test that we can detect advection even

at these high diffusivities, and that the perpendicular and parallel distributions are

significantly different for each embryo, I used an unpaired t-test, assuming equal

variances (see section 2.10 for details).

Having devised a method to determine the efficiency of instantaneous advec-

tive transport, I decided to test my method in vivo on three different proteins: NMY-

2 (non-muscle myosin II), HMR-1 and PAR-2. I used a dual labelled NMY-2 worm

line (where NMY-2 is labelled in both red and green channels) as a control for my

method (Fig. 3.12 a (ii)), as this should provide me with a near-perfect coupling

efficiency. As HMR-1 forms clusters of indiscriminate sizes (Fig. 3.12 a (i)), which

clearly segregate into the anterior where they become enriched (Munro et al., 2004;

Padmanabhan et al., 2017), it was used to test my method in the context of detecting

the advection of clusters. Notably, HMR-1 also has a link to the underlying actin

cortex via binding to beta-catenin which binds to alpha-catenin, which in turn binds

to the actin cytoskeleton.

On the other hand, I used PAR-2 to test my method in the context of single par-

ticles (Fig. 3.12 a (iii)). As PAR-2 has a membrane localization domain, it is able to

associate with phosphoinositide lipids on the plasma membrane. This association is

promoted by the segregation of aPARs to the anterior, removing any inhibitory ef-

fects on the membrane binding ability of PAR-2 (Motegi et al., 2011). Interestingly,

kymographs of PAR-2 intensity over time indicate a classic leading edge enrich-

ment of the PAR-2 domain, suggesting a responsiveness to cortical flows (Goehring

et al., 2011b). Recent work also suggests that PAR-2 may form oligomers on the

membrane (Arata et al., 2016); however these do not appear as defined punctate

clusters as is in the case of HMR-1 and so SPT is necessary to detect advection

of PAR-2. As to what extent oligomerization plays a role in advection of either

HMR-1 or PAR-2 is unknown.

The analysis indicated that all three proteins were advected, as there was a clear
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Figure 3.12: In vivo detection of advection of NMY-2, HMR-1 and PAR-2.
(a) Representative HiLo images of (i) HMR-1::GFP (left - single channel;
right - merged image with NMY-2::mKate2), (ii) merged image of dual la-
belled NMY-2 (NMY-2::GFP, NMY-2::mKate2), and (iii) merged image of
PAR-2::Halo at single molecule density with NMY-::GFP. Scale bar, 10 µm
(b) Distribution of displacements in perpendicular and parallel to the direc-
tion of local flow for NMY-2::mKate2 foci (∆t = 5s, n=1000 steps, 4 inde-
pendent experiments), HMR-1::GFP clusters (∆t = 5s, n=1000 steps, 3 inde-
pendent experiments) and single molecules of PAR-2::Halo (∆t = 1s, n=1800
steps, 5 independent experiments). Normality of distributions verified by the
D’Agostino-Pearson statistical test. Difference in means between perpendic-
ular and parallel distributions tested by unpaired t-test. Average advection
velocity (v) ± s.d. is indicated in each case. (d) Average diffusion co-efficient
per embryo (Dσ , n=100 particles) and (e) Coupling co-efficient for NMY-
2::mKate2 (n=1000 steps), HMR-1::GFP (n=1000 steps) and PAR-2::Halo
(n=800 steps).
(*p < 0.05, **p < 0.01, ****p < 0.0001, Kruskal-Wallis test with Dunn’s
post test.)
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shift between the two Gaussian distributions of displacements in perpendicular and

parallel to the direction of local flow (Fig. 3.12 b), and was also statistically tested

with an unpaired t-test (see section 2.10 for details). I used these distributions in the

perpendicular direction to calculate the diffusivity of the three proteins (Dσ ). NMY-

2 exhibited the slowest diffusivity (Dσ = 0.006±0.002µm2/s), with HMR-1 being

slightly faster in comparison (Dσ = 0.016±0.004µm2/s). PAR-2 was significantly

faster than either of them (Dσ = 0.07±0.012µm2/s). In general these results were

consistent with the results in section 3.2 where other methods (DMSD,Dss) were used

to calculate the diffusivity of HMR-1 and PAR-2. Correlating with this increase in

diffusivity, the coupling efficiency appeared to decrease, with C = 0.98± 0.18 for

NMY-2, and C = 0.87±0.16 & C = 0.67±0.12 for HMR-1 and PAR-2 respectively.

The results obtained for the advection of NMY-2 confirmed that the method

was working accordingly, and that combining two analysis methods (PIV and SPT)

was feasible. Advection of HMR-1 was not significantly different from NMY-2 in-

dicating that HMR-1 clusters were able to couple quite well to cortical acto-myosin

flows, consistent with other work (Munro et al., 2004; Padmanabhan et al., 2017).

The efficiency of PAR-2 advection was relatively reduced in comparison to NMY-2

and HMR-1 clusters, likely due to a much faster diffusing population.

3.6 Conclusions

The overall aims of this chapter were to use biophysical methods to gain insight into

PAR protein kinetics (dissociation rates, diffusion rates, and advection efficiency). I

chose SPT methodologies due to their advantages over bulk measurement methods

such as FRAP.

PAR protein dynamics, thus far quantified using SPT, reveal a heterogeneity in

diffusive behaviours and complement recent findings that indicate the presence of

distinct populations and PAR complexes that form during polarization (Rodriguez

et al., 2017; Robin et al., 2014; Dickinson et al., 2017). This was confirmed with the

use of different analysis methods that involved the use of mean step sizes and abso-

lute step size distributions, as well the traditional MSD approach, which were all in
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agreement. With regards to dissociation rates, spatial variation in the ko f f of PAR

proteins has been examined in the context of two PAR proteins. PAR-6 was found

to have uniform off rates, suggesting asymmetry is not maintained through selective

displacement in the posterior. Rather, asymmetry is most likely regulated through

membrane association, which we know is dependent on PAR-3 (Robin et al., 2014;

Sailer et al., 2015). By contract, PAR-2 exhibited a significant anterior-posterior

bias, consistent with selective displacement in the anterior by PKC-3 (Arata et al.,

2016).

My findings seemed to indicate that in general SPT methods seem to agree

qualitatively with results from methods such as FRAP, and have the potential to

provide novel insights into PAR protein behaviour. However, the caveats associ-

ated with the smPRESS method (see Chapter section 3.2) make it similar to bulk

methods such as FRAP, and alternative methods to deduce dissociation rates of het-

erogeneous populations would be more advantageous.

I also aimed to improve current SPT methods by lengthening the tracking pe-

riod of proteins and by stepping from single colour to multi-colour imaging. I had

hoped these improvements could provide us with a knowledge of PAR protein be-

haviours (eg: is there a switching of behaviours?) during the majority of their

cortical residence time, instead of giving us a less than 2 second view into their be-

haviours. My strategy involved the use of the HaloTag labelling method which dis-

played over a two-fold improvement in track length, extending track lengths. How-

ever, screening PAR protein behaviours was largely limited to aPARs due to strain

limitations, and still require the creation of control proteins (eg: PHPLCδ1:Halo) to

further validate the method. Reassuringly, comparison of GFP tagged proteins to

Halo tagged proteins reveal no discrepancies in protein dynamics.

Additionally, I extended the SPT method to detect the relative contributions

of diffusion and advection to molecular motion during the polarity establishment

method in order to reveal the physical mechanisms that underlie acto-myosin de-

pendent flow based transport. Here I devised a method that combined SPT with

particle image velocimetry (PIV) and centred around the distribution of displace-
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ments of particles at given time intervals. Using simulations of diffusing particles

I was able to validate this analysis method and while it has its own limitations, it

appears to be able to successfully indicate the degree of instantaneous advection

efficiency. This method can now be used to assess requirements for advection (eg:

heavy molecular weight, ability to oligomerize, indirect actin binding capability)

and investigate whether freely diffusing monomers on the membrane are able to be

moved by flows.





Chapter 4

Effects of PAR-3 cluster size on

diffusivity and advection

4.1 Introduction

PAR-3 exemplifies how cells are able to facilitate the directional transport of pro-

teins, by regulating their dynamic behaviours. The cell cycle dependent oligomer-

ization of PAR-3 is thought to be critical for its ability to couple to intra-cellular

flows, and thereby induce the asymmetry of other aPAR proteins (PKC-3/PAR-6)

(Rodriguez et al., 2017; Dickinson et al., 2017). What physical mechanism drives

segregation of clusters by cortical flows is unclear.

In this chapter, I wanted to distinguish between the effects of PAR-3 oligomer-

ization on diffusion and its affects on advection. I hypothesized that the physical

properties of clusters could either (1) reduce diffusion or membrane dissociation

rates, and thus affect the Pe number and its net transport or (2) alter the ability

of molecules to physically sense flows (e.g. by changing their size or interactions

with a flowing cortex). Using the single molecule tracking approach, together with

PIV data, I sought to quantitatively relate cluster characteristics to diffusivity and

the efficiency of transport. Specifically, I aimed to distinguish whether cluster size

correlates with advection efficiency (i.e. are bigger clusters are more efficiently

transported due to reduced diffusive motion) or whether the ability of clusters to be

moved by flows is related to their size.
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4.2 Advection of PAR-3 is independent of cluster size

A key determinant of the ability of PAR-3 to associate with the membrane and

sense cortical flows is its ability to assemble into diffraction limited clusters on

the membrane, driven by its N-terminal oligomerization domain. These clusters

demonstrate cell cycle dependent changes in cluster size, driven by the activity of

PLK-1 (Dickinson et al., 2017). During the polarity establishment phase, PAR-

3 clusters begin to slowly increase in size and intensity, and are moved into the

anterior half of the embryo by cortical flow. PAR-3 however does not appear to show

any co-localisation with NMY-2 puncta (Fig. 4.1a), supporting the idea that PAR-

3 has no direct interactions with the acto-myosin cortex. After optimising feature

detection parameters to detect clusters, I could use SPT methods to track clusters

over time and quantify cluster intensity as a proxy for size (as bigger clusters would

be brighter). Interestingly, PAR-3 formed clusters of varying intensities (Fig. 4.1b)

consistent with previous reports (Dickinson et al., 2017; Zhang et al., 2013; Harris,

2017). The clusters increased in brightness as the cell cycle progressed, peaking

around pro-nuclear meeting (Fig. 4.1c), after which they rapidly decrease in size,

as the activity of PLK-1 appears to kick in.

Unfortunately, this change in the total amount of PAR-3 on the membrane over

time made it quite difficult to apply and interrogate an effective dissociation rate for

PAR-3 using smPRESS. This is because smPRESS relies on the assumption that

particles are at a steady state level on the membrane, and PAR-3 levels are con-

tinuously changing. Additionally, as smPRESS relies on single molecule detection

and is a bulk population measure, it cannot be used to assess differences in PAR-3

dissociation as a function of cluster size.

I first used SPT to determine whether cluster size had an impact on advection

efficiency and diffusion. To do so, I tracked PAR-3::GFP clusters, with imaging

every 1 second over a period of 100 seconds, immediately proceeding symmetry

breaking. This time period was optimal as flows were less pulsatile and PAR-3

clusters demonstrated minimal changes in intensity. Using my tracking results, I

could bin PAR-3 clusters into 4 groups based on their intensity. Dickinson et al.
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Figure 4.1: PAR-3 forms oligomers of varying sizes that exhibit cell-cycle dependent
changes in intensity. (a) Anterior-to-posterior directed acto-myosin flows
drive the aPARs to the anterior pole. NMY-2 GFP puncta (top panels) and
PAR-3 clusters (bottom panels) as observed during the polarity establishment
phase. Scale bar, 10 µm. (b) Distribution of average PAR-3 cluster intensi-
ties in the 100 second period following symmetry breaking in a representative
embryo. (c) Evolution of PAR-3 cluster intensities over time. PAR-3 clusters
demonstrate cell-cycle dependent changes in size. Error bars indicate 95 %
confidence interval, n = 7 embryos, aligned to time of NEBD.

(2017) had previously shown that brighter clusters could be more stably tracked

for longer periods of time and thereby had a higher net displacement. This lead to

an apparent increase in the Peclet number compared to dimmer clusters. However,

this did not make clear whether brighter clusters are advected more efficiently than

dimmer clusters during similar periods of time. Additionally, photo-bleaching and

tracking errors make it difficult to draw clear conclusions.

In my experiments, I used suitably short time intervals (∆t = 5s) to compare

the advection efficiency of clusters from the 4 intensity groups. I used both the SPT

analysis and the PIV analysis on the NMY-2 data, to create a per-embryo control of

the method. Using my advection analysis method for the whole population of NMY-

2 and PAR-3, I could see that in the case of both proteins, the Gaussian distributions

of displacements in the direction parallel to the flow was shifted compared to the
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Figure 4.2: Advection of PAR-3 at short timescales is independent of PAR-3 cluster
size. Displacements from SPT in parallel (pink) and perpendicular (green) di-
rections to the average local flow vectors (∆t = 5s) from PIV analysis for (a)
NMY-2::mKate (n=489 particles), (b) PAR-3::GFP (n=2081 particles) and (d)
PAR-3::GFP clusters binned by intensity (n=756, 716, 464 and 145 particles
respectively). Normality of distributions verified by the D’Agostino-Pearson
statistical test. Coloured asterisk(s) indicate a failed normality test. (c) PAR-3
coupling co-efficient compared with NMY-2 coupling co-efficient (n=16 em-
bryos, 4 independent experiments), (**p < 0.01, Welch’s unpaired t-test). (e)
PAR-3 cluster size intensity vs. diffusion (****p < 0.0001, Welch’s unpaired
t-test). (f) Advection velocity in parallel (pink) and perpendicular (green) direc-
tions to the anterior-posterior axis for PAR-3 cluster intensity bins and NMY-2
(****p < 0.0001, Multiple t-tests with Holm-Sidak method). (g) Coupling co-
efficient vs. PAR-3 cluster intensity (black) and control NMY-2 (grey), (ns: p
> 0.05, *p < 0.05, Kruskal-Wallis test with Dunn’s post test).
Points are individual embryos, mean marked by horizontal line.
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displacements perpendicular to direction of flow (Fig. 4.2 a,b) indicating that both

proteins were advected.

While NMY-2 actively participates in generating the flow, its kinetics are

largely dominated by exchange, not diffusion, and this is reflected by its slighter

thinner distribution of displacements, indicating lower diffusivity in comparison to

PAR-3. Following confirmation that PAR-3 advection can be detected, I then inves-

tigated the effect of cluster size on advection. Fig. 4.2c displays the distribution

of displacements parallel and perpendicular to local flow velocity for each intensity

bin. While the normality of the distributions was largely verified, some distributions

of displacements did not exhibit a Gaussian distribution as evidenced in Fig. 4.2d -

bin 4. For n=6/15 embryos in bin 4 (see Appendix B) and n=2/16 embryos in bin

3, either the distributions in perpendicular, parallel or both, failed the normality sta-

tistical test, indicating a multi-modal distribution. While multi-modal distributions

could be expected in the parallel direction (for example, if there were two or more

sub-populations with varying behaviours), it is unexpected in the perpendicular dis-

tribution of displacements as these should contain purely diffusive particles. This

variation could be due to noise in the vectors from the PIV analysis, leading to shifts

in populations of particles in certain regions of the embryo - however, this remains

to be confirmed. Incidentally, these embryos also had reduced numbers of particles

with n < 400 steps in their distributions, and were therefore more susceptible to

bias in distribution due to errors in particle tracking or PIV vectors.

The variance of each distribution could be used to calculate the diffusivity of

the population, and we see that with increasing cluster size there is a significant

decrease in diffusivity (Fig. 4.2d). Upon inspection of the advection velocities (Fig.

4.2e) and the coupling co-efficient (Fig. 4.2f), we see that neither is affected by

cluster size. Tracking of NMY-2 indicated that v f low = 0.112± 0.03µms−1 which

is consistent with the literature (Goehring et al., 2011b; Niwayama et al., 2011) and

that C = 0.93±0.12. PAR-3, whilst not coupling to NMY-2 as well as NMY-2 does

to itself, has a fairly high C of 0.87±0.1 (Fig. 4.2c).

Together these results suggest that advection of PAR-3 is independent of cluster
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a bHalo(JF-549)::PAR-3

Figure 4.3: Single molecule imaging of PAR-3 reveals a population of fast diffusing
particles that are not detected during the cluster tracking analysis. (a) JF-
549 labelling of Halo::PAR-3 at single molecule densities. Scale bar 10 µm.
(b) Comparison of the distributions of diffusivities of PAR-3::GFP from the
cluster analysis (yellow) and Halo::PAR-3 from the single molecule analysis
(green). n = 12 embryos, 5 independent experiments.

size and the size-dependent restriction of diffusion likely aids overall net transport

over the lifetime of a cluster.

4.3 Advection of PAR-3 is independent of diffusivity
One caveat of the cluster advection analysis is that we are probably not detecting all

the clusters of PAR-3 on the cortex. Due to detection and tracking limits, smaller

and faster-diffusing clusters are likely to be significantly unrepresented. To examine

all PAR-3 populations equally well, I decided to next use my Halo-tag labelling

approach with single molecule imaging to track individual PAR-3 particles during

periods of flow.

Single molecule imaging of Halo::PAR-3 was carried out at a high temporal

resolution (∆t = 100ms) with high laser power, in an attempt to detect all PAR-3

species equally well (Fig. 4.3a). This imaging strategy revealed that there was a

population of fast-diffusing particles that was not detected with the cluster analysis

alone (Fig. 4.3b). This could have been due to the high ∆t during the cluster imag-

ing or the low laser powers used which did not sufficiently elevate small clusters

above the user defined intensity threshold for cluster detection. With this new pop-

ulation revealed, I wanted to investigate how efficiently these smaller clusters were

advected. However, unlike with the cluster analysis, I could not deduce whether a

particle was clustered or non-clustered from the intensity information. Instead, the
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size of the cluster that the particle was within could be inferred from diffusion, as

increasing cluster size correlates with decreasing diffusivity. So, rather than bin-

ning the particles by intensity, I binned these particles based on their perpendicular

mean step size which denotes diffusivity and is unaffected by flow. The 5 bins (0 -

0.005 µm2s−1, 0.005 - 0.01 µm2s−1, 0.01 - 0.02 µm2s−1, 0.02 - 0.04 µm2s−1, 0.04

- 0.08 µm2s−1, 0.08 - 0.2 µm2s−1) were chosen to have roughly equal numbers of

particles.

In general, the single molecule imaging provided consistent results for NMY-

2::GFP and Halo:PAR-3 whole populations (Fig. 4.4 a,b), indicating a similar

degree of advection as with the cluster tracking analysis. Interestingly, when

Halo::PAR-3 was binned by diffusion, the distribution of displacements in paral-

lel and perpendicular to the flow indicated clear advection for all bins (Fig. 4.4

c). As expected, these distributions appeared wider with each bin, illustrating the

increasing diffusivity of the particles within each bin. However, as with the previ-

ous analysis of PAR-3 clusters binned by intensity, some bins had distributions of

displacements which failed the normality tests in the perpendicular, parallel or both

directions (bin 1: n=2/14 embryos, bin 2: n=1/14 embryos, bin 3: n=2/14 embryos,

bin 4: n=2/14 embryos, bin 5: n=4/14 embryos, bin 6: n=8/14 embryos). Again,

this appeared to correlate with a reduced number of particles and steps within that

distribution. Importantly, when examining the coupling co-efficient, it appeared

that regardless of diffusivity, all particles coupled equally well to acto-myosin flows

(Fig. 4.4 d). Additionally, these results were in agreement with the results from the

cluster analysis,when the cluster data was binned by diffusivity instead of cluster

intensity (Fig. 4.4 e).

I noticed that with increasing diffusivity of PAR-3, the variation in the coupling

co-efficient was greater. To investigate the source of this noise, I decided to simulate

particles with approximately the same distribution of diffusivities as in vivo PAR-3

particles (Figure 4.5 a). These particles were simulated to couple perfectly with the

flow, and so should demonstrate C = 1. The Gaussian distribution of displacements

of all tracked particles in both dimensions is shown in Figure 4.5 b. The distribution
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Figure 4.4: PAR-3 advection at short timescales is independent of diffusivity.
(a - c) Displacements from SPT in parallel (pink) and perpendicular (green) di-
rections to the average local flow vectors (∆t = 2s) from PIV analysis of a rep-
resentative embryo for (a) NMY-2::GFP (n=1379 particles), (b) Halo::PAR-3
(n=1495 particles) and (c) Halo::PAR-3 particles binned by diffusivity (n=139,
255, 179, 152, 109 and 61 particles respectively). Normality of distributions
verified by the D’Agostino-Pearson statistical test. Coloured asterisks indicate
failed normality tests. (d) Coupling co-efficient vs. PAR-3 diffusivity (black)
and control NMY-2 (grey), n=14 embryos, 5 independent experiments (ns: p
> 0.05, *p < 0.05, Kruskal-Wallis test with Dunn’s post test). (e) Comparison
of the coupling co-efficient for PAR-3::GFP clusters (yellow) and Halo:PAR-
3 molecules (green) binned by diffusivity (n.s. > 0.05, Multiple t-tests with
Holm-Sidak method).
Points are individual embryos, mean marked by horizontal line.
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Figure 4.5: Simulations of PAR-3 diffusivity indicate variation in C is generated by
low number of steps. (a) Distribution of diffusivities of PAR-3::GFP in vivo
particles vs randomly generated in silico particles. (b) Distribution of displace-
ments parallel (pink) and perpendicular (green) to the direction of flow for (b)
all simulated particles (n = 432 particles) and (c) particles binned by their dif-
fusivity (n = 49, 74, 86, 84, 84 and 55 particles). Normality of distributions
verified by the D’Agostino-Pearson statistical test. (d) Coupling co-efficient
(C) vs. diffusivity for all particles. Each point represents the per-simulation
average. (e) Coupling co-efficient (C) vs. diffusivity with random sampling of
1000 steps. (f) Coupling co-efficient (C) vs. diffusivity with random sampling
of 6000 steps.
(ns: p > 0.05, *p < 0.05, Kruskal-Wallis test with Dunn’s post test)
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Table 4.1: Number of particles and steps tracked in each diffusive bin per simulation.

Diffusive bin Average number of particles Average number of steps
0 - 0.005 µm2s−1 55.6 ± 8.0 3527.8 ± 212

0.005 - 0.01 µm2s−1 78.9 ± 8.7 3505.8 ± 208
0.01 - 0.02 µm2s−1 87.0 ± 11.1 3147.4 ± 314
0.02 - 0.04 µm2s−1 81.1 ± 9.6 2467.9 ± 261
0.04 - 0.08 µm2s−1 83.8 ± 6.2 1841.6 ± 342
0.08 - 0.2 µm2s−1 64.6 ± 7.6 878 ± 468

of displacements in each diffusive bin demonstrated a shift in their mean displace-

ment, indicating that particles were being advected (Fig. 4.5 c) in all bins. However,

while the average coupling co-efficient C ≈ 1 for all bins, the same trend could be

observed as in in vivo data, where with increasing diffusivity, the data in the bin be-

came noisier. Upon further examination, I realised that despite having almost equal

numbers of particles in each bin, the number of steps was drastically reduced with

increasing diffusivity. As faster particles are harder to track, track length seemed to

correlate with diffusion. These results are summed in Table 4.1 where it can be seen

that the first and slowest bin has over 4 fold the number of steps of the last, fastest

bin.

In order to investigate whether the variation in C was due to the number of

steps, I pooled the trajectories from all the simulations and randomly picked either

1000 steps (Fig. 4.5e) or 6000 steps (Fig. 4.5f) from each bin to plot the Gaussian

distribution of steps and calculate a new coupling co-efficient. The result was in-

creased noise with lower numbers of steps, and reduced noise with higher numbers

of steps, where C≈ 1 in all cases. These series of simulations indicate that the num-

ber of steps within each bin can have a huge effect on the variation of the coupling

co-efficient.

Furthermore, to investigate whether the number of steps impacted not just the

coupling co-efficient, but also my ability to detect advection with this method, I used

my simulations from Chapter 3 (see Fig. 3.11), and varied the number of steps when

plotting the distribution of displacements (Fig. 4.6). By conducting an unpaired

parametric t-test on the parallel and perpendicular distributions for varying numbers

of steps, at increasing diffusivities, I was able to define the limits of my method and



113

0  0.02 0.05 0.10 0.20 0.30 

200
400
600
800

1000
1200
1400
1600
1800
2000
2200
2400
2600
2800
3000
3200
3400
3600
3800
4000
4200
4400
4600
4800
5000
6000
7000
8000
9000

10000

< 0.0001

Diffusion co-efficient (μm2/s)

N
um

be
r o

f s
te

ps
 in

 G
au

ss
ia

n 
di

st
rib

ut
io

n 
of

 d
is

pl
ac

em
en

ts

p-value

< 0.001

< 0.01

< 0.05

> 0.05

Figure 4.6: Accuracy of detecting advection with varying step number and varying
diffusivity. Heat map of the significant difference between the parallel and per-
pendicular distributions of steps with varying numbers of steps (200 - 10,000
steps randomly selected from 3 independent simulations) and at different dif-
fusivities (0, 0.02, 0.05, 0.1, 0.2 and 0.3 µ2m/s. Simulation parameters:
ko f f = 0.01s−1, 100 particles, v f low = 0.8µ/s, time interval = 100ms. Parallel
and perpendicular distributions were compared using an unpaired parametric
t-test, assuming equal variance. P-values > 0.05 were considered to not show
any significant difference (red) and these conditions would not allow for detect
of any advection.



114

0 -
 0.

00
5

0.0
05

 - 0
.01

0.0
1 -

 0.
02

0.0
2 -

 0.
04

0.0
4 -

 0.
08

0.0
8 -

 0.
2

0.0

0.5

1.0

1.5

Diffusion co-efficient [μm2/s]

C
ou

pl
in

g 
co

-e
ffi

ci
en

t n.s.

Figure 4.7: Pooled embryonic data for PAR-3 at similar velocities. Data from embryos
with similar local velocities for each diffusive bin were pooled together to in-
crease the number of displacement steps and improve fitting. Average velocities
and number of embryos represented by individual points are as follows: green
- v = 0.081µms−1, n = 2 embryos; blue - v = 0.091µms−1, n = 5 embryos;
orange - v = 0.103µms−1, n = 2 embryos, black - v = 0.137µms−1, n = 4 em-
bryos.
(ns: p > 0.05, *p < 0.05, Kruskal-Wallis test with Dunn’s post test)

determine the minimum number of steps required to detect advection. The heat map

in Fig. 4.6 demonstrates that the difference between the perpendicular and parallel

distributions is easily detected at low diffusivities, given that there are at least 400

steps in each distribution. However, at higher diffusivities it becomes apparent that

the detection of advection is impacted by the number of steps. For diffusivities of

0.30 µm2/s, even with over a threefold increase in the number of steps (1400 steps)

it is not possible to detect advection reliably. It would be interesting to interrogate

how the results would appear if embryos with less than the minimum number of

required steps were removed from the analysis.

As an alternative, I decided to increase the number of steps per distribution

with the aim of improving the analysis and reducing the noise of the distribution

of the coupling co-efficient, as it did with the simulated data sets in Fig. 4.5f. To

do so, I pooled trajectory data from individual embryos with similar local veloc-

ities, based on their PIV data (Fig. 4.7). This pooling increased the number of

displacement steps and improved fitting of the Gaussians, especially at the fastest

diffusing bins. Reassuringly, the trend remained the same, with similar coupling
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co-efficients across the different diffusive bins. Together, these results support the

idea that PAR-3 coupling to the acto-myosin cortex is independent of diffusivity at

short timescales.

4.4 Conclusions

The results of this chapter indicate that, at short timescales, PAR-3 advection is

independent of cluster size and diffusivity.

To determine the effects of oligomerization on advection, I first used my

SPT/PIV methods (Chapter 3) to bin PAR-3 clusters by their intensity (as a proxy

for size). Regardless of size, PAR-3 clusters were advected equally well in all bins.

Consistent with previous work, clusters did exhibit a size-dependent decrease in

diffusivity (Dickinson et al., 2017), however these diffusivities are extremely slow.

In would be interesting to explore the how much these slow diffusivities contribute

to overall segregation.

I also interrogated PAR-3 at the single molecule level to examine all popula-

tions of PAR-3, including fast diffusing oligomers that were not detected in the clus-

ter analysis. My results indicated that regardless of diffusivity, PAR-3 molecules

were advected equally well.

I was unable to use smPRESS on PAR-3 due to it’s cell cycle dependent

changes in membrane concentration, and its inability to probe cluster size depen-

dent effects on dissociation rates. A possibility in the future may be to trial drug

perturbations which could arrest the cell cycle in order to obtain bulk dissociation

rates for PAR-3; however, the effects on PAR-3 clusters would need to be examined

to ensure that a true steady state had been reached. This type of experiment would

still be insufficient to detect the effects of PAR-3 cluster size on membrane life-

time. One approach would be to engineer PAR-3 as different sized oligomers (eg:

monomeric, dimeric, trimeric etc) and determine the effects on cortical residency

time.

As all the particles we can detect show similar levels of coupling efficiency, this

supports the hypothesis that clustering functions to restrict diffusion to aid overall
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transport rather than to sense the flows. However, despite fast rates of diffusion, all

the particles analyzed still contain the N-terminal CR1 oligomerization domain, and

are likely oligomers rather than monomers. It possible that forming an oligomeric

complex, even a dimer, is sufficient to allow for PAR-3 advection. To directly assess

the role of oligomerization in PAR-3 advection, I next decided to work with PAR-3

mutants defective in their ability to oligomerize.



Chapter 5

Assessing the requirement of

oligomerization for PAR-3 advection

5.1 Introduction
Previously I have introduced the concept of oligomerization of membrane-

associated proteins in the context of advection (see section 1.1.3). Given that

the results from chapter 4 indicate that all PAR-3 appears to couple to cortical flows

for the analysed timescales, it is of interest that PAR-3 oligomerization defective

mutants do not appear to segregate or demonstrate any noticeable polarization (Ro-

driguez et al., 2017; Dickinson et al., 2017). In this chapter, I wanted to directly

assess the requirements of oligomerization on advective transport. To do so I mod-

ulated PAR-3 clustering by mutating its N-terminal oligomerization domain known

as the CR1 domain. In addition to this, I wanted to probe whether oligomerization

specific to the CR1 domain was necessary for advection, or whether artificial clus-

tering mediated by other domains or methods would be able to induce advection.

5.2 Investigating advective efficiency of existing

PAR-3 oligomerization defective mutants.
Various genetic mutations in the CR1 domain have been shown to affect oligomer-

ization of PAR-3 (Benton and St Johnston, 2003a; Feng et al., 2007; Krahn et al.,

2010; Li et al., 2010a,b; Zhang et al., 2013; Dickinson et al., 2017). When the struc-
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Figure 5.1: PAR-3 (∆69− 82) transgenic strains are deficient in membrane localiza-
tion and anterior segregation. Embryos aligned such that anterior is on
the left and the posterior is to the right. (a) Schematic comparing wild type
PAR-3 to PAR-3 (∆69− 82) which is lacking the first 14 amino acids of the
CR1 oligomerization domain. (b) Membrane localization of oligomerization
defective PAR-3 (∆69− 82) can be restored by used a PH-tethered anti-GFP
nanobody which will bind to any GFP fusion protein. (c) Representative mid-
plane and cortical images of wild type PAR-3::GFP (WT, n=8 embryos) and
PAR-3(∆69− 82)::GFP with (n=4 embryos) and without (n=7 embryos) the
presence of the membrane anchor PH:GBP (GBP) at establishment and main-
tenance phase. Imaging conducted in 3 independent experiments, brightness
and contrast adjusted similarly in above images. Scale bar, 10 µm.
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ture of the mammalian PAR-3 was decoded (Feng et al., 2007; Zhang et al., 2013),

two point mutations were identified that abrogate oligomerization by disrupting the

electrostatic interactions responsible for self-association of PAR-3, while maintain-

ing the overall structure of the protein. These two mutations were equivalent to

V80D and D138K in C. elegans PAR-3, but even though they appeared to abolish

oligomerization and membrane localization in mammalian cells and in Drosophila,

they had a weaker effect in C. elegans - transient polarization still occurred (Li et al.,

2010a). Other mutations within the CR1 domain which also disrupt the electrostatic

interactions between PAR-3 molecules, have been shown to be more effective in C.

elegans than the VD mutations (Li et al., 2010a; Dickinson et al., 2017).

In particular, in our lab, we had a transgenic line with a deletion of the first 14

amino acids (∆69− 82) of the CR1 domain (Fig. 5.1a). This strain was published

alongside two other strains with separate deletions ∆109− 119 and ∆122− 132

(Li et al., 2010a) and all of these deletions have the same phenotype of disrupting

membrane binding and abolishing the ability of PAR-3 to oligomerize in vivo and

in vitro. Examination of PAR-3(∆69− 82)::GFP provided us with consistent re-

sults when compared to the literature, however we noticed that there was a slightly

increased concentration of PAR-3 at maintenance phase in comparison to establish-

ment where there was hardly any PAR-3 visible on the cortex (Fig. 5.1c). This late

rescue could be the result of endogenous PAR-3 which recruits PAR-6 and PKC-3

to the membrane, which in turn would be able to potentially rescue localisation of

the oligomerization defective mutant via binding to its PDZ domains.

Recent work from the lab used a membrane tethered anti-GFP nanobody to re-

store the membrane localization of PAR-3(∆69−82)::GFP (Fig. 5.1b) (Rodriguez

et al., 2017). This membrane tethered variant was more uniformly distributed at the

membrane in comparison to wild-type controls and displayed reduced segregation

into the anterior (Fig. 5.1c) supporting the data in Rodriguez et al. (2017). Nor-

malized intensity profiles comparing WT PAR-3 + GBP and PAR-3(∆69− 82) +

GBP are included in (Rodriguez et al., 2017), quantifying the reduced segregation

observed in the mutant. However, despite this lack of polarization, which could be
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Figure 5.2: The transgenic oligomerization defective mutant does not display advec-
tion at given timescales. (a) Comparison of the distribution of diffusivi-
ties between wild-type PAR-3::GFP (green, n=9 embryos, 1000 randomly se-
lected particles, 2 independent experiments) and PAR-3(∆69− 82)::GFP (yel-
low, n=7 embryos, 1000 randomly selected particles, 2 independent experi-
ments). Curves indicate fitted log-normal distributions. (b) Comparison of the
distribution of diffusivities between wild-type Halo::PAR-3 (yellow, n=13 em-
bryos, 1000 randomly selected particles, 4 independent experiments) and wild-
type PAR-3::GFP (green, n=7 embryos, 1000 randomly selected particles, 2
independent experiments). Curves indicate fitted log-normal distributions. (c)
Comparison of perpendicular (green) and parallel (pink) advection velocities of
wild-type Halo::PAR-3, PAR-3(∆69− 82)::GFP and PAR-3::GFP at three dif-
ferent diffusive bins.
(***p < 0.001, ****p < 0.0001, Multiple t-tests with Holm-Sidak method).

due to changes in membrane lifetime or diffusivity (and thereby the Peclet num-

ber), it was unclear whether at given timescales the ∆69−82 mutant was coupling

to acto-myosin flows or not.

To determine whether loss of oligomerization affected the advection of PAR-3,

we applied our single particle tracking techniques to characterize the mobility of

this mutant compared to wild type. Note that in this case, PAR-3 is labeled with

GFP (as opposed to Halo), which is generally less efficient for tracking but displays

the same diffusive dynamics as Halo labelled PAR-3 (Fig. 5.2 b, Chapter section

3.4). I found that the membrane tethered PAR-3(∆69−82)::GFP displayed a broad

range of diffusivities in contrast to wild-type PAR-3::GFP (Fig. 5.2a) and generally
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diffused faster than controls. This was evident when comparing the parameters of

the fitted log-normal distributions to the populations, namely the mean and variance

of each distribution (WT fit parameters: µ = 0.0178,σ = 0.028,; PAR-3(∆69−

82) mutant fit parameters: µ = 0.0485,σ = 0.052). The fitted curves were further

evaluated by a Kolmogorov-Smirnov test for goodness of fit which indicated that the

distribution of diffusivities was indeed log-normally distributed (KS test p-values:

0.838 and 0.229 for WT and mutant respectively.

This use of GFP tagged PAR-3 also precludes imaging of NMY-2 alongside

due to bleaching of NMY-2:mKate when using the higher laser powers required for

SPT. Because this latter constraint prevented measurement of local flow fields and

calculation of a coupling coefficient relative to NMY-2, I simply measured the dis-

placements parallel/perpendicular to the A-P axis. Here, I found that the oligomer-

ization deficient PAR-3 does not appear to be advected, as its advection velocity

parallel to the A-P axis was centered around zero, and was not significantly different

from its perpendicular velocity. While there are several potential caveats associated

with this experiment, this lack of coupling to the underlying flow suggested that

clustering is critical for the ability of PAR-3 to be advected.

While use of GFP tags for SPT deterred my ability to calculate a coupling

co-efficient, this experiment had other caveats including the fact that the strain we

used was a transgenic line where endogenous functional proteins were still present.

There was also the possibility that the GBP membrane tether may have affected

the activity of the mutant, perhaps perturbing its ability to interact with the flowing

cortex (Küey et al., 2019). These caveats made it difficult to draw solid conclusions,

and so I next decided to test the function of oligomerization in endogenous PAR-3,

in relation to advective transport.

5.3 Modulating PAR-3 clustering by examining a se-

ries of CRISPR mutants
To address the limitations of the experiments in the prior section and to facilitate in-

troduction and analysis of PAR-3 variants that differ in oligomerization and mem-
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Table 5.1: Variants of PAR-3 CRISPR mutants

Variant Construct Strain backgrounds Features

∆69−82
CR1

1 68 83

• NG::PAR-3 (∆69 − 82),
PAR-6::mKate2;

• Halo::PAR-3 (∆69 − 82),
NMY-2::GFP

Oligomerization
defective;
Membrane binding
compromised.

∆69 − 82
GCN4

GCN4
1 68

• NG::PAR-3 (∆69 − 82)
GCN4, PAR-6::mKate2;

• Halo::PAR-3 (∆69 − 82)
GCN4, NMY-2::GFP

CR1 independent
oligomerization
(tetrameric).

∆69 − 82
RitC

RitC
1 68

• NG::PAR-3 (∆69 − 82)
RitC, PAR-6::mKate2;

• Halo::PAR-3 (∆69 − 82)
RitC, NMY-2::GFP

Oligomerization
defective;
Membrane teth-
ered.

brane binding, I turned to CRISPR/Cas9 methods (see Chapter 2) to modify the

endogenous par-3 locus. Because oligomerization may influence behavior in var-

ious ways (diffusion, advection, avidity for the membrane), I decided to create a

series of CRISPR mutants with different fluorescent tags and backgrounds. By cre-

ating versions in both mNeonGreen and Halo, in combination with PAR-6::mKate

and NMY-2::GFP, respectively, I hoped directly assess whether variants could res-

cue segregation and function of endogenous PAR-3 and link this to their respective

advective and diffusive behaviors. The variants are detailed in Table 5.1.

The strains made using CRISPR/Cas9 can be categorized into 3 different vari-

ants. The first variant is a re-creation of PAR-3(∆69−82) from the previous section,

except in this case the endogenous par-3 gene was targeted. This mutant would al-

low me to determine whether oligomerization is critical for PAR-3 advection and

validate previous experiments.

The second variant is PAR-3(∆69−82) GCN4 - a chimeric PAR-3 mutant with

an alternative oligomerization domain inserted into the deleted region of the cR1

domain, to mediate artificially clustering. The GCN4 domain is a tetrameric leucine
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zipper motif that is capable of forming tight tetramer complexes (Feng et al., 2007).

This mutant would allow me to determine whether the advective capabilities of

PAR-3 were CR1 domain specific or oligomerization specific.

The third variant is PAR-3(∆69− 82) RitC - a chimeric PAR-3 mutant that

was oligomerization defective, but with a stable membrane anchor added to the

deleted region of the CR1 domain. The membrane anchor used was the C terminus

of the human Rit protein which forms an amphipathic helix that associates with

the membrane (Bendezú et al., 2015). This would increase the membrane affinity

of PAR-3 monomers and allow for isolating the properties of oligomerization and

membrane interaction as requirements for advective transport.

5.3.1 Characterization of PAR-3 CRISPR mutants

To determine the phenotypes of the 3 variants of CRISPR mutants (PAR-3(∆69−

82), PAR-3(∆69− 82) GCN4, PAR-3(∆69− 82) RitC), I examined the effects on

cell polarization by monitoring the localization of PAR-6 and the symmetry of the 2-

cell division (Fig. 5.3). I also monitored the adult phenotype by scoring embryonic

lethality and adult sterility by carrying out brood size assays on the different strains

(Fig. 5.5).

I first assessed the localization and phenotypes of each variant. Consistent with

prior results using the PAR-3::GFP transgene, midplane imaging of oligomerization

defective NG::PAR-3(∆69− 82) revealed that it was largely cytoplasmic and did

not visibly localize to the membrane in the P0 cell (n = 8) (Fig. 5.3 a). PAR-3

membrane localization was greatly attenuated in the 2 and 4-cell stage embryos,

apart from faint localization detected at cell-cell contacts, suggesting that slight

membrane binding activity may be retained. While these mutants are capable of

recruiting PAR-6 to the membrane, they fail to segregate PAR-6 into the anterior

(Fig. 5.3 b). PAR-6 appears to be uniformly distributed and unable to form a stable

domain during the maintenance phase with reduced membrane amounts also at the

2-cell and 4-cell stages compared to the WT controls.

Restoring oligomerization via GCN4 seemed to partially rescue the proper

membrane localization of both PAR-3 and PAR-6, which is more clearly visible
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Figure 5.3: Polarity phenotype of PAR-3 mutants. Localization of endogenously tagged
(a) NG::PAR-3 and (b) PAR-6::mKate2 (inverted images) in: (from top to bot-
tom) wild-type (n=4 embryos, 2 independent experiments), PAR-3(∆69− 82)
(n=8 embryos, 2 independent experiments), PAR-3(∆69−82) GCN4 (n=5 em-
bryos, 2 independent experiments) and PAR-3(∆69−82) RitC (n=4 embryos, 2
independent experiments) from symmetry breaking (0 min) to the 4-cell stage
(45 min). Anterior aligned to the right. Scale bar, 10 µm. Arrows and dashed
lines indicate the significant clearance at the posterior pole. Light blue dashed
line in (b) RitC at 20 mins indicates the shrinking of the posterior domain as
the anterior domain expands. Same imaging conditions used for all embryos;
Brightness and contrast adjusted similarly.
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at the 2-cell and 4-cell stages than during the polarity establishment phase (Fig. 5.3

a). PAR-6 was able to segregate and become stably polarized (Fig. 5.3 b, arrows

and blue dashed lines indicate clearance at the posterior pole).

When I restored membrane localization directly in the oligomerization defec-

tive mutant with the RitC insertion, I found that PAR-3 was initially uniformly

distributed on the membrane at higher concentrations than in wild-type embryos.

However, as the cell cycle continued, the levels of membrane PAR-3 were clearly

reduced in comparison to WT, again more visible at the 2 and 4-cell stages (Fig.

5.3 a). This phenotype is recapitulated with PAR-6, which also displayed transient

segregation into the anterior during the establishment phase of polarity. With the

end of cortical flows, this initial asymmetry was lost and the domain of PAR-6 at

maintenance phase was larger than in the case of WT embryos (Fig. 5.3 b, dashed

line indicating the posterior domain decreases in size). Notably this phenotype is

similar to PAR-2 knock-down experiments where aPAR segregation persists only as

flow velocities remain sufficiently high (Goehring et al., 2011b).

Overall, I had hoped to quantify a membrane to cytoplasmic ratio for both

PAR-3 and PAR-6 in my mutant strains to understand how the concentrations of

aPARs were affected by oligomerization; unfortunately for these particular imag-

ing experiments, the quantification was hampered by two factors: (1) The signal

to noise ratio for PAR-3 was severely affected by the auto-fluorescent cytoplasmic

signal stimulated by the 488 laser (also visible in N2 worms with no GFP tagged

protein), and (2) the auto-fluorescent signal of the eggshell stimulated by 561 laser.

In both cases the auto-fluorescence is varying and embryo specific. Recent methods

developed in our lab by Nelio Rodrigues and Tom Bland, account for this auto-

fluorescence by acquiring extra images with different emission filters and subtract-

ing out the auto-fluorescence from the reporter protein fluorescence. Unfortunately,

as I did not acquire the required additional images for these methods, I was unable

to quantify these images, but I hope to do so in the future.

I next assessed the oligomerization ability of each variant mutant using HiLo

microscopy to image the cortical plane and compare to wild-type clusters. In the
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Figure 5.4: PAR-3 oligomerization is required for cortical localization. (a) Corti-
cal localization of (from top to bottom) NG::PAR-3 wild-type, NG::PAR-
3(∆69− 82), NG::PAR-3(∆69− 82) GCN4 and NG::PAR-3(∆69− 82) RitC,
imaged with HiLo microscopy. Time is relative to symmetry breaking when
cortical flows commence. Yellow arrows indicate amorphous cytoplasmic
structures that are visibly moved with flows. Scale bar, 10µm. (b) Distributions
of average cluster intensities from a representative embryo of (i) NG::PAR-3
wild-type (n=15698 clusters), (ii) NG::PAR-3(∆69−82) (n=428 clusters), (iii)
NG::PAR-3(∆69−82) GCN4 (n=8762 clusters) and (iv) NG::PAR-3(∆69−82)
RitC (n=9357 clusters) strains.
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oligomerization defective ∆69− 82 embryos, small punctae would stochastically

appear and disappear, with overall very little PAR-3 was observed on the membrane

(Fig. 5.4a). The majority of clusters had a typical average intensity of ≈ 3000 a.u.

(Fig. 5.4b(i)), which coincided with the approximate intensity of single particle

intensities of PAR-3, imaged at the exact same laser power and exposure. There

also were no high intensity clusters comparable to WT, again consistent with the

perturbation of clustering. I did however note, that some embryos exhibited amor-

phous, long-lived structures below the cortical plane which segregated with cortical

flows (Fig. 5.4, yellow arrowheads). The nature of these aggregates is unclear, but

could reflect some residual ability of the CR1 construct to self-associate, though in

a manner distinct from normal clustering.

The oligomerization rescue mutant (GCN4) localized into small but distinct

clusters of similar intensities (Fig. 5.4a), which pre-dominantly showed a two-fold

increase in intensity when compared to the oligomerization mutant. They did not

show a four-fold increase as expected of tetramers, which could indicate either a

construct dimerization issue, or more likely an analysis issue in detecting accurate

intensities of small clusters that were bleached while being imaged. These clusters

segregated into the anterior along with cortical flows; however, the concentration of

PAR-3 in the posterior was elevated in comparison to WT, suggesting that perhaps

PAR-3 was not fully segregated as suggested by midplane imaging in Fig. 5.3.

The RitC membrane tethered oligomerization defective mutant localized into

small indistinct punctae, with noticeable variation in intensity (Fig. 5.4a). Notably,

the distribution of average cluster intensities appeared to demonstrate distinct peaks

at multiples of ≈ 2500 a.u. This could be due to the targeting of PAR-3 to spe-

cific membrane structures by the RitC membrane tether, or residual weak clustering

mediated by the remainder of the CR1 domain or other regions of PAR-3. Notably,

these ’clusters’ segregated into the anterior while flows persisted, however with cor-

tical relaxation at the maintenance phase, the ’clusters’ rapidly accumulated in the

posterior becoming more symmetric in localization.

To determine any additional effects of these different mutations on organism
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Table 5.2: Embryonic lethality and adult sterility in CRISPR PAR-3 mutant strains.

Strain % Emb. Lethality % Adult sterility
NG::PAR-3 (WT) 0.5±1% 0±0%
Halo::PAR-3 (WT) 0±0% 0±0%

N2 (WT) 0±0% 0±0%
NG::PAR-3(∆69−82) 69±10% 55±18%

NG::PAR-3(∆69−82); PAR-6::mKate2 5±6% 46±9%
Halo::PAR-3(∆69−82) 51±12% 42±29%

PAR-3(∆69−82) 41±36% 97±5%
NG::PAR-3(∆69−82) GCN4 0±0% 2±4%

NG::PAR-3(∆69−82) GCN4; PAR-6::mKate2 3±4% 4±8%
Halo::PAR-3(∆69−82) GCN4 0±0% 2±3%

NG::PAR-3(∆69−82) RitC 5±5% 31±13%
NG::PAR-3(∆69−82) RitC; PAR-6::mKate2 0±0% 23±6%

Halo::PAR-3(∆69−82) RitC 6±6% 80±9%

development, I also investigated levels of embryonic lethality and adult sterility.

In the oligomerization defective mutant (PAR-3(∆69−82)), these were significant,

however, unusually, the extent of this phenotype varied depending on the back-

ground of the strain into which the mutation was created (Fig. 5.5 a, b; Table 5.2).

Both NeonGreen and Halo tagged variants of PAR-3(∆69−82) displayed similarly

high levels of embryonic lethality (69±10% and 51±12% respectively) and adult

sterility (55±18%, 42±29%). However, the same mutation in NeonGreen tagged

PAR-3 in the presence of PAR-6::mKate2, resulted in a much less severe embryonic

lethality phenotype (5±6%) but similar levels of adult sterility (46±9%). As I was

curious whether fluorescence tags could impact the phenotype, I also investigated

the phenotypes of untagged PAR-3(∆69− 82). While embryonic lethality of this

strain varied greatly (41± 36%), almost all the surviving worms that made it to

adulthood were sterile (97±5%). The severity of this phenotype hinted at the pos-

sibility that the introduction of fluorescent tags to PAR proteins, in this case most

likely PAR-6, may partially rescue mutant phenotypes. These results are summa-

rized in Table 5.2 alongside the other CRISPR mutants, which were also evaluated

in the context of different genotype backgrounds.

In the oligomerization rescue mutant (GCN4), regardless of background, the

levels embryonic lethality were reduced to nearly wild-type levels for all strains



129

a

b

WT ( 69-82) ( 69-82)
GCN4

( 69-82)
RitC

( 69-82) ( 69-82)
GCN4

( 69-82)
RitC

WT ( 69-82) ( 69-82)
GCN4

( 69-82)
RitC

N2 ( 69-82)
0

20

40

60

80

100

%
 E

m
br

yo
ni

c 
le

th
al

ity

NG::PAR-3 NG::PAR-3
+ PAR-6::mKate2

Halo::PAR-3
+ NMY-2::GFP

PAR-3

***

ns
ns

ns

ns

**
ns

*

****

*ns
****

WT ( 69-82) ( 69-82)
GCN4

( 69-82)
RitC

( 69-82) ( 69-82)
GCN4

( 69-82)
RitC

WT ( 69-82) ( 69-82)
GCN4

( 69-82)
RitC

N2 ( 69-82)
0

20

40

60

80

100

%
 A

du
lt 

st
er

ilit
y

NG::PAR-3 NG::PAR-3
+ PAR-6::mKate2

Halo::PAR-3
+ NMY-2::GFP

PAR-3

***

*
**

*******

**

*

**
ns ns

*

Figure 5.5: Assessing embryonic lethality and adult sterility in PAR-3 mutant strains.
(a) Individual points represent the percentage of dead embryos laid by one
gravid worm over a time period of 4 hours at room temperature, 2 indepen-
dent experiments, n=239, 506, 331, 251, 566, 365, 219, 60, 232, 312, 244, 70
and 104 embryos for each strain from left to right. (b) Individual points repre-
sent the percentage of sterile worms of the total adult progeny from one gravid
worm over a time period of 4 hours at room temperature, 2 independent ex-
periments, n=238, 239, 330, 229, 1033, 357, 219, 60, 53, 618, 232, 70 and 60
worms. Green = NeonGreen tagged PAR-3, Pink = NeonGreen tagged PAR-3
with a PAR-6::mKate2 background, Purple = Halo tagged tagged PAR-3 with
a NMY-2::GFP background, Black = Untagged PAR-3. Error bars represent
mean ± standard deviation.
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, Kruskal-Wallis test
with Dunn’s post test.)
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Figure 5.6: Loss of 2-cell asymmetry in PAR-3 oligomerization mutants. (a) Exam-
ple brightfield images of (from top to bottom) wild-type (n=10 embryos, 4
independent experiments), PAR-3(∆69− 82) (n=13 embryos, 3 independent
experiments), PAR-3(∆69− 82) GCN4 (n=12 embryos, 3 independent experi-
ments) and PAR-3(∆69−82) RitC zygotes (n=10 embryos, 3 independent ex-
periments) at the 2-cell stage. Scale bar, 10 µm (b) The asymmetry index (ASI)
which measures the ratio of the area of the AB cell over the combined area of
the AB and P1 cells. Points represent individual embryos. Error bars indicate
mean ± standard deviation.
(**p < 0.01, ****p < 0.0001, Kruskal-Wallis test with Dunn’s post test).

regardless of background, and only a few occasional sterile adults were found

(Fig. 5.5 a, b; Table 5.2). This indicated that the ability to form tetrameric clus-

ters, rescued developmental phenotypes as well as embryonic phenotypes and that

oligomerization of PAR-3 was important in later development as well.

The RitC membrane tethered oligomerization defective mutant displayed low

levels of embryonic lethality, but significant levels of sterility comparable to (and

in some cases higher than) the oligomerization defective mutant itself. Whether

membrane targeting or weak oligomerization account for this rescue during devel-

opment is unknown, but certainly neither was sufficient enough to allow for normal

development of the gonads and germline (Fig. 5.5 a, b; Table 5.2).

Since I would be using the Halo tagged variants to assess the efficiency of
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Figure 5.7: PAR-3 oligomerization defective mutants have lower cortical flow veloc-
ities. Flow velocity measured by single particle tracking of NMY-2::GFP at
establishment phase in Halo::PAR-3 (4 independent experiments), Halo::PAR-
3(∆69− 82) (3 independent experiments), Halo::PAR-3(∆69− 82) GCN4 (3
independent experiments), Halo::PAR-3(∆69−82) RitC (2 independent exper-
iments). Each point represents the average velocity of NMY-2 in an individual
embryo. Error bars indicate mean ± standard deviation.
(**p < 0.01, Kruskal-Wallis test with Dunn’s post test).

advection, I decided to further investigate the effects on cell polarization in these

strains by looking at the 2-cell and 4-cell divisions. In wild type embryos, the zy-

gote divides asymmetrically to give rise to a large AB cell and a smaller P1 cell (Fig.

5.6a). With the (∆69− 82) strain, I observed that 5/13 embryos divided symmet-

rically and 4/10 embryos in the (∆69−82) RitC strain also divided symmetrically.

The loss of asymmetry was quantified by the asymmetry index (ASI) which mea-

sures the ratio of the area of the AB cell over the combined area of the AB and

P1 cells. Figure 5.6b demonstrates that these two mutants had a significantly lower

ASI than WT. In the case of the (∆69− 82) GCN4 strain, zygotes always divided

asymmetrically (12 embryos) recapitulating the WT 2-cell division with a similar

ASI (Fig. 5.6b).

As previously generated PAR-3 oligomerization defective mutants have

demonstrated reduced cortical flow velocities (Dickinson et al., 2017) and so have

aPAR depletions, I decided to next investigate whether flow had been similarly
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compromised in my mutants. Figure 5.7 displays the measured flow velocities of

NMY-2::GFP for each of the mutant conditions. This corroborates previous data and

shows that the (∆69− 82) mutant does have a reduced velocity. Since partial run-

downs of the myosin light chain (mlc-4) have equivalent flow rates to the (∆69−82)

mutant (Rodriguez et al., 2017), but are still able to generate aPAR asymmetry, this

reduced flow rate should not in principle impact advection and segregation of PAR-

3(∆69−82) if it were capable of being transported by flows. Not unexpectedly the

PAR-3(∆69− 82) GCN4 strain rescued the reduction in flow velocity observed in

the oligomerization defective mutant, and had similar flow rates to WT embryos.

The membrane tethered PAR-3(∆69− 82) RitC mutant was also able to rescue the

flow phenotype, suggesting that aPAR mediated positive feedback on cortical flows

is related to membrane concentration rather than oligomerization. Importantly, as

my coupling co-efficient is normalized to myosin velocity per embryo, it would not

be affected by flow rates.

Taken together, this analysis of various phenotypes suggests that while the loss

of the CR1 mediated oligomerization compromises posterior cell fate, alternative

oligomerization domains such as a tetrameric leucine zipper, can rescue PAR-3 lo-

calization and restore normal embryonic development and worm maturation. Stable

membrane tethering of PAR-3 monomers also rescues embryonic lethality by not

worm maturation, indicating that efficient segregation of PAR-3 into the anterior is

critical for these processes. Since flow velocities are not compromised in the RitC

mutants, it appears that clustering functions to reduce PAR-3 levels at the posterior

which is important for germline fate specification.

5.3.2 Assessing membrane dynamics and advection efficiency of

PAR-3 CRISPR mutants

I next sought to determine whether the phenotypes of the variants, including their

varying ability to segregate, was due to changes in their kinetic behaviors and/or

differential coupling to cortical flows. I first analysed embryos at maintenance to

determine their behavior in the absence of flows, scoring diffusivity and taking track

length as a proxy for membrane lifetime. While this approach has major caveats
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due to photo-bleaching and the impact of diffusivity on accurate tracking (which

also limits my ability to extract off rates), by controlling as much as possible for

these effects, for example, by comparing track lengths for particles with similar

diffusivity, these data could point to potential changes in membrane association.

The results from the SPT experiments revealed that the distribution of dif-

fusivities and track lengths varied slightly depending on the mutant. The den-

sity histograms in Figure 5.8a and b, reflect a population of 1000 randomly se-

lected particles from different embryos. This data shows that the all mutants have

slightly higher populations of faster diffusing particles in comparison to WT, with

the (∆69−82) embryos having the smallest fraction of slow diffusing particles and

the largest fraction of faster diffusing particles. Conversely, with regards to track

length - the (∆69−82) embryos also had the largest fraction of particles with short

track lengths (Fig. 5.8b).

The comparison of diffusivities of all the particles across all embryos (Fig.

5.8e) demonstrates that the average diffusivity of the mutants is significantly dif-

ferent from WT, suggesting that the dynamics of PAR-3 have been altered in each

mutation. Interestingly, in the case of track lengths (Fig. 5.8d), the (∆69−82) and

RitC mutants had slightly shorter trajectories while the GCN4 mutant had similar

track lengths when compared to WT, despite an increase in diffusivity. This sug-

gests that the track length data was not massively affected by diffusion but further

validation is required.

In addition to analyzing the data across all embryos, I also analyzed the per

embryo dynamics which supported the combined embryo data discussed above.

When calculating the average diffusivity of particles per embryo (Fig. 5.8c), the

diffusivity of the (∆69−82) particles (Dss = 0.071±0.018µm2s−1) is significantly

higher than that of WT (Dss = 0.023± 0.009µm2s−1), whilst its track length is

significantly shorter (2.56± 0.28s and 3.32± 0.66s respectively). In contrast, the

(∆69− 82) GCN4 particles diffuse faster than WT, but slower than the oligomer-

ization mutant (Dss = 0.062± 0.028µm2s−1), and as with the previous analysis,

the GCN4 mutant has very similar trajectory lengths to WT (3.36± 0.57s). Unex-
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Figure 5.8: Membrane dynamics of PAR-3 mutants. Kernel density estimation of the
distribution of (a) diffusivities (Dss) and (b) track lengths of 1000 random
particles (with diffusivities of up to 0.05 µm2/s), across multiple zygotes for
each condition at maintenance phase. Dashed line indicates set minimum track
length filter of 0.5 seconds. (c) Average diffusivity and (d) average track length
in individual embryos. Error bars indicate mean ± standard deviation. (e)
Diffusivity of all particles across all embryos and (f) track lengths of all parti-
cles across all embryos. Error bars indicate 99 % confidence interval. Colour
scheme: Halo::PAR-3 (WT) - green, Halo::PAR-3(∆69− 82) - gold, PAR-
3(∆69−82) GCN4 - purple and PAR-3(∆69−82) RitC - pink.
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, Kruskal-Wallis test
with Dunn’s post test).
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pectedly the (∆69− 82) RitC mutant had the slowest diffusivity of all the mutants

(Dss = 0.048± 0.018µm2s−1), despite having short track lengths (2.69± 0.40s).

Together these data suggest that oligomerization, whether CR1 or leucine zipper

mediated, serves to restrict diffusion and increase membrane lifetime. The addition

of a stable membrane tether to oligomerization defective mutants reduces its diffu-

sivity and slightly increases membrane lifetime but not to the same extent as in WT

embryos.

I next turned to analysis of advection. For these experiments I utilized Halo

constructs, which are largely similar in phenotype to NG lines. While the oligomer-

ization defective mutant (PAR-3(∆69− 82) on its own was largely cytoplasmic,

using an endogenously-Halo-tagged allele (as opposed to a transgenic GFP line)

enabled sufficient particles for this analysis even without a membrane anchor.

Strikingly, the results of my advection analysis indicated that the bulk popu-

lation of all three of my mutants coupled quite well to cortical flows (Fig. 5.9 a).

In the case of my oligomerization defective mutant (PAR-3(∆69−82), these results

contradicted the results from my experiments in the previous section, where I used

a transgenic PAR-3(∆69−82)::GFP strain and did not couple to cortical flows at all

(Fig. 5.2).

To determine whether there may be distinct populations with specific advective

behaviours, I measured advection for various diffusive bins. All mutants exhibited

clear differences between their parallel and perpendicular advection velocities, es-

pecially at slower diffusivities, indicating that advection was occurring. However,

this was unclear for the fastest diffusing bin of the ∆69− 82 mutant and the RitC

mutant, where some individual embryos displayed the opposite trend in that the par-

allel advection velocity did not positively correlate with its perpendicular velocity

(Fig. 5.9 b). With regards to the coupling co-efficient data (Fig. 5.9 c), the results

indicated that advection was occurring in all mutants, regardless of diffusivity.The

∆69− 82 and RitC mutants appeared to slightly decrease in coupling efficiency

with increasing diffusivity, but as the data also increased in noise it was difficult to

conclude whether the mutants contained distinct sub-populations. This data would
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Figure 5.9: PAR-3 mutants are able to couple to cortical acto-myosin flows.
(from top to bottom): (i) Distribution of displacements perpendicular to the di-
rection of cortical flow (green) and parallel to the direction of flow (pink) for
a time interval of 2 seconds; (ii) Advection velocities perpendicular to the di-
rection of cortical flow (green) and parallel to the direction of flow (pink) for
particles binned by diffusivity (∆t = 0.5S); (iii) Coupling co-efficient (C) for
particles in the posterior binned by diffusivity (black) and NMY-2::GFP con-
trols (grey), where each point represents an embryo; (iv) Coupling co-efficient
(C) vs. diffusivity. Each individual point represents tracks from multiple em-
bryos with similar local velocities pooled together to increase the number of
displacement steps and improve fitting for (from left to right) (a) Halo::PAR-
3(∆69− 82), (b) PAR-3(∆69− 82) GCN4 and (c) PAR-3(∆69− 82) RitC mu-
tants. Error bars indicate mean ± standard deviation.
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, paired t-test).
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benefit from additional embryos added to the analysis to determine whether this is

a significant decrease, especially in the case of the RitC mutant.

Some embryos (in the ∆69− 82 and RitC mutants) demonstrated a negative

coupling co-efficient - this was not unexpected, as the coupling co-efficient is cal-

culated as a function of displacement and minor deviations in the calculation of the

perpendicular displacement, even with purely diffusive particles, would result in a

negative coupling co-efficient. Additionally, low step numbers in the plotted distri-

bution can make detection of advection unreliable and the coupling co-efficient ex-

tremely noisy (Fig. 4.5, 4.6). If the degree of coupling was significant (eg: C > 0.5),

this could indicate advection opposing cortical flow - however, reassuringly, this

was not the case with any embryos and those with negative coupling co-efficients

(n=5/27 embryos) could be traced back to distributions that failed normality testing

and contained < 400 steps.

For the ∆69− 82 and GCN4 mutants, I had enough data to bin from multiple

embryos, which reduced noise and improved the fitting of the Gaussian curve to the

distributions of displacements (Fig. 5.9 d). With the GCN4 mutant, the results were

similar to the individual embryo binning method (Fig. 5.9 c), where coupling was

high and constant, independent of diffusivity. For the ∆69−82 mutant, the pooled

data set eliminated the reduced coupling co-efficient at fast diffusivities, suggesting

this reduction is likely an artifact of increased uncertainty in fitting the broader

Gaussians in these embryos. Unfortunately, I did not have enough data for the RitC

mutant, but given the results for the ∆69−82 mutant, it seems unlikely that this is

a true reduction in coupling efficiency.

Overall, these results indicate that all detectable Halo::PAR-3(∆69−82) on the

membrane is able to couple relatively well to cortical flows despite being unable to

form clusters.

5.4 Conclusions

In this chapter I assessed the requirements of oligomerization for the advection of

PAR-3. My results suggest that oligomerization can tune diffusivity and membrane
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lifetimes of PAR-3, but overall the data does not appear to support a role for clus-

tering in sensing flows to mediate advection. Rather, oligomerization may have a

more important role in stabilizing asymmetry.

By creating a series of CRISPR PAR-3 mutants that vary in their oligomer-

ization and membrane binding ability, I was able to demonstrate that these factors

affect both their diffusive behaviours and their membrane lifetime. All the various

phenotypes of these different mutant strains have been summarized in Table 5.3.

The oligomerization defective mutant (∆69− 82) was faster diffusing and short-

lived on the membrane in comparison to wild-type controls. Tethering this mutant

to the membrane using an amphipathic helix (RitC), rescued these behaviours par-

tially. However using a leucine zipper motif to mediate artificial clustering of the

mutant (GCN4), further rescued its residence time. These results indicate that clus-

tering increases the avidity of PAR-3 to the membrane and serves to restrict its dif-

fusion. It must be noted, however, that the differences in behaviour between these

mutants are relatively small, and affected by the limitations of the single particle

tracking method (photo-bleaching, tracking errors). It would be advantageous to

have a method that is capable to detecting cluster size dependent dissociation rates

to further validate these results.

Analyzing the advective abilities of the three different variants of mutants

(∆69− 82, GCN4, RitC), revealed that monomeric PAR-3 - regardless of whether

it was membrane tethered - was able to sense and be transported by flows. The

coupling efficiency of this advective transport appeared to be independent of dif-

fusivity. However, these results contradict the results of previous experiments with

a transgenic PAR-3(∆69−82) worm strain, which displayed a clear inability to be

advected (Chapter section 5.2).

While this discrepancy is puzzling, several differences between these experi-

ments may explain this result. Firstly, the PAR-3(∆69− 82)::GFP fusion was ex-

pressed as a transgene, and hence endogenous PAR-3 could be contributing to this

effect, though it seems more likely that it would promote rather than suppress advec-

tion if endogenous functional proteins were still able to interact with the oligomer-
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Table 5.3: Summary of CRISPR mutant phenotypes

Mutant Strain Phenotype Membrane dynamics Phenotype

∆69−82

• High embryonic lethalithy;

• High levels of adult sterility;

• Reduced cortical flow velocity;

• Reduced asymmetry at the 2-cell
stage;

• No segregation of aPARs and no
aPAR domain formed.

• Increased average diffusivity;

• Reduced average track length;

• Reduced advection.

∆69 − 82
GCN4

• Extremely low / WT levels embry-
onic lethalithy;

• Extremely low / WT levels of adult
sterility;

• Cortical flow velocity rescued to WT
levels;

• 2-cell stage asymmetry rescued to
WT levels;

• aPAR domain formed and main-
tained.

• Increased average diffusivity;

• Average track length comparable to
WT;

• WT levels of advection.

∆69 − 82
RitC

• Extremely low / WT levels embry-
onic lethalithy;

• High levels of adult sterility;

• Cortical flow velocity rescued to WT
levels;

• Reduced asymmetry at the 2-cell
stage;

• Transient segregation of aPARs; Do-
main maintenance affected.

• No significant effect on average dif-
fusivity;

• No significant effect on average
track length;

• Sub-populations with varying ad-
vective behaviours may exist.
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ization defective mutant. Secondly, the GBP membrane tether, which was required

to obtain enough PAR-3(∆69− 82)::GFP at the membrane, could have affected its

advection through inhibiting its ability to sense flows (Küey et al., 2019), although

GBP-tethered WT PAR-3 was still able to segregate into the anterior. Thirdly, the

data set itself was inferior due to lack of a cortical NMY-2 reference and the reduced

accuracy of GFP vs. Halo-tag labelling for SPT. However, these caveats seem un-

likely to give such strong negative results as I obtained, as advection of WT PAR-3

controls could clearly be detected under the same experimental conditions.

There is also a possibility that the conflicting results are due to the differ-

ence in labelling of the two proteins: the mNG and Halo fusions are located at

the N-terminus of PAR-3 while the GFP fusion is at the C-terminus. Perhaps the N-

terminus tags could facilitate some oligomerization in lieu of the CR1 domain. This

is suggested by data in (Dickinson et al., 2017) where the oligomerization defective

mutants displayed as many non-monomeric spots on the membrane as the expres-

sion of the fluorescent protein alone. An alternative possibility is that a C-terminal

fusion tag in combination with the GBP tether was compromising the ability of the

transgenic protein to sense flows, as it may have affected the C-terminal regions that

had membrane binding activity (Krahn et al., 2010).

Testing my second hypothesis could be easily done in the future by creating the

(∆69−82) mutation in an endogenously tagged C-terminal fusion of PAR-3 strain

(PAR-3::GFP(∆69−82)) with a GBP membrane tether. If this mutant is incapable

of advection, this would suggest that the position of the fluorescent tag matters

a great deal, and that the C-terminal region has an important role in advection,

perhaps with additional unknown interaction with the membrane or flowing cortex.

Conversely, if this mutant is able to undergo advection, then reasons such as the

ones I have speculated or other unknown factors may be the culprit.

One last element that could possibly contribute to this puzzle, is that it is pos-

sible that some PAR-3 molecules in the CRISPR oligomerization defective mutant

might be contained within the amorphous structures visualized in Figure 5.4 which

are long-lived and segregate into the anterior. While this could reflect some residual
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ability of the construct to aggregate, it is unlikely to be caused by the CR1 domain,

which is structurally incapable of self-associating without its key electrostatic in-

teractions. Structure function studies of PAR-3 in C. elegans (Li et al., 2010a),

Drosophila (Benton and St Johnston, 2003a; Krahn et al., 2010) and mammalian

cells (Mizuno et al., 2003; Wu et al., 2007) do not indicate any other domains or se-

quences capable of forming such aggregates, making it difficult to determine where

to begin testing this particular hypothesis.

Interestingly, there have been recent papers that explore the possibility that

aggregates of polarity proteins, such as PAR-3 clusters, could be formed by liquid-

liquid phase separation due to their high local concentrations and dynamic equi-

librium with their respective cytoplasmic pool (Liu et al., 2020). The cytoplasmic

structures that I observe in Figure 5.4 could be phase separated structures, however

the data presented by Liu et al. (2020) indicate that the N-terminal domain of PAR-3

is require to mediate the formation of apical phase separated droplets of PAR-3 in

Drosophila neuroblasts. It may be possible that the mutations that I induced in the

CR1 domain were insufficient to disrupt this mechanism of droplet formation and

this remains an interesting avenue to be explored.

While all variants of PAR-3, with the potential exception of PAR-3(∆69−

82)::GFP, were efficiently advected, it was noteworthy that the phenotypes differed

significantly, including the degree of PAR-3 segregation, the asymmetry of division,

and rescue of embryonic lethality and adult sterility. Remarkably, oligomerization

via the unrelated leucine zipper motif (GCN4) was sufficient to fully rescue all as-

pects of polarity. By contrast, restoring membrane localization of the CR1 mutant,

via the RitC tether, showed only partial rescue. Notably, although the RitC mutant

initially segregated into the anterior, it rapidly returned to the posterior membrane

once anterior-directed flows ceased. This suggests that while clustering may aid

advection of PAR-3, it’s primary role may pertain to maintaining asymmetry once

flows end. This could be by numerous mechanisms, wherein the lifetime of clusters

allow for sequestering molecules in the anterior or perhaps an oligomerization me-

diated positive feedback loop recruits PAR-3 into the anterior, keeping the posterior
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relatively clear of PAR-3. The fact that the GCN4 has more clusters in the posterior

than WT PAR-3, could be related to a disruption in such a positive feedback loop,

or the fact that the effect is not as strong with smaller clusters.



Chapter 6

Advection of aPARs depends on

PAR-3 oligomerization

6.1 Introduction

Recent work from the lab has established that aPARs consist of two functionally

distinct complexes: (1) an inactive PAR-3 dependent complex, where clustering

of PAR-3 is critical for PKC-3/PAR-6 segregation into the anterior and (2) an ac-

tive CDC-42 dependent complex which maintains aPAR asymmetry and excludes

pPARs from the anterior domain (Rodriguez et al., 2017). Notably, decoupling

PKC-3/PAR-6 membrane loading from PAR-3 resulted in failure to restrict them

to the anterior. However, how PAR-3 clustering directly links to PKC-3/PAR-6

asymmetry is unclear. Two non-exclusive possibilities have been proposed. First,

clusters could serve to restrict loading of PKC-3/PAR-6 into the anterior to maintain

polarity. Data in Sailer et al. (2015) indicates that PAR-6 exhibits an asymmetric

association rate into the anterior, supporting this hypothesis. Second, association of

PKC-3/PAR-6 with PAR-3 clusters could enable them to be carried by flows that

they would otherwise be unable to sense. Consistent with this model, clusters of

PKC-3/PAR-6 co-localize with PAR-3 and move towards the anterior with cortical

flows. A key prediction of this second model is that the different aPAR molecules

may have an inherent difference in their ability to be advected by cortical flows.

The second hypothesis is further supported by experiments involving the inhi-
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bition of PKC-3 kinase activity using the drug CRT0103390 (CRT90) which pro-

motes PKC-3/PAR-6 association with CDC-42 rather than with PAR-3. Consistent

with this shift in association, PKC-3/PAR-6 exhibit a more diffused localization

with reduced clustering at the membrane (Rodriguez et al., 2017). Under these con-

ditions, PKC-3/PAR-6 fail to segregate into anterior, with significant posterior lo-

calization compared to PAR-3, consistent with either of the models described above

(Rodriguez et al., 2017). However, the localization of PKC-3/PAR-6 in CRT90 does

not appear to be wholly uniform as the posterior membrane concentration appears

slightly reduced in comparison to the anterior. Whether this partial local depletion

reflects residual binding to or dependence on PAR-3 is unclear.

To determine whether PKC-3/PAR-6 can be advected directly by cortical flows,

I carried out my advection analysis on PAR-6 as I did in previous chapters with

PAR-3. Based on this analysis combined with treatments to manipulate the balance

between PAR-3 and CDC-42-associated states, I found evidence supporting distinct

pools of PAR-6 that differ in their ability to be advected.

6.2 PAR-6 displays advective behaviours during the

establishment phase of polarity.
In contrast to PAR-3, PAR-6 exhibits a mixed pattern of localization, exhibiting

both distinct clusters and a more diffused pool (Fig. 6.1 a), consistent with pre-

vious imaging of cortical PAR-6 (Rodriguez et al., 2017). The balance between

these pools favors clusters during establishment when PAR-3 clustering peaks and

becomes progressively more diffuse during maintenance when PAR-3 clustering is

reduced due to the action of PLK-1. SPT tracking at the maintenance phase in-

dicates that PAR-6 dynamics remains varied and encompass different populations,

again likely reflecting its association with distinct PAR-3 or CDC-42 assemblies

(Robin et al., 2014; Rodriguez et al., 2017).

From the screening of single molecule behaviours in Chapter 3 (Fig. 3.7), we

know that PAR-6 diffuses faster than PAR-3 during the maintenance phase. Here,

using step size data from SPT, I also compared the distribution of diffusivities of
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Establishment Phase Maintenance Phase

b

a

PAR-3; DSS = 0.039 ± 0.041 µm2/s  
PAR-6; DSS = 0.063 ± 0.066 µm2/s  

Figure 6.1: PAR-6 exhibits higher diffusivity at the cortex during establishment phase
than PAR-3. (a) Representative images of PAR-6::GFP (cntrl RNAi) at late
establishment phase (left) and maintenance phase (right). Scale bar, 10 µm. (b)
Comparison of the distribution of diffusivities of 3000 randomly selected par-
ticles across Halo::PAR-3 (green, n=13 embryos, 4 independent experiments)
and PAR-6::Halo (gold, n=9 embryos, 3 independent experiments) embryos
during the establishment phase of polarity. Average diffusivity (Dss of parti-
cles calculated from perpendicular step size. Curves indicate fitted log-normal
probability distribution.

PAR-3 and PAR-6 during the establishment phase. While PAR-3 shows a signifi-

cant enrichment in slow diffusing particles (peak, Fig. 6.1b), PAR-6 shows broader

variation, with a similar peak as PAR-3, but also a comparatively higher fraction of

molecules with faster diffusivity. This is reflected in its average diffusivity which

is significantly higher than that of PAR-3 at establishment phase, again consistent

with the existence of distinct clustered and non-clustered pools.

Having confirmed the distinct behavior of PAR-6 relative to PAR-3, I next

turned to measuring advection. The existence of distinct pools of PAR-6 com-

plicates the advection analysis, which by its nature is a bulk assay. However, by

binning particles as a function of diffusivity, I should be able to enrich for PAR-3-

and CDC-42-associated PAR-6 molecules in slow and fast diffusing pools, respec-

tively. The Gaussian distribution of displacements perpendicular and parallel to the

direction of local flow, indicated that the bulk population of PAR-6 was capable
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Figure 6.2: PAR-6 displays mixed advective behaviours that are dependent on diffu-
sivity. Displacements from SPT in the directions parallel (pink) and perpendic-
ular (green) to the average local flow vectors (∆t = 2s) from PIV analysis for (a)
NMY-2::GFP, (b) Halo::PAR-6 (right), and (c) Halo::PAR-6 particles binned by
diffusivity. (d) Coupling co-efficient vs. PAR-6 diffusivity (black) and control
NMY-2 (grey). Each point represents an individual embryo. (e) Coupling co-
efficient vs. diffusivity for pooled embryonic data at similar velocities. Purple
- 0.063µms−1, n = 2 embryos, Orange - 0.075µms−1, n = 4 embryos, Green
- 0.081µms−1, n = 3 embryos and Blue - 0.098µms−1, n = 4 embryos. Error
bars indicate mean ± standard deviation. (*p < 0.05, Kruskal-Wallis test with
Dunn’s post test.)
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Figure 6.3: Mixed population simulations can recapitulate in vivo PAR-6 coupling ef-
ficiency. Simulations of particles with a similar distribution of diffusivities as
PAR-6 in vivo with (a) 100 % of particles perfectly coupling to the flow and (b)
75 % of particles coupling to the flow and 25 % of particles remaining purely
diffusive. Each point represents an individual simulation. Error bars indicate
mean ± s.d. (*p < 0.05, Kruskal-Wallis test with Dunn’s post test.)

of advective transport (Fig. 6.2 b). Decomposing this population into 6 bins based

on diffusivity indicated that even at high diffusivities PAR-6 (likely CDC-42 associ-

ated) was capable of being transported by flows (Fig. 6.2 c, d). However, in contrast

to data for PAR-3, the efficiency of transport appeared to decrease for the highest

diffusing bins, though the variance of data in these fast diffusing bins was large (Fig.

6.2 d). To reduce variance, I pooled data from embryos with similar average PIV

velocities, which improved fitting of the Gaussian curves. These results yielded the

same trend: decreasing coupling efficiency with increasing diffusivity (Fig. 6.2 e).

This suggests that PAR-6 may contain distinct populations with specific advective

behaviours.

To determine whether this reduction in coupling coefficient could be explained

by the co-existence of distinct advected and non-advected populations, I turned to

in silico modeling where I simulated particles with a similar distribution of diffu-

sivities as observed in vivo for PAR-6. When all these particles were simulated to

perfectly couple to the underlying flow, no significant change in C was observed

with increasing diffusivity (Fig. 6.3 a). However, when I simulated a population of

particles, where 75 % coupled to the flow perfectly and 25 % were purely diffusive,

I could recapitulate the effect observed in vivo, where C decreased at the highest

diffusing bins.
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Together this data is consistent with the existence of two pools of PAR-6 with

distinct advective behaviors. This data is also somewhat consistent with the classi-

fication of PAR-6 diffusive behaviours by Robin et al. (2014) (and my own data in

Chapter 3), where ≈ 40% of PAR-6 particles were undergoing simple diffusion and

≈ 60% of PAR-6 was undergoing sub-diffusive or intermediate behaviours. The

slight differences are likely the cause of comparison between different time stages,

as PAR-6 is more enriched in clusters at establishment phase when compared to

maintenance phase. As discussed previously, these two populations likely reflect

the fractions of PAR-6 bound to PAR-3 or CDC-42. While the differences between

the slowest diffusing bin (more likely PAR-3 bound) and the fastest diffusive bin

(more likely CDC-42 bound) are not extreme, this data suggests that there is a no-

ticeable difference between their ability to couple to cortical flows.

6.3 PAR-6 advective behaviours are dependent on

PAR-3 oligomerization
To further investigate whether PAR-6 segregation is dependent on PAR-3, I decided

to next manipulate the populations of PAR-6 in each complex. PAR6/PKC-3 de-

pend on both PAR-3 and CDC-42 for their proper membrane localization (Beers

and Kemphues, 2006; Sailer et al., 2015). However, the depletion of these two

proteins results in different phenotypes; in par-3 RNAi conditions, PAR-6/PKC-3

completely fail to localize to the membrane, whereas in cdc-42 RNAi conditions

PAR-6/PKC-3 are still able to associate with the membrane and segregate into the

anterior but only transiently, as they lose their asymmetry by the maintenance phase

of polarity (Beers and Kemphues, 2006; Sailer et al., 2015; Rodriguez et al., 2017).

Furthermore, in cdc-42 RNAi conditions, PAR-6 becomes more heavily clustered

and displays increased co-localization with PAR-3 (Beers and Kemphues, 2006;

Rodriguez et al., 2017), consistent with it becoming more strongly associated with

clustered PAR-3.

To shift PAR-6 into a more CDC-42 dependent assembly was more challeng-

ing, as PAR-3 depletion abolishes PAR-6 membrane binding (Beers and Kemphues,
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Halo::PAR-6 (cdc-42 RNAi) Halo::PAR-3 (par-3 ∆69-82)

Figure 6.4: PAR-6 coupling efficiency is dependent on PAR-3 oligomerization. (a) Ker-
nel density estimation of the distribution of diffusivities of 4000 randomly se-
lected particles across all embryos, (b) Average diffusivity per embryo and (d)
NMY-2 average PIV flow velocities of PAR-6 WT (gold), PAR-6 in cdc-42
RNAi (green) and the PAR-6 in par-3 (∆ 69-82) mutant (purple). (c) Gaussian
distribution of displacements perpendicular (teal) and parallel (pink) to the lo-
cal direction of flow (∆t = 2s). Coupling co-efficient vs diffusivity (where each
point represents an individual embryo) and pooled coupling co-efficient data vs
diffusivity (where each coloured point represents a group of embryos with sim-
ilar local velocities) for PAR-6 in cdc-42 RNAi (e and g), and PAR-6 in par-3
∆69−82 mutants (f and h respectively). Error bars indicate mean ± s.d.
(*p < 0.05, **p < 0.01, ***p < 0.001, Kruskal-Wallis test with Dunn’s post
test.)
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2006). While use of the PKC-3 inhibitor CRT90 favours CDC-42 association of

PAR-6, this was accompanied by a significant reduction in flow velocity, complicat-

ing advection analysis (Rodriguez et al., 2017). Generating PAR-6 mutants which

favour CDC-42 over PAR-3 was also complicated by the fact that the mechanism of

how PAR-3 and PAR-6 interact remains unclear and could also impact membrane

association (Liu et al., 2020). Mutations in the PAR-6 PDZ domain which allegedly

facilitate the PAR-6/PAR-3 interaction are dispensable, either because this interac-

tion is not relevant in vivo or because of additional contacts between other complex

members (e.g. PKC-3:PAR-3) (Li et al., 2010a,b). Therefore, I decided to use the

PAR-3 (∆69−82) mutant which is unable to form oligomers and had reduced mem-

brane binding activity, but was still able to recruit PAR-6 on to the membrane and

support cortical flow. While this mutant was unable to segregate PAR-6 completely

into the anterior and displayed severe defects in polarization and 2-cell asymme-

try, it should allow me to investigate whether PAR-6 was able to be transported by

cortical flows at short timescales in the absence of PAR-3 oligomers.

As expected, cdc-42 RNAi resulted in the formation of discrete PAR-6 clusters

and loss of the diffused signal observed in WT. This was reflected in the distribution

of diffusivities, with PAR-6 in cdc-42 RNAi embryos exhibiting a higher fraction of

slow diffusing particles (Fig. 6.4 a) and a reduced average diffusivity (Fig. 6.4

b) compared to WT PAR-6. In contrast, PAR-6 par-3 ∆69− 82 displayed a lower

fraction of slow diffusing particles and more faster-diffusing particles (Fig. 6.4 a)

resulting in a significantly higher average diffusivity than WT (Fig. 6.4 b). The

PAR-6 par-3 (∆69− 82) mutant embryos displayed reduced velocities consistent

with results in Chapter 5 (Fig. 6.4 d), however, the velocity was high enough to

reliably detect displacement of single molecules unlike embryos exposed to CRT90

(Rodriguez et al., 2017).

Advection analysis of the bulk population of PAR-6 under the two conditions,

the Gaussian distribution of displacements parallel to the local direction of flow

was shifted away from the distribution of displacements perpendicular to the flow,

indicating that a significant portion of the molecules in both conditions were being
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advected by cortical flows (Fig. 6.4 c), which is to be expected given that none of

our conditions would be expected to completely shift the population of PAR-6 to a

PAR-3-independent state.

We next examined advection as a function of diffusivity. Strikingly, in the case

of the cdc-42 depletion, there was no change in coupling efficiency with diffusion,

with C ≈ 0.8 (Fig. 6.4 e) across all bins, unlike with WT where I saw a decrease

in C for the fastest diffusing particles. By contrast, PAR-6 in (par-3 (∆69− 82)

mutant embryos displayed a drastic change in coupling efficiency, with C decreasing

progressively with faster diffusion, with the fastest diffusing bin had an average C =

0.35± 0.34 (Fig. 6.4 f). Pooling tracking data for embryos with similar velocities

to improve fitting of the Gaussians yielded similar results with less noise, where C

remained constant with with increasing diffusivity in cdc-42 RNAi embryos, and C

decreasing with increasing diffusivity in par-3 (∆69−82) embryos.

6.4 Conclusions

The exact mechanism of aPAR segregation into the anterior is as of yet, unclear.

Overall, my data is consistent with the existence of distinct PAR-3 and CDC-42-

dependent pools of PAR-6, which not only differ in their diffusivity, but also in their

capacity to be advected by cortical flows. While oligomerization of PAR-3 per se is

not required for advection as evident both in the advection of PAR-3(∆69−82) and

PAR-6 in par-3(∆69− 82) embryos, oligomerization promotes efficient advection

of PAR-6 either through increased PAR-3 levels at the cortex or through a more

robust association of PAR-6 with PAR-3 that may exist in clusters.

Mutating the CR1 domain should not in principle affect the ability of PAR-6 to

bind to PAR-3, so we cannot say that PAR-3 is dispensable for PAR-6 advection, as

some PAR-6 will be bound to PAR-3 even in the oligomerization deficient mutant.

Moreover, PAR-3 (∆69− 82) is unable to efficiently segregate PAR-6 fully into

the anterior and has significant defects, indicating that PAR-3 oligomerization is

important and required for posterior clearance of PAR-6 and maintaining stable

polarized domains.
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These results suggest that the primary function of PAR-3 clustering may not be

for sensing flows as postulated in Rodriguez et al. (2017) but rather to drive efficient

segregation. As we’ve seen in Chapter 4, PAR-3 clustering restricts diffusion to in-

crease the effective Peclet number of PAR-3. Clustering could also perhaps play

a role in extending aPAR lifetimes at the membrane. This could be a direct effect

where by clustering, the increased avidity and stable interactions with the mem-

brane increase the lifetime of individual molecules. Alternatively, molecules within

a cluster may have similar dissociation rates as monomers but the lifetime of the

entire cluster is much greater than that of an individual molecule that fluxes through

it, resulting in higher net displacement by cortical flows and an increased Peclet

number. Clustering may also function in other roles, such as in creating local re-

gions of high aPAR concentration to promote loading of PAR-6/PKC-3, perhaps by

means of a positive feedback mechanism to ensure robust polarization (Sailer et al.,

2015). Differentiating between these possible functions of PAR-3 would require

further insight into the regulation and control of PAR-3 clustering.



Chapter 7

Investigating the regulation of PAR-3

cluster formation

7.1 Introduction

The ability of PAR-3 to form diffraction limited clusters and associate with the

plasma membrane is a broadly conserved feature that is observed across various

systems (Harris, 2017). How this clustering is controlled spatio-temporally is an

important question, as it regulates the activity of the PAR network by gating access

of PAR-6 and PKC-3 to the membrane (Rodriguez et al., 2017; Reich et al., 2019).

While PAR-3 clustering is mediated by its N-terminal CR1 oligomerization

domain (Benton and St Johnston, 2003a), the exact structure of these clusters and

the organization of the oligomeric scaffold that allows for interactions with other

proteins remains unclear. Interestingly, structural modelling of the crystal structure

of mammalian PAR-3, based on in vitro experiments, indicated that the N-terminal

domain of PAR-3 was able to self-assemble into left-handed helical filaments, but

such filaments has not been observed in in vivo contexts (Feng et al., 2007; Zhang

et al., 2013).

How the number and size of PAR-3 clusters is regulated is also poorly un-

derstood. Estimates of the largest number of PAR-3 molecules per cluster range

from ≈ 28 molecules (in C. elegans embryos during establishment phase (Dickin-

son et al., 2017)) to ≈ 200 molecules (in Drosphila epithelial adherens junctions
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(McGill et al., 2009)). Following the polarity establishment phase in C. elegans, the

size/intensity of PAR-3 clusters decreases and the number of clusters also appears

to decrease (Rodriguez et al., 2017; Dickinson et al., 2017; Wang et al., 2017). This

has been attributed to cell cycle regulators such as Polo-like Kinase (PLK-1) which

have been shown to influence PAR-3 clustering in a cell-cycle dependent manner,

via the phosphorylation of 2 key residues in the CR1 domain (Dickinson et al.,

2017). Others have argued that the effects of PLK-1 are indirect, where they work

to suppress contractility and cortical tension, which in turn affect PAR-3 clustering

(Wang et al., 2017). More recent work has also suggested that cell-cycle dependent

changes in PAR-3 clustering in Drosophila neuroblasts and COS7 cells could be

facilitated by liquid-liquid phase separation driven by PAR-3’s multi-valent interac-

tions with other proteins (Liu et al., 2020).

Further mechanisms of PAR-3 cluster regulation have been implied by work

in epithelia and C. elegans where other PAR proteins, in particular the activity

of the PAR-1 and PKC-3 kinases, has been shown to influence PAR-3 clustering.

PAR-1 has been implicated in regulating PAR-3 oligomerization by phosphorylating

residues at the C-terminal end of PAR-3 (Benton and St Johnston, 2003a; Motegi

et al., 2011). PAR-1 has also been hypothesized to exclude PAR-3 oligomer ac-

cumulation at the posterior pole of the C. elegans zygote by regulating the critical

concentration of PAR-3 needed to form clusters (Sailer et al., 2015). Additionally,

PKC-3 has been shown to engage PAR-3 via its CR3 domain, affecting PAR-3 local-

ization in epithelia (Morais-de Sá et al., 2010), and suggesting that the very proteins

that PAR-3 recruits to the membrane may serve as its regulators.

In this chapter, I sought to untangle potential contributions from three key in-

puts: cell cycle kinases PLK-1/AIR-1, contractility, and PAR proteins. This was

carried out using a combination of my SPT methods, modified for optimal cluster

detection, and genetic perturbations with RNAi methods and temperature sensi-

tive/null mutants. While my results support clear cell cycle dependent regulation as

well as a contribution by AIR-1, they are inconsistent with direct regulation by con-

tractility. Rather, the data are most consistent with a fixed amount of PAR-3 being
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concentrated by flows resulting in an increase in mean cluster size at the expense of

cluster number.

7.2 PAR-3 cluster formation is cell cycle dependent

PAR-3 clusters display huge variation in intensity at the establishment phase of

polarity. In order to gain further insight into PAR-3 cluster dynamics, I first used my

SPT methods to track clusters over the course of the P0 cell cycle, from symmetry

breaking to cytokinesis. As seen in Chapter 5, following symmetry breaking, PAR-3

clusters begin to rapidly increase in intensity, reaching peak intensity at pro-nuclear

meeting, before decreasing and reaching steady state levels shortly after (Fig. 7.1 a).

This data is consistent with the idea that PAR-3 oligomers increase in intensity with

the onset of cortical flows and are highest during the establishment phase (Dickinson

et al., 2017; Rodriguez et al., 2017; Wang et al., 2017).

The initial increase in intensity also coincides with an increase in the number

of clusters at the cortex, however the number of clusters reaches a maximum prior

to pro-nuclear meeting. Subsequently, as the asymmetry of PAR-3 increases, clus-

ter numbers begin to decay slowly, either due to tracking errors from proximity to

other clusters or from clusters fusing to each other, which was also observed quite

frequently (Fig. 7.1 c). These fusion events were independent of PKC-3, contractil-

ity and cortical flows, as evidenced in the nop-1, mlc-4 and pkc-3 RNAi conditions

(these specific depletions are discussed in more detail in the following sections).

Clusters are also able to split into smaller clusters, which was observed more fre-

quently during mid-late maintenance phase which is also when the overall number

of clusters begins to increase again during late mitosis (Fig. 7.1 a , c).

The integrated intensity of the clusters was normalized to the area of the em-

bryo to be used as a measure of the total amount of PAR-3 on the membrane; this

is a multiple of the number of clusters and their intensity (Fig. 7.1 b). It follows a

similar trend, where the amount of PAR-3 on the membrane increases and reaches

a peak plateau around the time period of pro-nuclear migration and meeting, after

which it begins to decrease rapidly during the maintenance phase and then slightly
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Figure 7.1: PAR-3 cluster dynamics are cell cycle dependent and display cluster merg-
ing and splitting. (a) Mean intensity of PAR-3 clusters (green), the area nor-
malized number of clusters (purple) and (b) the area-normalized integrated in-
tensity of PAR-3 clusters over the course of the first cell cycle (n = 8 embryos).
Dotted line indicates the time of pro-nuclear meeting. Error bars indicate mean
± s.d. (c) Time lapse sequence of example PAR-3 clusters undergoing fusion in
WT (# 1), nop-1 (# 2), mlc-4 (# 3) and pkc-3 RNAi embryos (# 4), and cluster
splitting in mlc-4 (# 5) RNAi embryos from independent experiments.

increase once more with the onset of cytokinesis. These observed changes in PAR-

3 dynamics raised the question of how PAR-3 cluster numbers and intensities were

controlled synchronously.

The activity of PLK-1 has been linked to PAR-3 oligomerization: partial de-

pletion of PLK-1 increases PAR-3 levels at the membrane and results in clusters that

persist throughout the maintenance phase, while phosphomimetic mutations of two

PLK-1 docking sites abolished PAR-3 oligomerization to the levels of oligomeriza-

tion defective mutants discussed in Chapter 5 (Dickinson et al., 2017). Investigation

into the regulatory mechanisms that control the activity of the PAR network uncov-

ered that PAR activation is controlled by PLK-1 as well as the cell cycle kinase

Aurora A (AIR-1) (Reich et al., 2019). AIR-1 is known to be required for wild-type

symmetry breaking in the zygote and the depletion of AIR-1 affects centrosome
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Figure 7.2: Aurora A kinase suppresses PAR-3 clustering to coincide with cell-cycle
timing. (a) Representative cortical images of PAR-3 clusters at three select time
points (relative to cortical granule exocytosis) in air-1 RNAi embryos relative
to controls (b)(i) The mean intensity of PAR-3 clusters, (ii) the area normal-
ized number of PAR-3 clusters, (iii) the area-normalized integrated intensity of
PAR-3 clusters and (iv) PAR-3 levels for individual embryos relative to mean
control values at three select time points in air-1 RNAi (blue) embryos and con-
trol embryos (red). Error bars indicate mean ± s.d.
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.001, Multiple t-tests.
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maturation and causes the reversal of polarity (Cowan and Hyman, 2006; Klinkert

et al., 2019; Reich et al., 2019). In work together with Jacob Reich from the lab,

I used air-1 RNAi conditions to investigate whether depletion of AIR-1 had simi-

lar effects on the levels of PAR-3 as the depletion of PLK-1 did, and whether this

increase was a result in an increase of cluster intensity rather than cluster number.

To do so, I imaged ovulated embryos just after cortical granule exocytosis in air-1

and control RNAi conditions. I found that total levels of PAR-3 were elevated in

AIR-1 depleted embryos, as a result of increases in both cluster number and the

mean intensity of the clusters (Fig. 7.2 a,b). This was consistent with the idea that

both AIR-1 and PLK-1 suppress the membrane association of PAR-3 and thereby

the other aPARs, to enforce proper polarization by synchronizing PAR network ac-

tivation with cell cycle progression (Reich et al., 2019).

7.3 Contractility appears unlikely to be the driving

force behind PAR-3 cluster formation
It has been argued that AIR-1 and PLK-1 gate the amount of PAR-3 on the mem-

brane and its ability to form clusters, through the suppression of acto-myosin con-

tractility during the cell-cycle (Wang et al., 2017). To further investigate this, I

decided to modulate contractility using RNAi depletion methods and quantify the

effect on PAR-3 clusters throughout the cell cycle. For this purpose, I depleted two

acto-myosin regulators: the regulatory myosin II light chain kinase mlc-4 (Shelton

et al., 1999; Zonies et al., 2010; Motegi et al., 2011) and the RhoA activator nop-1

(Rose et al., 1995; Morton et al., 2012; Tse et al., 2012). Depletion of MLC-4 has a

much stronger effect on contractility; with cortical flows being abolished and polar-

ization being delayed, these embryos rely on PAR-2 binding to the membrane via

microtubules as a late symmetry breaking cue (Shelton et al., 1999; Motegi et al.,

2011). With strong depletion of MLC-4, embryos are unable to divide and PAR-3

clusters are uniformly distributed on the cortex (Fig. 7.3 a). In contrast, depletion

of NOP-1 results in weaker cortical flows, reduced myosin foci assembly and the

loss of the pseudocleavage furrow in the establishment phase (Tse et al., 2012), but
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embryos are still able to divide.

Interestingly, depletion of NOP-1 reduces the mean intensity of clusters and

the total amount of PAR-3 on the membrane relative to controls, however the effect

is much greater with the loss of MLC-4 (Fig. 7.3 b(i, ii)). The number of clusters in

both conditions reached near wild-type levels, however it was delayed in compari-

son to control embryos. These results pointed to a correlation between acto-myosin

contractility and the levels of PAR-3 clusters on the membrane, consistent with other

work (Wang et al., 2017). However, the decrease in acto-myosin contractility also

affected the levels of polarization of PAR-3 and its asymmetry on the membrane.

As nop-1 RNAi embryos still generated cortical flows, albeit at reduced velocities,

PAR-3 clusters were still able to segregate into the anterior, but not as efficiently

as in WT. This was evidenced by the size of the PAR-3 domain and consequently

the asymmetry index (ASI) of PAR-3 (Fig. 7.3 b(iv)). In MLC-4 depleted embryos,

PAR-3 clusters were uniformly distributed and its ASI was significantly different

from nop-1 and control RNAi embryos.

Depletion of MLC-4 and NOP-1 not only effect contractility but also the de-

gree of PAR-3 segregation. While in wild-type embryos cluster numbers decrease

as cluster intensity peaks, in mlc-4/nop-1 RNAi conditions, the number of clusters

peak around the same period of time as the intensity of clusters, suggesting that

segregation affects the intensity of clusters on the membrane and thereby the to-

tal amount of PAR-3 on the membrane. To decouple the effects of contractility

from segregation, I repeated these experiments of modulating contractility in em-

bryos that fail to break symmetry using a spd-5 temperature sensitive mutant (spd-5

(or213)I) and mlc-4 RNAi conditions. SPD-5 is a centrosomal protein which plays

a significant role in centrosomal maturation, recruitment of peri-centriolar material

(PCM) proteins and assembly of the mitotic spindle (Hamill et al., 2002). Loss of

SPD-5 affects the centrosomal cue responsible for symmetry breaking and the gen-

eration of cortical flows (Hamill et al., 2002), however local acto-myosin contrac-

tility and cortical tension remain unaffected unlike in the case of MLC-4 depletion

which affects both symmtry breaking and local contractility. In both conditions,
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Figure 7.3: Acto-myosin contractility and polarization affect PAR-3 cluster size.
(a) Representative cortical images of PAR-3 clusters at three select time points
(SB, establishment and maintenance phases, time relative to SB) in nop-1, mlc-
4 and control RNAi embryos. (b)(i) Mean intensity of PAR-3 clusters, (ii) the
area-normalized integrated intensity of PAR-3 clusters and (iii) the area nor-
malized number of clusters over the course of the first cell cycle for nop-1 (ver-
million, n = 5), mlc-4 (purple, n = 7) and control (green, n = 7) RNAi embryos.
Dotted line indicates the time of pro-nuclear meeting. (d) Asymmetric index
of PAR-3 cluster distribution calculated as a ratio of PAR-3 domain length over
the total length of the embryo, where ASI = 1 for uniform distribution of clus-
ters. Error bars indicate mean ± s.d
(**p < 0.01, ****p < 0.0001, Kruskal-Wallis test with Dunn’s post test).
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Figure 7.4: Polarization rather than acto-myosin contractility causes changes in PAR-
3 cluster size. (a) Representative cortical images of PAR-3 clusters at three
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relative time used to align embryos. All embryos imaged at 25 ° C. Error bars
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as there are no anterior-directed cortical flows, PAR-3 clusters remain uniformly

distributed (Fig. 7.4 a), and allows us to directly test the individual effects of con-

tractility and polarization on PAR-3 oligomerization. One of the proteins that SPD-

5 recruits to the centrosome is AIR-1, which has been proposed to be the main

symmetry breaking cue (Zhao et al., 2019). To ensure that the effects on PAR-3

clustering are not an artifact caused by the loss of AIR-1 at the centrosome, I also

evaluated spd-5 (or213)I embryos that were subjected to mlc-4 RNAi which also

displayed a uniform distribution of PAR-3 clusters (Fig. 7.4 a).

Strikingly, (spd-5 (or213)I) embryos, mlc-4 RNAi embryos and (spd-5

(or213)I) + mlc-4 RNAi embryos, showed similar phenotypes in terms of PAR-

3 oligomerization levels. In all three conditions, the mean PAR-3 cluster was

drastically reduced by≈ 50 % in comparison to control embryos at the time of peak

oligomerization (Fig. 7.4 b(i)). The number of PAR-3 clusters on the membrane

reached wild-type levels with a delay (Fig. 7.4 b(iii)) and overall all mutant and

RNAi conditions exhibited lower levels of PAR-3 at the membrane. Together this

data suggested that PAR-3 cluster size depends on polarization rather than cortical

tension, and that contractility has minimal effects on the actual number of PAR-3

clusters on the membrane.

7.4 Assessing a critical concentration model of PAR-

3 cluster formation
As my data suggested that the interplay between cell cycle regulation and polariza-

tion directly affected cluster size, I wanted to investigate the possible mechanisms

behind this regulation. CHIN-1, one of the pPAR proteins and a putative CDC-42

GAP, is another PAR protein which forms clusters on the membrane (Kumfer et al.,

2010; Sailer et al., 2015). CHIN-1 cluster formation has recently been modelled

as a cooperative assembly process, where above a critical concentration of CHIN-

1 monomers, net cluster assembly occurs (Sailer et al., 2015). Such models have

been more commonly attributed to growth of polymers such as actin and tubulin

(Kirschner, 1980). Sailer et al. (2015) also modelled PAR-3 clusters in a similar
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Figure 7.5: PAR-3 heterozygous embryos show no significant change in cluster num-
ber. (a)(i) Representative cortical images of PAR-3 clusters in wild-type (+/+)
and heterozygous (+/-) embryos in control and mlc-4 RNAi conditions at peak
cluster intensity. (ii) Asymmetric index of PAR-3 cluster distribution calculated
as a ratio of PAR-3 domain length over the total length of the embryo, where
ASI = 1 for uniform distribution of clusters for WT (+/+), PAR-3:GFP/hT2 bal-
ancer (+/hT2) and heterozygous (+/-) embryos. (***p < 0.001, Kruskal-Wallis
test with Dunn’s post test.)
(b)(i) Mean intensity of PAR-3 clusters, (ii) the area-normalized integrated in-
tensity of PAR-3 clusters and (iii) the area normalized number of clusters at
peak cluster intensity in wild-type (+/+) and heterozygous (+/-) embryos. Error
bars indicate mean ± s.d. (**p < 0.01, ***p < 0.001, unpaired t-test.)

manner, where membrane-bound PAR-3 oligomers could assemble above a criti-

cal monomer concentration with the assumption that PAR-1 acts to modulate the

concentration of PAR-3 monomers.

If a critical concentration for PAR-3 monomers is required for net cluster
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growth, reducing the total cellular concentration of PAR-3 should likely have a

drastic effect on clustering, but it is difficult to predict the exact effects. To directly

test the effects of concentration on cluster assembly, I used PAR-3 heterozygous

embryos by crossing in the par-3(tm2716) mutation into PAR-3::GFP tagged lines.

These heterozygous embryos (+/-) had reduced cortical flow velocities and as a re-

sult displayed larger PAR-3 domains than their WT homozygous (+/+) counterparts

or PAR-3::GFP/hT2 balancer embryos (+/hT2) which had one copy of GFP tagged

PAR-3 and one copy of untagged PAR-3 (Fig. 7.5 a). To assess the effects of

concentration in the absence of polarization, I subjected both heterozygous and ho-

mozygous PAR-3 strains to mlc-4 RNAi which would affect cluster size equally, and

should have minimal effects on cluster number. This also had the added advantage

of easing tracking and reducing errors due to proximity to other clusters. Quantifi-

cation of the total amount of membrane PAR-3, at the time period of peak cluster

intensity, was possible by calculating the area-normalized integrated intensity of all

visible clusters. This data indicated that MLC-4 depleted PAR-3 heterozygous em-

bryos displayed ≈ 50 % of the total membrane PAR-3 shown by MLC-4 depleted

homozygous embryos (Fig. 7.5 b(ii)). PAR-3 clusters in heterozygous embryos

were also approximately half as bright as homozygous embryos (Fig. 7.5 b(i)).

However, interestingly, the number of clusters on the membrane of heterozygous

embryos was only slightly reduced (< 20%) compared to homozygous embryos

(Fig. 7.5 b(iii)). This reduction could reflect the real difference in cluster number

but as clusters in heterozygotes are dimmer than those in homozygotes, it is likely

that more clusters fall under the intensity threshold set for cluster detection and I was

actually underestimating the number of clusters in heterozygous embryos more so

than in homozygous embryos. Taking this limitation into account, this data suggests

that concentration of PAR-3 monomers affects cluster size rather than cluster num-

ber. Previous reports have speculated that the total cellular concentration of PAR-3

is only slightly higher than the critical concentration (Dickinson et al., 2017); this

data seems to contradict this, although we cannot rule out a model in which the

critical concentration is somehow regulated by PAR-3 concentration itself, perhaps
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via other PAR proteins. Further examination of cluster growth dynamics and the

effects of PAR-1 depletion on clustering in PAR-3 heterozygotes should be tested

in order to interrogate a critical concentration model of PAR-3 oligomer formation

more comprehensively.

7.5 PKC-3 feedback on PAR-3 cluster dynamics

PAR-3 is required for the recruitment of PKC-3/PAR-6 on to the membrane and

allows for the formation of a PAR-3/PKC-3/PAR-6 oligomeric complex, where the

activity of PKC-3 is inhibited (Rodriguez et al., 2017). However, PAR-3 itself is a

substrate of PKC-3 and can be phosphorylated by PKC’s interaction with the con-

served aPKC phosphorylation motif on the CR3 domain of PAR-3 (Soriano et al.,

2016). This phosphorylation of PAR-3 by PKC has been shown to affect its lo-

calization in epithelia, where it is excluded from the apical domain and is instead

recruited to lateral adherens junctions (Morais-de Sá et al., 2010). In C. elegans, de-

pletion/inhibition of PKC-3 was noted to not affect the initial segregation of PAR-3

into the anterior by cortical flows (Rodriguez et al., 2017), however, these two con-

ditions displayed slightly different phenotypes at maintenance phase.

To gain further insight into PKC-3 feedback on PAR-3 cluster dynamics, I

decided to investigate how depletion of PKC-3 and inhibition of PKC-3 differ-

ently affected PAR-3 localization. To do so, I used genetic and pharmacological

perturbations: For depletion of PKC-3 I used both RNAi methods and a tempera-

ture sensitive mutant pkc-3 (ne4246) referred to as pkc ts (Rodriguez et al., 2017);

For inhibition of PKC-3, I used the chemical inhibitor CRT90 (Rodriguez et al.,

2017). Another interesting mutant that seemed relevant to the question of the ef-

fects of PKC-3 phosphorylation of PAR-3 was PAR-3(S863A)::GFP, which is a

non-phosphorylatable CRISPR mutant that Nisha Hirani in the lab had created. I

examined PAR-3::GFP in all these conditions over the course of the cell cycle. Un-

fortunately due to time constraints, I did not have a sufficient number of embryos

for quantification of the CRT90 and S863A mutants, however I have included these

conditions in the discussion of my results as I think they indicate to interesting de-
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tails and should be a point of future experiments.

The examination of these different conditions indicated that the depletion of

PKC-3 using either RNAi methods or the ts mutant gave the same results, wherein

PAR-3 was able to form slightly lower numbers of clusters that were also reduced

in intensity than control embryos, resulting in less overall amounts of PAR-3 on

the membrane (Fig. 7.6 a, b). PAR-3 clusters in PKC-3 depleted conditions were

also extremely reduced at maintenance phase, with most clusters completely disap-

pearing (Fig. 7.6 a, b). In contrast, PKC-3 inhibition resulted in increased numbers

of PAR-3 clusters that persisted during maintenance (Fig. 7.6 a). Intriguingly, the

S863A mutant displayed lower levels of PAR-3 clustering and had a diffused back-

ground localization of PAR-3 that was more reminiscent of PKC-3/PAR-6 localiza-

tion (Fig. 7.6 a). PAR-3 in the S863A mutant also persisted during maintenance

in comparison to PKC-3 depleted conditions, however the degree of clustering ap-

peared even more reduced. SPT experiments at maintenance phase indicated that

PAR-3(S863A) was significantly more diffusive than control embryos, consistent

with the imaging data. However, quantification of these results in CRT90 conditions

and S863A mutants would be necessary to determine whether the total amount of

PAR-3 on the membrane had increased.

These results suggest that the availability of PKC-3 and its ability to bind and

phosphorylate PAR-3 are two separate factors that strongly affect the levels of PAR-

3 oligomerization. In the depletion/ts mutant conditions, the concentration of PKC-

3 on the membrane is greatly reduced, which affects PAR-3 cluster intensities, as

well as the total amount of PAR-3 on the cortex. Additionally, a reduction in PKC-3

levels also causes reduced cortical flows and affects the segregation of PAR-3.

The more interesting results appear to be that of CRT90 and the S863A mutant,

which one would imagine to behave similarly. In both cases PKC-3 is present on the

membrane and able to bind PAR-3 but unable to phosphorylate it. However there

are some key differences between the two conditions: (1) In CRT90, cortical flows

exhibit reduced velocities while the S863A mutant has normal flow conditions; (2)

In CRT90 the active site of PKC-3 may be disrupted, whereas in the S863A mu-
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Figure 7.6: PKC-3 feedback on PAR-3 cluster dynamics. (a) Representative cortical im-
ages of PAR-3 clusters in control RNAi, pkc-3 RNAi, pkc-3 ts, CRT90 and
PAR-3(s863A) embryos at peak cluster intensity (left) and NEBD (right). (b)(i)
Mean intensity of PAR-3 clusters, (ii) the area-normalized integrated intensity
of PAR-3 clusters and (iii) the area normalized number of clusters over the
course of the first cell cycle in control RNAi (green, n = 8), pkc-3 RNAi (purple,
n = 4) and pkc-3 ts (vermillion, n = 5) embryos. (c) Comparison of diffusivity
between WT PAR-3 and PAR-3(S863A) embryos at maintenance phase. Each
point represents an individual embryo. Error bars indicate mean ± s.d. (**p <
0.01, unpaired t-test.)
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tant PKC-3 would be able binding normally; (3) In CRT90 PKC-3 is inhibited and

cannot target any of its other substrates (eg: pPARs), whereas in the S863A mutant,

PKC-3 is able to phosphorylate its other substrates or even other sites in PAR-3.

Notably pPARs are uniformly distributed on the membrane in CRT90 condi-

tions (Rodriguez et al., 2017). Testing the potential role of pPARs in regulating

the ability of PAR-3 to form clusters can be carried out by pPAR depletions or by

an additional mutation (S950A) in PAR-3, which is major PAR-1 phosphorylation

site. Additionally investigating how phosphomimetic mutants of the PKC-3 site in

PAR-3 (i.e. PAR-3(S863E)) impact clustering, may give us new insight into PKC-

3 mediated feedback of PAR-3 oligomerization. Importantly these mutations have

been shown to affect PAR-3 differently in epithelial and non-epithelial tissues, and

expression of the non-phosphorylatable PAR-3 homolog Baz980A has no effect on

the polarity of Drosophila oocytes (Morais-de Sá et al., 2010). As such interpreting

these results will require more experiments that probe PKC-3 phosphorylation more

deeply.

7.6 Conclusions

In this chapter I aimed to understand the mechanisms that regulated PAR-3 cluster

formation, focusing on three key areas: cell cycle regulators PLK-1/AIR-1, con-

tractility, and PAR proteins. My results point towards clear cell cycle-dependent

changes in PAR-3 clustering, but indicate that cluster size depends on polarization

and perhaps the activity of PKC-3, rather than cortical tension arguing against cur-

rent models for contractility-dependent clustering (Wang et al., 2017).

Depletion of AIR-1 kinase results in elevated levels of PAR-3 at the membrane,

consistent with other work (Dickinson et al., 2017). These changes encompass clus-

ter size, the number of PAR-3 clusters and thereby the total amount of PAR-3 on the

membrane. However AIR-1 could mediate these effects by its regulating the acto-

myosin cortex (Wang et al., 2017). My results indicate that the effects of AIR-1

and contractility are separable, and that contractility serves to to concentrate PAR-3

into a smaller area. This concentration of PAR-3 into the anterior appears to reg-
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ulate its levels of clustering, hinting at possible concentration dependent feedback

mechanisms.

However, while the manipulation of the total protein concentration of PAR-3

using heterozygous embryos correlated with the levels of membrane PAR-3, there

were minimal effects on the number of PAR-3 clusters on the membrane, indicat-

ing that PAR-3 cluster nucleation rates were still similar to wild-type conditions.

A caveat that applies to these experiments, is that the threshold limits used to

detect clusters may exclude some of the dimmer oligomers (dimers/trimers) that

are present on the membrane, thus underestimating the actual number of PAR-3

clusters. As heterozygous embryos have on average dimmer clusters, it was more

likely to affect these embryos more than wild-type, and therefore it would be help-

ful to complement this analysis with other methods that account for changes in

membrane-to-cytoplasmic ratio.

While my experiments dealing with possible PKC-3 dependent effects of PAR-

3 clustering are limited, this data also suggests that the proteins recruited by PAR-3

are also subject to their activity. PKC-3 appears to play a role in limiting PAR-3

cluster size (which appears significantly reduced in PKC-3 depleted conditions);

however, whether the effect is in fact caused by the PKC-3-depletion related loss in

contractility or whether there is a direct role for PKC-3 in controlling cluster size,

remains yet to be confirmed. Furthermore, affecting PKC-3’s ability to phospho-

rylate PAR-3 - either by chemical perturbations (CRT90) or genetic perturbations

(S863A mutant) - correlates with changes in both PAR-3 cluster number and size,

with the former causing increased PAR-3 clustering that persists throughout the

maintenance phase and the latter causing a reduction in the number of distinct clus-

ters. Teasing apart the actual role of PKC-3 will require further experiments as

discussed in section 7.5.

Overall my results suggest that the regulation of PAR-3 cluster size and cluster

number is more complex, perhaps, than we might imagine, with clear roles for cell

cycle kinases and PKC-3.





Chapter 8

Discussion

Cells use various transport mechanisms to drive intra-cellular patterning processes.

One example of directed transport is cortical flow, which is capable of inducing the

large scale displacement of proteins and organelles by a phenomenon known as ad-

vection. This movement by the bulk of the acto-myosin cortex generates molecular

asymmetries that contribute to the establishment of cell polarity in various contexts.

Advection is not just limited to molecules directly bound to the actin cytoskeleton,

but also includes membrane associated proteins that are not known to be linked

molecularly to the cortex. However, not all membrane-bound proteins appear to be

advected. Here we sought to understand more about the types of molecules that are

advected in the context of cell polarity and whether we could identify key features,

such as clustering, that could define whether molecules are transported by flows.

The one-cell Caenorhabditis elegans zygote is an attractive model system for

studying this particular question. In C. elegans, directional cortical flow advects

components of the evolutionarily conserved PAR protein network (aPARs) into the

nascent anterior half of the cell. Current models of polarity establishment suggest

that this segregation of aPARs is dependent on the CR1 domain mediated oligomer-

ization of PAR-3, which is able to form discrete clusters of ranging sizes (Rodriguez

et al., 2017; Dickinson et al., 2017; Wang et al., 2017). Biophysical measurements

of the kinetic behaviours of these clusters has indicated that PAR-3 clustering is

linked to reduced diffusivity and increased membrane lifetime, both of which cause

increased efficiency of its directed net transport (Dickinson et al., 2017). However,
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the mechanism of how PAR-3 clustering enables its advective transport is unclear.

It has been hypothesized that clustering could serve to ’sense’ flows and couple

other flow-insensitive aPARs to cortical flows to promote asymmetric segregation

(Rodriguez et al., 2017).

In this project, I established single molecule tracking methods to directly test

the effects of clustering on diffusion and advection. My data confirms prior mea-

surements regarding diffusivity as function of PAR-3 cluster size, although it seems

unlikely that these rather small changes in diffusivity are sufficient to explain the in-

ability of oligomerization-defective PAR-3 to segregate efficiently. However, some-

what surprisingly, my analysis led to the general finding that oligomerization is dis-

pensable for sensing flows and advection. My results also suggest that the primary

function of PAR-3 clustering may instead lie in maintaining and focusing membrane

association to form stable polarized domains. In contrast to PAR-3, PAR-6 appears

to be limited in its advective capabilities, providing an explanation of why it is de-

pendent on association to PAR-3 for its segregation into the anterior as suggested in

Rodriguez et al. (2017).

8.1 PAR-3 advection is independent of oligomeriza-

tion
To determine whether clustering of PAR-3 affects its advection, I first sought to

establish a method that was capable of distinguishing the relative contributions of

advection and diffusion in general molecular motion (Chapter 3). This method was

based on single particle tracking (SPT) methods which allowed me to track both

clustered and non-clustered molecules. Additionally, the method utilized particle

image velocimetry (Thielicke and Stamhuis, 2014), which cross-correlated sequen-

tial images of non-muscle myosin II (NMY-2) to provide a reference to the cortical

frame of motion. The combination of these two separate analysis methods allowed

me to determine if individual, monomeric proteins were capable of undergoing ad-

vection by cortical flows, something that had not been shown in vivo in the C. ele-

gans zygote before.
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By binning PAR-3 clusters based on their intensity or PAR-3 single molecules

based on their diffusivity (Chapter 4), I was able to investigate the relationship be-

tween PAR-3 oligomerization state and its effects on kinetic parameters. My data

was consistent with a cluster size dependent decrease in diffusivity (Dickinson et al.,

2017), but detecting accurate size-dependent changes in dissociation rate proved to

be beyond the scope of the methods I had utilized. FRAP (Goehring et al., 2010)

and smPRESS (Robin et al., 2014) techniques rely on detecting changes in the

bulk protein population and cannot probe heterogeneous populations such as that

of PAR-3. Confirming whether cluster size modulates dissociation rate (perhaps

with cell-cycle independent control of clustering), and thus overall segregation of

aPARs is of interest for future studies.

In contrast to the effects on diffusivity, I found that WT PAR-3 was advected

similarly regardless of cluster size or diffusivity, suggesting there is no obvious

population that fails to be advected and raising the possibility that single monomers

might be capable of advection if they are able to bind the cortex. However, in these

experiments, one cannot firmly establish whether the molecules analyzed are indeed

monomeric. Indeed, given the dependence of membrane binding on oligomeriza-

tion, it seems likely that molecules observed are present at least as dimers.

I therefore examined an mutant forms of PAR-3 that I created using

CRISPR/Cas9 gene editing methods (Chapter 2). Here, I deleted a key region

within the CR1 domain of endogenous par-3 to create an oligomerization defi-

cient mutant (PAR-3 (∆69− 82)), (Chapter 5). Advection analysis of this mutant

indicated that PAR-3 was able to couple to flows even in its monomeric state,

suggesting that advection was independent of PAR-3 clustering. This mutant was

however, incapable of forming stable polarized domains (Fig. 8.1(ii)).

As the CR1 domain is not only required for clustering of PAR-3 but also for its

proper membrane localization in the early embryo, oligomerization deficient mu-

tants are predominantly cytoplasmic (Li et al., 2010a; Krahn et al., 2010; Dickin-

son et al., 2017). To further explore the precise role of CR1 in segregation, I in-

troduced various modifications to ’rescue’ function, including membrane-tethering
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Figure 8.1: Graphical summary of results and interpretations on how clustering facil-
itates different roles.
(i) In WT embryos (and in CR1-independent GCN4 mediated oligomerization
of PAR-3), PAR-3 is able to form clusters and be advected in response to cor-
tical flows. These clusters segregate into the anterior pole as a consequence
of their membrane dynamics which allow for longer displacement by flows.
Clusters are maintained at the anterior where they form a form and are able to
recruit downstream aPARs such as PKC-3 and PAR-6.
(ii) The oligomerization defective mutant is predominantly cytoplasmic and
those few proteins that stochastically bind to the membrane are advected well
at short time scales. However, the membrane dynamics of the mutant do not
permit efficient segregation and no polarized domain is formed.
(iii) The membrane tethered oligomerization deficient mutant is advected well,
however, while it initially segregates in response to cortical flows, it was unable
to maintain a stable domain and rapidly expanded back into the posterior with
the cessation of cortical flows.
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(PAR-3 (∆69− 82) RitC) or ectopic oligomerization (PAR-3 (∆69− 82) GCN4).

While ectopic oligomerization nearly fully rescued PAR-3 segregation and function

(similar phenotype as depicted in Fig. 8.1(i)), membrane tethering alone failed to

rescue. Notably, though the RitC variant was initially segregated, consistent with

monomeric PAR-3 being advected, it rapidly accumulated at the posterior mem-

brane with the relaxation of the acto-myosin cortex (similar to Fig. 8.1(iii)). To-

gether, these results argue that the primary function of PAR-3 clustering may not be

for sensing flows as initially hypothesized in Rodriguez et al. (2017) but rather to

drive robust polarization at the membrane.

How could clustering ensure lasting molecular asymmetries? It is possible

that clustering extends aPAR lifetimes at the membrane. This could be a direct

effect where, by clustering, the increased avidity and stable interactions with the

membrane increase the lifetime of individual molecules, which combined with their

reduced diffusion, restricts them at the anterior. Alternatively, molecules within a

cluster may have similar dissociation rates as monomers but the lifetime of the entire

cluster is much greater than that of an individual molecule that fluxes through it.

Another possibility is that oligomerization mediated positive feedback of PAR-

3 could ensure that PAR-3 is selectively recruited into anterior clusters. Models

suggest such feedback could re-enforce the asymmetry triggered by flows helping

to lock-in polarity and limit the ability of PAR-3 to re-invade the posterior. Clusters

of PAR-3 could also simply create local regions of high PAR-3 concentration to

promote the asymmetric loading of PAR-6/PKC-3 at the anterior, consistent with

my data (Chapter 3) and previous work (Robin et al., 2014; Sailer et al., 2015).

Distinguishing between these hypotheses would require further quantitative analysis

of membrane association as a function of local PAR-3 concentrations in distinct

mutant contexts.

8.2 Advection is a feature of some PAR proteins

My data suggests that PAR-3 is intrinsically able to couple to flows and be advected,

regardless of its oligomerization state. In addition to PAR-3, I also investigated the
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ability of PAR-6 to be advected. Previous work from the lab has indicated that PAR-

6/PKC-3 exists in two functionally distinct states: a clustered, PKC-3 inactive state

dependent on PAR-3, that is able to segregate in response to the symmetry break-

ing cue and a diffused, PKC-3 active state dependent on CDC-42, that maintains

aPAR asymmetry by mutual antagonism of pPARs (Rodriguez et al., 2017). To de-

termine whether these two states have distinct advective behaviors (thus enforcing

this model), I used RNAi methods and CRISPR mutants to manipulate the popula-

tion of PAR-6 into largely CDC-42 associated or PAR-3 associated states. Through

the depletion of CDC-42, PAR-6 can be shifted to a PAR-3 dominant state, where

it could localized into large clusters at the membrane (Rodriguez et al., 2017). In

contrast, in PAR-3 oligomerization defective mutants, the reduced concentration of

PAR-3 at the membrane would cause PAR-6 to shift to a CDC-42 dominant state,

although this would not be a complete shift.

The results of these experiments showed that the advection of PAR-6 was di-

minished in a CDC-42 state, suggesting that binding to PAR-3 is necessary for the

flow-based transport of PAR-6. However, these experiments did not explicitly test

this model by directly disrupting the ability of PAR-6 to bind to PAR-3, as this

would abolish PAR-6 membrane localization. A limitation of the C. elegans model

is that a certain concentration of aPARs is required at the membrane for cortical

flows to occur, since aPARs regulate flows as they are being transported by them

(Munro et al., 2004). It would be interesting to trial the expression of mutant forms

of PAR-6, or homologs from other organisms, that are able to localize to the mem-

brane but not interact with PAR-3. An alternative would be expressing C. elegans

PAR-6 in other cellular contexts with bulk flows, for example in migrating cells,

where the rate of flow could potentially be controlled (Maiuri et al., 2015; Berg-

ert et al., 2015). Again, whether PAR-6 is able to associate with the membrane

independently of PAR-3 is questionable.

PKC-3 is able to hetero-dimerize with PAR-6 via their conserved PB1 domains

(Li et al., 2010b), and demonstrates similar diffusive behaviours to PAR-6 (Chapter

3). It is likely that PKC-3, like PAR-6, displays distinct advective behaviours that
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are dependent on PAR-3, although we did not directly test this. Teasing apart the

individual abilities of the two proteins is challenging as they depend on each other

for their membrane localization (Li et al., 2010b), however it seems fair to predict

that both PKC-3 and PAR-6 are unable to sense and be advected by cortical flows

by themselves.

While flow sensing abilities in the aPARs maybe limited to PAR-3, we have

examples of pPARs that are able to respond to cortical flows. CHIN-1, in particular,

localizes into clusters at the onset of maintenance phase (Kumfer et al., 2010; Sailer

et al., 2015). These clusters have been shown to be moved by anterior-directed

cortical flows that occur during mid-late maintenance phase (Sailer et al., 2015). As

these clusters move toward the aPAR domain, they begin to decay and disappear,

likely as a result of increasing PKC-3 concentration (Sailer et al., 2015).

The bulk population of PAR-2 also demonstrates advection (Chapter 3), con-

sistent with reports that PAR-2 domain growth demonstrates a leading edge enrich-

ment that coincides with cortical flow (Goehring et al., 2011b). PAR-2 is able to

directly bind to the membrane via its membrane localization domain; this bind-

ing to the posterior cortex during the polarity establishment phase is thought to be

promoted by its micro-tubule binding domain (Motegi et al., 2011). PAR-2 also

contains a RING E2 ubiquitin ligase-like domain that has been suggested to me-

diate further recruitment of PAR-2 through a positive feedback mechanism (Hao

et al., 2006; Motegi and Sugimoto, 2006), (Tom Bland, unpublished data). Recent

studies have also indicated that PAR-2 may be capable of forming oligomers (Arata

et al., 2016). Whether this proposed oligomerization of PAR-2 is mediated by its

RING domain is under investigation (Tom Bland, unpublished data). Considering

the ability of CHIN-1 and PAR-2 to be advected by flows, it would be interesting

to examine their advection with regards to oligomerization and determine, if like

PAR-3, they are intrinsically able to sense flows.

That other PAR proteins - especially pPARs - are able to be advected, is of

interest. Advection as a broad feature may function to speed up the polarization

process perhaps by allowing the PAR-2 domain to expand at faster rates. It could
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also act in other contexts, where the advection of pPARs by mid-late maintenance

phase flows could act to sharpen the aPAR boundary which is consistent with mea-

surements of the two domain sizes (Goehring et al., 2011b; Sailer et al., 2015).

Following the maintenance phase, the boundary between the PAR domains is re-

positioned during cytokinesis to match the cleavage furrow and site of cell division.

Here, cortical acto-myosin flows into the cleavage furrow has been observed with

concomitant bulk movement of PAR-2 into the furrow (Schenk et al., 2010). This

suggests that PAR-2 advection could also potentially underlie domain correction

processes. Overall, advection of PAR proteins may not just be relevant during polar-

ity establishment but also for the refining of PAR boundaries and domain positions

over time.

8.3 Biophysical mechanism of advection

What are the mechanics of advection? How is it that PAR-3 is able to couple to

flows but PAR-6 is limited in its ability to be moved by flows? If oligomerization

does not function to allow PAR-3 to sense flows, then what does? Unfortunately,

I don’t have good answers for these questions. With PAR-6 in particular, I am

able to detect distinct advective regimes. indicating that there is no global move-

ment of the plasma membrane and that complete hydrodynamic coupling between

the membrane and the cortex is unlikely, as all membrane bound molecules would

be advected equally. This is not unsurprising, considering that if all membrane-

associated molecules were moved, rapidly recycling would be required to maintain

the uniform distribution of lipids in the posterior.

It could be possible that PAR-3 clusters are able to interact with or are sur-

rounded by other trans-membrane proteins that are physically linked to the cortex.

These proteins could act as a ’rake’ moving through the membrane, entraining the

motion of specific molecules (Illukkumbura et al., 2020). However, no obvious

candidates stand out as for this possible role.

Another possibility is that advection of membrane bound proteins could be

a function of size. PAR-3 is a very large protein (≈ 52 kDa), while PKC-3 and
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PAR-6 are considerably smaller (≈ 22 kDa and ≈ 11 kDa respectively). It could

be that even monomeric PAR-3 is sufficiently large enough to be embedded in the

actin meshwork which drags PAR-3 along as the cortex moves. Analysis of diffu-

sive behaviours of PAR-3 indicates a degree of sub-diffusion that is consistent with

membrane compartmentalization (Sailer et al., 2015; Lee et al., 2018), (Chapter 3).

However PAR proteins and several other membrane proteins display apparent sub-

diffusive behaviours as a result of the short timescales over which their dynamics are

probed (Martin et al., 2002). These behaviours can also reflect molecular crowding

rather than cytoskeletal caging (Weiss et al., 2004). Perhaps further investigating

the structure of PAR-3 clusters in relation to the actin cortex, for example by using

super-resolution microscopy methods, may provide more insight.

Alternatively other domains or sequences of PAR-3 may mediate coupling to

the acto-myosin cortex. It would be interesting to perform structure/function studies

of PAR-3 in relation to its advective ability to determine whether specific regions

of monomeric PAR-3 are able to sense flows while others cannot. Using our mem-

brane tethered PAR-3 variant, we could screen for mutants that abolish advection.

Analysing diverse membrane-associated molecules, outside the PAR network, as

well as generating artificial constructs with defined features, e.g. size, membrane

binding affinity, actin binding, etc, will provide more information regarding features

that enable advection.

8.4 Outlook

The results of this project advance our understanding of the specific roles of aPAR

proteins in polarity establishment and maintenance. Taken together, these results

suggest that the regulation of PAR-3 clustering may not be critical for optimizing

flow sensing as previously postulated. Rather the importance of clustering may lie

in regulating membrane concentrations of polarity proteins and perhaps reflect a

more broad role for the need to control clustering (Harris, 2017).

We are also only beginning to explore the requirements of specific molecular

features for advective motion and the biophysical mechanisms that facilitate it. The
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data in this project indicate that clustering is dispensable for advective transport,

leaving us with perhaps with more questions than answers, as to what defines the

ability of molecules to sense flow.



Appendix A

Abbreviations

aPAR anterior PAR

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats

FRAP Fluorescence Recovery Aafter Photobleaching

GAP GTPase Activating Protein

GEF Guanine Nucleotide-Exchange Factor

MSD Mean Squared Displacement

MTL Minimum Track Length

NEBD Nuclear Envelope Breakdown

PAR Partitioning defective

pPAR posterior PAR

RNAi RiboNucleic Acid interference

smPRESS single molecule Photobleaching Relaxation to Steady State

SNR Signal to Noise Ratio

SPT Single Particle Tracking





Appendix B

Testing the normality of the

distribution of displacements of

molecules in 2D.

Fig. B.1 demonstrates the distributions of perpendicular and parallel displacements

of PAR-3 clusters binned for the highest intensity (20,000 - 60,000 a.u.) for n=15

embryos. This bin had the highest number of embryos (n=6/15 embryos) with dis-

tributions that failed normality testing with the D’Agostino-Pearson test. Either the

perpendicular, parallel or both distributions would fail testing despite the perpen-

dicular distributions containing purely diffusive steps. These embryo did not show

any consistent patterns in terms of multi-modal distributions, and largely had < 400

steps in each of their distributions. This did not affect the detection of advection

but likely affected the accuracy of calculated advection velocities and coupling co-

efficient. As such, to improve the quality of data, a case could be made that these

embryos should be excluded from the analysis. However, for the context of this

thesis, all analyzed embryos were included in the analysis and trajectory pooling

was used to ’artificially’ increase the number of steps in distributions and thereby

improve Gaussian fitting for detection of advection.
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Figure B.1: Testing normality of the distribution of displacements for PAR-3 clusters.
The distribution of perpendicular (green) and parallel (pink) displacements of
PAR-3 clusters from intensity bin 4 (20000 - 60000 a.u.) for different embryos
(∆t = 5s, 4 independent experiments). Normality of distributions verified by
the D’Agostino-Pearson statistical test. Coloured asterisk(s) indicate a failed
normality test. Difference in means between perpendicular and parallel distri-
butions tested by unpaired parametric t-test with equal variance.
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