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soit ! Merci à Long Nguyen-Dinh, Max Thelemann, Anouk Chutet, Benjamin Havret,
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2





Résumé

Les septines sont des protéines filamenteuses ubiquitaires considérées comme le qua-
trième élément du cytosquelette. Elles jouent un rôle dans la stabilisation mécanique
de la membrane plasmique et sont impliquées dans l’établissement de barrières de dif-
fusion in vivo, permettant la compartimentation des membranes. Bien que les barrières
de diffusion soient essentielles à de nombreux processus cellulaires, les principes biophy-
siques qui régissent leurs fonctions sont encore mal compris. Les systèmes reconstitués
in vitro sont de bons modèles pour comprendre le rôle des septines dans la formation de
ces barrières car ils permettent le contrôle de l’ensemble des paramètres biophysiques.
J’ai utilisé un système de membranes biomimétiques (liposomes et bicouche supportée)
pour étudier comment la diffusion des lipides et des protéines ancrées aux membranes
est modifiée en présence d’un réseau de septine.

J’ai utilisé une combinaison de méthodes (Recouvrement de Fluorescence Après
Photoblanchiment et Suivi de Particules Uniques) pour analyser la dynamique des li-
pides et des protéines membranaires en présence de filaments de septines de levure liés
à des membranes biomimétiques. J’ai modélisé l’encombrement stérique des protéines
connues pour être séquestrées en présence de septines grâce à trois protéines modèles
dont les domaines extra-membranaires (cytosoliques) varient en taille : l’aquaporine (ca-
nal aqueux sans domaine cytosolique), la streptavidine (environ 6 nm) liée à des lipides
possédant une biotine, et les points quantiques (environ 20 nm), liés à la membrane par
un lien streptavidine-biotine. La diffusion des lipides n’est pratiquement pas affectée par
la présence de filaments de septine. En revanche, la diffusion des protéines modèles est
modifiée en fonction de leur dimension. Les expériences de Suivi de Particules Uniques
montrent une diffusion libre de l’aquaporine, proche du mouvement Brownien, tandis
que les points quantiques sont piégés dans des régions linéaires contraintes par des fila-
ments parallèles de septine. Enfin, la streptavidine présente deux populations distinctes
de particules : immobiles et sous-diffusive. Selon la taille du domaine cytosolique du
modèle, les septines affectent donc différemment son comportement diffusif, agissant
de manière similaire à un ≪ filtre ≫ des composants liés à la membrane. En outre, j’ai
comparé l’impact de l’organisation des filaments de septines sur la restriction de la dif-
fusion des composants liés à la membrane. L’utilisation de septines humaines ou l’ajout
de protéines de réticulation aux septines de levure induit l’auto-assemblage de réseaux
orthogonaux de filaments sur les membranes. En présence de ces réseaux, la diffusion
des points quantiques est totalement entravée. Mes observations pointent vers un ef-
fet stérique créé par la présence du réseau de septines et sont en bon accord avec les
observations in vivo.

Enfin, dans la continuité de travaux antérieurs, j’ai étudié les propriétés mécaniques
de filaments de septine liés à des membranes lipidiques. Il a été démontré que les sep-
tines affectent les propriétés mécaniques des membranes plasmiques et les observations
faites lors des études précédentes restaient énigmatiques. J’ai observé, en réalisant des
expériences d’aspiration par micropipette, que les septines étaient capables d’empêchant
la déformation de la vésicule. J’ai déterminé, en utilisant la technique d’indentation par
Microscopie à Force Atomique sur des GUVs, que les filaments de septine peuvent
réduire le module de compressibilité surfacique apparent des vésicules, ce qui était
inattendu. Un modèle qui tient compte d’une déformation initiale de la membrane
dépendant de la septine permet d’estimer le module de flexion d’un réseau de septine.
Ce module de flexion est en accord avec les valeurs connues de la longueur de persistance
des filaments de septine et explique l’observation expérimentale contre-intuitive.

4



Abstract

Septins are ubiquitous filamentous proteins considered as the fourth element of
the cytoskeleton. Septins play a role in the mechanical stabilization of the plasma
membrane and are involved in the establishment of diffusion barriers in vivo, allowing
the compartmentalization of membranes. Even though diffusion barriers are essential
to many cellular processes, the biophysical principles regulating their functions are still
poorly understood. Bottom up in vitro reconstituted systems offer powerful tools to
understand the role of septins in forming those barriers by controlling independently all
the biophysical parameters. During my PhD, I used a system of biomimetic membranes
(liposomes and supported bilayer) to study how the diffusion of lipids and proteins
anchored to membranes is impacted by the presence of a septin mesh.

I have used a combination of methods – namely Fluorescence Recovery After Pho-
tobleaching (FRAP) and Single Particle Tracking (SPT) – to assay the dynamics of
lipids and membrane bound proteins in the presence of yeast septin filaments bound to
biomimetic membranes. I analysed the diffusion of different model proteins, with vary-
ing sizes of the extra-membrane (cytosolic) domains: aquaporin (a transmembrane wa-
ter channel with no cytosolic domain), streptavidin (about 6 nm) bound to biotin lipids,
and quantum dots (about 20 nm), bound to the membrane through a streptavidin-biotin
linker. Hence, I have modelled the steric hindrance of membrane bound proteins that
are known to be sequestrated in the presence of septins. The diffusion of lipids is
barely impacted by the presence of septin filaments. However, the diffusion of model
systems mimicking membrane proteins can be altered depending on their dimension.
SPT diffusion analysis shows a freely diffusive behaviour of aquaporin, close to Brow-
nian motion, while quantum dots, are trapped in linear regions constrained by sets
of parallel septin filaments. Finally, streptavidin displays two distinct populations of
immobile and sub-diffusing particles. Depending on the size of the cytosolic domain,
septins thereby affect differently their diffusive behavior, acting similarly to a “filter”
of membrane bound components. Besides, I have compared the impact of different
structural organization of septins on the diffusion restriction of membrane bound com-
ponents. Using human septins or adding cross-linking proteins to yeast septins induce
the self-assembly of orthogonal networks of filaments on membranes. In the presence of
those networks, the diffusion of quantum dots is fully impaired. My observations point
towards a steric effect created by the presence of the septin network and are in good
agreement with the in vivo observations.

Finally, following up previous work, I studied the mechanical properties of lipid
membranes with septin filaments bound. Indeed, septins have been shown to affect the
mechanical properties of plasma membranes and former observations remained puzzling.
I observed, performing micropipette aspiration experiments, that septins were able to
rigidify the membrane, preventing its deformation. I determined, using Atomic Force
Microscopy indentation on GUVs, that septin filaments can reduce the apparent area
compressibility modulus of vesicles, which was unexpected. A model that accounts for
a septin dependent initial deformation of the vesicles can estimate the bending modulus
of a septin mesh. This bending modulus is in good agreement with the known values
of persistence length of single septin filaments and accounts for the counter-intuitive
experimental observation.
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Chapter 1

Introduction

1.1 Roles of septins

1.1.1 The history of septins

In 1967 Hartwell conducted a study on temperature sensitive mutants in yeast Sac-
charomyces Cerevisiae (Hartwell, 1967). He identified temperature sensitive mutants
for which a switch from 23◦C to 36 ◦C induced a loss in viability. He classified such mu-
tants and identified the ones that affected most notably the cell division. Among those
mutants, two -ts310 and ts471- induced very peculiar elongated polynucleic phenotypes
due to their inability to achieve cell division as is shown in Figure1.1. Later studies
identified other genes involved in cell division which were denominated CDC for Cell
Division Cycle (Hartwell, 1971). Two new mutants resulting in elongated polynucleic
cells were identified.

Figure 1.1 – Dark field, phase contrast micrographs of (a) wild type yeast cells, (b)
ts471 and (c) ts310 after 12 hours incubation at 36◦C. From Hartwell (1967)

Electron microscopy observations showed that filaments were present at the bud
neck during cell division in the wild type cells (Byers and Goetsch, 1976). They run
orthogonal to the mother bud axis in close proximity with the plasma membrane as
can be seen in Figure1.2. The observed filaments were absent from any of the cdc3,
cdc10c, cdc11 and cdc12 mutants. A later immunofluorescence study showed that the
cdc proteins were present at the bud neck in the wild type cells but absent in the mutant
strains (Ford and Pringle, 1991). An immuno electron microscopy study showed the
localisation of the cdc proteins and their close proximity to the plasma membrane
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1.1. ROLES OF SEPTINS INTRODUCTION

(Longtime et al., 1996). Finally, a study followed the localisation of cdc3 in wild type
and mutant cells. It then became clear that this family of proteins were assembling
into complexes that polymerised into filaments at the bud neck. This family of proteins
was named the ’septin’ family because they are present throughout the septation of the
plasma membrane during the cell division.

Figure 1.2 – EM sections of an early bud in dividing yeast cells. (1a) Grazing section
showing the filaments in longitudinal view. (1b) Medial section showing the filaments
in transverse view (arrows). (2b) Higher magnification showing connections between
filaments and plasma membrane. Scale bars are 0.1 μm. From Byers and Goetsch
(1976)

Following these studies, homologous proteins were found in almost all eukaryotes,
including in mammals -the SEPT 1-12, 14 family (Cao et al., 2007; Pan et al., 2007;
Nishihama et al., 2011) -, in drosophila -the Pnut/Dsep1-4 family (Neufeld, 1994; Field
et al., 1996) - and in C.Elegans -unc59 and unc61 (Nguyen et al., 2000; Maddox et al.,
2007). While the number of septins differ for each species, they share a common primary
structure, supramolecular organisation and similar functions in vivo. More specifically,
a direct comparison can be drawn between the yeast septins -cdc11, cdc10, cdc12 and
cdc3- with the human subgroups of septins -SEPT2, SEPT3, SEPT6 and SEPT7 re-
spectively.

1.1.2 Cellular functions

Since their discovery, septins have been shown to be key elements in many cell
processes. They play major roles in processes as diverse as cell division, cilia morpho-
genesis etc. Even though these roles seem very diverse, some common features can be
highlighted.

Cell division

Septins play a key role in cell division. This function has been very well docu-
mented in Saccharomyces Cerevisiae. During the early stages of cell division (G1)

11



1.1. ROLES OF SEPTINS INTRODUCTION

septins accumulate at the bud site and form a ring (Oh and Bi, 2011; Bi and Park,
2012). They localise at the bud neck during the cell division process while undergoing
rearrangements. The ring first elongates along the mother bud axis and later splits in
two separate rings around the onset of telophase, one on the mother side of the bud,
the other on the daughter side of the bud as seen in Figure 1.3. Since their discovery,
septins have been shown to play an essential role in cell division as septin deficient yeast
cells cannot undergo scission and end up elongated and polynucleated. Several essen-
tial proteins for the selection of the budding site and its morphogenesis, such as Bud4,
are recruited in a septin dependent manner (Sanders and Herskowitz, 1996; Chant and
Pringle, 1995). Very importantly, the acto myosin ring -responsible for the contraction
of the membrane at the bud neck prior to scission- is also recruited in a septin depen-
dent manner (Lippincott and Li, 1998; Bi et al., 1998). This acto myosin ring is located
in between the septin rings after the bud emergence and growth as seen in Figure1.4.
Septins are also involved in the emergence of a diffusion barrier allowing asymmetry
between the mother and daughter cell. This role will be further discussed in section
1.4.1.

A

B

Figure 1.3 – (A) 3D reconstruction of yeast cells containing GFP-tagged cdc3 at selected
time points during cytokinesis, from Oh and Bi (2011). (B) Schematic representation
of the organisation of septins during cytokinesis from Bi and Park (2012)

Septins also play an important role in cell division in other organisms. In drosophila,
three septins have been detected at the cleavage furrow during cytokinesis, Pnut, Dsep1
and 2 (Neufeld, 1994) (Fares et al., 1995). Combined with anilin, they appear down-
stream from the assembly of the cytokinetic components, and their presence is not
necessary for the recruitment of other key proteins for cytokinesis (Maddox et al., 2007;
Field et al., 2005). Their role is most likely related to a mechanical function. Together
with anilin they form a structure adjacent to the actomyosin ring and can help its
closure by extruding membrane domains from the actomyosin ring. This idea is sup-
ported by the observation that in Pnut mutants, the epithelial cell-cell junctions fail to
disengage due to insufficient contractile force. Genome wide screens have shown that
knockdowns of either Pnup or Dsep2 lead to cytokinetic defects, but not as dramatically
as for other genes. Interestingly, in both cases, the asymmetry of the embryo division
is lost (Maddox et al., 2007).

Finally, in human cells, septins seem to play similar roles as in Drosophila. The
overexpression or depletion of SEPT9 can lead to cytokinetic defects (Estey et al., 2010).

12



1.1. ROLES OF SEPTINS INTRODUCTION

Figure 1.4 – Timelapse of dividing yeast cells (A) F-actin staining, (B) GFP-tagged
Myo1p and (C) DNA staining. Recruitment of Myo1p is anterior to the formatin of the
actin ring. Upon onset of telophase, the actin colocalises with Myo1p, and the ring will
contract. Finally, after scission, both actin and Myo1p are relocated. From Bi et al.
(1998)

Septins are located close to the actomyosin structure and recruit essential proteins
for the activation of the actomyosin ring contraction (Joo et al., 2007). During the
elongation of the Inter Cellular Bridge, septins and anilin form a collar-like structure
that elongates through gradual assembly of circular or helical filaments parallel to the
division plane (Renshaw et al., 2014). Anilin later translocates to the mid body while
septins are excluded from it and stay in the flanking rings as was observed in Karasmanis
et al. (2019) and can be seen in Figure 1.5 by fluorescence imaging. Septins are then
involved in the recruitment of the ESCRT-III machinery, promoter of the abscission,
through the indirect interaction with both anilin and TSG101.
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Figure 1.5 – Fluorescence image showing the localisation of septins in the Intercellular
Bridge, from Karasmanis et al. (2019)

Bacterial infection

Studies have shown the importance of septins for the cell autonomous immunity.
Using different models, it has been observed that septins can promote host defence
upon the presence of some pathogens. Their role has been well established in the
Shigella flexneri bacteria infection and the vaccinia virus.

Shigella flexneri is a bacteria responsible for bacillary dysentery. Upon entry in
epithelial cells, it replicates in the cytoplasm and polymerises actin tails at their mem-
brane. These tails promote their motion inside the cytoplasm, the bacteria can thus
escape cell autonomous immune system and later infect neighbouring cells (Welch and
Way, 2013). Cells use multiple strategies to defend against S.flexneri infection. One of
them is caging, which involves both septins and actin (Mostowy et al., 2010; Sirianni
et al., 2016). The proteins will entrap the bacteria with multiple rings arranged peri-
odically as displayed in Figure 1.6. The bacteria trapped in the septin-actin cages lose
their ability to travel in the cytoplasm and are targeted for autophagy. Some studies
suggest that the mechanism for septins’ recognition of bacteria relies on the specific
curvature displayed during its division (Krokowski et al., 2018). Indeed, initial septin
binding happens most of the times at the division site or cell poles. Most of the bacteria
( ≈93% ) are unable to further divide, showing the importance of septin cages to limit
their proliferation.
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A

B

Figure 1.6 – Fluorescence images showing (A) S.flexneri bacteria with a motile actin
tail and (B) trapped S.flexneri bacteria in an actin septin cage. From Mostowy et al.
(2010)

Vaccinia virus is well known for having been used as a vaccine that helped eradicating
smallpox (Walsh and Dolin, 2011). It is a common model to study the rearrangement
of the cytoskeleton during the infection of cells (Leite and Way, 2015). Upon cell
infection, vaccinia replicates in the cytoplasm and wraps up in two distinct membranes
which will allow its release later on. They are then transported to the cell periphery
where the outer membrane fuses with the plasma membrane, creating cell-associated
enveloped virus. To enable its final release and allow its spreading, the vaccinia uses
actin tails polymerisation as a driving motor (Leite and Way, 2015). Screens performed
using siRNA suggested that septins play a role in preventing the release of the vaccinia
(Beard et al., 2014). It appeared that indeed, after the fusion of the outer membrane
with the plasma membrane, septins are recruited to the plasma membrane and prevent
the release of the vaccinia (Pfanzelter et al., 2018). The role of septins in other virus
infections has yet to be studied.
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Cilia morphogenesis

Cilia are ubiquitous protusions that appear in all cell types. They are 1 to 10 μm
long and 1 μm wide. They contain nine pairs of microtubules with extra 2 central
microtubules for motile cilia (Webber and Lee, 1975). In humans, cilia cells can be
found in many tissues, including the ears, the intestine and the lungs. Different septin
complexes can locate at different places in cilia. For instance, in humans, two com-
plexes were characterized, SEPT2/4/6/7 and SEPT2/7/9/11. The first one is localised
at the basis of the cilia, while the other one is located in the axoneme (Hu et al., 2010)
(Ghossoub et al., 2013) (Fliegauf et al., 2014). Knockdown assays of the SEPT7 gene
in the zebra fish embryo lead to ciliopathies due to the reduction of cilia activity (Dash
et al., 2014). Cilias were found to be shorter and wider with disorganised basal bod-
ies. Similar effect was reported in the Xenopus embryo, in which knockout of either
SEPT2 or SEPT7 led to the loss of planar cell polarity during ciliogenesis and causing
a dramatic decrease in the amount of cilia per cell (Collier et al., 2005).

Neuro morphogenesis

In C.Elegans, the two septin subunits unc-59 and unc-61 are present in embryonic
and larval neurons but absent in mature organisms, showing their importance for neuro
morphogenesis (Finger et al., 2003). Mutations of both genes lead to misplacement of
axons and occasional discontinuities in the ventral cord. Similarly, studies performed in
mammalian cells have shown that septins play an important role in neuro morphogenesis
(Xie et al., 2007; Tada et al., 2007; Ageta-Ishihara et al., 2013). Indeed, it was observed
by fluorescence immunostaining assays that SEPT7 is located at the base of dendritic
protrusion and branching points in hippocampal neurons as can be seen in Figure
1.7. SEPT7 overexpression leads to an increase in the density of dendritic protrusions
and an enhanced dendritic branching. Conversely, the knockdown of SEPT7 leads to
reduced branching and a decrease in the density of protrusions (Tada et al., 2007).
At the branching points, SEPT7 colocalises with SEPT5 and SEPT11, suggesting the
existence of a SEPT5/7/11 complex at the base of dendritic spines (Ageta-Ishihara
et al., 2013).

Another study, focusing on SEPT6, showed results similar to the assays focused on
SEPT7 (Cho et al., 2011). SEPT6 assembles into rings with a diameter of about 0.5 μm
at the branching point of developing dendrites where they colocalise with microtubules.
Upon the introduction of a RNAi vector targetting SEPT6, the number of branches
as well as the dendritic length were significantly reduced. Finally, similar results were
also obtained with SEPT11 (Li et al., 2009). Taken together, these results suggest that
septin complexes at the base of developing dendrites are necessary for their normal
development.

Septins have also been observed in myelinating cells. Myelin is essential for fast nerve
conduction which allows normal cognitive, motor and sensory abilities (Lasiene et al.,
2009). It is an extension of the plasma membrane produced by glial cells that wraps
around axons, serving as insulator. With aging myelin sheath can become abnormal
leading to pathologies. It has been observed that SEPT2/4/7/8 form a filamentous
scaffold at the inner layer of myelin (Patzig et al., 2016). This scaffold appears at late
stages of the myelin maturation. The knockdown of SEPT8 leads to myelin outfolding
causing a decrease in the velocity of signal transmission in the axon.
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B

A

Figure 1.7 – (A) Images from neurons transfected either with control vector (left) or
silencing SEPT7 vector (right) from Xie et al. (2007). (B) Fluorescence images of
neurons labelled for F-actin with phalloidin (green) and immunostainned for SEPT7
(red) from Tada et al. (2007).

Spermatogenesis

Sperm cells are composed of three distinct regions, the head where the nucleus
is located, the mid-piece enclosing the mitochondria and the tail, a large motile cilia
called flagellum. Different septins have been identified by immuno-staining (Figure
1.8) at both connections between the three regions, underlying the presence of different
septin heteromers at each connection (Ihara et al., 2005; Steels et al., 2007; Kuo et al.,
2015). SEPT2, 6 and 12 are present at the connection between the mid-piece and the
head, while SEPT2, 4, 6, 7, 12 are present at the connection between the mid piece
and the tail. Studies have shown that in mouse sperm cell, the mutation of SEPT4
resulted in the loss of the septin ring at the connection between the mid piece and the
tail. This caused flagella to display a sharp bend at their connection to the mid piece
and an abnormal rigidity (Ihara et al., 2005; Kissel et al., 2005). The sperm cells were
therefore unable to swim. However, if those sperm cell were assisted in the fertilisation
process, the oocytes could develop normally indicating that the loss of fertility is only
due to the loss of motility. As for SEPT12 mutation, the motility was also lost and
after assisted fertilisation, the oocytes would still not develop, indicating that other
damages (supposedly DNA damage) must have occurred in the sperm cell (Lin et al.,
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2011). Finally, SEPT14 might also play a role because it is expressed exclusively in the
testis (Peterson et al., 2007).

Figure 1.8 – Fluorescence images obtained by immunostaining of different septin sub-
units (SEPT12 green left and SEPT2/4/6/7 red middle) in fertile human sperm cells
from Kuo et al. (2015)

Cell membrane remodelling and cell motility

Cellular membrane remodelling is a very important process for some major cellular
functions. From motility, to environment sensing, cells need to control the shape of
their membrane. One key process in which membrane remodelling is essential is the
exocytosis. In exocytosis, SEPT5 has been identified to interact with syntaxin, a protein
responsible for the formation of the SNARE complexes. By inhibiting the activity of
syntaxin, SEPT5 regulates the vesicle secretion (Beites et al., 1999, 2005).

Septins can also directly reshape membranes. In septin deficient T cells, blebbing
occurs very frequently during both cell migration on glass and mitosis (Gilden et al.,
2012). Blebs consist of spherical bulges of plasma membrane that form due to the
intracellular pressure when the connection between the plasma membrane and the cy-
toskeleton is disrupted. In T cells, during cell crawling on glass coverslips, septins
accumulate near the site of retraction of the previous leading edge when cells change
direction. The septins then merge back into the septin collar. To decipher whether
septins are involved in preventing the emergence of blebs and in their retraction, cells
were submitted to osmotic shocks. When exposed to hypotonic medium, cells react in
a two step manner. First, they rapidly expand as water flows in. Then a regulatory
volume decrease step happens. During this second step, the hydrostatic pressure at
the membrane increases, which can cause its detachment from the cortical actomyosin
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leading to the emergence of blebs. In septin knockdown cells, the reduction of the
volume after the initial expansion was slower, showing that septins are involved in the
retraction of blebs.

Septins are essential for the migration of many cell types, including epithelia, fibrob-
lasts, lymphocytes and neurons (Dolat et al., 2014; Shinoda et al., 2010; Tooley et al.,
2009; Füchtbauer et al., 2011). Depending on the cell type and mode of migration,
septins regulate differently the organisation and contractility of actomyosin on stress
fibres and/or plasma membrane. They regulate the formation of membrane protru-
sions and recruit Rho signalling effectors and kinases which control mechanotransduc-
tion. In kidney cells, during the cellular transition from epithelial to mesenchymal, the
SEPT2/6/7/9 complex localises at the actin transverse arc, a contractile network of
curved actin stress fibres (Dolat et al., 2014). In SEPT2 depleted cells, this network
is severely disrupted, leading to shorter lifetime for nascent focal adhesions. Studies
suggest that, in particular, SEPT9 isoform 1 may protect actin fibres from depoly-
merisation and stabilise the actin transverse arc (Smith et al., 2015). Interestingly,
SEPT9 i1 is overexpressed during the transition from epithelial to mesenchymal. Over-
expression of some other isoforms of SEPT9 such as SEPT9 i2 and SEPT9 i3 can lead
to the opposite effect, reducing migration (Verdier-Pinard et al., 2017).

1.1.3 Interactions with the cytoskeleton

Septins have been shown to colocalise with other cytoskeletal proteins in vivo. Stud-
ies have focused on the interaction between septins and two of the main component of
the cytoskeleton, actin and microtubules. Due to their important interactions as well
as the type of structure that septins can create, septins are considered to be the fourth
element of the cytoskeleton.

Actin

Septins have been widely observed at places where actomyosin networks are present
(Kinoshita et al., 1997; Xie et al., 1999). They have been shown to be crucial for the
maintenance and activity of these networks as seen in Figure 1.9 A and B. They act
as scaffolds for actin binding proteins and effectors. On fungal cell membrane, septins
interact indirectly with actin through myosin II. Myosin is connected to septins through
Bni5 and to actin by the families of proteins BAR (Bin/amphiphysin/Rvs) and ERM
(ezrin/radixin/moesin) (Finnigan et al., 2015; Garabedian et al., 2020; Oh et al., 2013).
In animals, it was observed that septins can interact both directly and indirectly with
actin (Hu et al., 2012; Kinoshita et al., 1997, 2002). Septins were notably found to bind
to branched actin networks nucleated by Arp2/3 in axons of sensory neurons (Hu et al.,
2012). Septins are known to interact with stress fibres (Dolat et al., 2014). Septins seem
to be also binding to the plasma membrane underneath the stress fibres indicating a
potential role for linking the membrane to the actin stress fibres (Martins et al., 2022).

To investigate the ability of septins to bind actin directly, in vitro reconstituted actin
filaments were mixed with drosophila septins (Pnut-Dsep1-Dsep2) and human septin
complexes consisting of SEPT2/6/7/9. In both experiments septins associated with the
actin filaments, cross-linking them to create curved, circular or linear bundles (Figure
1.10 A) (Mavrakis et al., 2014). The curved and linear bundles correlated respectively
with oligomeric or polymerised septins. However their direct role in the organisation,
branching and capping of actin networks in vivo has yet to be elucidated.
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Figure 1.9 – Fluoresence images of Hela cells marked for cytoskeleton components.
(A) and (D) anti-septins antibody, (B) phalloidin which tags the actin cytoskeleton,
(E) anti-α-tubulin antibody. Those images show the colocalisation of septins with the
cytoskeleton, from Surka et al. (2002). Scale bars are 10 μm.

Microtubules

Septins are associated to microtubules in a variety of cell types including epithelial
cells, neurons and platelets in which they colocalise with subsets of microtubules such as
perinuclear, Golgi-nucleated, subcortical and axonal microtubules (Bowen et al., 2011;
Spiliotis et al., 2008; Ghossoub et al., 2013; Sellin et al., 2014; Martinez et al., 2006).
They also associate with spindle pole, central spindle and midbody microtubules in
dividing cells (Surka et al., 2002; Menon et al., 2014; Zhu et al., 2008). It has been shown
that SEPT9 i1 can bind and recruit unpolymerised tubulin to microtubules (Nakos
et al., 2019a). An in vitro study mixing SEPT9 subunits and microtubules has shown
that SEPT9 promotes bundling and elongation of microtubules (Bai et al., 2013; Nakos
et al., 2019b). Different isoforms of SEPT9 interact specifically with microtubules.
Through dimerisation, SEPT9 is able to both recruit new tubulin to the microtubule
but also reduce the rate of catastrophe. Combination of SEPT2/6/7 and SEPT9 leads to
two different result depending on their state. In the minimal oligomeric state – described
in further details in section 1.2.2 – they promote elongation through a stabilisation
effect, but in the polymerised state, the microtubules paused or grew in a stunt manner,
likely because their plus end is constrained in these conditions. Septin complexes bind
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to perinuclear and polyglutamylated microtubules in epithelial cells (Spiliotis et al.,
2008). On perinuclear microtubules, septins promote the persistent growth of plus-end,
leading it to the cell periphery and apex, contributing to the establishment of the apical
microtubule network (Bowen et al., 2011). To understand the role of SEPT9 on the
polymerisation of microtubule, SEPT9 and tubulin were mixed in vitro and observed
by fluorescence microscopy – Figure 1.10 B. After SEPT9 addition, microtubules made
longer fibres. It was shown recently that microtubules interact exclusively with the
isoform 1 of SEPT9 (Kuzmić et al., 2022).

Figure 1.10 – (A) Fluorescence images of in vitro reconstituted actin filaments in the
absence of crosslinkers or with septins, from Mavrakis et al. (2014). Scale bars are
5 μm. (B) Fluorescence images of microtubules before and after mixing with SEPT9,
from Bai et al. (2013). Scale bars are 10 μm.

Septins also play a role in the regulation of microtubule associated motors and their
cargo. Septins were among the first identified microtubule associated proteins to be able
to selectively regulate the motility of different kinesin motors and select the destination
of their cargo (Radler, 2020; Atherton et al., 2013; Janke and Magiera, 2020). Septins
can also interact with some motors – dynein and kinesin-2/KIF17 – recruiting the motor
or competing with its cargo (Kesisova et al., 2021).
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1.1.4 Septins in pathologies

Due to the wide variety of functions, a defect in septin expression can have intri-
cate consequences, leading to many potential pathologies. The involvement of septins
in pathologies has been established but the exact role of septins is still under discus-
sion. The pathologies in which septins have been the most studied are cancers and
neuropathologies.

Cancer

The first studies relating septins to cancer showed the importance of the SEPT9
gene (Kalikin et al., 2000; Osaka et al., 1999). Further studies discovered that other
septin genes were involved in the development of cancers, such as SEPT2 and SEPT4
(Kissel et al., 2005; Montagna et al., 2015; Marcus et al., 2016). SEPT9 and its isoforms
have been identified to have altered levels of expression in various malignant tumours,
including colorectal cancers, ovarian cancers and breast cancers (Tóth et al., 2011; Con-
nolly et al., 2011; Scott et al., 2006). Abnormal methylation of the SEPT9 gene was
detected in many cancer types, especially in colorectal cancer, with a hypermethylation
of the promoter of the gene inhibiting the expression of SEPT9 (Tóth et al., 2011).
A diagnosis test was developed, detecting this hypermethylation in blood (Grützmann
et al., 2008). However, the detection in blood requires the release of DNA from cancer
cells by apoptosis and necrosis which happens mainly at later cancer stage. In precan-
cerous and early cancer the detection rate is only of 15% and 45% respectively with a
high specificity (Nian et al., 2017). Combined with other methods, it can help detect
early cancers. Interestingly, in breast cancers, SEPT9 is overexpressed leading to a re-
duction of apoptosis in cancer cells. This effect disappeared when SEPT9 was silenced
(Montagna et al., 2003), hinting to another effect of septins which can lead to cancer
development.

SEPT4 was also detected with abnormal levels of expression in many cancer types
including kidney, brain, skin, prostate, lung and colorectal cancers (Kissel et al., 2005)
(Montagna et al., 2015). This observation lead to the development of a diagnosis test
for urothelial cancer by measuring the level of an isoform of SEPT4 in urine (Warren
et al., 2011).

Finally, due to the interaction of septins with cytoskeleton and their importance in
cell motility, some studies focused on their role in metastatic cancer cell motility. Indeed,
it has been detected that in MCF7 breast cancer cells, the isoform 4 of SEPT9 was
overexpressed leading to an increased cell motility (Chacko et al., 2005). It was shown
that in detached cancer cells, microtentacle formation was highly septin dependent,
showing the importance of septins in the metastatic state of cancer cells (Østevold
et al., 2017).

Neurological disorders

Additionally to their role in the misfolding of myelin which can lead to neuropatholo-
gies, septins are involved in other neurological disorders. They were first associated to
Parkinson disease (PD) after SEPT5 was found to interact with Parkin, a ubiquitin
ligase whose mutation is related to juvenile PD (Zhang et al., 2000). The overexpres-
sion of SEPT5 also leads to cytotoxicity in rat neurons leading to an impaired motor
function (Son et al., 2005). SEPT4 was also related to PD after it was found in the
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cytoplasmic α-synuclein inclusions markers for PD and Lewy bodies dementia (Ihara
et al., 2003). Abnormal levels of expression of septins can also be found in Alzheimer
disease with an overexpression of SEPT5 and a reduced expression of both SEPT2 and
SEPT3 (Musunuri et al., 2014). SEPT2 and SEPT4 can self-assemble into large amy-
loid filaments and are found in neurofibrillary plaques and tangles, structures associated
to Alzheimer disease (Pissuti Damalio et al., 2012; Garcia et al., 2007).

1.1.5 Septin organisation in situ

In vivo, septins often organise into higher order structures. One of the best example
is the structure that septins create during the yeast cell division. The first direct
observation of the septin structure in yeast was achieved in 1976 when 10 nm thick
filaments separated regularly by 28 nm were identified at the bud neck during cytokinesis
(Byers and Goetsch, 1976) – Figure 1.2. Due to the resolution needed to distinguish
those filaments individually, electron microscopy and super resolution techniques have
been privileged.

The first observation using fluorescence microscopy showed that septins formed an
initial ring at the place where the bud would emerge which would elongate and form an
hourglass shaped structure. Upon the late stages of cytokinesis, prior to the contraction
of the actomyosin ring, this structure would split in two rings, one on each side of the
contraction site.

To assay the structure of the filaments, Vrabioiu and Mitchison (2006) used the
polarisation of the light emitted by a dipole. They were able to show that during
the ring splitting, the average direction of the filaments change, going from filaments
parallel to the mother bud axis to filaments orthogonal to this axis. However, they were
only able to recover an average effect. Later studies using electron microscopy allowed
for better insight into the structure.

The first study that resolved the structure of septins at the bud neck used freeze
substituted yeast (Bertin et al., 2012). Cells were quickly frozen at high pressure and
later slowly brought back to 0◦C before being embedded in resin. Electron Tomograms
obtained from sections cut into the resin embedded cells showed that the septin structure
would consist of orthogonal filaments, some going parallel to the mother-bud axis and
other orthogonally as can be seen in Figure 1.11 A and B. However septins couldn’t be
specifically distinguished as no staining was available. With this method, it is possible
to recover the 3D structure of the cell. 3D reconstruction allowed for the recovery
of striking features of the architecture of the structure. During the hourglass phase,
it was discovered that septins form a mesh of orthogonal filaments as highlighted in
Figure 1.11 C. The filaments parallel to the mother bud axis were already known, but
a new set of filament was also observed, orthogonal to the first one. Interestingly, it
was also observed that septins do not sit directly on the membrane, there is a few
nanometres (10-20 nm) gap between septin filaments and the plasma membrane. The
origin for this distance and the identity of the electron dense filaments connecting
septins to the plasma membrane is unknown.

The second study used spheroplasts to perform scanning electron microscopy (Ong
et al., 2014). Spheroplasts are cells from which the plasma membrane is removed. The
spheroplasts are fixed on a substrate. Removing the membrane can damage some of
the structure of the cell, but it allows metal deposition on the sample, and associated
with SEM, it allows good signal to noise ratio and good resolution. This experiment
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Figure 1.11 – Electron microscopy cross sections of yeast cells embedded in resin (A)
medial section, arrows pointing at cross sections of the filaments and (B) grazing section.
(C) Tomograms obtained from yeast cells embedded in resin during the hourglass stage.
Scale bar is 100 nm. (D) Scanning electron microscopy image of a yeast spheroplast
after ring splitting. Scale bar is 50 nm. (E) Scanning electron microscopy image of a
yeast spheroplast in the early hourglass stage. (F) Scanning electron microscopy from
a spheroplast from yeast during the hourglass stage. A, B, C From Bertin et al. (2012),
D, E, F From Ong et al. (2014).
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was performed on dividing yeast cells, allowing the observation of the structure at each
step in the cytokinesis. The obtained images are compiled in Figure 1.11 D, E and F.
They show that at the onset of division, septins exist as rather short paired filaments
(400 nm) radially orientated. Filaments grow during cytokinesis and the long paired
filaments orient parallel to the mother bud axis. During this step, a second set of
filaments also emerges, orthogonal to the first one. Finally, upon splitting of the septin
structure into two rings, only the circumferential filaments remain. The mechanisms
behind the evolution of the structure made by septin filaments remain unknown, but
key proteins for proper architecture of the structure have been identified.

Two key proteins identified are Bud3 and Bud4 (Sanders and Herskowitz, 1996;
Chant and Pringle, 1995). Bud3 is a Rho Guanine nucleotide Exchange Factor and
Bud4 is an anilin-like protein. They colocalise with septin filaments during the hourglass
and double ring steps, except for the central part of the hourglass were the myosin-II
filaments are densely present. A scanning electron microscopy study showed that the
knockdown of either Bud3 or Bud4 as well as mutations change drastically the structure
of septin filaments (Chen et al., 2020). Both proteins interact directly with septins with
their central region and also interact with one another through their C-terminal domain
(Finnigan et al., 2016). It was observed that the knockdown of Bud3 lead to fragmented
septin structure that would eventually disappear. In the case of Bud4 knockdown, upon
ring splitting, the mother side ring was absent and only the ring present on the daughter
side was briefly observed. Strikingly, in double knockdown cells, only a faint single ring
on the daughter side was observed and quickly disappeared. However, the formation of
nascent septin ring at the onset of cytokinesis was not impacted.

Scanning electron microscopy on spheroplasts after either Bud3 or Bud4 knockdown
allowed for a better understanding of their role in the organisation of the structure of
septin filaments (Chen et al., 2020). Cells were observed during the transitional stage
of the hourglass. Images are displayed in Figure 1.12 with coloured septin filaments.
In wild type cells the network of septin filaments is clearly visible. In Bud3 knockdown
cells, the circumferential filaments were lost and only filaments running along the mother
bud axis are visible. In Bud4 knockdown cells, a clear asymmetry was observed in the
structure with one side similar to the wild type, while in the other side the number of
axial filaments was greatly reduced and circumferential filaments were absent. In later
stage after ring splitting, in both conditions, the number of filaments forming the rings
and their density was reduced. Also visible lateral connections in wild type cells were
not observed in the knockdown conditions. These observations show the importance of
the Bud3 and Bud4 proteins to create the septin mesh and/or stabilise it.

Considering the importance of septins in many cellular processes, there was a need
for better understanding of the biophysical properties of the septin family.

1.2 In vitro studies

To better understand the variety of roles that septins perform in cells, in vitro
approaches have been used to analyse the biophysical properties of septins. Such ap-
proaches rely on the combination of purified septins and biomimetic systems. They
allow the perfect control of the experimental conditions and the determination of spe-
cific properties for each individual component of the system.

25



1.2. IN VITRO STUDIES INTRODUCTION

Figure 1.12 – SEM images obtained on spheroplasts at different stages. Top images
correspond to the transitional hourglass structure, bottom images correspond to the
double ring stage, from Chen et al. (2020). Scale bars are 200 nm.

1.2.1 Primary sequence of septins

There are 5 mitotic budding yeast septins, cdc3, cdc10, cdc11, cdc12 and shs1.
They share a similar structure with three main regions, the N-terminal domain, the
GTP-binding domain and the C-terminal domain. The length of each of these domains
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depends on the septin subunit. The N-terminal domain is an intrinsically disordered
domain that promotes interactions with other N-terminal domains of septins (Garcia
et al., 2006; Sirajuddin et al., 2007). It also possesses a polybasic region at the frontier
with the GTP-binding domain. This region binds to phospholipids and has a high
specificity for PIP2 (Zhang et al., 1999). Finally, the N-terminal region can associate
with the C-terminal region of neighbouring septins and create NC interfaces allowing
the formation of oligomers (Sirajuddin et al., 2007).

The GTP-binding domain is the largest and most conserved domains among septins.
Although all septins possess this domain, in most septins the hydrolysis of GTP is slow
and some such as the SEPT6 group even lack this activity (Zent and Wittinghofer, 2014;
Abbey et al., 2019). The role of GTP hydolysis in septins is still unclear but growing
evidence suggests that GTP-binding and hydrolysis could stabilize the interaction with
GTP-binding domains of other septins. The state of the bound nucleotide might affect
the step by step oligomerisation process. The consequence is that the GTP and GDP
levels can control the length and rigidity of septin filaments (Khan et al., 2018). The
GTP-binding domain also includes a septin specific region, the septin unique element
(SUE) which is highly conserved and differentiates them from other small GTPases
(Cao et al., 2007; Pan et al., 2007). The function of this unique region has yet to be
understood.

Finally, septins possess a C-terminal domain which length is strongly dependent on
the septin subunit ranging from more than one hundred residues to about a dozen.
It is predicted to be a coiled coil and plays a role in the oligomerisation process by
interacting with the N-terminal of other septins. They are also responsible for pairing
of filaments and emergence of higher order structures (Bertin et al., 2008) (Sala et al.,
2016).

1.2.2 Ultrastructural assembly

Thanks to their subunit-subunit interactions, septins can assemble into higher or-
der structures. These structures are all made of hetero octamers or hexamers that
can further assemble into filaments and other higher order structures. The first crys-
tallographic structure of septin assembly is displayed in Figure 1.13. It was obtained
for a human hexamer and wrongly determined the following palindromic assembly:
SEPT7/SEPT6/SEPT2/SEPT2/SEPT6/SEPT7 (Sirajuddin et al., 2007). Actually,
the correct order is SEPT2/SEPT6/SEPT7/SEPT7/SEPT6/SEPT2 as shown in (Men-
donça et al., 2019). However the subunit-subunit contacts are not changed. This struc-
ture revealed the nature of the interfaces involved in the assembly as well as relative
positions of different domains. Interestingly, even though septins assemble into a palin-
dromic oligomer, this oligomer has a central planar symmetry rather than an axial
symmetry.

Mitotic yeast septins form an hetero octamer made of 4 pairs of different septin
subunits. To study their organisation, yeast septins were purified and observed by
negative staining electron microscopy at salt concentrations above 150 mM (Bertin
et al., 2008). The resolution allows for the observation of individual subunits, and
their order can be recovered by labelling selectively only one septin subunit with a
tag such as GFP or MBP. The obtained arrangement of the hetero octamer was a
palindromic sequence: cdc11/cdc12/cdc3/cdc10/cdc10/cdc3/cdc12/cdc11. The fifth
mitotic yeast septin, shs1, can replace cdc11 in the octamer. Septins interact through
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Figure 1.13 – (a) Surface representation of the hexameric assemblies. From Mendonça
et al. (2019). (b) Ribbon model of the trimeric assembly from X-Ray crystallography.
From Sirajuddin et al. (2007).

either NC interfaces or G interfaces and the specificity of these interaction allows for the
controlled structure of the hetero octamer. The octamer is 32 nm long and 4 nm wide.
Upon the reduction of salt concentration or addition of lipid membranes, octamers
can further assemble into filaments by end to end interactions. These filaments were
first observed in negative staining microscopy after their assembly in solution (Bertin
et al., 2008). Filaments of a few micrometres in length were observed and always
existed as pairs of filaments (Figure 1.14). The distance between the paired filaments
ranges from 15 to 25 nm apart, and some electron densities were observed between
paired filaments. The pairing of filaments would later be attributed to the C-terminal
coiled coils, interacting with the coiled coils of the neighbouring filament, forming the
pairs. Similar experiments were repeated on lipid monolayers (Bertin et al., 2010), and
long paired filaments were observed to interact laterally and create sheets of filaments
(Figure 1.14 B and C). Increasing the salt concentration to 300 mM did not affect the
ability of complexes to associate into filaments on lipid membranes, showing that the
presence of a lipid membrane favours the formation of septin filaments.

The substitution of the cdc11 subunit by shs1 induces the assembly of rings instead
of flat sheets of filaments (Garcia et al., 2011). The octameric complex is very similar to
the one with cdc11 but filaments form bundled rings with a diameter of about 500 nm
and width of about 100 nm. The ratio of cdc11 and shs1 Was varied. For a ratio of
shs1 to cdc11 of 2:1, filaments still formed paired filaments, but increasing the ratio led
to the formation of rings as was observed by electron microscopy (Figure 1.14 D-I).
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Figure 1.14 – Negative staining electron microscopy images from septin filaments. (A)
Filaments formed in solution, on the right, zoom on a paired filaments showing the
presence of densities between paired filaments (pointed by arrows). From Bertin et al.
(2008). (B) Filaments formed on a lipid monolayer containing 20% PI(4,5)P2. (C)
Filaments formed on a lipid monolayer with overnight incubation. Arrows point at
orthognal connections of about 35 nm in length between parallel paired sets of filaments.
From Bertin et al. (2010). (D) to (I) Filaments with different ratio of shs1 to cdc11.
From Garcia et al. (2011).

Later studies were focused on the mechanisms of septin assembly. Fluorescently
labelled septins were added on supported lipid bilayers and filament formation was fol-
lowed by TIRF imaging (Bridges et al., 2014; Woods et al., 2021). It was observed that
septins assemble in an isodemic manner rather than cooperative. Because complexes
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are palindromic, growth can happen at both ends. Two filaments can also interact end
to end and anneal and form a single filament.

1.2.3 Orthology of septins

Septins were discovered in yeast Saccharomyces Cerevisiae before orthologs were
found in all eukaryotes. Further studies allowed the classification of both fungal septins
and animal septins into subgroups by respectively phylogenetic analysis and primary
sequence analysis (Momany et al., 2001). However, initial studies comparing fungal
to animal septins concluded that no orthologous relations could be drawn between the
two (Kinoshita, 2003b). Comparing a bigger set of model organisms showed that some
subsets of fungal septins could be compared with animal septins (Pan et al., 2007).
To look for septin orthologs, the sequence of cdc3 was used to interrogate GenBank to
obtain a list of proteins with similar sequences. To select septin orthologs from the list of
proteins, they looked for septin specific sequences in the GTP-binding domain. The final
list of proteins contained 160 sequences from various organisms. From those sequences
one stood out, the Gla protein from Giardia lamblia. Because it only possesses part of
the sequence specific to septins it was not classified as septin, but as Giardia lamblia
is a basal eukaryote, it could potentially show how septins evolved. Phylogenetic tree
showed some similarity between some of the animal septins with some of the fungal
septins.

Later studies focused on the animal septins allowed for the classification of the 12
or 13 septin genes -depending on the animal- in subgroups that have strong similar-
ity. The different subgroups are the SEPT2, SEPT6, SEPT7 and SEPT3 (Kinoshita,
2003a; Mostowy and Cossart, 2012). Similarly to the yeast septins, they can assemble
into palindromic octamers, either hexamers or octamers, depending on the presence
of SEPT9 which is part of the SEPT3 subgroup. The hexamer complex is made of a
palindromic assembly of SEPT2/SEPT6/SEPT7 with SEPT7 at the centre (Sirajuddin
et al., 2007), the octamer is similar with two copies of SEPT9 inserted in the centre,
similarly to the yeast cdc10 its most homologous yeast septin (McMurray and Thorner,
2019; Mendonça et al., 2019). Septins within the same subgroup can be exchanged
within the assembly, this is known as the Kinoshita rule (Kinoshita, 2003a). However,
some other assemblies that do not respect this rule have also been reported, they can
even be homomeric as it was shown for SEPT2 (Mendoza et al., 2002; Sellin et al., 2014;
Karasmanis et al., 2018). These hexamers and octamers can also further assemble into
filaments in a fashion similar to yeast septins.

1.2.4 Interaction with lipids and membranes

Because septins localise often at the plasma membrane in vivo -see section 1.1.5-
it was speculated that they would interact directly with lipids. This was supported
by the observation that in cell fractionation, septins would co-fraction with the plasma
membrane (Xie et al., 1999). Also, septins possess a polybasic domain that can possibly
interact with lipids. Finally, a direct interaction was observed between the lipid mem-
brane and four yeast septin subunits cdc3, cdc10c cdc11, cdc12 as well as the human
SEPT4 (Zhang et al., 1999; Casamayor and Snyder, 2003).

To further investigate the interaction between septins and lipids, in vitro exper-
iments using lipid biomimetic membranes were performed. Such experiments allow
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for the control of the lipid composition of the membrane. Studying the interaction of
septins with a lipid monolayer, it was shown that septins do not interact with a pure
neutral DOPC monolayer (Bertin et al., 2010). The addition of PIP to molar ratios
of up to 20% did not affect the interaction between septins and the membrane. The
addition of small amount of either PI(4,5)P2 or PI(3,4,5)P3 in amounts as low as 2.5%
promoted the interaction between septins and the lipid monolayer. Different organisa-
tions would be obtained depending on the phosphoinositide used. With PI(3,4,5)P3 the
filaments would be less organised displaying more aggregation. The specific PI(4,5)P2

interaction was confirmed by experiments performed on GUVs (Beber et al., 2019a). In
the absence of PI(4,5)P2 in the lipid mixture, no interaction could be detected. GUVs
with increasing amount of PI(4,5)P2 were incubated with purified yeast septins and the
density of septins was plotted against the molar fraction of PI(4,5)P2 in the vesicle.
With a composition chosen to mimic the lipid composition of the plasma membrane,
the septin interaction with the lipid bilayer was highly sensitive to the molar ration
of PI(4,5)P2, to an extent where it is more sensitive than common probes used for
PI(4,5)P2.

1.2.5 Septins and curvature

Because septins often localise at regions of micrometric curvatures in cells, and
most interestingly regions with both positive and negative curvature, several studies
have analysed how septins can discriminate curvatures, or if other cues were necessary.
The first study performed on curvature sensitivity of septins was performed using beads
coated with lipid bilayers containing 25% PIP (Bridges et al., 2016). The beads were
then incubated with fluorescently labelled purified yeast septin octamers containing
cdc11. The ratio of fluorescence between the purified septins and the fluorescent lipids in
the bilayer was obtained for beads with sizes ranging from 6.5 μm to 0.3 μm in diameter.
The fluorescence images and the septin adsorption are displayed in Figure 1.15 A. The
maximum ratio of intensity, corresponding to the maximum septin density was obtained
on the surface of the 1 μm beads, corresponding to a curvature of +2 μm−1. Changing
the bulk concentration of septins would not change the relative density between the
sizes of beads. However, they found that the interaction was highly salt dependent,
and by lowering the salt concentration to 50 mM, the density would be similar on
1 and 5 micrometres beads. They also studied the ability of complexes to recognise
the curvature by adding mutations to cdc11 to prevent the end to end interaction of
distinct octamers. Septins would still bind preferentially to the 1 μm beads even though
the interaction was now mediated by His-Ni2+ interaction. In a second study, they
performed scanning electron microscopy to obtain the orientation of septin filaments
on small rods. The images are shown in Figure 1.15 B. On small rods, septins aligned
along the principal axis of the rod, to minimise their curvature. Increasing the diameter
of the rod lead to a change in orientation with septins going progressively perpendicular
to the main axis of the rod, following an effective radius of curvature of about +2 μm−1,
which confirmed septins preference for this curvature.

The model proposed for the curvature sensitivity of septins relies on the interaction
of septins with the membrane through amphipathic helices (Cannon et al., 2019). Am-
phipathic helices are used by a wide range of proteins to recognise nanometric membrane
curvature and some septins (cdc12, SEPT6) possess predicted amphipathic helices at
the extremity of their C-terminal domain. Curved membranes display local defects
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Figure 1.15 – (A) Beads coated with supported lipid bilayer and incubated with flu-
orescently labelled septins. Right: distribution of relative fluorescence intensity as a
function of the bead size and septin concentration. From Bridges et al. (2016). (B)
Scanning electron microscopy images of septins on lipid bilayers deposited on rods of
varying diameters, from Cannon et al. (2019). Scale bars are 200 nm.

with a density increasing with the curvature. At a proper curvature, the typical space
between the defects would correspond to the distance between amphipathic helices in
the septin filament. To test this hypothesis, they truncated most of the C-terminus of
cdc12 and observed that septins would lose their preferential curvature.

Later studies performed in our lab were run by using both vesicles and supported
bilayers on wavy substrates (Beber et al., 2019b). The lipid composition was set to
mimic the composition of the plasma membrane with a molar ratio of PI(4,5)P2 that
was optimised for septin interaction with the membrane. Upon incubation of septin on
vesicles, a striking feature appeared. Septins would deform the vesicles creating spikes
on their surface. Confocal images of these vesicles are displayed in Figure 1.16 A and
B. The size and wavelength of these spikes were regular (analysis of the characteristics
of the spikes is shown in Figure 1.16 B) displaying radii of curvature of -1.4 μm−1.
Septins were then incubated on lipid bilayers deposited on wavy substrates. This al-
lows to screen both positive and negative curvatures simultaneously. Experiments were
performed on a range of curvatures varying from -3 to +3 μm−1. The obtained mem-
branes coated with septins were first observed with fluorescent microscopy. It showed
that septins would be enriched in regions with positive curvature. Their organisation
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was also described using scanning electron microscopy; As can be seen in Figure 1.16
C, it appeared that septins organise very differently depending on the curvature. On
the hills corresponding to the positive curvatures, septins aligned with the axis of zero
curvature, while in the valleys, septins aligned with the axis of maximum curvature.
This observation shows a preference for septins for negative curvatures with values of
about -3 μm−1 and avoid positive curvature. The deformations observed on GUVs upon
the addition of septins are very likely due to this preference for negative curvature. A
model was proposed to explain this curvature preference, where septins try to max-
imise their area of contact with the membrane but have to bend accordingly to achieve
this. There is therefore a balance between the energy of interaction and the bending
modulus, related to the persistence length of the filament. This model does not specify
the type of interaction between septins and the membrane and only on the filamentous
nature of septins.

Finally a recent study using cryo-electron microscopy has revealed some interesting
features in the structure of the human hexamer assembly (Mendonça et al., 2021). Most
notably, they observed that the septin filament possess an intrinsic curvature. They
observed on a single hexamer a deflection of the terminal subunit of 22 Å from the
central axis. They estimated that such a deflection would lead upon assembly to rings
of a few hundreds of nanometres. However, this estimation remains qualitative and
does not take into account the possible bending at the interface of the hexamers.

1.2.6 Mechanical properties of septin filaments

The mechanical properties of septin filaments can be crucial in their role of stabilising
the membrane and interaction with other cytoskeletal components. The first mechanical
property of septin filaments which has been studied is their persistence length using
techniques similar to those used for actin and microtubules. Filaments were formed
and deposited either on lipid bilayers or passivated glass. They were then imaged with
fluorescence microscopy to obtain their shape represented by the angle of its tangential
vector along its length. Image of a filament and the corresponding fit of the correlation
of the angle can be seen in Figure 1.17 A and B. The final value of persistence length
varied from each experiment, with values ranging from 1 μm to 12 μm (Bridges et al.,
2014; Beber et al., 2019b; Woods et al., 2021). Those values can be compared to actin,
with persistence length of approximately 10 μm and microtubules which are much stiffer
with persistence length of about 1 mm.

Considering the stiffness of septin filaments, and because their ability to deform
membranes could depend on the mechanical strength of the septin network, a study
performed in the lab measured both the elastic modulus and bending modulus on a
membrane covered with septins (Beber et al., 2019b). To measure those two parameters,
two different methods were used. The first technique relies on micropipette aspiration
to obtain the elastic modulus (Figure 1.17 C). By monitoring the aspiration pressure
inside the micropipette and the length of the aspirated tongue, one can obtain the
elastic modulus of the membrane. Surprisingly, it was found that addition of septins
would lower the elastic modulus going from 65 mN.m−1 to 42 mN.m−1. To obtain the
bending modulus of the membrane associated with septins, they used a bead trapped
in an optical tweezer to pull a tube from a GUV under tension (Figure 1.17 D). The
bending modulus was not significantly changed and was measured to be close to 10 kBT .
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Figure 1.16 – (A) 3D reconstitution of GUVs coated with septins imaged with confocal
microscopy. Scale bars are 10 μm.(B) Characterisation of the periodic deformations
of GUVs by septins. (C) Scanning electron microscopy of a supported lipid bilayer
deposited on a wavy substrate with septin filaments, from Beber et al. (2019b). Scale
bar is 1 μm.
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Figure 1.17 – (A) Septin filament deposited on a passivated glass substrate, in red is
the contour used for analysis of the persistence length. (B) Logarithmic distribution of
the angle between tangent separated by a distance L on the septin filament. The fit
gave a persistence length of 7.8 μm. (C) Confocal image from micropipette aspiration
on GUV. The micropipette is visible in green due to septins binding non specifically
to glass. (D) Confocal image from tube pulling experiment, the GUV is held and out
under tension by a micropipette on the left, while a bead is put in contact and pulled
away from the GUV on the right. From Beber et al. (2019b).

1.3 Biological membranes

1.3.1 Composition and functions

Membranes are essential components of living organisms. They allow the separation
of the cells from their environment and also the inner organisation into sub cellular
compartments. They are mainly composed of proteins and lipids, with an average
weight ratio of 1:1. Lipids are relatively small molecules combining a hydrophilic head
(occupying about 0.5 nm2) with two hydrophobic tails (about 2 nm long). They can
form lipid bilayers which are the base of biological membranes. Lipid bilayers are made
of two sheets of lipids with their heads facing outwards and the hydrophobic tails facing
each other. Typical width of a lipid membrane is about 4 to 6 nanometres depending on
the length of the hydrophobic tails. There are hundreds of lipids with various properties.
However they all possess two states, a gel phase and a liquid phase. The transition can
happen at temperatures ranging from -10◦C to 90◦C depending on the lipid. These
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two phases can coexist and also lead to phase separation in membranes depending on
the lipid composition and temperature (Shimshick and McConnell, 1973; Heberle and
Feigenson, 2011). In biological membranes, this is believed to occur in some domains
called “lipid rafts” of a few tens of nanometres in which some lipids – mainly cholesterol
and sphingolipids – are strongly enriched (Lingwood and Simons, 2010). The diversity
of both lipids and membrane associated proteins are responsible for the complexity of
membranes. The caption in Figure 1.18 shows the complexity of a membrane in the
cellular context.

Figure 1.18 – Model of the plasma membrane showing the complexity, with a large va-
riety of lipids, embedded and peripheric proteins as well as the underlying cytoskeleton.
From Marrink et al. (2019).

Cells always interact with their environment via the plasma membrane. The plasma
membrane is therefore essential in many processes such as mobility, signal transduction,
communication with other cells, mechano-sensitivity. Despite its role as a separator, the
membrane is permeable to a given extent to certain molecules. Membranes are slightly
water permeable depending on the lipid composition. Additionally, some transmem-
brane proteins can control the fluxes of molecules through membranes. These proteins
can either induce active or passive transport. Membranes can also serve as a recruit-
ment platforms, increasing the local density of proteins. Membrane associated proteins
can either bind to the lipid heads, or they can possess a transmembrane domain, which
fully inserts inside the membrane. They can strongly change the physical characteris-
tics of the membrane, starting with their curvature. It has been observed that some
proteins with a nanometric intrinsic curvature can impose their intrinsic curvature to
the membrane upon binding to the membrane (Peter et al., 2004).

1.3.2 Diffusion along biological membranes

Biological membranes are highly dynamic. Both lipids and proteins diffuse later-
ally in cells. Clustering and segregation can happen in a dynamic manner. These
dynamical processes are essential to many cellular functions. To understand the dif-
fusion of membrane components, both theoretical and experimental studies have been
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performed. There has been a strong effort to follow the dynamics of lipids by labelling
peptides and proteins -often toxin subunits- that bind to specific lipids. The dynamics
of receptors has also been under high interest. The first and well accepted model for the
diffusion of lipids and transmembrane proteins was developed by Saffman and Delbrück
(Saffman and Delbrück, 1975). They consider the lipid bilayer to be an infinite sheet
of viscous liquid and the particle of interest is considered as a cylinder. The viscosity
of the surrounding fluid is neglected implying that no shear stress is transmitted to the
surrounding media.

The equations describing brownian motion in a 2D sheet of fluid are:

r2 = 4Dt ; D = kBTd (1.1)

Where r2 is mean square displacement as a function of time t, kB is the Boltzmann
constant, T the absolute temperature and d is the mobility, defined as the velocity per
unit of force applied on the particle.

The computation of d cannot be achieved as there are no solution for slow viscous
flow for steady translational motion in 2 dimensions. A finite mobility can be inferred,
considering the inertia of the 2D fluid:

d =
1

4πµh

(
log

4µ

ρUa
+

1

2
− γ

)
(1.2)

Where ρ is the density of the fluid, µ is its viscosity, a is the radius of the cylinder,
h is the thickness of the sheet, U is the steady translational velocity and γ is Euler’s
constant (equal to 0.5772). However, the obtained mobility depends on U and therefore
on the force. The previous equation was derived considering the mobility independent
of the force and is not valid any more. Three considerations can correct for this:
(i) consider the sheet to be finite, (ii) take into account the surrounding fluid, (iii)
use the Langevin equation considering the mobility obtained for unsteady flow. All
three corrections could be implemented simultaneously, but it becomes analytically
impractical. Moreover, as they add up reciprocally, each one was independently derived
from the others.

(i) With a finite sheet size of radius R where R ≫ a, the mobility becomes:
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− 1

2

)
(1.3)

Where the 1/2 term correspond to a no-slip boundary condition arround the object.
It goes to zero if there is no tangential stress.

(ii) When considering the surrounding fluid with a viscosity of µ′, the flow inside
the fluid sheet is still considered to be two dimensional. Indeed, the structure of lipids
does not allow shear across the membrane. A no slip boundary condition is considered
between the membrane and the surrounding fluid. The mobility then becomes:

ds =
1

4πµh

(
log

µh

µ′a
− γ

)
(1.4)

Again, if a zero tangential stress boundary condition is considered, a +1/2 term has
to be added inside the brackets.

Finally, considering the drag of an accelerated cylinder in a viscous fluid and insert-
ing them into Langevin’s equation, it can be found that the effective mobility varies
as:
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d =
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It is important to note that this mobility is time dependent. Considering typical
values in biological membrane, it appears that the dominant term for the mobility orig-
inates from the friction with the surrounding fluid. The theoretical values obtained
with this model were experimentally tested using several models of transmembrane
proteins. They compared the dependence of the diffusion coefficient on multiple pa-
rameters. Some studies found some strong disagreement with the theory of Saffman
and Delbrück (Gambin et al., 2006), other studies obtained results that would agree
with the Saffman Delbrück model (Peters and Cherry, 1982; Ramadurai et al., 2009).
The later studies notably tested the size of the molecule as well as the viscosity of the
surrounding media. The difference could be due to the difference of experimental proce-
dures, and the effect of crowding. Noteworthy, the radius of the cylinder has a marginal
effect on the diffusion coefficient, but the crowding has a strong impact (Ramadurai
et al., 2009). Typical values of diffusion coefficients in biomimetic membranes are about
1 to 10 μm2/s for both lipids on transmembrane proteins. It depends strongly on the
viscosity of the lipid mixture, which depends strongly on both the lipid composition
and temperature.

In cells the diffusion of most membrane components was slower than in model sys-
tems. It can be explained by the presence of immobile molecules that affect the diffusion
of other membrane components and by the clustering and formation of small domains
in the membranes which prevent the free diffusion of membrane components.

1.3.3 Experimental methods to assay diffusion properties

To obtain experimentally the diffusion coefficient of membrane components, four
main methods have been developed. The Fluorescence Recovery After Photobleaching
(FRAP), the Fluorescence Loss In Photobleaching (FLIP), the Fluorescence Correlation
Spectroscopy (FCS) and the Single Particle Tracking (SPT). All these methods rely on
fluorescence microscopy and require tagging of the particle of interest with a fluorescent
molecule. Their principle are shown in Figure 1.19 and 1.20.

The FRAP and FLIP techniques are closely related. In FRAP, a region of interest is
photobleached and the recovery of fluorescence in this region is monitored as a function
of time – see Figure 1.19 A. The time needed for fluorescence recovery depends on
both the size of the region and the diffusion coefficient. Theories allowing the recovery
of the diffusion coefficient have been developed for simple geometries (Axelrod et al.,
1976; Soumpasis, 1983). In FLIP, a region of interest is continuously bleached, and the
fluorescence is monitored in the rest of the sample – see Figure 1.19 B. FLIP experiments
are often performed in cells, which contain geometries too complex for the recovery of
the diffusion coefficient (Clay et al., 2014).

FCS relies on very fast acquisition of the fluorescence intensity recorded from fluo-
rescent molecules diffusing in the illumination volume of a focused laser. Each time a
fluorescent particle enters the illuminated region, it creates a burst of emission. Work-
ing at low concentrations, it is possible to obtain the typical time spent by a fluorescent
particle in this small region by fitting the auto correlation of the fluorescence intensity
signal – see Figure 1.20 A. Knowing the size of the illumination volume, one can ob-
tain the diffusion coefficient of the particle. It can be further improved by changing
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Figure 1.19 – (A) Sketch of a FRAP experiment on a lipid bilayer. A disk is homoge-
neously bleached by a pulse of high laser intensity. Diffusion of fluorescent molecules
allows for the recovery of fluorescence within the photobleached region. From Photo-
metrics website. (B) Sketch of a FLIP experiment on a cell. A region is constantly
bleached and the fluorescence is recorded in another area. If the particles can diffuse,
the overall fluorescence of the cell will decrease with time. Adapted from Biorender
website.

the effective size of the focused beam, by spot variation, or using Stimulated Emission
Depletion (STED). The principle of Spot variation is to under fill the back focal plane
of the objective. By controlling the size of the beam at the BFP of the objective, it is
possible to control the focal volume (Masuda et al., 2005; Wawrezinieck et al., 2005).
STED works on the same principle as the LASER effect. By illuminating the fluorescent
particles with a laser in the tail of the emission spectra of the molecule, it is possible
to force the particles to emit at this exact wave-length which can later be filtered. It
therefore combines two lasers, the first one to excite the fluorescence particles and the
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second one to force the emission of the fluorescent molecules at a specific wavelength.
The illumination pattern for this second laser is set as an annulus with a central min-
ima which size is smaller than the focused beam of the excitation laser. the principle
is displayed in Figure 1.20 B. The use for this technique will be discussed in the next
section 1.3.4.

In SPT, the idea is to follow fluorescent particles and reconstruct their trajectory.
A movie of dilute fluorescent particles is acquired with fast acquisition. By having
fluorescent particles far apart, it is possible to assign detections in consecutive frames
to individual particles. Their position can be computed with a better resolution than
usually possible with optical microscopy using gaussian fitting of the 2D point spread
function obtained on the camera. From the positions on consecutive frames, it is possible
to recover the trajectory of each individual particle. The principle of the technique is
shown in Figure 1.20 C. By fitting the Mean-Squared Displacement as a function of the
lag-time, an estimate of the diffusion coefficient as well as the diffusion mode for each
individual particle can be retrieved. This technique can also show spatial inhomogeneity
in the diffusion behaviour of particles (Valentine et al., 2001). It is therefore a very
powerful tool to look at diffusion of particles that interact in specific places (Borgdorff
and Choquet, 2002).

1.3.4 Diffusion regimes in real membranes

Cells are crowded environment with strong inhomogeneities, affecting the diffusion
of particles. Cells are out of equilibrium systems in which active transport can occur. As
a consequence, diffusion diverging from brownian motion is often observed. Molecular
motors transporting cargoes along cytoskeletal filaments have been extensively studied.
They transport specific cargoes in a targeted fashion at speeds much faster than what
brownian motion would allow. In this study, as I am interested in diffusion barriers, I
will focus on diffusion modes that would slow down the rate of diffusion. Three types of
diffusion have been described: the (i) “hopped diffusion”, the (ii) “trapped diffusion”
and (iii) the “domain incorporation diffusion”. Each correspond to a different blocking
mechanism leading to a macroscopic decrease of the diffusion coefficient. They are
displayed in Figure 1.21. This figure also displays the evolution of the apparent diffusion
coefficient with the size of the FCS spot. In the “hopped diffusion”, molecules are free to
diffuse in the membrane but must cross some mesh with an energy barrier to overcome.
In “trapped diffusion” the molecules diffuse freely until trapped in a specific location
for a period of time. They are then released and diffusion freely again. Finally the
“domain incorporation diffusion” is similar to the trapped “trapped diffusion” except
that the molecule is now trapped in a domain in which it diffuses.

1.3.5 Biomimetic membranes

Because of the complexity of biological membranes it appeared that using biomimetic
membrane would facilitate the study of membrane properties in a controlled environ-
ment. There exist various systems each generated by various methods improved over
the years.
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Figure 1.20 – (A) Sketch of FCS experiment performed on particles diffusing in three
dimensions. The autocorrelation of the fluorescence signal gives access to the diffusion
coefficient. From Bioquant group website (University of Heidelberg). (B) Principle of
STED imaging, two lasers are used allowing for super resolution imaging. Left are the
energy states of the fluorescent molecule with the energy of the two lasers used as well
as the corresponding wavelength. Right is the comparison between a single focused
laser used for confocal imaging and super resolution method using Sted. From (Jahr
et al., 2020). (C) Sketch of SPT experiment. A movie of dilute fluorescent molecules is
acquired and the postion of individual molecules is obtained. The trajectories can be
recovered by linking positions in consecutive frames. From (Cui et al., 2018).

Vesicles

Vesicles are lipid bilayers arranged into a sphere. They isolate their interior from the
surrounding media. Their size range from tens of nanometres to tens of micrometers,
and therefore vesicles can be good models to mimic the plasma membrane but also
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Figure 1.21 – Presentation of different types of diffusion behaviour and their features
in STED-FCS. (A) Free diffusion also referred as brownian motion. (B) Trapped diffu-
sion, the particle interacts transiently with immobile or slow diffusing binding partners.
Diffusion coefficient increases with the diameter of the FCS spot. (C) Hop diffusion,
the particle can diffuse freely within a mesh, and has a probability to cross this mesh.
The diffusion coefficient decreases with the diameter of the FCS spot and then plateaus
when the size is the spot becomes larger than the mesh size. (D) Domain incorporation
diffusion, the particle gets transiently incorporated in a domain in which it diffuses at
a different rate. The diffusion coefficient plateaus for FCS spot smaller than the typi-
cal size of the domain and then increases with increasing size of the FCS spot. From
Schneider et al. (2017).

lipid cargoes. Unilamellar vesicles are often preferred, but most techniques generate
also multilamellar vesicles. The multiple layers will affect the mechanical properties of
the vesicle. They are classified considering their size and characteristics, either com-
position or number of lipid bilayers. Depending on the observation method and the
membrane properties assayed, different models are used. One of the most common
one is the Giant Unilamellar Vesicle (GUV). Its size ranges from a few micrometres
to about 100 micrometres, similar to most cells and allows both their observation by
optical microscopy and the measurement of their physical parameters by different mi-
cromanipulation techniques. GUVs were first produced by gentle hydration (Reeves and
Dowben, 1969). A lipid film was deposited on a surface and rehydrated leading to the
swelling and formation of vesicles. More recent techniques such as electro-formation
and gel assisted swelling have been developed to increase the yield and the ratio of
unilamellar vesicles. Small Unilamellar vesicles (SUVs) are vesicles with sizes ranging
from 50 to 200 nm, allowing for other applications, notably cryo electron microscopy.
SUVs are small enough to be embedded in vitreous ice section and allow electron trans-
mission. They can be formed by extrusion, sonication of freeze thawing. Finally, in
between there are Large Unilamellar Vesicles (LUVs) with sizes ranging from 200 nm
to 1 μm which can also be observed with cryo electron microscopy. They are formed by
either extrusion or vortexing rehydrated lipid films.
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Flat membranes

Lipid membranes can display a high variety in sizes and substrates. The most
common system is the supported lipid bilayer (SLB), which consists of a large lipid
membrane deposited on a substrate of choice, usually glass but also mica or PDMS.
Supported lipid bilayers are convenient systems. They are easy to handle, proteins can
be added in the chamber and the observation can be performed using TIRF microscopy
increasing the signal to noise ratio. The major drawback is the presence of a substrate
interacting with the bottom layer which can alter some of the physical properties of
the bilayer and impede the diffusion of some transmembrane proteins. To overcome
this issue, protocols have been developed to create cushioned membranes, monolayers
or even membranes floating between pillars (Richter et al., 2006). The different types
of lipid bilayers are displayed in Figure 1.22. The usual protocol used to generate
supported lipid bilayers is the fusion of small unilamellar vesicles on a hydrophilic
substrate (Tamm and McConnell, 1985). The fusion process is mediated by electrostatic
interactions between the vesicles and the substrate. Therefore, lipid charges, pH and
ionic strength of the aqueous buffer are crucial to allow the fusion of the SUVs on the
substrate. Similarly, the hydrophilicity of the substrate is essential, which makes the
cleaning and activation steps crucial in the SLB formation process. Many studies have
analysed the best conditions to create SLBs, depending on the substrate, the lipids and
external conditions (Lin et al., 2010).

Figure 1.22 – Supported membranes : (A) Solid supported lipid bilayer (SLB). (B)
Polymer cushioned bilayer. (C) Lipid monolayer assembled pre-grafted thiols or silanes.
(D) Tethered lipid bilayer. (E) Suspended lipid bilayer. From Richter et al. (2006).

1.4 Diffusion barriers

One essential feature that cells have to perform is polarisation. Multiple strategies
can exist and a major one is the creation of diffusion barriers. In cells, diffusion barriers
can be generated on cellular membranes. Because septins assemble into filaments close
to the membrane they were good candidates for proteins involved in the formation of
diffusion barriers in cells. I will first present a few examples of known diffusion barriers
before introducing the current knowledge about the role of septins in the establishment
of diffusion barriers.
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1.4.1 Compartmentalisation in cells

The internal compartmentalisation in cells by lipid membranes allowing each or-
ganelle to play some specific roles, with the possibility to exchange material with the
rest of the cell either through pores or channels or by vesicular transport, has been
thoroughly studied. However, many cell types including neurons, photoreceptors and
epithelial cells also require compartmentalisation in order to fulfil their role. Cells are
very dynamic environments, and this compartmentalisation rarely depends on long lived
rigid macromolecular assembly. It depends on continuously remodelled interactions, al-
lowing for cellular plasticity. It means that there is a need to control the transport
and diffusion of cellular components in order to maintain the anisotropic distribution
essential to partition the cell compartments. Diffusion barriers on membranes allow the
formation of different domains. Such barriers can be found in continuous membranes
such as the ER membrane and the plasma membrane.

The first example of such barrier is in the epithelial cells. Epithelia consists of a
single layer of cells, bound to one another and delimiting body compartments. Their
apical side faces the lumen while their basal side faces the internal organ. Their role is
to control fluxes of molecules by both preventing the diffusion of free molecules between
them and asymmetrically transport specific molecules through the cell sheet. To fulfil
this role, epithelial cells are bound by tight junctions at the transition between the
apical and basolateral membranes and running all around the junction. These junctions
prevent the passage of molecules between cells but also help polarise the epithelial cells
by preventing the lateral diffusion of lipids in the plasma membranes (Fölsch, 2008). It
could therefore also prevent the lateral diffusion of some plasma membrane associated
proteins. It was shown that this barrier is specific to lipids on the external leaflet of
the plasma membrane while lipids in the inner layer or that can “flip flop” – transition
from the inner to the outer leaflet and vice versa – can cross the barrier (Dragsten
et al., 1981; Spiegel et al., 1985; van Meer and Simons, 1986). A sketch summarising
the characteristics of this diffusion barrier is displayed in Figure 1.23 A and B.

Most vertebrate cells present a primary cilia. This cilia serves for both signalling
and sensing (Singla and Reiter, 2006). It can later be modified into a more complex
system as for photoreceptor cones. The ciliary membrane is continuous with the plasma
membrane, however, it was shown that FP-GPI – a GPI anchored protein – is excluded
in the ciliary membrane hinting at the presence of a diffusion barrier (Vieira et al.,
2006). In the flagellum of Chlamydomonas reinhardtii, structure highly related to cilia,
it appeared that the flagellum membrane and the rest of the plasma membrane have
a distinct composition and proteins cannot freely exchange between the two domains
(Musgrave et al., 1986). The presence of a diffusion barrier is also hinted by the presence
of an electron dense ring at the base of the flagellum (Weiss et al., 1977). These findings
suggest that the presence of a diffusion barrier is a common feature for all cilia derivates.

Studies performed on sperm cells have also shown the existence of a diffusion bar-
rier. Sperm cells are partitioned and some certain proteins only locate in one of their
compartments (Myles et al., 1981). For example, the CE9 integral membrane protein
is located in the posterior tail in immature spermatozoa and can later diffuse into the
mid piece after cleavage of its extracellular N-tail (Petruszak et al., 1991). The locali-
sation of CE9 is perfectly delimited by the annulus between the mid piece and the tail,
hinting that it can serve as a diffusion barrier (Cesario and Bartles, 1994). However, it
is unclear how this cleavage allows CE9 to cross the annulus.

Diffusion barriers within neurons have been observed both at the initial segment of
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Figure 1.23 – Model of the plasma membrane showing the complexity, with a large va-
riety of lipids, embedded and peripheric proteins as well as the underlying cytoskeleton.
From Caudron and Barral (2009).

the axon as well as at the base of dendritic spines. Some proteins, such as Thy-1, are
located specifically at the axonal membrane. The lateral mobility of proteins associated
with Thy-1 is also reduced at the initial segment of the axon (Dotti et al., 1991). A
very strong supportive observation for the existence of a diffusion barrier at the base
of the axon was the diffusion of fluorescent lipids. It was observed that fluorescent
phospholipids brought to the axonal membrane by vesicle transport would not diffuse
into the rest of the membrane (Kobayashi and Simons, 1992; Nakada et al., 2003). In
this case, actin depolymerisation leads to the loss of the diffusion barrier, with the loss
of compartmentalisation for Thy-1. In dendritic spines, a similar barrier exist at their
base. Spines dictate how strong a stimulus activates the neuron. They are dynamic,
shrinking and forming back depending on stimulation (Valverde, 1967, 1971). They
are therefore involved in memory. To achieve their function, their membrane as well
as the cytosol need to be compartmented from the dendritic shaft. The diffusion of
membrane targeted GFP as well as AMPA receptor is strongly reduced in the region
of the neck of dendritic spines, supporting the existence of a diffusion barrier (Ashby
et al., 2006). However, some proteins can still diffuse because the activation of a spine
correlates with the reduction of threshold of activation of neighbouring spines. This
reduction is explained by the diffusion of activated Ras from the activated spine to the
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shaft (Harvey and Svoboda, 2007; Harvey et al., 2008).
Interestingly, as will be discussed later, septins have been later highlighted for their

role in the establishment of diffusion barriers in cilia, sperm cells and neurons. However,
their involvement in diffusion barriers was first discovered in Saccharomyces Cerevisiae.

1.4.2 Cell division in Yeast

Cell division in yeast Saccharomyces Cerevisiae is an highly asymmetric division,
meaning that the daughter cell is created from a bud emerging from the mother cell,
while the mother cell keeps a constant size (Pruyne et al., 2004). During cytokinesis, the
cytoskeleton polarizes and transports exocytic vesicles to the bud, allowing its growth.
Diffusion barriers located at the bud neck and helping retain cell polarity have been
described for more than two decade. However, the molecular mechanisms governing
their function are still poorly understood.

Three different barriers have been identified, one at the nuclear envelop, one at the
endoplasmic reticulum membrane and one at the plasma membrane (Barral et al., 2000;
Takizawa et al., 2000; Luedeke et al., 2005; Shcheprova et al., 2008). The first one to
be identified was the one associated to the plasma membrane. Takizawa et al. (2000)
discovered that Ist2, a protein linking the plasma membrane with the endoplasmic
reticulum is only present in the bud, where it can freely diffuse as shown by Fluorescence
recovery experiments – Figure 1.24 A. However in temperature sensitive mutants for
cdc12 – in which temperature rise induces septin collar disassembly – Ist2 localises also
in the mother cell after temperature rise as shown in Figure 1.24 B.

A study performed simultaneously focused on the diffusion of the polarisome and the
exocyst complexes. To grow asymmetrically, the cell concentrates the polarisome and
the exocyst complexes to the bud in an actin dependent manner (Tarassov et al., 2008).
Both complexes can freely diffuse within the bud but cannot diffuse to the mother cell.
This was observed by imaging and photobleaching several proteins of these complexes
-Spa2 for the polarisome and Sec5p and Sec3p for the exocyst (Barral et al., 2000). In
mutants similar to those used in the study on Ist2, both complexes are free to diffuse
as displayed in Figure 1.24 C. Finally, after ring splitting, both complexes are confined
into the neck region where they can still freely diffuse (Dobbelaere and Barral, 2004).
All these results demonstrated the importance of septins in forming a diffusion barrier
at the bud neck.

The endoplasmic reticulum is a continuous network of tubules which was shown by
fluorescence imaging and photobleaching experiments on GFP targeted to the lumen
of ER (Luedeke et al., 2005). It crosses the bud neck during cell division and all
ER-membrane associated proteins studied so far -translocon subunit Sec61p, SNARE
Sec22p and the HMG-CoA reductase Hmg1p- cannot diffuse through the bud neck. In
septin deficient cells, this diffusion barrier is lost.

Budding yeast cells undergo a closed mitosis, meaning that the nuclear envelop
remains intact through the anaphase. During anaphase, proteins associated with the
inner nuclear membrane can freely diffuse through the bud neck. On the contrary,
proteins associated with the outer nuclear membrane such as Nsg1p and Npup49p
cannot cross the bud neck (Shcheprova et al., 2008). In septin mutants as well as
mutants with defective bud neck organisation, the effect on the lateral diffusion at the
bud neck was lost.

These observations show the key role of septins in the compartmentalisation of the
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A B

C

Figure 1.24 – (A) Fluorescence recovery experiment of Ist2, plasma membrane protein
in the bud during cytokinesis. (B) Fluorescence images of Ist2 in yeast cells during cell
division in wild type and temperature sensitive mutant. From Takizawa et al. (2000).
(C) Fluorescence images of components of the polarisome -Spa2p- and the exocyst -
Sec5p- in yeast cells undergoing cell division in wild type and temperature sensitive
mutant. From Barral et al. (2000).

bud during cytokinesis. However, the mechanisms underlying this compartmentalisa-
tion are still poorly understood. Septin filaments could act as a physical barrier, make
a scaffold to recruit other proteins that would lead to this compartmentalisation or be
implicated in a cascade of events leading to the formation of diffusion barriers.

1.4.3 In other organisms

Since the discovery of the role of yeast septins in the establishment of diffusion
barriers, similar implication has been reported in other organisms.

Septins were first shown to be involved in the emergence of diffusion barriers in
mouse sperm cells. Looking at the distribution of basigin in both cauda and caput sperm
cells, it was observed that in cauda, basigin locates exclusively at the tail – Figure 1.25
A– and in caput sperm basigin localises exclusively at the mid piece – Figure 1.25 B.
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The labelling of SEPT4 showed that the distribution of basigin is compartmented at the
septin annulus (Kwitny et al., 2010). In SEPT4 knockdown sperm cell, the distribution
is homogeneous within the whole sperm cell for both caput and cauda spermatozoa –
Figure 1.25 C.

Figure 1.25 – Overlay of fluorescence images of SEPT4 (red) and basigin (green) with
transmission light images of (A) caput, (B) cauda and (C) Sept4 knockdown caput
sperm cells. Scale bars are 20 μm. From Kwitny et al. (2010).

A study performed in cilia cells also showed the involvement of septins in creating
diffusion barriers at the base of primary cilia. The ciliary membrane is continuous with
the plasma membrane, and there is no physical separation of the cytosol at the base
of primary cilia. However, some proteins such as Sonic hedgehog locate specifically in
the primary cilia. Signal transduction in the primary cilia depends on the presence
of particular proteins including membrane bound proteins. The diffusion of four of
them has been investigated: two G-protein coupled receptor, serotonin receptor 6 Htr6
and somatostatin receptor Sstr3, the membrane anchored tail of fibrocystin PKHD1
and the Shh signal transducer Smo (Hu et al., 2010). All those proteins were labelled
with GFP. Fluorescence recovery experiments (FRAP) were performed to observe their
lateral mobility. When bleaching half of the cilia, the fluorescence would recover and
a reduction of fluorescence in the second half was observed, with the total fluorescence
in the cilia being constant. To investigate the role of the septin collar at the base of
the primary cilia, the SEPT2 gene was silenced. This resulted in a dramatic reduction
of the number of primary cilia in the cell population, only 10-15% of cells having a
shortened cilia. Images and analysis from the photobleaching experiments of the whole
cilia for both Htr6 and Smo are displayed in Figure 1.26. In the parental strain, no
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visible recovery was recorded. For the silencing RNA strain, some recovery could be
observed. For all four proteins, the amount of fluorescence recovery after bleaching of
the cilia was very significantly increased, highlighting the role of septins in the formation
of a diffusion barrier at the base of primary cilia. However these results have not bee
repeated yet.

Figure 1.26 – (A) Fluorescence recovery after photobleaching the whole cilium in
parental and silenced septin cells. Scale bars are 5 μm. (B) Average fluorescence
recovery curves. From Hu et al. (2010).

Most excitatory synapses are localised at the end of spines, protrusions expanding
from the dendritic shaft. Typically, the spine head where the synapses are present is
separated from the shaft by a long neck. This neck helps regulating the exchange of
molecules from the spine head to the dendrite which is critical for the synapses. Con-
sidering that septins locate at the base of the spines, their role in controlling the lateral
diffusion of membrane proteins has been investigated. Studying the lateral diffusion of
AMPARs is important for the strength of synaptic transmission and plasticity of the
synapse. It was observed that in SEPT7 positive spines, the lateral diffusion of GluA2
containing AMPARs was slower (Ewers et al., 2014). Performing Fluorescence recovery
experiment, it was observed that the transmembrane and the inner leaflet associated
proteins have a slower diffusion in septin positive spines, and knockdown of septins lead
to higher diffusivity of those proteins.

Recently, a study assayed the diffusion of PI(4,5)P2, a phosphoinositide responsible
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for recruiting and activating numerous proteins and complexes involved in many cellular
functions such as the regulation of ion channels, endo and exocytosis etc. The distribu-
tion and mobility of this lipid has therefore been studied and it was hypothesised that
the PI(4,5)P2 was segregated into pools to achieve different functions (Hammond, 2016).
The mechanism for this segregation is not understood completely. Higher densities of
PI(4,5)P2 were observed in regions specific to the regulation of exocytosis, caveolae and
clusters of signalling K-Ras4B. It was reported that the synthesis of PI(4,5)P2 is located
at lipid rafts, structures of a few nanometres in diameter with short life expectancy. On
the other hand, PI(4,5)P2 regulates transport, signalling and other functions on ranges
of hundreds of nanometres and for time scales up to several minutes, scales much larger
and longer than the lipid rafts. By targeting the free PI(4,5)P2 with the C-terminal
region of Tubby, Tubbyc, labelled with Photo-activalble mcherry, PAmcherry1, it was
possible to follow single PI(4,5)P2 lipids at the inner ventral plasma membrane of HeLa
cells (Pacheco et al., 2022). They studied the diffusion of PI(4,5)P2 in different struc-
tures such as ER-PM contact sites, clathrin-coated structures, adhesion sites, spectrin
dense regions and septin dense regions. They found that only in the latter two diffusion
of PI(4,5)P2 was impaired with a stronger effect for the septin dense regions than for
the spectrin dense regions.

Those studies have shown the involvement of septins in establishing diffusion barri-
ers, but the mechanisms responsible for this diffusion barrier are still unknown.

1.4.4 Examples of diffusion barrier mechanisms

Septins are not the only diffusion barrier in cells. Other diffusion barriers have been
identified for which the mechanisms are well understood.

Because of the importance of micro-domains on the plasma membrane, many studies
have focused on the diffusion of different lipids and membrane associated proteins. One
well documented model is the ”pickets and fence” model, consisting of a mesh of actin
filaments and trans membrane proteins linking the actin and the membrane. A sketch
of this structure is displayed in Figure 1.27. This structure leads to the well studied
”hop movement” of transmembrane proteins. It was also observed that phospholipids
were confined in regions that are not lipid rafts. A study performing Single particle
Tracking measured the diffusion of DOPE, a lipid that is not associated with lipid rafts,
and of TfR, a transmembrane protein (Fujiwara et al., 2016). It is important to note
that only the DOPE in the outer leaflet of the plasma membrane could be labelled
in this protocol. It was observed that all of them showed typical hopping diffusion
with compartments of size similar to the dimensions of the actin mesh as confirmed
by electron microscopy. This shows the importance of the cytoskeleton mesh on the
diffusion of membrane proteins. To further study the effect of the actin fence, additional
cytosolic domains were added to TfR. The initial size of the cytoplamsic domain of TfR
was 67 amino acids. The Halo Tag protein was added in single or multiple copies, to
obtain a final size of up to 1000 amino acids. Finally those where compared with ACP-
TM a conjugation of the acyl carrier protein with a transmembrane domain, resulting
in a transmembrane protein with a cytosolic domain of 10 amino acids. Comparing the
diffusion coefficient of these different models, it appeared that a significant difference
was observed with two halo proteins, and even bigger with three Halo tag proteins,
when the cytosolic domain reaches 1000 amino acids. Because the addition of only one
Halo tag protein did not change the diffusion coefficient, it shows that for the diffusion

50



1.4. DIFFUSION BARRIERS INTRODUCTION

of TfR, pickets play a more crucial role than the cytoskeleton mesh.

Figure 1.27 – Schematic representation of the picket and fence model of diffusion barrier.
From Fujiwara et al. (2016).

The emergence of physical obstacle to the diffusion of membrane components can
also be due to the oligomerisation or clustering of proteins. Both oligomerisation and
clustering of membrane bound proteins are very important in many processes. During
these processes, the interacting proteins will diffuse as one bigger molecule. In a bi-
layer free of diffusion barrier their diffusion coefficient will be reduced as predicted by
the Saffman-Delbrück model (Ramadurai et al., 2009). However, in cells the diffusion
coefficient was smaller than expected (Iino et al., 2001), likely due to the effect of the
diffusion barriers created by the cytoskeleton and most likely the important decrease
of the hoping rate through the pickets described before. It would therefore locally in-
crease the crowding which can result in a smaller hopping rate for other membrane
bound proteins and even lipids.

Partitioning of the membrane components can also happen because of the diver-
gent characteristics of different lipids and proteins. Lipid rafts are good examples for
such partitioning with the emergence of metastable saturated lipid and cholesterol rich
nanometric assemblies (Lingwood and Simons, 2010). Because some proteins interact
specifically with specific lipids, the emergence of such micro-domains can impact the
diffusion of all membrane components. This has been proposed as the mechanism for
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the diffusion barrier at the ER membrane during yeast cell division (Clay et al., 2014).
Clay et al. (2014) observed that the establishment of the diffusion barrier was strongly
dependent on the sphingolipid synthesis. The exclusion of a vast majority of ER mem-
brane proteins at the bud neck led the authors to conclude that sphingolipids might
create a specific domain in this region and exclude most proteins.

Finally, the curvature of the membrane can help enrich some proteins and induce
their accumulation at specific places while they would not be able to cross other re-
gions of different curvature. Indeed, some transmembrane as well as membrane binding
proteins can recognise specific membrane curvature or even induce some curvature to
the surrounding membrane (Peter et al., 2004). Besides, some lipids are more rigid
and are less likely to enter regions of high curvature. The length of the lipid tails can
also vary. This length can dictate the thickness of the bilayer, and prevents certain
transmembrane proteins to enter specific regions (Bigay and Antonny, 2012). When
lipids with short length are accumulated – this is the case for the Golgi membrane –
the region will be very unfavourable for long transmembrane proteins as well as long
tailed lipids.

1.5 Summary of the PhD project

The main goal of my project was to study the role of septins in establishing dif-
fusion barriers. This role has been suggested by various in vivo studies. Looking at
the localisation of various essential proteins in the specialisation of some cellular sub
compartment, it has been observed that septins are often involved in their segregations
to specific domains in cells. Those observations have been carried out in many differ-
ent organisms and cell types. However, in all these reports, no mechanism has been
proposed. The first reported diffusion barrier involving septins is established during
Saccharomyces Cerevisiae cell division. The Saccharomyces Cerevisiae septins are the
most studied septins and therefore constitute a good model.

To understand the mechanism from which septins could establish diffusion barriers
and to determine whether septins could affect directly the diffusion of membrane-bound
components, we decided to use an in vitro approach. The advantage of this approach
is the control of all the biophysical parameters of the system. I used biomimetic mem-
branes combined with purified yeast septins and model membrane components. We
wanted to study the effect of the geometry (dimensions of extra membrane size) of
membrane bound proteins on their diffusion in the presence of a septin mesh. I studied
the diffusion of two different lipids to assess the role of septins on the diffusion of lipids,
and four different models mimicking membrane bound proteins.

Additionally, following the project of a former student in the lab, I studied the role
of septins in the mechanics of lipid membranes. It has been shown that septins are able
to deform lipid membranes, implying that they must impose some deformation to lipid
bilayers. However, the mechanical properties of septin meshes have until now escaped
proper measurement, and results obtained previously in the lab were very counter-
intuitive. I probed the mechanical properties of lipid membranes on top of which a
septin mesh was generated.
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Chapter 2

Material and methods

To study the role of septins in establishing diffusion barriers as well as their me-
chanical properties, I prepared biomimetic membranes and purified septins following
the protocols that I present below. I will also present the different microscopy methods
that I used to study the diffusion of membrane associated components. Finally, I will
present the techniques used to study the mechanical properties of lipid membranes.

2.1 Septin purification

Yeast septins were purified from E.Coli extracts by Aurélie Bertin and myself follow-
ing protocols described previously. Derivatives of pACYCDuet-1 (EMD Biosciences)
and pETDuet-1 (EMD Biosciences) carrying respectively cdc3, cdc11 and GFP-cdc10,
(His)6-cdc12 were co-transformed into E.Coli BL21(DE3) by heat shock. The resulting
co-transformants were plated on an agarose gel containing LB medium, chloroampheni-
col and ampicilin. Colonies were then picked and were left to grow at 37◦C in LB
medium containing 34 mg/mL of chloroamphenicol and 50 mg/mL of ampicilin until
they reached an optical density of A600nm = 1 . They were then induced with 500 mM
of IPTG for 20h at 16◦C. The cells were then harvested by centrifugation and resus-
pended in Lysis Buffer (300 mM NaCl, 2 mM MgCl2, 40 mM GDP, 1 mM EDTA, 5
mM β-mercaptoethanol, 0.5% Tween-20, 12% glycerol, 50 mM Tris, Ph = 8). Cells
were lysed using combination of lysozyme treatment (0.5mg.mL−1) and sonication in
the presence of anti-protease and benzonase. The obtained lysate was centrifuged at
10,000 g for 30 min at 4˚C. The septin complexes in the supernatant were captured
by Ni2+ affinity using Ni-NTA agarose beads (Qiagen). After elution with 0.5 M im-
idazole, 0.5 M NaCl, 50 mM Tris (pH = 8), the eluate was desalted by passage into
a PD-10 column (GE Healthcare) to a buffer containing 150 mM NaCl, 50 mM Tris
(pH = 8). Two further steps of purification were performed. First, a size exclusion
chromatography was performed using a Superdex 200 column (GE Healthcare) in the
same buffer as previously. Then the fractions containing the complexes were pooled
and submitted to anion exchange chromatography. To perform this second chromatog-
raphy, the pooled fractions were first desalted using a PD-10 column into a 50 mM Tris
(pH = 8) buffer. They were then injected into a Resource Q anion exchange column
(GE Healthcare) and submitted to a linear salt gradient, starting from 0 to 0.5 M of
NaCl. Typically, septin complexes eluted around 300 mM of NaCl. This concentra-
tion of salt prevents further polymerisation of the complexes. The fractions containing
septins were aliquoted, flash frozen and kept at -80◦C for later use. The concentration
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of the samples was measured using a NanoDropTM. The extinction coefficient for the
GFP-labelled octamer is ϵ = 291.000 M−1.cm−1. The typical yield was 1 mg per litre
of culture. The quality of the proteins was analysed by running SDS-page gel displayed
in Figure 2.1 C.

Figure 2.1 – Absorbance of the elution at 280 nm (maximum of proteins) during purifi-
cation of GFP-labelled septins during size exclusion with superdex (A) and the anion
exchange with Ressource Q (B). In (B) the percentage of 500 mM NaCl Buffer injected
is also plotted to follow the salt concentration in the column and know at which salt
concentration septins are eluted. The system presents a total dead volume of around
10 mL. Septins are usually eluted around 300 mM of NaCl. (C) SDS-page gel performed
on the elution fractions after anion exchange. The ladder is in the left column. The
group of columns to the left correspond to yeast septins with GFP-cdc10, the right
columns correspond to the unlabelled yeast septins.

2.2 Formation of biomimetic membranes

I used both Giant Unilamellar Vesicles and Supported Lipid Bilayers as biomimetic
membranes. Using those model systems allows for the control of the biophysical pa-
rameters, from lipid composition to concentration of proteins of interest. The lipid
composition used in this study was optimised for PI(4,5)P2 (referenced as PIP2 in
the following text) incorporation (Prévost et al., 2015) as it was shown that the yeast
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septins have a strong specificity for this lipid (Bertin et al., 2010; Beber et al., 2019a).
The lipid composition was 56.5% EggPC, 15% cholesterol, 10% DOPE, 10% DOPS,
8% brain-PIP2 and 0.5% of the desired fluorescent lipid -either Bodipy-TR Ceramide,
DPPE Atto532 or DHPE Oregon Green.

2.2.1 Formation of Giant Unilamellar Vesicle

Multiple techniques exist to generate Giant Unilamellar Vesicles: electro-formation,
gel-assisted swelling and inverse emulsion. During my thesis, I used exclusively the
electro-formation and the gel-assisted swelling methods, both methods being routinely
used in the lab.

We used buffers containing salt -50 mM- to allow the proper incorporation of PIP2

in the membrane. When using such salt concentrations, some of the techniques to form
GUVs were ruled out as they do not work when using salt in the growing solution. Also,
even though the inverse emulsion method using microfluidics has a very good yield and
can be used with any buffer, it has the drawback of leaving oil in the lipid membrane,
which will modify some of its physical properties and was therefore also ruled out for
my project (Faizi et al., 2022).

The “Growth Buffer” (50 mM NaCl, 50 mM Sucrose and 10 mM Tris (pH = 7.8))
and the “Observation Buffer” (75 mM NaCl and 10 mM Tris (pH=7.8)) were prepared.
Their osmolarities were controlled with a freezing point osmometer (Löser) and adjusted
by adding small amounts of NaCl until their difference was less than 5%.

All lipids are kept in chloroform except for PIP2 which is kept in a solution of
70% chloroform and 30% methanol. Powders were kept at -80 ◦C. Once solubilised in
chloroform, lipids were stored in amber vials with an argon atmosphere at -20 ◦C for
a period of time depending on their usage and stability. Because of the evaporation at
each use, the aliquots of lipids were made in a fashion that the stocks will not be be
used too many times – maximum about 10 times.

Electro-formation on platinum wires

The electro-formation method relies on the deposition of a lipid film on two elec-
trodes facing each other in a chamber containing an aqueous solution. I used exclusively
platinum wires as electrodes. The method is also commonly used with ITO plates,
which gives a better final yield but for which only buffers containing no salt can be
used. Some work has been published using ITO plates and growing buffer with salt,
however the reproducibility between labs for such technique is quite poor. The advan-
tage of the electro-formation using platinum wires method is that most of the vesicles
are unilamellar with minimal defects (Beber et al., 2019a). The principle of the method
is presented in Figure 2.2 A. Lipids are deposited on platinum wires which will serve as
electrodes. After all the solvent is evaporated, a buffer is added to the chamber and an
electrical field is applied between the electrodes. The lipid film swells in the presence
of the electrical field and GUVs are generated.

I prepared GUVs by mixing lipids – following the composition presented above –
at a concentration of 3 mg.mL−1 in chloroform. I typically prepared 50 μL of the lipid
mixture. I stored the mixture similarly to the lipid stocks and used it for up to 3
growths.

The Teflon growth chambers in which platinum wires were inserted were custom
made. They consisted of three wells through which the wires go along the bottom of
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the chambers – see Figure 2.2 B. Before lipid deposition, I cleaned both the chambers
and the wires by sonication in a water bath sonicator. First, wires and chambers
were disassembled, they were plunged in acetone in the water bath sonicator for 10
min. Then, wires were inserted in the chamber and the assembled wires and chambers
were plunged in acetone, then ethanol then water and sonicated each time for 10 min.
Between each step they were wiped thoroughly.

Once the chambers were clean, I deposited lipids droplets of about 0.1 μL along
the wires. A total of about 5 μL was used for each chamber. The chambers were then
placed under vacuum for 30 min to evaporate any trace of chloroform. The bottom
of the chambers were then sealed with clean 22*40 mm glass coverslips using vacuum
grease. The sides were sealed using paste from Vitrex. The wells of the chambers
were filled with 1 mL of the “Growth Buffer” before the top was sealed with another
22*40 mm glass coverslip. The chambers were placed at 4◦C and connected to AC
generators at 500 Hz with voltage of either 250 mV for 16h growth or 350 mV for 6h
growth. Chambers were designed to allow the direct observation of the lipid deposit
on the wires at any point in the process with a long working distance 40x objective.
The electro-formation process can thus be checked after each step -see Figure 2.2 C
and D. After growth, the top coverslip was gently removed and GUVs were collected
by gently aspirating at the vicinity of the wires with a cut pipette tip. GUVs must be
used quickly after collection because it has been observed that PIP2 is re-solubilised.
Indeed, 3 to 4 hours after the collection of GUVs from the wire, almost no interaction
is visible between septins and the membrane.

Figure 2.2 – (A) Scheme of the electro-formation on platinum wires process. (B) Picture
of the custom made teflon chambers sealed with glass coverslips and Vitrex paste. The
platinum wires are connected to a generator. (C) Image obtained with transmission
light with a 40x long working distance objective. The dark bottom part is the wire,
on top of which two GUVs are distinguishable (arrows). (D) Fluorescence image of the
GUVs on the platinum wires obtained using 20x long working distance objective. Scale
bars are 100 μm.
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Gel-assisted swelling

I used the gel assisted swelling method to prepare quickly large amount of vesicles.
Despite its simplicity and wide range of use, the obtained vesicles display more defects
and tend to be more multilamellar than those obtained with electro-formation. The
principle of the method is presented in Figure 2.3. A lipid film is deposited on a polymer
gel. After total evaporation of the solvent, the film and the polymer gel are rehydrated
resulting in the spontaneous swelling of the lipid films.

Initially, this method was developed using Agarose gel but polyvinyl alcohol (PVA)
can be used as a substitute. I prepared the PVA gel by dissolving 5% PVA into a
pre filtered solution containing 150 mM sucrose and 20 mM Tris (pH = 7.8). The
solution has to be heated above 90◦C for about 30 min for full dissolution of the PVA.
The solution was kept at 4◦C for up to 6 months. When new coverslips were made,
they were placed at 60◦C for 10 to 15 min. About 40 μL of gel was deposited on a
clean 22*22 mm glass coverslip to create a very thin and even layer on the glass. The
coverslips were placed at 60˚C for 30 min and then stored at room temperature for up
to two weeks.

I used the same lipid mixture as for the electro-formation method but at a con-
centration of 1 mg.mL−1. 10 μL of the lipid mixture were spread on the gel-covered
coverslips, which were then placed under vacuum for 30 min to remove any trace of
chloroform. The chambers were then rehydrated with 0.8 mL of “Growth Buffer”. The
swelling happens very quickly. After a a couple of minutes, vesicles with a radius of
more than 5 μm could be obtained. However, for a better yield about 1 hour of growth
at room temperature is recommanded. Vesicles were collected with a pre-cut pipette
tip, aspirating the solution in the vicinity of the gel.

rehhydration swelling

Figure 2.3 – Caption of the gel assisted swelling method. After drying, the lipids form
a film on the polymer. Rehydration leads to swelling of the films that results in the
formation of vesicles.

2.2.2 Formation of Supported Lipid Bilayer

Supported lipid bilayers are generated by the fusion of Small Unilamellar Vesicles
on an hydrophilic substrate. Many protocols have been optimised for the formation of
SLBs, they were summarised by Lin et al. (2010).

Formation of Small Unilamellar Vesicles

The principle of SUVs formation is presented in Figure 2.4. A solution of lipids in
solvent is dried leading to the formation of a film which is rehydrated. After gentle
vortexing, multilamellar vesicles and large vesicles are formed. The solution of vesicles
is sonicated, breaking the large vesicles into SUVs.
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SUVs were prepared by mixing 0.5 mg of lipids following the composition presented
earlier ( section 2.2). The lipid mix was then dried under gentle nitrogen flow before
being placed under vacuum for 30 min to remove any trace of chloroform. The lipids
were then rehydrated in 125 μL of ’SUV Buffer’ containing 150 mM NaCl and 20 mM
Citrate (pH = 4.8) for 30 min. The solution was vortexed for a few seconds until it
became opaque and then sonicated in a water bath sonicator (Elmasonic s10) for 5 to
10 minutes until it becomes transparent again. The SUVs were then aliquoted in 25 μL
aliquots which can then be stored for up to 4 weeks at -20◦C.

drying +

rehydration

sonication

Figure 2.4 – Scheme of the SUV formation process, starting from a mixture of lipids in
chloroform. After drying and rehydration, MLVs are formed and are then broke down
into SUVs by sonication.

Fusion of SUVs to the substrate to form Supported Lipid Bilayers

There has been intensive work done to achieve better reproducibility of lipid bilayers.
Multiple parameters are important to obtain good motility of the lipids in the supported
bilayer. The cleaning and activation procedures for the bilayers are important. They
can determine the final quality because even small traces of contamination on the
substrate can prevent the formation of the bilayer or diminish its mobility. Addition
of CaCl2 in the buffer used for the fusion of the SUVs on the substrate can enhance
the interaction between, them improving the fusion rate. However, it can also lead
to the presence of small vesicles attached to the bilayer. Therefore, a careful use of
CaCl2 at small concentration can improve bilayers quality, but should be avoided if
not necessary. Finally, the ability to fuse on the substrate also depends on the lipid
composition because the interaction between the substrate and the lipids depends on
their charge, and the fusion rate on the rigidity and viscosity.

During my thesis, I deposited lipid bilayers on both mica and glass depending on
the studied lipid as will be explained in section 3.1.4. The glass coverslips were cleaned
by sonication in a water bath sonicator using first acetone, then ethanol, then water.
The coverslips were then activated by either plasma exposure for 2 min or by 10 min
sonication in 1 M KOH.

When using mica, the mica was freshly cleaved into a very thin sheet and placed
on top of a clean glass coverslip. The chambers were made using custom made teflon
chambers -cylinders with 1 cm in height and with internal diameter of 6 mm- that were
sealed on top of the glass coverslip or the mica using vacuum grease. For mica, the
leakage was often an issue. I unsuccessfully tested adding NOA glue to stick the mica
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on the glass coverslip. Finally, a careful cut and cleavage of the mica sheet to prevent
small cracks on the edges and a very thin layer of mica (less than 50 μm) seemed the
best strategy to perform this experiment. One aliquot of SUVs was thawed for each
bilayer and diluted in 125 μL of “SUV Buffer” to reach a final lipid concentration of
0.7 mg/mL. The obtained solution is then added in the chambers and left to incubate at
room temperature for 30 min. The chambers were then washed thoroughly by pipetting
5 times with the “SUV Buffer” and another 5 times with the “Observation Buffer”. The
washing steps are crucial for obtaining good bilayers. If the washing is not performed
with strong enough flows, detachment of vesicles for the bilayer will not be efficient
enough. On the contrary, if during pipetting bubbles are created, they will locally
disrupt the bilayer. The obtained bilayers were used immediately. When septins were
added, they were left to incubate for 30 min and then either observed with septins still
in the solution or washed away with another 3 to 5 washes with “Observation Buffer”.

2.3 Prepation of proteo-GUVs containing aquaporin

The principle of the incorporation is presented in Figure 2.5. The aquaporin sta-
bilised in detergent is added to pre formed SUVs that are destabilised by the addition of
detergent. The aquaporins are therefore able to incorporate in the SUVs and stabilise
with detergent removal. The proteo SUVs were then mixed with other SUVs and the
electro-formation protocol was applied to form proteo GUVs.

To study the diffusion of transmembrane proteins, I had to create membranes with
incorporated proteins. I chose to use GUVs rather than SLBs to prevent any effect on
the diffusion of the transmembrane proteins that might come from the friction with the
substrate. The preparation of GUVs containing transmembrane protein has been widely
studied and protocols to enhance the yields obtained have been proposed. However,
the reproducibility is always challenging between different experiments because many
parameters -effects from the geometry of the chamber, charges of the lipids, conditions
during drying - are not fully understood. For this study, I chose the protocol using
electro-formation on platinum wires. Other protocols exist, but for my purpose I needed
unilamellar vesicles in high salt conditions and with minimal defects.

2.3.1 Purification of aquaporin

The aquaporin 0 (AQP0) was purified by Stéphanie Mangenot and John Manzi
using bovine eye lenses. The bovine lenses were flash frozen in liquid nitrogen and
stored at -80◦C for later use. After slow thawing at 4◦C in 10 mM Tris (pH = 8)
5 mM EDTA 5 mM EGTA and protease inhibitor mix, the nucleus and the cortex
were separated. Only the cortex was then grinded with Potter-Elvehjem of smaller and
smaller diameter. The obtained solution was then washed, ultra centrifuged (45 min at
55,000 rpm) and resuspended in a succession of different buffers, first : 10 mM Tris (pH
= 8) 4 mM Urea, second : 10 mM Tris (pH = 8) 20 mM NaOH, third : 10 mM Tris (pH
= 8). The solution was solubilised in 4% (w/w) Octyl β-D-Glucopyranoside (OG) for
3h at 4 ◦C. After ultra centrifugation (20 min at 200,000 g) the supernatant is added
to an ion exchange mono-S column (Amersham Biosciences) pre equilibrated with Tris
10 mM (pH = 8) 1.5% OG. The protein is eluted with a gradient from 0% to 100 % of
buffer containing Tris 10 mM (pH = 8) 350 mM NaCl 1.5 % OG. Fractions containing
aquaporin were pooled together and injected onto a size exclusion column Superose 12
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10 / 300 GL (GE Healthcare). Column was pre equilibrated with 10 mM Tris (pH =
8) 150 mM NaCl 1.5% OG. The protein was then concentrated using centricon with
a size threshold of 3 kDa (Millipore). The final concentration was measured with a
spectrophotometer UV-visible NanoDropTM looking at the absorbance of the protein
solution at λ = 280 nm. The extinction coefficient of the aquaporin at this concentration
is ϵAQP0 = 1.39 cm2.mg−1. The proteins were checked by running SDS-page gel.

2.3.2 Incorporation in SUVs

SUVs are prepared following the protocol in section 2.2.2. To incorporate the aqua-
porins into the SUVs, a detergent is added at a concentration comprised between Rsat

corresponding to the beginning of the solubilisation of the SUVs and Rsol correspond-
ing to the full solubilisation of the SUVs and the micellar state. I used Octyl β-D-
Glucopyranoside at a concentration of 40 mM to the SUV solution. Aquaporins were
then added with a weight ratio of proteins to lipids of 1:100. The solution was left at
4◦C for 1 hour. To remove detergent, a total weight ratio of 20/1 Biobeads/detergent
was used (Rigaud et al., 1998). They were first cleaned using methanol and rinsed with
MilliQ water. The addition of Biobeads was performed in three steps with 1h incuba-
tion at 4◦C between each of them. After each step, the supernatant was collected and
the beads were discarded. After the last step, the proteo-SUVs solution was aliquoted,
flash frozen and kept at -80◦C for further use.

detergent
removal

mixing
+ growth

Figure 2.5 – Scheme of the formation of GUVs containing transmembrane proteins.
Proteins kept in detergent are mixed with SUVs pre incubated with detergent. Upon
removal of the detergent, proteins will incorporate in the membrane. The obtained
SUVs are mixed with other SUVs containing desired fluorescent lipids before the electro-
formation protocol is applied. Schemes are not scaled, GUVs typically have radii 100
times bigger than SUVs.
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2.3.3 Electro-formation of the proteo GUVs

SUVs containing aquaporins were mixed to SUVs containing fluorescent lipids. The
ratio of SUVs used was adjusted to reach single molecule densities in order to perform
single particle tracking on the aquaporins – the volumetric ratio was ranging from 1:100
to 1:500, see section Single Particle Tracking. After mixing, I deposited small drops of
the SUV solution on the platinum wires using a pipette. The chambers were then left
at room temperature for 30 min before closing and connecting them to AC generators
similarly as in section “electro-formation on platinum wires”.

The yield for proteo GUVs production is notoriously low. I tested different ap-
proaches to improve it. The deposition and the drying steps are crucial in order to
obtain a maximum yield of GUVs. By decreasing the amount of salt in the SUV solu-
tion just before deposition, the formation of salt crystals was avoided which resulted in
a more homogeneous deposition -see Figure 2.6. Finally, I changed the size of the drops
deposited on the wire as well as their propensity to spread along the wires. To change
the spreading, I placed the wires in an air plasma for 2 minutes before deposition of the
drops. Finally, it appeared that the best conditions seemed to be bigger drops (0.2 mL)
without air plasma treatment to prevent them from fusing together.

A B

Figure 2.6 – (A) Fluorescence image of lipids after deposition and drying of proteo-SUVs
on the platinum wire when the buffer is kept at low salt for the SUV mixture. The image
was obtained with a 40x long working distance objective and a LED lamp associated to
filters to recover the fluorescence. (B) Similar image when the SUV mixture contains
75 mM of NaCl. Upon drying, salt crystals form. When adding the ’Growth Buffer’,
these crystals dissolve and most of the lipids go back into solution. Scale bars are
100 μm.

2.4 Formation of wavy substrates

To assess the ability of septins to sense curvature, we used wavy substrates. Wavy
substrates were prepared by Luca Pellegrino and Joao Cabral from Imperial College
in London as described in Chiche et al. (2008). Briefly, PDMS slabs were prepared by
mixing selected base to crosslinker with a ratio of 1:10. Solution was then degassed for
15 min under vacuum and casted on a glass plate at room temperature and left for 3h.
The mixture was then thermally cured in a convection oven at 75◦C.
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Coupons of 2x3 cm2 were cut from the cured PDMS slab with a thickness of 2.5 ±
0.2 mm. The coupons were clamped onto a strain stage and strained before oxydation.
The oxydation was performed using a 40 kHz plasma chamber (Diener FEMTO) at an
oxygen pressure of 1 mbar and a power of 20 W.

Upon plasma exposition, Si-CH3 groups were changed to SiOx, creating a layer
with a thickness of about 10 nm with glass like properties. This region had different
mechanical characteristics when compared to the bulk PDMS. Upon release of the
strain, the mechanical frustration is released into vertical deformations resulting in a
sinusoidal pattern with wavelength ranging from 0.1 to 10 μm. The adjustment of the
strain, the power, the gas pressure and the irradiation allowed the fine tuning of the
wavelength and the amplitude of the sinusoidal pattern. For the observation of the
organisation of septins on such wavy substrates, we chose 3 μm−1 for the curvature of
the substrate. The wavelength was chosen to be around 2 μm in order to be higher
than the typical size of a septin filament. The amplitude was therefore about 250 to
300 nm to obtain the desired curvature.

2.5 Observation and micromanipulation of GUVs

To study the interaction of septins on lipid membranes and the diffusion of different
membrane associated components, I had to visualise and be able to manipulate the
vesicles in a chamber suited for optical microscopy and allowing manipulation of the
GUVs.

A 5 mg.mL−1 solution of β-casein was prepared in the “Observation Buffer”. It was
used to passivate all glass surfaces to prevent bursting of GUVs on the surfaces due to
strong interactions as well as to limit the interaction between septins and glass.

The chamber for observation consisted of two glass coverslips glued with vacuum
grease on a spacer with a thickness of 1 mm while the sides were left open. A picture
of the observation chamber is shown in Figure 2.7 B. The bottom coverslip was 30*11
mm, the top one 35*9 mm. The difference of width between the top and bottom is
important to later insert the micropipette from the side. The solution of β-casein was
injected in the chamber and left for 30 min to fully passivate the glass coverslips.

To manipulate the GUVs, I used micropipettes that can gently aspirate vesicles,
allowing their manipulation. Micropipettes were made from glass capillaries pulled
using a pipette puller P-2000 (Sutter Instruments). They were then forged using a
MF-830 microforge (Narishige) to obtain the desired opening size (about one forth of
the diameter of the vesicles corresponding to 5 to 10 μm). They were then filled with
the β-casein solution with home made syringes using a thin glass capillary as a needle.
The micropipettes were then connected to a water tank which can be moved vertically
to control the pressure inside micropipettes. A picture of the experimental set-up with
the water tank (arrow) is displayed in Figure 2.7 A. The micropipettes were then fixed
on a micromanipulator (Narishige) and inserted inside the observation chamber. The
micropipette inserted in the observation chamber can be seen in Figure 2.7 C. This
setup allows the micropipette to stay immobile compared to the objective, while the
stage can still move. Finally, using micropipette aspiration, it is possible to obtain the
mechanical characteristics of the membrane as described in section 2.8.1.

The β-casein solution was removed after incubation and the GUV solution could be
added after dilution in the “Observation Buffer”. The ratio for dilution depended on
the yield of growth. Typically a ratio of GUV solution to ’Observation Buffer’ of 1:2 was
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used for the electro-formation on platinum wires technique, and 1:10 for the gel-assisted
method. After the sample injection in the observation chamber, the vesicles were left to
sediment for 10 to 20 min before their observation. When septins were added, they were
first diluted to reach the same osmolarity as in the “Observation Buffer” and mixed
with the GUVs just prior to the injection in the observation chamber.

To observe GUVs, the focus was set at about 10 μm above the glass slide to have
the best chance of observing vesicles with transmission light. Upon finding a GUV,
the micropipette was brought in close proximity of the GUV and pressure inside the
micropipette was lowered by bringing the water tank down a few millimetres up to one
centimetre. After the GUV was captured by the aspiration of the micropipette, I gently
lifted it from the glass coverslip by adjusting the height of the micropipette with the
micromanipulator.

Figure 2.7 – (A) Picture of the experimental setup. On the left of the microscope,
you can see the water reservoir (arrow) which can be moved vertically to control the
internal pressure in the micropipette. (B) Picture of the observation chamber, with a
micropipette inserted between the two glass slides. The micropipette is attached to a
micromanipulator fixed on an aluminium frame. This frame is fixed on the static part
of the microscope. (C) Zoom on the micropipette tip inserted inside the observation
chamber.

2.6 Optical microscopy techniques

To visualise the membranes and the septins interaction with the membrane, I used
different optical microscopy techniques. Fluorescence imaging is necessary to observe
the dynamics of both membranes and proteins, however, many different techniques
can be used. I used both confocal and Total Internal Reflection Fluorescence (TIRF)
microscopy to observe respectively GUVs and SLBs. I present the methods below.
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2.6.1 Confocal microscopy

Confocal microscopy allows better vertical sectioning of the sample as compared
with wide field imaging, making it a good tool to obtain 3D reconstruction of objects.
It is widely used to image GUVs. A laser is focused on the observation plane, and a
pinhole is conjugated to the same focus point to filter the out of focus fluorescence signal.
The signal is then collected by an avalanche photodiode. A schematic representation
of a confocal microscope is displayed in Figure 2.8. The resolution is still limited by
diffraction. It depends on the Point Spread Function and can be computed in wide-field
microscopy using Rayleigh’s criteria as:

dxy =
1.22λ

2NA
; dz =

2λn

NA2
(2.1)

Where λ is the wavelength of the emission light, NA the numerical aperture of the
objective and n the refractive index of the medium between the sample and the lens.

In confocal microscopy on the other hand, the illumination is not homogeneous. To
calculate the resolution, the Point Spread Function of the excitation should also be
considered. The final intensity profile is the multiplication of both the excitation and
emission PSF. In theory, it is therefore possible to reduce the resolution limit in all
directions by a factor of about

√
2. In practice, the pinhole is not infinitely small and

a improvement by a factor of 1.3 is more realistic.

Figure 2.8 – Schematic representation of a confocal microscope. A laser is used for
illumination and focused in the sample point. Galvo mirrors allow fast scanning of the
sample. The fluorescence signal is recovered and the out of focus background is filtered
through a pinhole. Image from Zeiss.

65



2.6. OPTICAL MICROSCOPY TECHNIQUES MATERIAL AND METHODS

As opposed to wide-field imaging where the whole sample is illuminated at once,
the confocal method relies on point by point scanning of the sample. The improvement
in signal to noise ratio is a trade-off to the slower acquisition. It is therefore poorly
suited to recover dynamics. One way to solve this issue of slow scanning is to use
spinning disk microscopy. The general principal of out of focus background rejection
is the same, but the acquisition is parallelised using an array of micro-lenses on a
rotating wheel. A similar wheel containing pinholes conjugated to the array of focused
points is synchronised with the first wheel. The fluorescent signal is now collected on a
camera. A schematic representation of a spinning disk confocal microscope is displayed
in Figure 2.9. With this technique, the acquisition time for an image can be decreased
to about 10 ms. Both techniques were used to image GUVs, but only spinning disk was
used to perform fluorescence recovery experiments as it could reach the exposure time
necessary for such technique -see section 2.6.3.

Figure 2.9 – Schematic representation of a spinning disk microscope. A laser is colli-
mated and illuminates a rotating wheel containing an array of micro-lenses. This wheel
is synchronised with a wheel containing pinholes. A set of lenses (the λ/4 wave-plate
is often used for changing the polarisation of the illumination light) then collimates all
the laser beams to illuminate the back focal plane with an angle from the axis of the
objective. This angle will create an xy deflection of the focus point in the plane of the
sample. The illumination signal is then collected by the objective, goes through the
same set of lenses and the wheel containing the pinholes. The signal is then recorded
on a camera to reconstitute the image.

Assuming a uniform binding of septins on the membranes, I approximated the den-
sity of septins from the measured fluorescence signal in the corresponding channel. To
this end, some calibration is required. A solution of GFP at a known concentration
is imaged with the same parameters – laser power, gain, exposure time etc. – as the
ones used for imaging the septins in the experiment. I then imaged in the same con-
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ditions GUVs with a fluorescent lipid at a known molar ratio and a solution of SUVs
with the same fluorescent lipid at a known final concentration. Those calibrations were
performed at different concentrations to make sure that the fluorescent signal varied
linearly with the concentration in the range of interest. The two solutions are used to
convert the signal in the lipid channel into similar density for the protein channel. The
density in the protein channel can therefore be computed as:

Dsept =
Ssept

Isept
(2.2)

Where Dsept is the septin density, Ssept is the signal in the septin channel and Isept
is the intensity per unit of density on a vesicle. This intensity can be obtained using
the conversion factor and the intensity per unit of density of the lipids:

Isept = Ilipids ∗ f (2.3)

Where Ilipids is the intensity of chosen fluorescent lipids per unit of density and f is
the conversion factor computed as:

f =
σsept

Csept

∗ Clipids

σlipids

(2.4)

Where σ is the signal from the bulk solution and C the concentration in the bulk
solution respectively. In the imaging conditions and range of concentration, this con-
version factor was independent of the concentration of both lipids and septins.

The confocal microscope consisted of an Nikon TE-Eclipse inverted microscope with
three laser lines (λ = 488 nm; λ = 561 nm and λ = 647 nm) combined with a Nikon-C1
confocal head. FRAP could only be performed by successive scans in an appropriate
region and was therefore slow (more than a few seconds to bleach a region of 10 μm2).
Micropipette holders were mounted on the stage of the microscope and associated to
water tanks to control pressure inside the micropipettes.

I used a spinning disk confocal microscope from the Nikon imaging centre. It con-
sisted of Nikon TE-Eclipse inverted microscope with four laser lines (λ = 405 nm;
λ = 488 nm; λ = 561 nm and λ = 647 nm) combined with a CSU-X1 (Nikon) spinning
wheel and a Prime95B camera (Photometrics). Removable micropipette holder and
water tank were added to the microscope by Oleg Mikhajlov, student in the lab. It was
also equipped with a FRAP head.

2.6.2 TIRF microscopy

To observe the supported lipid bilayers I used Total Internal Reflection Fluorescence
(TIRF) microscopy. TIRF is a powerful technique to look at objects very close to a
surface, making it very useful for imaging membranes in contact with the coverslip. A
schematic representation of a TIRF microscope is displayed in Figure 2.10. It relies
on the principle that above a critical incident angle, the light won’t propagate in the
aqueous buffer and only an evanescent wave at the interface between glass and water
will appear. The energy of the evanescent wave goes as :

E(z) = E0 ∗ exp(−z/d) (2.5)
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Where z is the vertical distance from the interface, E0 the energy at the interface,
and d is the penetration depth. This penetration depth depends on the incident angle
θi, the wavelengthλ, and the refractive indexes n1 (the coverslip) and n2 (the sample).

d =
λ

4π
(n2

1sin
2(θi)− n2

2)
−1/2 (2.6)

By changing the angle of illumination, it is possible to control the penetration depth.
Increasing the angle will lead to a very sharp decay of the illumination intensity from
the glass coverslip. However, there is a compromise to be made with the intensity
transmitted in the media which is also reduced for the higher angles.

Figure 2.10 – Schematic representation of a TIRF microscope. A laser (controlled by an
AOTF) is focused by a set of lenses in the back focal plane of the objective. The light
then comes out at a single angle from the objective depending on the position of the
focused point in the BFP. If the angle is higher than a critical angle the illumination
light is reflected at the surface between the glass coverslip and the sample, and only an
evanescent wave propagates in the sample. The fluorescence signal from the sample is
then recorded on a camera.

The microscope used for the TIRF imaging was an Olympus IX71 wide-field micro-
scope equipped with a 60x, 1.45 NA oil immersion objective for TIRF microscopy. The
microscope is equipped with an optical bench combining four laser lines (λ = 405 nm;
λ = 488 nm; λ = 561 nm and λ = 633 nm). The lasers output powers are controlled
with an AOTF (acousto-optical tunable filter). It was also equipped with a commercial
FRAP head controlling galvo-mirrors to control the excitation pattern in the sample
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and therefore to bleach specified regions. The camera, filters, and laser lines were con-
trolled with Metamorph, and the ILAS2 add-on allowed control of the TIRF and FRAP
modules.

2.6.3 Fluorescence Recovery After Photobleaching

To study the diffusion of lipids in biomimetic membranes I used Fluorescence Re-
covery After Photobleaching. It uses a very intense laser burst in a defined region in
order to photobleach the fluorescent molecules present in this region. The fluorescence
in the region is then recorded as a function of time. How quickly the signal recovers
depends on the diffusion coefficient of the fluorescent particles.

The FRAP experiments were performed using both the spinning disk confocal mi-
croscope and the TIRF microscope. The control of the FRAP module was done with
the ILAS2 software combined with Metamorph. I used different time intervals to sample
the recovery of the fluorescence. Directly after the laser burst, the time intervals were
set to the acquisition time to detect the fast kinetic of the initial recovery. It was later
increased by a factor 5 to obtain the final kinetics of the recovery. For the bleaching
step, I used the maximum laser intensity to shorten the time needed to fully bleach the
region of interest (ROI). The laser was focused in the plane of observation and scanned
within the region of interest to uniformly photobleach the molecules. The number of
scans required was optimised to achieve full bleaching with minimal time. Typically,
I used bleaching times of 200-300 ms. Longer times would lead to important diffu-
sion of the fluorescent molecules around the ROI while bleaching. The photobleached
molecules would therefore diffuse in the surrounding region affecting the concentration
of fluorescent molecules. This will affect the kinetics of fluorescence recovery in the
region of interest. I used bleaching times of 50 to 200 ms depending on whether the
experiment was performed on a GUV or a SLB. See Figure 2.11 for a typical movie of
a FRAP experiment on a SLB.

The analysis was performed using a custom made Matlab routine to correct for the
background fluorescence as well as the bleaching of the whole sample due to the expo-
sure for observation. The bleaching due to the observation can be corrected using the
fluorescence intensity of a region far enough which was not affected by the laser burst.
The theory for analysing FRAP recovery curves has been thoroughly described even
though the best way to fit FRAP data is still debated. The most simple solution and
still often used, is to fit the data with an exponential decay function -see Figure 2.12 A.
In this study, the bleached area is assumed to have been homogeneously bleached, and
therefore have homogeneous initial fluorescence intensity. In this case the fluorescence
as a function of time goes as :

F (t) = A exp

(
−2τ

t

)[
I0

(
2τ

t

)
+ I1

(
2τ

t

)]
(2.7)

Where I0 and I1 are the modified Bessel functions, A is the mobile fraction and τ is
the characteristic time of the recovery. It is directly linked to the diffusion coefficient
by :

D =
r2

4τ
(2.8)

Where D is the diffusion coefficient, and r is the radius of the disk where bleaching
occurred. The fit obtained with this equation gave good results at long time scale but
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Figure 2.11 – Images from a FRAP experiment performed on a SLB. The full movie
duration is 60 seconds, scale bar is 50 μm.

poorly performed on the shortest time scale -see Figure 2.12 B (insert). At the first
time point after photobleaching, the fluorescence intensity is not exactly homogeneous
in the bleached area. At the edges, particles enter and exit the ROI faster than the
photobleaching step. It results that the fluorescence intensity is smoothened at the
edges of the ROI even at the first time point after photobleaching. The effect on the
average fluorescence in the ROI is more important for small ROI.

I thus had to take into account the effect from the edges of the photobleached region.
As this effect depends on the surface of the bleaching region, I decided to always use the
same size of ROI for one given set of experiments. To simplify the analysis, I considered
that just after the bleaching step, the intensity in the bleached region was homogeneous.
This homogeneous intensity could not be recorded as the initial recovery on the edges
is faster than the acquisition step. I considered that the intensity in the centre of the
region would not have been affected by the recovery on the edges, I therefore used the
value of the central intensity as my initial homogeneous intensity. In this condition, the
exponential fit is even less satisfying – Figure 2.12 C – but the fit using equation 2.7
gives good result on the full curve as can be seen in Figure 2.12 D.
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A B

C D

Figure 2.12 – Comparison of fitting models for FRAP experiments performed on GUVs
with spinning disk. Acquisition time is uniform and set to 20 ms which allows good
recovery of the initial points. Inserts are zoom on the first second of the recovery.
(A) and (B) The effect of the edge is not considered. (A) Fitting performed with
a standard exponential decay curve. This fitting recovers poorly the long time scale
behaviour observed. (B) Fitting performed using equation 2.7. It is not able to fit
properly the early time points. (B) and (C) The effect of the edges and early recovery
is taken into account. (C) Fitting performed with the standard exponential fitting. It
is not able to fit properly the early and late time points. (D) Fitting performed using
equation 2.7. It accurately fits the experimental data.

2.7 Single Particle Tracking

To study the diffusion of model membrane associated proteins, I worked at low den-
sities and therefore chose to use Single Particle Tracking (SPT). It allows to overcome
the optical resolution barrier, and obtain more detailed information on the diffusion
behaviour as compared with FRAP. Single particle tracking relies on the low density of
the fluorescent particles. If the density is low enough, the probability for two objects to
be closer than the resolution limit due to diffraction is very low. By finding the centres
of the peaks made by each individual fluorescent particle, it is possible to localise them
with a precision below the diffraction limit. Finally, by linking the positions between
each frame, tracks can be reconstituted and the diffusion behaviour of the particles can
be obtained.
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2.7.1 Setup optimisation for SPT

To perform single particle tracking on mimetic membranes such as vesicles and
lipid bilayers, it is necessary to optimise the signal to noise ratio. I used a Nikon TI-
Eclipse microscope equipped with a TIRF arm from Nikon. It possessed three laser
lines (λ = 488 nm; λ = 532 nm and λ = 638 nm). Lasers were controlled with a Digital
to Analog Converter (DAC). The calibration of the laser power output as a function of
the applied voltage was performed. When performing SPT experiments, it is essential
to maximise the Signal to Noise Ratio (SNR). The fluorescence signal is linear as a
function of the intensity of the excitation beam until it reaches a saturation regime.
To maximise the signal, the power of the laser should be high enough to reach this
saturation regime. The maximum laser power per unit of area out of the objective
in each laser line was respectively 1200 W/cm2; 1300 W/cm2 and 900 W/cm2. For
observation of GUVS, wide field had to be used.

Finally, the camera used to collect the signal is important. The localisation precision
depends on the SNR, which in turns depends on the camera. Two factors are involved
in the SNR, the quantum efficiency, ie the probability for one photon to be detected
(which depends on the wavelength of emission of the fluorophore), and the background
noise of the camera. Finally, the speed of the camera is also important as it will set the
smallest time between consecutive images which is essential to track particles.

I tested different top of the range cameras to determine which would be best suited
to perform single particle tracking in our conditions. As the localisation of the particle
relies on the fitting of the PSF, it is important to chose a pixel size that allows good
sampling of the PSF. If the pixel becomes too small, the number of photons recorded on
each pixel is decreased, and as a consequence, the SNR is also decreased. Considering
that I track my fluorescent particles with the 638 laser line, I aimed at a sampling size
of about 100 nm which corresponds to a real pixel size of about 10 μm with our 100x,
NA=1.49 objective. Three cameras were selected for comparison, the Hamamatsu Orca
Fusion, The Photometrics Prime95B and the Andor Ultra 888. To obtain comparable
results, the three cameras were conjugated to a system of lenses and mirrors to compen-
sate for the difference in pixel size and allow similar imaging conditions. I made sure
that the optical path for each camera would be similar in order to remove the effect
from addition of lenses and mirrors in the comparison – see Figure 2.13.

I tested the cameras at different laser powers on fluorescent beads to compare the
sensitivity and the noise coming from the cameras. I decreased the power until the beads
are barely detectable and compared for which power value this limit was reached. At
the same law intensity illumination, beads would still be detected with the Prime95B
and the Ultra888 but not with the Orca Fusion. I then compared the signal to noise
ratio of the cameras at a slightly higher value than the limit of laser intensity of the
Orca Fusion. To estimate the signal to noise of the cameras, I took blank images to
obtain the background value of the pixels and the noise of each cameras. I then imaged
the beads at the same laser intensity for each camera and compared the signal on the
same 10 beads by summing the signal on a 5 by 5 box. I converted all the values on
the equivalent photon count. The Prime95B had the lowest background noise with a
standard deviation of the blank image of only 1 photon. The Orca Fusion on the other
hand had a standard deviation of 2 photons. When comparing the signal to noise of
the cameras, the Ultra 888 and the Orca Fusion had similar results at the compared
laser intensity while the SNR on the Prime95B was increase by about 30%. Also, it
can record frames fast enough and has the advantage of having the perfect pixel size
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without having to add any lens to our setup. I thereby chose to use the Prime95B. I
show in Figure 2.13 (right) images of beads acquired on the different cameras at the
laser intensity used for the comparison of SNR.

Figure 2.13 – Left: Schematic representation of the montage used to compare cam-
eras. Mirrors were placed on magnetic bases, which allowed removal of mirrors without
changing the overall alignment. This allowed fast switching form one camera to the
other. Right: Images acquired on the cameras using fluorescent beads and 1 mW of
647 laser. Top to bottom are Orca Fusion, Prime95B and Ultra 888. Scale bar is 10 μm.

The filters and dichroic mirrors were optimised for the fluorophores used in this
study. The septins were tagged with GFP and imaged through a filter set optimised
for the imaging of GFP while having minimal signal from the 532 fluorophore. For
labelling the lipids I had to change the fluorescent dye. Indeed, Bodipy TR ceramide is
a very common dye for membranes but its excitation and emission spectra are centred
respectively at 595 and 620 nm. This induces some leakage in the 638 nm channel which
will prevent observation of single particles. I chose DPPE Atto532, which is shifted to
the blue by about 60 nm. This shift prevents leakage in the 638 nm laser line. To ensure
that the leakage in the 488 nm laser line would be minimal, I used a excitation filter
in this laser line with a cut at 520 nm. The GFP has very little excitation at 532 nm.
The fluorescent particles used for tracking are Atto647N, a bright small fluorescent
molecule, and QD655 conjugated to streptavidins (Invitrogen). I used filter sets from
either Chroma or Nikon (Atto647N) optimised for each particle that I detail in table
2.7.1.
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Fluorescent molecule Excitation filter Dichroic mirror Emission filter

GFP (488) ZET488/10x ZT491rdc ET520/20m

DPPE Atto 532 ZET532/10x ZT532rdc ET575/50m

Atto647N 620CWL (590-650) 660LP 700CWL (663-738)

QDots 655 ZET488/10x AT505DC ET670/50m

Table 2.1 – List of filter sets used for each fluorescent molecule for the single particle
tracking experiment.

2.7.2 Preparation of the samples

I performed Single Particle Tracking experiments on four different fluorescent par-
ticles: DSPE-PEG-Cy5, aquaporins labelled with Atto647, streptavidin-Atto647N and
Quantum Dots. The different steps required to perform single particle for each particle
are detailed below.

Cleaning procedure

To perform Single Particle experiments, it is crucial to remove any contaminant from
the sample. I had to thoroughly clean the glass slides used for the observation chamber
and I also had to filter of the buffers to prevent contamination from external fluorescent
particles. The glass slides were cleaned by sonication with acetone then ethanol then
water each step for 10 min before drying under a flow of pressurised nitrogen with a
filter to prevent oil deposits on the glass coverslips. A later plasma cleaning procedure
was sometimes used but did not further reduce the noise on the camera when imaging
a control sample with no fluorescent particle in the 638 nm laser line. It is important to
note that most contaminant particles emit in the blue or green. When compared, the
background was much higher in the other two laser lines and the plasma cleaning step
decreased very noticeably the number of detectable molecules in the absence of sample.

I tested Single Particle Tracking on lipid bilayers containing DSPE-PEG-Cy5. I
made SLBs with a small percentage of these fluorescent lipids and observed them on
the single molecule microscope with either wide-field or TIRF illumination. However,
the presence of contaminants giving single molecule signal was observed. Upon removal
of the fluorescent lipids the signal was still present but only if a lipid bilayer was
formed. The coverslip was checked at each step and no fluorescence was observed until
the addition of SUVs if the coverslip was activated beforehand. Tests were run using
different syringes and batches of lipids and no difference was observed. I switched
to GUVs, and in this case no contamination was observed, but the signal from the
fluorescent probes was also reduced. The overall signal to noise ratio was improved
with a smaller chance to detect undesired fluorescent molecules in our sample.
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Optimisation of the density of single particles

When performing Single Particle Tracking, the density of fluorescent molecules has
to be optimised. It is necessary that molecules do not come in close proximity (less than
the size of the PSF) and that they do not cross trajectories which could result in miss
assignment of the positions during the tracking step. The optimum imaging density
therefore depends on the size of the PSF, the diffusion coefficient and the acquisition
time. I used three different samples for single particle tracking to study the diffusion
of different membrane associated particles. For each system, the density has to be
optimised.

I performed some tests to optimise the density of single particles for each sample. I
started with aquaporin. I prepared the SUVs to a ratio of protein to lipid of 1:100 w:w
in order to have a density higher than required for SPT. I could then dilute the proteo
SUVs (containing aquaporins) with SUVs that did not contain aquaporin. By mixing
with other SUVs, I could change the fluorescent lipids and their amount without having
to make a new preparation of SUVS containing aquaporin. The ratio of proteo SUVs and
fluorescent SUVs had to be optimised for each new preparation of aquaporin. I started
by screening the dilution from 1:1 to 1:1000, and later screened to get a density ideal
for single particle tracking. Such density depends on multiple parameters: the diffusion
coefficient, the exposure time and the PSF. Ideally, one would like to detect only single
molecules and assign their position to a trajectory with no ambiguity. Molecules have
thus to be apart enough. The probability of two molecules being about 250 nm apart
should be considered. However, the more stringent restriction is that two trajectories
should not come too close one another. To reduce errors, the lower the density the
better. However, there is a cost in the sampling of the diffusion media and statistics as
fewer molecules and therefore fewer trajectories will be recorded. This effect is not too
important in the case of a lipid bilayer, but becomes significant for vesicles because the
surface being imaged is rather small and to image a new surface means finding a new
vesicle with close to no defect. I worked at densities of about 1 fluorescent particle per
5 μm2 which corresponded with my preparation protocols to dilution of 1:100 to 1:500
of proteo-SUVs to SUVs with fluorescent lipids.

For the Quantum Dots and streptavidin labelled with Atto647N the density was
optimised by changing both the density of DSPE-PEG biotin lipids and the incuba-
tion concentration and time of either the Quantum Dots or the streptavidin. The
concentration of either Quantum Dots or streptavidin had to be kept under 100 pM
to prevent high concentrations of free floating fluorescent molecules. Due to the very
high difference in diffusion coefficient, it was easy to differentiate the small fraction of
free-floating particles with the particles bound to the membrane. The concentration
used for Quantum Dots was 50 pM and 20 pM for streptavidin. The molar ratio of
DSPE-PEG2k-biotin was optimised at 0.004% for Quantum Dots and 0.002% for strep-
tavidin. Both where incubated with vesicles after electro-formation for 1 hour at 4◦C
under gentle mixing. With this protocol only the lipids of the external leaflet of the
GUVs will be labelled and therefore all the fluorescent particles will face the side where
septins interact. The vesicles where then transferred in the observation buffer where
they would also be incubated with septins.
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2.7.3 Analysis of SPT experiments

The films were analysed using a home built Matlab script SlimFast to obtain the
localisations and to assign them to trajectories. A snapshot from a SPT experiment is
displayed in Figure 2.14 A with detected particles indicated by red dots. It allowed to
choose different parameters to ensure that a minimum amount of false detections and
wrong affiliations to trajectories happened. To verify both, the evalSPT software was
used. It allows the visualisation of the trajectory on the movie to detect if errors in the
localisation and tracking procedures occurred. If so, I would change parameters on the
SlimFast software or lower the density of fluorescent molecules in later experiments.

To compute the diffusion coefficient of the trajectories, the mean squared displace-
ment (MSD) was computed as a function of the time step. Considering brownian motion
and particles diffusing in 2 dimensions, the formula to obtain the diffusion coefficient
is :

MSD(t) = 4Dt (2.9)

Where D is the diffusion coefficient, t the time step used to compute MSD. To fit
experimental data, one has to consider effects coming from the imperfect precision of
localisation as well as the motion blur (Vestergaard et al., 2014). The formula then
becomes :

MSD(t) = 4Dt+ 4(σ2 − 2D∆tR) (2.10)

Where the second term accounts for the precision of localisation σ and the motion
blur R. This motion blur coefficient is usually equal to 1/6 unless the shutter of the
camera isn’t open during all of the time step ∆t.

Another effect to consider is the possibility of anomalous diffusion. In this case the
mean squared displacement is:

MSD(t) = 4Dtα + 4(σ2 − 2D∆tαR) (2.11)

Where α is a coefficient accounting for anomalous diffusion. It is equal to 1 for
brownian motion, but can be different from 1 for either super diffusive(α > 1) or sub
diffusive (α < 1).

However, some issues may occur from statistics. Indeed, for one trajectory, the mean
squared displacement considers that the data is not correlated when it is in fact strongly
correlated (Vestergaard et al., 2014). It means that the addition of more points to the
fit can actually reduce the precision of the data, but it will be accurate. It means that
in a population of trajectories the estimated diffusion coefficients will be spread out,
but their average will be close to the true value. A low number of points are actually
needed for optimal fitting – one is ideal if the uncertainty on the localisation is null. I
chose to use the first five points of the curve which often give a good fit to the model
– see Figure 2.14C.

To obtain the anomalous diffusion coefficient, I performed a linear fitted the MSD
as a function of lag-time in a log-log scale. The number of points considered to perform
the fit is essential. In my conditions, as particles can quickly diffuse out of the region
in focus, I had to limit the number of considered points. To obtain the anomalous
diffusion coefficient, I decided to fit on the first ten points of the curves.
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Figure 2.14 – (A) Raw image from an acquisition movie. Fluorescent molecules are
quantum dots, acquisition time is 5 ms. The red dots correspond to detections of single
particles by the SlimFast software. (B) Trajectory for one molecule after the tracking
algorithm of the SlimFast software is applied. (C) Mean squared displacement as a
function of the lag-time for a trajectory of about 100 time points. The linear fitting is
applied on the first five points of the plot. (D) Mean squared displacement as a function
of the lag-time in log-log scale. The fit performed to obtain the anomalous diffusion
coefficient considers the first ten time points.

2.8 Obtention of mechanical properties

To study the mechanical properties of lipid bilayers, different approaches have been
used. The most common approach is the micropipette aspiration. In this particular
study, it failed to reasons detailed in section 4.2. I therefore used indentation by an
Atomic Force Microscope tip.

2.8.1 Micropipette aspiration

The micropipette aspiration technique is a common method used to study the me-
chanical properties of lipid membranes. It can be used on GUVs to obtain the elastic
and bending modulus of biomimetic membranes. It relies on recording the deformation
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of a vesicle due to the aspiration by a micropipette. By recording the pressure inside
the micropipette and measuring the length of the lipid tongue aspirated inside the mi-
cropipette, it is possible to recover both the elastic and the bending modulus of the
membrane.

To perform micropipette aspiration, it is important to limit the interaction of lipids
with the micropipette by passivating it. Also, after the capture of the vesicles, they
are pre stretched to unfold defects in the lipid bilayer. Then by studying the GUV at
different tension regimes, it is possible to recover independently the bending and the
elastic modulus. The Helfrich Hamiltonian describes the membrane mechanics:

H =

∫∫ (κ
2
(C − C0)

2 + σ
)

dS (2.12)

Where σ is the tension of the membrane, κ is the bending modulus of the mem-
brane and C and C0 are respectively the curvature and the intrinsic curvature of the
membrane. Performing Fourier analysis on this hamiltonian it is possible to obtain the
relative area variation dAent due to fluctuations:

dAent =
kBT

8πκ
ln

(
π2/a2 + σ/κ

π2L2 + σ/κ

)
(2.13)

Where L is the macroscopic length of the membrane, a few micrometers in the case
of a GUV, and a is the microscopic length of the membrane, typically 1 nm. An extra
elastic term has to be added to obtain the total change in area dA.

dA = dAent +
σ

KA

(2.14)

With KA the elastic area compressibility modulus. The exact fitting of this equation
is complicated in experimental setups. Therefore, two distinct regimes are derived. A
low tension regime in which entropic fluctuations play an important role and an elastic
regime in which the membrane has been unfolded and only the elastic deformation is
considered.

2.8.2 AFM Experiments

The principle of the AFM indentation method is presented in Figure 2.15 A. A
cantilever with a tip is pressed on an object of interest. The deflection of the cantilever
is recorded giving a measure of the force applied and the vertical position of the tip.

AFM experiments were performed on a combination of a Nanowizard 4 microscope
(JPK) and an inversed TIRF microscope (Zeiss) equipped with an oil immersion objec-
tive (100x, NA 1.40). A 1.5x telescope was added to obtain a final 150x magnification
and a corresponding pixel size of 107 nm. Four laser lines were present (405 nm,
488 nm, 561 nm, 640 nm) combined into a single beam. The intensity was tuned with
an acousto-optic tunable filter. The camera used for imaging fluorescence was an EM-
CCD iXion Ultra897 (Andor Technologies). For the AFM acquisition, the microscope
was equipped with a piezo Tip Assisted Optics (TAO) to perform sample displacement
in x, y, z with a range of 100x100x10 μm. To ensure the stability of the sample during
acquisition, the microscope was also equipped with a home made auto focus system.
To create it, 4% of the laser power of the 640 nm laser was redirected to the sample
glass coverslip interface reflected by the surface and guided into a home-made QPD to
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follow the transverse displacement and correct them with the TAO. The lasers, filters
and camera were controlled with a custom made LABVIEW script.

A B

Figure 2.15 – (A) Schematic representation of the indentation procedure. (B) Hertz
contact model representation.

The GUVs were prepared with the gel assisted swelling method. To prevent lateral
displacement, the GUVs had to be bound to the glass substrate. Multiple methods for
binding were used. Strong interactions could result in bursting the GUVs on the glass
substrate, leaving only lipid bilayers. I tested coating with polylysine which left only
the smallest vesicle intact. We used a small amount of MgCl2 (20 μL) at a concentration
of 10 mM that was then diluted and washed away before addition of vesicles which lead
to strong binding but very little bursting. A higher concentration lead to bursting of
all GUVs within 2 to 3 minutes. GUVs were incubated for 20 min with septins and
later injected in the observation chamber. After another 20 min of sedimentation, the
chamber was rinsed with the “Observation Buffer” to remove the excess of septins that
would otherwise bind to the AFM tip.

The tips used for the AFM indentation experiments were CP-PNPL-SiO from sQude
with diameters of either 1.7 μm or 5.1 μm. The tips were cleaned with air plasma
treatment and kept in dessicated atmosphere. The cantilevers were characterised by
their frequency spectra in solution which gives their rigidity constant. The fluorescence
imaging allowed fast scanning of the sample to find GUVs and proper alignment of the
AFM tip with the vesicle of interest to indent it at its centre. The vesicles were selected
for their unilamellarity and their dimension. When indenting, the force displacement
curves were obtained during both the descent and the ascent of the tip to observe if
some of the energy was lost by viscosity, and if the tip detached properly from the
GUVs. This issue was more important when septins were added as they adhere to
the tip. Experiments are performed fixing the maximum force applied by the lever.
This maximum can be set up to 15 nN. This value is fixed by the highest deflection of
the cantilever that can be recorded on the detector. The speed used for the vertical
displacement of the tip was 1 μm.s−1.
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2.8.3 AFM analysis

The analysis of the AFM curves was performed using the JPK software for correcting
the drift and obtaining the force applied from the vertical deflection. To recover the
mechanical characteristics of the GUVs from the force/indentation curves, the Hertz
contact model was used first – see Figure 2.15 B. It allows the recovery of the Young’s
modulus of the GUV.

F =
4

3
E∗R0.5δ1.5 (2.15)

However, it is poorly fitted for characterisation of a vesicle. Indeed, a vesicle is not
an elastic ball, but a fluid sphere, with different mechanical parameters: its elastic area
compressibility, its bending modulus and its tension. Therefore, the theory developed
in Schäfer et al. (2015) was better suited to our system. To analyse my experiments,
the conical shape of the AFM tip is replaced by a sphere which changed some terms in
the system of equations.

We kept the hypothesis that were made in the model. First, the pressure and
tension are assumed to be homogeneous across the membrane. Second, the bending
energy of the membrane is considered negligible compared to the compressibility and
tension terms. The Young-Laplace’s law can be applied:

∆P = T

(
1

ρ1
+

1

ρ2

)
(2.16)

Where ρ1 and ρ2 denote the principal radii of curvature at any point of the surface.
The membrane was decomposed into three different regions displayed on Figure 2.16.
The first region is the region of contact between the AFM tip and the vesicle. In this
region, the geometry of the vesicle is imposed by the shape of the tip. The second
region is the membrane free of any contact. Its shape can be determined using the
Young-Laplace law and considering continuity of the membrane. The third region is
the contact region with the substrate, where the membrane is flat.

The final shape of the vesicle can be described knowing three radii – see Figure 2.16-
R0, the maximum radius of the vesicle, Ri, the radius of the contact surface, and R1

the radius of the contact with the AFM tip. An AFM tip with a radius of Rp was
considered. The height of the indentation h, and the contact angle θ were calculated.

h = Rp −
√

R2
p −R2

1 (2.17)

θ = arctan

 R1√
R2

p −R2
1

 (2.18)

To compute the shape of the sphere, the variable u = sin(β) was used to facilitate
computation. For the free contour it follows the following equation :

A =
R0

R2
0 −R2

1

; B = − R2
iR0

R2
0 −R2

1

(2.19)

u(r) = Ar +
B

r
(2.20)

For the part going from R1 to Ri where the height is maximal, u goes as :
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Figure 2.16 – Representation of the model used to numerically solve the system of
equation and obtain the tension and area compressibility of the vesicles.

A2 =
R1sin(θ) +B + AR2

0

R2
i −R2

1

; B2 = −(A2R
2
1 +R1sin(θ)) (2.21)

u2(r) = A2r +
B2

r
(2.22)

Then u can be linked to the height of the vesicle by the following equation :

dz

dr
= tanβ =

u(r)√
1− u(r)2

(2.23)

To obtain the shape of the vesicles which depends on the three radii, a system of
three equations must be solved numerically. This system corresponds to to the force
equilibrium and the conservation of the volume. The conservation of the volume leads
to the following equation :

V = 2

∫ R0

Ri

πr2u√
1− u2

dr +

∫ Ri

R1

πr2u2√
1− u2

2

dr − πR2
i z(Ri)− πh2

(
Rp −

h

3

)
(2.24)

Where V is the initial volume of the vesicle. For the force equilibrium, the force on
each side of the vesicle was calculated as a function of the three radii and has to be
equal to the applied force f . This leads to two equations :
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fbot =
πR0R

2
i

R2
0 −R2

1

(
T0 +KA

∆S

S

)
(2.25)

ftop = 2π(A2R
2
1 +R1)

(
T0 +KA

∆S

S

)
(2.26)

With T0 the tension prior to indentation and KA the area compressibility modulus.
Finally the indentation can be recovered using geometric considerations:

δ = 2Rv −

[
2

∫ R0

Ri

u√
1− u2

dr +

∫ Ri

R1

u2√
1− u2

2

dr − h

]
(2.27)

After solving the system of equations for each force increment, the force indentation
curve can be reconstructed for a given set of tension and area compressibility modulus.
I used a Matlab routine provided by Professor Andreas Janshoff. For the numerical
stability, the system was first solved at high forces, and the obtained values of the radii
were used as initial parameters for the next step with a smaller force. Fitting of the
experimental data provided the tension and the area compressibility of the vesicle.

If the indentation is done fast enough, the volume should be conserved as the leakage
of water through the membrane is a slow process. However, if performed too fast, dissi-
pation by viscosity could happen. This dissipation is visible on the force-displacement
curves as an hysteresis between the part of increasing indentation and the part of the
decreasing indentation. For all experiments the difference between the two parts was
small enough to neglect the viscosity.

82





Chapter 3

The role of septins in establishing
diffusion barriers

Septins have been shown to be involved in the establishment of diffusion barriers in
vivo. However, the mechanism through which septin establish these diffusion barriers is
still poorly understood. I studied the ability of septins to generate diffusion barriers in
in vitro reconstituted systems. I performed both FRAP and SPT experiments on SLBs
and GUVs to assess the diffusion of different membrane components in the presence of
septins.

3.1 Diffusion of lipids

It has been proposed that diffusion barriers in cells could be created by the immo-
bilisation of certain lipids in the membrane, leading to a crowding effect that would
prevent the diffusion other lipids as well as the diffusion of transmembrane proteins.
To test if this mechanism is involved in the formation of diffusion barriers by septins, I
tested the effect of the addition of septins on the diffusion of different lipids in model
bilayers. I started with markers of the membrane to study the overall fluidity of the
lipid bilayer and then focused on PI(4,5)P2, with which septins interact specifically.

3.1.1 Validation of the system

First, I had to make sure that the in vitro models were behaving properly and in
particular that the lipid bilayers were fluid. This is particularly important for SLBs. I
prepared both GUVs and SLBs with a lipid mixture mimicking the plasma membrane
and most importantly containing PI(4,5)P2 to allow septins to bind to the membrane.
GUVs were prepared with both electro-formation and PVA methods. I then imaged
the GUVs using confocal microscopy, and measured the interaction with purified GFP-
septins. Confocal images of a vesicle incubated with septins can be seen in Figure 3.1
A. My results are similar to the ones previously reported in the team using this lipid
mixture (Beber et al., 2019a). This test was repeated for each new batch of purified
septins to make sure that they were able to bind properly to the GUVs. I performed
similar tests with supported lipid bilayers and incubated the obtained bilayers with
GFP-tagged septins for 30 min. I later washed away the solution to remove unbound
septins. I then imaged septins with TIRF microscopy to ensure that they would bind
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to the supported lipid bilayers. Images of a SLB with septins bound can be seen in
Figure 3.1 B.

For the supported lipid bilayers, I had to make sure that the bilayers were fluid.
Indeed, the presence of a substrate can alter the fluidity of the bilayer. To check the
fluidity of the bilayer the most common and straightforward technique is to perform
Fluorescence Recovery After Photobleaching. The details are presented in Section 2.6.3.
For a supported lipid bilayer, both the diffusion coefficient and the mobile fraction are
equally important. The substrate can affect the diffusion coefficient by adding some
extra friction on the bottom layer. Defects and unfused vesicles can create immobile
fraction as well.

Figure 3.1 – Binding of septins on the different systems used in this study. (A) Confocal
images of a GUV containing Bodipy-TR ceramide (red) and incubated with 200 nM
GFP-labelled septins (green). (B) Supported lipid bilayer on a glass substrate observed
with TIRF microscopy.

I prepared glass coverslips by first cleaning them with bath sonication using acetone,
ethanol and water. A final step of either air plasma activation or KOH activation is
carried out. The bilayers contained 1% of Bodipy-TR ceramide, a marker for lipid mem-
branes that I used to study the overall fluidity of the bilayer. I imaged the bilayers with
TIRF microscopy and performed FRAP experiments to recover the diffusion coefficient
and the mobile fraction of the Bodipy-TR ceramide. Snapshots from a FRAP experi-
ment as well as the intensity corresponding to the photobleached region are displayed
in Figure 3.2. The diffusion coefficient obtained was DBdpy−TR = 1.36 ± 0.07 µm2/s.
This value is within the range of diffusion coefficients reported for bilayers containing
similar fraction of cholesterol (15% here), a lipid that strongly impacts the viscosity of
the bilayer.

The mobile fraction of Bodipy-TR ceramide was above 90% in all bilayers experi-
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ments, reaching 95 to almost 100%. When compared to literature, those values are in
the high range of mobile fractions – reported values range between 75 and 95% – for
supported lipid bilayers, indicating that the amount of defects in the bilayers that I
produced was low enough.
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Figure 3.2 – Fluorescence recovery experiment on Bodipy-TR ceramide in a lipid bi-
layer deposited on glass. (A) Snapshots obtained with TIRF microscopy during the
fluorescence experiment with t = 0 corresponding to the bleaching step. (B) Fluores-
cence intensity – in percentage of the maximum intensity – in the bleached region as a
function of time after correction for overall bleaching. It shows that the mobile fraction
is high with a diffusion coefficient of DBdpy−TR = 1.36± 0.07 µm2/s in good agreement
with literature.

3.1.2 Diffusion of septins

Before testing the effect of septins on the diffusion of different lipids, I studied the
dynamics of septins themselves on the biomimetic membranes. I wanted to make sure
that septins would create a mesh stable enough to create a diffusion barrier, but were
still able to diffuse on the substrate at low density.

To measure the dynamics of septins in the filament state, I performed FRAP ex-
periments on GFP-tagged septins added at concentrations of 200 to 300 nM on both
GUVs and SLBs. Snapshots of a FRAP experiment on septins bound to a GUV as well
as the fluorescence intensity in the photobleached region are displayed in Figure 3.3. In
all the tested conditions, no recovery of fluorescence was detected, even when unbound
septins were still present in solution and even after more than 10 min. I could therefore
conclude that septins were making a dense stable mesh preventing septins from diffus-
ing on the membrane. This showed that the membrane was saturated by septins. More
importantly, it would hence be possible for this mesh to create stable diffusion barriers.

To check that individual septin protomers are able to diffuse on membranes, I
checked the diffusion of septins at lower densities on the membrane. To perform this
experiment I used septins that were tagged by reaction of one cysteine from the septin
octamer with a Atto647N maleimide. I used a molar ratio of maleimide-Atto647N to
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Figure 3.3 – Fluorescence recovery experiment on GFP-tagged septins interacting on
a GUV. (A) Snapshots obtained with confocal microscopy at the bottom of the GUV.
(B) Fluorescence intensity – in percentage of the maximum intensity – in the bleached
region as a function of time after correction for overall bleaching. The experiment shows
no recovery in the septin signal even in the time scales of minutes.

septins of 1 to 10. The free dyes were washed away, and the concentration of the ob-
tained septins was checked using a NanoDrop. The proteins were observed in law slat
condition with negative staining electron microscopy to ensure that they could assem-
ble normally into filaments. The obtained septins were diluted in a buffer containing
150 mM NaCl and 10 mM Tris (pH = 7.6) to prevent the formation of filaments in
solution. I incubated the septins with a supported lipid bilayer at a concentration of
50 pM, and observed them using TIRF microscopy.

After less than a minute, I could observe some octamers binding, and the density
on the bilayer reached a plateau after about 5 min. I imaged the septins with 10 ms
exposure time which was enough to obtain good signal to noise ratio. A snapshot from
one movie is displayed in Figure 3.4 A. On the snapshot, trajectories of the visible
particles are overlapped and colour coded. The single octamers of septins could be
tracked and I obtained a precision of localisation of about 30 nm for septin octamers on
a supported lipid bilayer. The distribution of precision of localisation for each trajectory
is displayed in Figure 3.4 B.

The diffusion coefficient of septins followed a distribution which displayed multiple
populations of trajectory – Figure 3.4 C. The populations have average diffusion coef-
ficients of respectively 1.0; 0.11 and 0.006 μm2/s. The fastest population corresponded
to free diffusing particles, while the slowest population corresponded to immobile septin
octamers. The last population corresponded to trajectories with a mix of free diffu-
sion and immobilisation. I wanted to see if this behaviour would have an effect on
the anomalous diffusion coefficient, to see whether some sub diffusive characteristics
could be obtained. The heatmap corresponding to the distribution of anomalous coeffi-
cient with diffusion coefficient is plotted in Figure 3.4 D. The anomalous coefficient was
centred around 1 for each population of trajectory. I could not detect any anomalous
diffusion in this experiment.

To study in more details the different populations, I looked at single trajectories.
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Figure 3.4 – Single Particle Tracking experiment performed on octamers of septins
– labelled with Atto647N – in 150 mM NaCl to prevent formation of filaments and
interacting on a lipid bilayer. (A) Snapshot of the septin octamers obtained with TIRF
microscopy with 10 ms exposure time. Trajectories of septin octamers are overlapped
and colour coded. (B) Distribution of the precision of localisation of septin octamers
during the experiment. The maximum is located at around 30 nm. (C) Distribution
of the diffusion coefficient of septin octamers in logarithmic scale. Three peaks can be
distinguished corresponding to diffusion coefficients of 0.006; 0.11 and 1.0 μm2/s. (D)
Heatmap of the distribution of anomalous diffusion coefficient and diffusion coefficient.
No anomalous diffusion was detected.

Trajectories from the fast diffusing and intermediate diffusing populations are displayed
in Figure 3.5 A and C respectively. The trajectory A corresponds to brownian motion as
could be seen from the distribution of jump sizes but also the homogeneous distribution
of angles between consecutive jumps – displayed in Figure 3.5 B.

In the case of the trajectory from the average moving population, there is some
clear inhomogeneity in the diffusion, with the diffusion stopping at different times and
places before the septin octamer starts diffusing again. This behaviour is reflected in
the distribution of angles between consecutive jumps that shows a maxima at 180˚.
The trajectory displayed in Figure 3.5 C is an example of a long trajectory. In most
cases, the septin octamers in the population of intermediate diffusion coefficient would
initially diffuse before stopping and the fluorescent dye would bleach before they start
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diffusing again. The dye would typically bleach after about 1 second. The reason for
the stops is unknown, and multiple factors could play a role. The septins might find a
defect in the bilayer – an unfused vesicle for example – or find some other unlabelled
or photobleached septin octamers and bind to them transiently.

Figure 3.5 – Trajectories obtained from the Single Particle Tracking experiments per-
formed on septin octamers. (A) An example of a trajectory displaying characteristics
of Brownian motion. (B) Distribution of jump sizes and distribution of angles between
consecutive jumps. (C) Trajectory displaying a mix of brownian motion with places
with lower diffusivity. The octamer is trapped in some small regions and can then dif-
fuse again. (D) Ditribution of jump sizes and distribution of angles between consecutive
jumps. The distribution of angles between consecutive jumps shows a high anisotropic
behaviour with a maximum around 180◦. This type of trajectory was rare, representing
less than 5% of all trajectories.
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The completely immobile population could result from septins interacting with glass.
Indeed, it has been observed that septins have a strong affinity for glass. In case the
bilayer displays local defects with holes leaving small areas of glass available for binding,
septin octamers could locate at those defects and would be unable to diffuse.

Because septins were able to display dynamic properties on supported lipid bilayers,
I concluded that septin protomers behave normally on these biomimetic membranes
and therefore they should therefore be able to self-organise properly. I then measured
the fluidity of the bilayer in the presence of septins.

3.1.3 Diffusion of non specific lipids

To measure the impact of the septin mesh on the fluidity of the lipid bilayer, I
compared the diffusion coefficient of Bodipy-TR ceramide in a control supported lipid
bilayer (without septins) with the same lipid bilayer after addition of septins. I per-
formed FRAP experiments on supported lipid bilayers after incubation with GFP-
tagged septins. The septins were incubated for 30 min at 300 nM to ensure that a
dense mesh of septin filaments could be formed on the membrane. The fluorescence in
the photobleached region during a FRAP experiment is displayed in Figure 3.6 A. In
all the experiments, the mobile fraction was similar to the control experiment, indicat-
ing that septins do not block the diffusion of lipids in the bilayer. Additionally, the
diffusion coefficients – displayed in Figure 3.6 B – obtained from different lipid bilayers
are similar to the one obtained in the control experiment, D = 1.40 ± 0.12 µm2/s.
I concluded that septins do not affect the fluidity of the lipid bilayers. These results
corroborate with observations from micropipette aspiration experiments which showed
that lipids are able to flow under a septin mesh. These experiments will be further
discussed in section 4.2.
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Figure 3.6 – Fluorescence recovery experiment performed on Bodipy-TR ceramide in-
corporated in a SLB on which septin are interacting. (A) Fluorescence intensity in the
bleached region as a function of time. (B) Diffusion coefficient obtained from FRAP
experiment on Bodipy-TR in control experiments without septins and when septins are
added. No significant difference was observed.

90



3.1. DIFFUSION OF LIPIDS RESULTS: DIFFUSION BARRIER

3.1.4 Diffusion of PI(4,5)P2 in SLBs

Because septins do not affect the overall fluidity of the lipid bilayers, I investigated
the diffusion of PI(4,5)P2 in the presence of septins. PI(4,5)P2 is the lipid responsible for
the interaction between septins and the membrane. To study the diffusion of PI(4,5)P2,
I used commercially available fluorescently labelled PI(4,5)P2 in which one of the tail
is replaced by Texas Red. Because the head is unchanged, septins should/can bind to
the lipid similarly as for the purified PI(4,5)P2. I generated supported lipid bilayers,
removing 3% of the PI(4,5)P2 – leaving thus 5% – in the lipid mixture and adding
2% of TR-PI(4,5)P2. The reasoning is that when only 5% of PI(4,5)P2 are present in
the membrane, septins do not bind very efficiently to the lipid membrane. Therefore,
this composition should maximise the binding of septins to the fluorescent PI(4,5)P2

without increasing the molar ratio of fluorescent lipids above a few percent.
I prepared the lipid bilayers on glass substrates and performed FRAP experiments

in the absence of septins. Snapshots from a FRAP experiment as well as the intensity
corresponding to the photobleached region are displayed in Figure 3.7 A and B. The
mobile fraction of TR-PI(4,5)P2 was low, around 50%. This mobile fraction probably
corresponds to the fraction of lipids in the upper layer of the SLB which is not in contact
with the glass substrate. The PI(4,5)P2 in the layer in contact with glass is most likely
unable to diffuse. Because PI(4,5)P2 is a highly negatively charged lipid (charge is
-3.9 at pH 7.4) positively charged ions must bridge the electrostatic interaction with
glass. To achieve PI(4,5)P2 diffusion, those ions have to be transported. This can
induce a very important friction as glass displays some rugosity at the atomic scale.
Similar observations have been reported (Braunger et al., 2013), and different methods
have been proposed to recover the mobility of PI(4,5)P2. I tried removing Ca2+ ions
by washing the bilayers with EDTA with no success. I also worked in more acidic
conditions using Citrate buffer at a pH of 4.8 but the mobile fraction never exceeded
50%.

To obtain good fluidity of PI(4,5)P2 in the control experiment, I changed the sub-
strate. I chose mica, as it is less negatively charged than glass and atomically flat.
Even if the head of the PI(4,5)P2 interacts with positively charged ions, they would
be able to diffuse along the mica. When I deposited the SUVs, I used freshly cleaved
sheets of mica. No cleaning or activation process was necessary to observe lipid bilayers
on the mica. However, the bilayers displayed many defects, mostly holes with micro-
metric sizes suggesting that the lipid mica interaction is weaker than the lipid glass
interaction. These holes are pointed with arrows in the snapshots from a FRAP ex-
periment displayed in Figure 3.7 C. The FRAP experiment were performed far enough
from any of those holes and a trace is displayed in Figure 3.7 D. The mobile fraction of
TR-PI(4,5)P2 on the mica substrate was about 95%, showing that the PI(4,5)P2 incor-
porated in the bottom layer was able to diffuse. The diffusion coefficient obtained was
D = 1.55 ± 0.25 µm2/s, value similar to the one obtained for Bodipy-TR ceramide in
SLB on glass. I then added septins to these lipid bilayers and observed strong reshaping
of the lipid bilayer which prevented the measurement of the diffusion coefficient. I will
describe in details this observation in section 4.1.

3.1.5 Diffusion of PI(4,5)P2 in GUVs

To remove any diffusion artefact from the substrate and prevent the disruption of
the lipid bilayer upon the addition of septins, I chose to use Giant Unilamellar Vesicles
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Figure 3.7 – Fluorescence recovery experiments performed on PI(4,5)P2 tagged with
Texas Red, incorporated in SLB deposited either on glass (A and B) or mica (C and D).
(A) Snapshots obtained with TIRF microscopy, even after a few minutes, the bleached
zone can still be distinguished. (B) Fluorescence intensity of the bleached zone as a
function of time after overall bleaching correction. It shows that more than half of
the lipids diffuse much more slowly than expected. (C) Snapshots obtained with TIRF
microscopy, some defects are visible before the start of the experiment (arrows), but
the bleached zone cannot be distinguished after less than a minute. (D) Fluorescence
intensity of the bleached zone as a function of time after overall bleaching correction.
The mobile fraction is about 95%.

as a model system for biomimetic membrane. The vesicles were manipulated with
micropipettes. Using micropipettes I could lift the vesicles from the glass coverslip
to prevent any GUV substrate interaction that would affect the diffusion of the TR-
PI(4,5)P2. I imaged the GUVs using spinning disk confocal microscopy to achieve
simultaneously optical sectioning of the GUV and fast acquisition, essential for the
FRAP experiment.

The FRAP experiments were performed on the bottom of the GUVs which is close
to a flat surface for ROIs small compared to the radius of the vesicle. Snapshots from a
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FRAP experiment are displayed in Figure 3.8 A. The photobleached region fits within
the region of the GUV inside the focal volume. I used regions of 1 μm in radius, small
enough to be able to correct for the photobleaching. Photobleaching results from the
observation and can be corrected by monitoring the fluorescence intensity in another
region of the GUV. I assayed GUVs made from both electro-formation on platinum
wires and gel assisted swelling on PVA and compared the diffusion coefficients. The
distribution of diffusion coefficients of TR-PI(4,5)P2 for both growing methods are
displayed in Figure 3.8 B. The PI(4,5)P2 in the GUVs formed via gel assisted swelling
showed significantly lower diffusion coefficient than those formed with electro-formation.
This difference might come from polymers incorporated in the membrane as suggested
by previous work (Faizi et al., 2022). I therefore decided to use GUVs prepared by
electro-formation exclusively.

The diffusion coefficient of TR-PI(4,5)P2 isD = 1.7 ± 0.1 µm2/s, a value similar to
the one obtained in SLBs on mica and a mobile fraction of 100 %. I then incubated the
GUVs with GFP-tagged septins, and measured their effect on the diffusion of PI(4,5)P2.
From the distribution of diffusion coefficient, I obtained D = 1.6 ± 0.1 µm2/s.
The difference in diffusion coefficient is not significant enough to conclude. To further
detail the effect of septins on the diffusion of PI(4,5)P2, I plotted in Figure= 3.8 C the
diffusion coefficient for the GUVs coated with septins against the density of septins on
the GUV. The density of septins is expressed in fraction of the surface occupied by
septin considering that one septin octamer occupies 4x32 nm2. This fraction can reach
above one as septins can bundle. Some effect might be detectable at fractions above 1
but such densities are rare and might not be relevant in vivo. Also, even though the
diffusion coefficient might be affected, the mobile fraction is still about 100% as can be
seen in Figure 3.8 D where the fluorescence in the photobleached area is displayed as a
function of time for a vesicle with fraction of septins of 1.75.
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Figure 3.8 – Fluorescence recovery experiments performed on PI(4,5)P2 tagged with
Texas Red, incorporated in GUV. (A) Snapshots obtained using spinning disk confocal.
(B) Diffusion Coefficient of PI(4,5)P2 in the control case and as a function of the septin
density on the GUV expressed as the faction of surface occupied by septin filaments.
No clear effect was observed. (C) Diffusion coefficient of PI(4,5)P2 in GUVs produced
either by electro-formation or gel-assisted swelling. As some difference was observed,
only the electro-formation method was used for the study. (D) Fluorescence intensity
of the bleached zone as a function of time after overall bleaching correction. The mobile
fraction was always above 95% even in the presence of septins.
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Summary

• Septins octamers diffuse on membranes and polymerise,
generating immobile networks

• Lipids that do not interact specifically with septins can
diffuse freely under the septin mesh

• Septins do not significantly immobilise PI(4,5)P2, a lipid
interacting specifically with septins
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3.2 Diffusion of model membrane proteins

Because septins do not seem to affect the diffusion of lipids in biomimetic mem-
branes, I decided to use model objects to mimic membrane associated proteins. I wanted
to model transmembrane proteins as well as proteins with different cytosolic sizes. I
started by studying a simple model for a membrane associated protein by imaging a
DSPE lipid associated to a PEG polymer and labelled with Cy5. I then used different
systems to perform Single Particle Tracking on objects with defined geometries. I used
three models, aquaporin, streptavidin and Quantum Dot to assay the effect of septins
on the diffusion of objects with different size external to the membrane. Single Particle
Tracking allowed the recovery of the characteristics of each individual trajectory and
the obtention of more refined properties of the diffusion of my models of proteins.

3.2.1 Diffusion of DSPE-PEG2k

To mimic a protein anchored at the membrane with a cytosolic domain, I chose
to use DSPE-PEG2k-Cy5. This lipid can be incorporated easily in the lipid mixture,
and can be imaged by fluorescence microscopy. Its domain dimension, external to the
membrane, corresponds to the gyration radius of the PEG polymer which depends on
the length of the polymer chain and the size of the Cy5. For a PEG2k chain the gyration
radius is equal to 3.7 nm, while the Cy5 is a small molecule, less than 1 nm in size. I
added 1% of this lipid to my lipid mixture. I decided to use GUVs as a model membrane
to prevent the interaction of the polymer chain with the substrate. I prepared GUVs by
electro-formation and performed FRAP experiments on the DSPE-PEG2k-Cy5 lipids
using a spinning disk confocal. Snapshots from a FRAP experiment are displayed in
Figure 3.9 A.

The diffusion coefficient of the DSPE-PEG2k-Cy5 in the absence of septins was
D = 2.4± 0.2 µm2/s and the mobile fraction was 100%. After septins addition at con-
centration of 300 nM, the diffusion coefficient was reduced to D = 1.55 ±0.15 µm2/s.
To decipher whether an effect of the septin density could be recovered I plotted in
Figure 3.9 B the diffusion coefficient of DSPE-PEG2k-Cy5 as a function of the fraction
of the membrane occupied by septins. Some correlation can be observed between the
septin density and the diffusion coefficient. The high septin density corresponds to low
diffusion coefficient for the PEG lipid. Interestingly, the mobile fraction was still 100%
even at the highest septin density.

This initial result suggested that septins could slow down the diffusion of membrane
components with a domain external to the membrane but they did not prevent them
from diffusing. However, this system was not ideal for multiple reasons. The first
reason is that I am not able to distinguish between lipids from the inner leaflet and
lipids from the outer leaflet. Because septins are only present on the outer leaflet, the
inner leaflet lipids should be able to diffuse normally. The second reason is that at 1%
DSPE-PEG2k-Cy5, the PEG will cover almost half of the lipid membrane, which might
reduce the ability of septins to polymerise. The third reason is that at molar ratios
required to perform FRAP, some crowding effect will start to appear in the diffusion
behaviour. The PEG polymer chains will start to interact with one another. This
effect becomes more important as the size of the particle of interest increases. Last,
with FRAP, one cannot recover some of the refined properties of the diffusion that each
particle experiences such as the “hop diffusion”.

96



3.2. MODEL MEMBRANE PROTEINS RESULTS: DIFFUSION BARRIER

5 µm

A t = 0s

t = 1s t = 5s

B

Figure 3.9 – Fluorescence recovery experiment performed on DSPE-PEG2k-Cy5 lipid
incorporated in a GUV produced by electro-formation. (A) Snapshots obtained using
spinning disk confocal. (B) Diffusion coefficient in the control and as a function of
the septin density. A drop of diffusion coefficient can be observed when septin density
increases.

3.2.2 Presentation of the SPT experiments

To overcome these issues, I decided to use Single Particle Tracking (SPT) with
different models of membrane associated proteins. These models will allow to track
particles on the outer leaflet of the vesicle exclusively and to work at low densities to
neither affect the binding of septins to the membrane nor introduce crowding effect and
recover the properties of single trajectories.

I have performed Single Particle Tracking experiments on GUVs made by electro-
formation. The use of GUVs as opposed to SLBs will prevent any effect from the
substrate on the diffusion of my models of proteins. I captured the vesicles using
micropipettes to also prevent any contact with the glass coverslip. Using wide-field
imaging, I was able to obtain trajectories of particles diffusing at the bottom of GUVs.
The experimental setup is sketched in Figure 3.10 A. Trajectories obtained using this
experimental setup are displayed in Figure 3.10 B.

To mimic different types of membrane associated proteins, I used three different
model systems. The idea of those models is to study the influence of the size of the
domain external to the membrane on the ability of septins to create diffusion barriers.
Those models were chosen to mimic the proteins known to be blocked in vivo by dif-
fusion barriers established by septins. Reported proteins include exclusively membrane
associated proteins and most of them include a cytosolic domain of varying size with
few exceptions (CD4, Sstr3).

The models are displayed in Figure 3.10 C. I studied three models, each correspond-
ing to a type of membrane associated protein. (i) To study whether proteins deprived
of cytosolic domain could sense the formation of a diffusion barrier by septins, I used
aquaporin, a water channel that has no cytosolic domain. (ii) To mimic proteins with
a rather large cytosolic domain, I used streptavidin, a tetramer commonly used for its
specific interaction with biotin. The tetramer of streptavidin is about 6 nm in size.
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I used DSPE-PEG-biotin lipids to anchor the streptavidin to the membrane. (iii) Fi-
nally, many proteins reported as being blocked by the diffusion barriers are involved in
complexes such as the exocyst and the polarisome. To mimic such complexes, I used
Quantum Dots, which are covered with streptavidin. The total size of the particle made
of Quantum Dot and streptavidins is about 17 nm. I used the same biotinylated lipids
to bind the Quantum Dots to the membrane.

Figure 3.10 – (A) Scheme of the setup, a GUV is caught by micropipette aspiration,
lifted from the glass coverslip and the bottom plain is imaged to perform SPT. (B)
Trajectories obtained from the bottom of a GUV, with different colours to distinguish
the individual trajectories. (C) (left) Structure of proteins (Smo and the Exocyst com-
plex) that have been reported to be blocked by septin dependent diffusion barriers.
(right) The different models used in the SPT experiment to mimic different types of
membrane associated proteins: transmembrane proteins with no cytosolic domain us-
ing aquaporin(top), proteins with a cytosolic domain using streptavidin (middle) and
complexes associated to the membrane using Quantum Dots (bottom).
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Because my SPT experiments were performed on GUVs, I had to correct for the
geometry on which my particles were diffusing. A sketch of the geometry is shown in
Figure 3.11 A. The positions of the particles are recorded on the camera which only
gives the position in the focal plane, while the position on the axis orthogonal to the
focal plane is lost – Figure 3.11 B. First, I estimated the error made by not correcting for
the different geometry. This error depends on the position on the GUV. It is minimal at
the very bottom of the GUV and increases with the distance from the centre. Typically,
for a GUV of size R = 5 μm, the error on the edges of the focal plane will reach about
15%. To avoid having to perform this correction, it is possible to use exclusively big
vesicles (R ¿ 10 μm). Indeed, the correction is inversely proportional to the radius of
the vesicle. It is also possible to limit the region of interest to the centre of the vesicle.
However, it is also possible to fully calculate the correction which enables the study of
more vesicles and bigger region of interest which allows more trajectories to be analysed.

To correct for the spherical shape, no transformation exist that keeps the distances
between all points equal. It is equivalent to making a flat map of the Earth. However
the distance between points can be easily computed as:

d = R θ (3.1)

Where d is the distance between two points, A and B, on the sphere, θ is the angle
at the centre of the sphere separates which those two points, and R is the radius of the
sphere. Therefore, only the angle separating the two points has to be computed. This
is done knowing the position of the projection of the centre of the sphere on the focal
plane. The vertical position of the points can then be recovered from the equation of a
sphere which allows for the calculation of the scalar product:

−→
OA.

−−→
OB = R2cos(θ) (3.2)

I performed this correction for all the SPT experiments performed on GUVs.

A

B

OA B C

Figure 3.11 – Correction for the calculation of distances for the single particle experi-
ment. (A) Trajectories follow the shape of the vesicle while the camera only gives the
projection on a plane (B). The calculation for the actual distance can be performed by
looking at the length of the arc between the two position (C).

3.2.3 Diffusion of aquaporin, model for transmembrane pro-
tein

The first model protein I studied was the aquaporin, a water channel that possesses
no cytosolic domain. It was therefore a good model to study the diffusion of trans-
membrane proteins without any known specific interaction with septins. Aquaporin
is a tetramer making a barrel with a diameter of 6 nm. The aquaporin was labelled
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with Atto647N via a cysteine maleimide conjugation. When performing SPT, I had to
ensure that aquaporins were correctly inserted in the GUV and that the density was
optimised for the reconstruction of trajectories. Experimental conditions are described
in the section 2.7.1. For this experiment, I labelled the membrane with DPPE Atto532.
Indeed, Texas red has a maximum of excitation around 591 nm and its emission spectra
extends beyond 700 nm, giving high background signal in the 647 laser line, preventing
single particle observation.

After the incorporation of aquaporins in GUVs, I imaged the vesicles on the micro-
scope previously optimised for single particle imaging. The GUVs were captured using
micropipette aspiration, and gently lifted from the glass coverslip. The signal on the
equatorial plane of the GUV was recorded to ensure that the vesicle is unilamellar. I
then focused at the bottom of the GUV using the signal from the fluorescent lipids.
Often, the focus would be slightly offset, which meant that the correction of the sphere
geometry was crucial. I then used maximum laser power and tried exposure times corre-
sponding to those used for the camera test – section 2.7.1. I used 10 ms exposure time,
which seemed the best compromise between the blur of motion and the amount of pho-
tons received per molecule. I recorded movies for 20 s after which most of the Atto647N
molecules were bleached. A snapshot from one of the SPT experiment is displayed in
Figure 3.12 A. The single molecules appear much dimmer than in the experiment per-
formed on SLB, which is normal when going from TIRF to wide-field imaging. The loss
of signal is also combined with an increased background. The precision of localisation
is hereby about 100 nm as compared with 30 nm achieved on the supported bilayer.
The distribution of precision of localisation for individual trajectories is displayed in
Figure 3.12 B.

The diffusion coefficient for aquaporin in the absence of septins was 2.4 μm2/s (N = 6
preps; 19 GUVs). This value is in good agreement with published values and also with
the value obtained for the diffusion of lipids. Upon addition of septins, the average
diffusion coefficient was reduced to 2.0 μm2/s (N= 6 preps; 25 GUVs). The distribution
of diffusion coefficients are displayed in Figure 3.12 C. The difference in average diffusion
coefficient value results from a population of very slow diffusing particles when septins
were added (highlighted in Figure 3.12 C). To study in more details this “immobile”
population, I performed additional analysis.

I first plotted the accumulation of detections of single molecules during a full movie
on each GUV. They are obtained by performing the detections of single particles on
each frame of the movies, then the xy positions of all the detections are plotted in a
single image. The map obtained from the experiment on aquaporin when septins were
added to the vesicles is displayed in Figure 3.12 D. If the particles can explore the
whole surface of the vesicle, the map should be homogeneous. Indeed, in the control
experiment, all the maps were rather homogeneous. In the presence of septins, most
maps were still homogeneous, sometimes with a bright spot which would correspond to
an immobile particle, detected multiple times at the same position during the movie.

To estimate the proportion of immobile or very slow diffusing trajectories I chose a
threshold of diffusion coefficient to sort out the mobile trajectories from the immobile
ones. I chose this threshold to have minimum immobile trajectories in the control
experiment but still be sensitive to changes in the diffusion coefficient. I chose 0.1 μm2/s,
because it corresponds to the lowest values of the distribution in the control experiment.
I thus obtained a fraction of immobile trajectories of 6% in the presence of septins.
However, this percentage does not reflect the percentage of immobile particles. Indeed,
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Figure 3.12 – Single Particle tracking experiment performed on aquaporin labelled with
Atto647N incorporated in GUVs. (A) Snapshot of the aquaporins at the bottom of a
GUV, exposure time is 10 ms. Trajectories obtained from the visible aquaporins are
overlapped with the snapshot. One aquaporin protein could give multiple trajectories
as it would sometimes not be detected. Different trajectories are colour coded to dis-
tinguish them. (B) Distribution of the precision of localisation of the aquaporins. The
peak is located at about 100 nm. (C) Accumulation of localisation of Single Particles
during a 20 s movie. On each frame all the detections are recorded, and the image
is created by indicating all the detections during the full movie as a single dot. (D)
Distribution of the diffusion coefficient of single trajectories in the control experiment
and in the presence of septins. The mean diffusion coefficient is not affected but for a
population of trajectories with very low diffusion coefficient – lower than 0.1 μm²/s.

the mobile particles will on average give shorter trajectories as they can diffuse out of
the observation region, and new particles can come in the volume.

One way to estimate the ratio of mobile to immobile particles is by accounting for
the length of each trajectory. Considering that the whole vesicle is illuminated homo-
geneously, the ratio of mobile to immobile particles is conserved during the experiment.
Therefore, by weighting each trajectory with its length, it is possible to obtain the ratio
of immobile particles. Performing this analysis, I obtained obtained an immobile frac-
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tion of 2 ± 0.4 % for the control experiment and 15 ± 3 % when septins are bound to
the membrane. The distribution of immobile fractions for individual GUVs is displayed
in Figure 3.13 A.

To assay the possibility that trajectories could display anomalous diffusion, I plotted
in Figure 3.13 B the heatmaps of the diffusion coefficient and the anomalous diffusion
coefficient for individual trajectories in both the control experiment and after addition of
septins. The distribution was more disperse in the experiment with septins as compared
with the control, but the mean anomalous diffusion coefficient was also equal to 1, and
no population with anomalous coefficient lower than 1 was detected. This shows that
no anomalous diffusion was detected even in the presence of septins. Regarding the very
slow diffusing population, the alpha coefficient is not relevant for immobile particles.

Figure 3.13 – (A) Immobile fraction of particles in the SPT experiment on aquaporin.
Each dot represents a single GUV. The threshold for distinguishing immobile particles
was chosen to have less than 2% of immobile particles in the control experiment. (B)
Heatmaps of the distribution of anomalous diffusion coefficient and diffusion coefficient
in the control experiment and when septins are bound to the membrane. No anomalous
diffusion was detected.

Multiple factors could explain this immobile population. Upon the addition of
septins in the sample, many small vesicles will adhere on the septin filaments bound to
the membrane. If some aquaporins are located in one of these small vesicles, they will
be unable to diffuse. Also septins can sometimes generate local deformations such as
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invaginations or tubes. These deformations could strongly reduce the apparent diffu-
sivity of some of the membrane components. Overall, I considered this population too
small to interpret this observation as the formation of a significant diffusion barrier. I
concluded that upon the addition of septins, the aquaporins were still able to diffuse in
the bilayer, similarly to the lipids.

3.2.4 Diffusion of Quantum Dots, model for protein complexes

I then studied the diffusion of membrane bound objects displaying a large cytosolic
domain. These model systems were meant to mimic protein complexes that are an-
chored to the plasma membrane and are blocked by diffusion barriers established by
septins. A good example of such complex is the yeast exocyst, a complex responsible
for the fusion of vesicles with the plasma membrane which is localised exclusively in
the daughter cell during cell division. This complex stands out from the membrane
by about 30 nm. To study objects of similar sizes, I used Quantum Dots 655, conju-
gated to streptavidins. The streptavidins passivate the Quantum Dots, and allow their
binding to biotin. I added 0.004% of DSPE-PEG-biotin lipids to the lipid mixture,
and grew GUVs by electro-formation on platinum wires. The GUVs were collected
after overnight growth and left to incubate with Quantum Dots at concentration of
100 pM for 1 hour at 4◦C. This guarantees that the Quantum Dots are located on the
outer leaflet of the vesicle membrane. When adding septins, I mixed the GUVs (already
coated with the Quantum Dots) with yeast septins at concentrations of 200 nM directly
in the observation chamber. I captured the GUVs and observed them with fluorescence
microscopy.

In this experiment, the vesicles did not have to be necessarily unilamellar because
Quantum Dots can exclusively interact with the outer leaflet of the external bilayer.
However, to ensure that there would not be an effect from the friction with inner
bilayers, I used unilamellar vesicles exclusively. I imaged the Quantum Dots to focus
on the bottom of the vesicle, because they are much less sensitive to photobleaching
as compared with Atto647N. By using Quantum Dots, I could therefore focus more
precisely than using the fluorescent lipids. Because Quantum Dots are brighter than
Atto647N, I could also reduce the exposure time to 5 ms. A snapshot acquired with
5 ms exposure time from a 20 s movie is displayed in Figure 3.14 A. The precision of
localisation in this experiment was about 60 nm, better than for the Atto647N. The
distribution for each individual trajectory is displayed in Figure 3.14 B. I checked that
I did not record any unbinding event from the vesicle, indicating that the Quantum
Dots are indeed anchored to the lipid membrane.

I plotted the distribution of diffusion coefficient for each single trajectory in the
control experiment and after addition of yeast septins in Figure 3.15 A. The diffusion
coefficient is plotted in log scale. In the control experiment, I obtained a diffusion
coefficient of 2.0 μm2/s (N=3 preps; 9 GUVs). It is important to note that despite
the size of the Quantum Dots, the drag they create is negligible compared to the one
coming from the lipids in the bilayer. A free floating Quantum Dot is expected to have
a diffusion coefficient of about 20 μm2/s. When septins were bound to the membrane,
the diffusion coefficient was reduced tenfold to 0.22 μm2/s (N=3 preps; 10 GUVs).
The distribution of diffusion coefficients in the presence of septins displayed a long
tail towards the very low diffusion coefficients, with many trajectories having diffusion
coefficients below 0.1 μm2/s.
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Figure 3.14 – Single Particle Tracking experiment on quantum dots with streptavidin
bound to DSPE-PEG-biotin incorporated in a GUV. (A) Snapshot of the quantum
dots, exposure time is 5 ms. Trajectories obtained from the visible Quantum Dots
are overlapped with the snapshot. One Quantum Dot protein could give multiple
trajectories as they blink rapidly. Different trajectories are colour coded to distinguish
them. (B) Distribution of precision of localisation, peak is around 60 nm.

To estimate the proportion of the population corresponding to immobile or very slow
diffusing particles I applied the same strategy as for the aquaporin, with a threshold
for immobile fraction set at 0.1 μm2/s. I obtained an immobile fraction for the control
experiment of 1.3 ± 0.2 %. In the presence of septins, the immobile fraction significantly
increased to 55 ± 7 %. The distribution of immobile fractions of particles of individual
GUVs is plotted in Figure 3.15 B. When removing this population of immobile particles,
the average diffusion coefficient is still much lower than in the control experiment,
indicating that the diffusion of all the particles is reduced by the addition of septins on
the vesicle.

I plotted the accumulations of localisations for both the control experiment and after
the addition of septins. Two maps constructed by accumulation of localisations during
20 s movies in the presence of septins are displayed in Figure 3.16 B and C. In the control
experiment, the maps showed a uniform disk – Figure 3.16 A – as expected for particles
free to diffuse on the membrane. Upon the addition of septins, the maps are completely
changed. They display both bright points (yellow arrows), and linear traces (white
arrows). Each point and linear trace corresponds to a single Quantum Dots giving
multiple detections in the same region during the 20 s movie. The points correspond
to the immobile fraction, and the lines to the mobile fraction. These maps show that
all Quantum Dots are constrained to diffuse in small regions. It is unclear why some
Quantum Dots are immobile while others can still diffuse. However, Quantum Dots
diffusing along lines clearly show constrained diffusion. They are most likely trapped
between two parallel sets of septin filaments. The width of those lines is limited by the
precision of localisation (60 nm), indicating that the sets of septin filaments are closer
than the precision of localisation. Images obtained from electron microscopy show that
in the range of concentrations used for this experiment, septin filaments are typically
separated by less than 30 nm. The linear regions were typically a few micrometres long,

104



3.2. MODEL MEMBRANE PROTEINS RESULTS: DIFFUSION BARRIER

Figure 3.15 – (A) Distribution of diffusion coefficients in log scale of quantum dots in
the control experiment and when yeast septins interact on the membrane. (B) Immobile
fraction of quantum dots in the control experiment and when septins interact on the
membrane.

and showed similar orientations for regions close to one another. They reveal a typical
nematic organisation for septin filaments bound to the vesicle.

To study the diffusion mode experienced by Quantum Dots, I plotted in Figure
3.17 the heatmaps of the diffusion coefficient and the anomalous diffusion coefficient
for individual trajectories in both the control experiment and after addition of septins.
As expected for the control experiment, the distribution shows one population with an
anomalous diffusion coefficient close to 1, corresponding to free brownian motion. In
the presence of septins, the distribution was more dispersed, especially for the immobile
particles, for which the anomalous diffusion coefficient is not relevant. For the popu-
lation displaying some diffusion, the anomalous diffusion coefficient was still centred
around 1. Therefore, no anomalous diffusion was detected.

Considering particles freely diffusing in one dimension, the diffusion coefficient would
have been simply divided by a factor of 2. However, the diffusion coefficient of the tra-
jectories diffusing in the linear region is divided by a factor of more than 4 compared
with the control experiment. This reduction does not result from the boundaries lim-
iting the length of the trajectories because this would be detected in the anomalous
diffusion coefficient. This reduction in the diffusion coefficient indicates that septins
also add friction to the Quantum Dots as expected from its size, similar to the typical
distance between septin filaments.

From those observations, I concluded that Quantum Dots were not able to cross
septin filaments. Septins would therefore be able to act as diffusion barriers for large
protein complexes of more than 15-20 nm above the membrane.

3.2.5 Diffusion of streptavidin, model for cytosolic domain

Because septins were able to block the diffusion of Quantum Dots, mimicking large
protein complexes, I wanted to assay their effect on the diffusion of models with smaller
domain external to the membrane. Some of the proteins that have been reported to
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Figure 3.16 – Accumulations of quantum dots during 20s movies. (A) From the control
experiment. (B) and (C) after the addition of septins. Long linear traces (arrows)
correspond to a single quantum dots diffusing in a linear region during the movie.

be arrested by diffusion barriers established by septins have cytosolic domains smaller
than 5 nm – such as the Smo protein in cilia. I thereby decided to assay the ability of
septins to form a diffusion barrier for molecules with a cytosolic domain of similar size.
I therefore chose streptavidin as a model. Streptavidin forms a tetramer with a size of 5
to 6 nm, and can bind to biotin. I used the same biotinylated lipids as the ones used for
the Quantum Dots to anchor the streptavidin to the membrane, and used streptavidin
labelled with Atto647N. I optimised the density of streptavidin bound to the membrane
as described in section 2.7.1. I used 0.001% of DSPE-PEG-biotin in the lipid mixture,
and DPPE Atto532 to replace Bodipy-TR as explained in the aquaporin experiment.
After electro-formation of the GUVs, I incubated the streptavidin-Atto647N with the
GUVs at concentration of 20 pM for 1 hour at 4◦C. The streptavidin can only interact
with the outer leaflet of the vesicle.

The septin incubation and subsequent observation was performed similarly as for
the Quantum Dots experiment, except that the focus on the bottom of the vesicle was
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Figure 3.17 – Heatmaps of the distribution of anomalous diffusion coefficient and diffu-
sion coefficient obtained for Quantum Dots in the control experiment and when septins
are bound to the membrane.

performed using the DPPE Atto532 signal in order to preserve the Atto647N from
photobleaching before the experiment. I used an exposure time of 10 ms optimised
for the Atto647N on the aquaporins. A snapshot from a 20 s movie is displayed in
Figure 3.18 A. The precision of localisation obtained with this system was 100 nm,
similar to the one obtained with aquaporin. The distribution of precision of localisation
is displayed in Figure 3.18 B. I did not observe any unbinding event of the streptavidin,
indicating that the streptavidin is stably anchored to the membrane similarly to the
Quantum Dots.

Figure 3.18 – Single Particle tracking experiments performed on streptavidin labelled
with Atto647N and bound to DSPE-PEG-biotin lipids incorporated in GUVs. (A)
Snapshot of the streptavidins at the bottom of a GUV, exposure time is 10 ms. Tra-
jectories obtained from the visible streptavidins are overlapped with the snapshot. One
streptavidin protein could give multiple trajectories as it would sometimes not be de-
tected. Different trajectories are colour coded to distinguish them. (B) Distribution of
the precision of localisation of trajectories. Peak is at 100 nm.
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Diffusion behaviour of streptavidin

The distribution of diffusion coefficient for the streptavidin anchored to one lipid in
the membrane in the control experiment and after addition of septins is displayed in
Figure 3.19 A. The diffusion coefficient obtained for the streptavidin in the absence of
septins was 1.8 μm2/s (N = 2 preps; 7 GUVs), similar to the one obtained with Quantum
Dots. In the presence of septins, the distribution of diffusion coefficient displays a
long tail towards the very slow diffusing or immobile particles. The average diffusion
coefficient is therefore reduced to 0.56 μm2/s (N = 3 preps; 9 GUVs). Removing the slow
diffusing trajectories, the average diffusion coefficient was still only equal to 0.71 μm2/s,
indicating that the diffusing particles were diffusing more slowly than in the control
experiment. Two maps generated by the accumulation of detections during a movie in
the presence of septins are displayed in Figure 3.19 C and D. A map obtained from a
controlled experiment is displayed in Figure 3.19 D for comparison. The maps from the
control experiment were homogeneous disks as expected when no septins are present.
In the presence of septins, the maps showed an homogeneous background with bright
spots (pointed by arrows). Those bright spots correspond to immobile streptavidins,
and the homogeneous background to streptavidins able to explore the full surface of the
vesicle. In this experiment no immobile point was ever detected to suddenly diffuse,
and vice versa.

The immobile fraction of streptavidin was evaluated using the same strategy as
described earlier. The immobile fractions for each GUV in the different experiment
are displayed in Figure 3.20 A. The immobile fraction for the control experiment was
2 ± 0.2 %. The fraction reached 40 ± 7 % after the addition of septins. The immobile
fraction was therefore quite important, close to the values obtained for Quantum Dots.
I was not able to explain the the existence of this immobile fraction.

I then plotted the heatmaps of the distribution of the diffusion coefficient and the
anomalous diffusion coefficient for each individual trajectory in Figure 3.20 C. As ex-
pected, the distribution in the control experiment is centred around 1 for the anomalous
diffusion coefficient. In the presence of yeast septins, the distribution is more spread,
but still centred around one, indicating that no anomalous diffusion could be detected
in this experiment.

After comparing those results with the ones obtained with Quantum Dots, I can
draw the conclusion that while some streptavidins are immobile, some were able to
diffuse through the septin network. However, better quantification was necessary for
the characterisation of the diffusion of streptavidin. In addition, I performed different
control experiments to ensure that all the detections were only streptavidins bound to
the vesicle.

As a first control I removed the DSPE-PEG-biotin lipid from the membrane, to en-
sure that streptavidin did not bind non specifically to lipids or septins. Working under
experimental conditions similar to the real experiments, I did not observe any strepta-
vidin bound to the vesicle in the absence of septins. In the presence of septins, only
one to two streptavidins were found per GUV. Therefore the probability of having one
of them on the bottom of the GUV – the only part imaged during the SPT experiment
– was low.

I also replaced the GFP-tagged yeast septins by unlabelled septins to ensure that the
GFP tag is not responsible for either blocking or allowing the diffusion of streptavidin.
The distributions of diffusion coefficients for the dark septins and the GFP-tagged
septins are displayed in Figure 3.20 B. No significant difference was observed between
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Figure 3.19 – (A) Distribution of diffusion coefficients obtained for streptavidin in a
logarithmic scale in the control experiment and with yeast septins bound on the vesicle.
(B), (C) and (D) Accumulation of detections during 20s movies. (B) From the control
experiment, (C) and (D) after the addition of septins. The bright spots correspond to
immobile streptavidin that give multiple detections at the same localisation while the
other points correspond to particles that can explore the whole vesicle.

the dark and the GFP tagged septins. Finally, the immobile fraction was 27 ± 6 %,
a value lower than for the GFP-tagged septins. It is thus possible that GFP plays a
slight role in immobilising some of the streptavidins.

Influence of the tension of the membrane

The observation that streptavidin could cross septin filaments was surprising. Con-
sidering the size of streptavidin, it is hardly imaginable that it can diffuse across a
filament juxtaposed to the membrane. One plausible explanation is that fluctuations
of the membrane can open gaps through which the streptavidin is able to diffuse. An-
other possibility is that by applying tension on the GUV to capture them, I could create
defects in the septin mesh, allowing the diffusion of streptavidin.
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Figure 3.20 – (A) Comparison of the immobile fraction of streptavidin in the control ex-
periment and in the presence of yeast septins. A control using non labelled septins was
also performed.(B) Distribution of diffusion coefficient of single trajectories of strepta-
vidin for the GFP-tagged yeast septins and for the control with unlabelled septins. (C)
Heatmaps of the distribution of anomalous diffusion coefficient and diffusion coefficient
in the control experiment and when septins are bound to the membrane.

To test both hypothesis, I changed the tension in the membrane. To obtain lower
tension, I did not use micropipettes to avoid imposing any tension. I imaged the vesicle
not at the plane in contact with the glass but about 1 μm above the plane of contact
with the glass. The correction for the geometry was necessary in this situation as I
was imaging an annulus of membrane further from the centre. By not aspirating the
membrane, I did not perturb the septin network. To increase the tension and therefore
reduce the amount of local fluctuations, I applied an osmotic shock to the vesicles
corresponding to 20% of the initial salt concentration. I incubated the vesicles in a
hypo-osmotic solution containing only 60 mM NaCl and 7.5 mM Tris (pH = 7.6) after
the addition of septins. I equilibrate the vesicles for 20 min. I then captured the vesicles
with a micropipette and imaged them. The distribution of diffusion coefficients for the
low tension, increased tension and control with yeast septins are displayed in Figure
3.21 A.

The diffusion coefficient obtained in the experiment with no aspiration, and thus
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at low tension, was 0.30 μm2/s (N=4 preps; 12 GUVs). The slower diffusion coef-
ficient obtained might be the consequence of local deformations that septins can in-
duce at the membrane, which are smoothened upon micropipette aspiration. With
increased tension, the diffusion coefficient was 0.18 μm2/s (N=3 preps; 6 GUVs). The
diffusion coefficient was significantly reduced in this condition. The immobile fraction
of streptavidin for individual GUVs was compared for each condition in Figure 3.21
B. The immobile fraction when the GUVs were not aspirated with micropipette was
36 ± 7 %,and 53 ± 7 % for the higher tension experiment. Increasing the tension would
therefore slightly increase the immobile fraction, but most importantly it reduced the
diffusion coefficient of the diffusing population. It is possible that increasing the tension
decreased the ruffling and the fluctuations which might reduce the rate at which strep-
tavidin can cross septin filaments. However, even with increased tension, streptavidin
was able to explore all the vesicle, indicating that they could still cross under septin
filaments.

The maps of localisations’ accumulation during 20 s movies for each GUV were sim-
ilar to the control using yeast septins. The streptavidins were still able to go through
septin filaments in both the low tension regime and the high tension regime. I plotted
the heatmaps of the distribution of the diffusion coefficient and the anomalous diffusion
coefficient for each individual trajectory in Figure 3.21 C. In both the low and high ten-
sion regimes, the distribution of anomalous diffusion coefficient was spread but centred
around 1. No population showed abnormal diffusion.

Overall, the change in membrane tension did not change importantly the diffusion
behaviour of streptavidin in the presence of septins. Streptavidins were still able to
cross septin filaments. The main hypothesis was now that there is a gap between the
septins and the membrane. The existence of a gap is not contradictory with the ability
of septins to bind to lipid membranes. Indeed some septins possess coiled coil domains
that are up to 10 nm long. These coiled coils could interact with the membranes and
let septin filaments ’float’ above the membrane. This idea is also supported by the
presence of sequences corresponding to amphipathic helices at the tip of the coiled coils
of some of the septin subunits.

111



3.2. MODEL MEMBRANE PROTEINS RESULTS: DIFFUSION BARRIER

Low tension High tension

-4 -3 -2 -1 0 1
Log10 of Diffusion Coefficient

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

Pr
ob

ab
ili

ty

yeast septins
lower tension
higher tension

A B

C

Figure 3.21 – (A) Distribution of diffusion coefficient for single trajectories of strepta-
vidin bound to DSPE-PEG2k-biotin in the presence of yeast septins with either lower
or higher tension in the membrane. (B) Immobile fraction of streptavidin in presence
of yeast septins at either lower or higher tension. (C) Heatmaps of the distribution of
anomalous diffusion coefficient and diffusion coefficient for higher or lower tension.
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Summary

• Aquaporin, model for transmembrane protein, can dif-
fuse freely in presence of septins

• Quantum Dots anchored to the membrane, models for
large protein complexes, cannot cross septin filaments
and diffuse along lines

• Streptavidin and PEG Cy5, both model of proteins pos-
sessing a cytosolic domain, are able to diffuse in the
presence of septins
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3.3 Effect of cross linked network

3.3.1 Cross-linking septin networks

When adding purified yeast septins on membranes, parallel arrays of filaments have
been most frequently observed, while in vivo, we know that septins can form orthogonal
meshes (Ong et al., 2014). I wanted to generate and assay septin network more similar
to those that have been reported in vivo. I used two different systems to create those
orthogonal mesh in vitro, one using yeast septins combined with the Bud proteins, and
one using human septins that consistently self-organise into orthogonal meshes.

In vivo, yeast septins have been reported to create diffusion barriers in the course
of cell division. It has been reported that Bud3 and Bud4 proteins are essential to
maintain and control the architecture of septin filaments (Chen et al., 2020). Aurélie
Bertin performed cryo electron microscopy assays, mixing purified yeast septins with
either Bud3, Bud4 or both and adding them to LUVs. The experiments were performed
at 40 nM of Bud proteins and 100 nM of septins. It was observed that the addition
of Bud3 lead to the formation of orthogonal meshes while Bud4 resulted in bundling
of septin filaments. Images obtained from cryo electron microscopy in solution are
displayed in Figure 3.22 A and B.

As the diffusion barrier is conserved in mammal septins, I was interested in studying
the ability of human septins to create diffusion barriers in vitro. Koyomi Nakazawa, a
post-doctoral fellow in the lab has performed scanning electron microscopy experiments
on human septin octamers consisting of SEPT2/SEPT6/SEPT7/SEPT9. Images are
displayed in Figure 3.22 C. Interestingly, she observed that at concentrations higher than
50 nM, human septins would spontaneously form two layers of filaments orthogonal to
one another. The mesh size was about 30 nm, corresponding to the length of one
octamer – see analysis in Figure 3.22 D. No more than 2 layers have been observed.

3.3.2 SPT in the presence of crossed linked septin networks

For the single Particle experiments, I decided to focus on Quantum Dots and strep-
tavidin, the two systems for which the addition of yeast septins altered the diffusion
behaviour. I decreased the yeast septin concentration to 100 nM with 40 nM of either
Bud3 or Bud4. The septins had a much higher affinity with the membrane than with-
out Bud proteins. Higher septin concentrations lead to the formation of big bundles
and meshes in solution, that could interact with vesicles. The human septins were also
incubated at concentration of 100 nM. The SPT experiments were performed similarly
as for yeast septins.

Diffusion of Quantum Dots

I first studied the diffusion of Quantum Dots anchored to the membrane when
crossed linked yeast septin networks are interacting with the membrane. The distribu-
tion coefficient for single trajectory of Quantum Dots is plotted in Figure 3.23 A for
yeast septins with either Bud3 or Bud4 and compared to the control experiment and
yeast septins alone. The average diffusion coefficient of Quantum Dots in the presence
of yeast septins and Bud3 was 0.035 μm2/s (N=3 preps; 9 GUVs) and 0.14 μm2/s (N=2
preps; 7 GUVs) when yeast septins and Bud4 were present.
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Figure 3.22 – (A) and (B) Images from cryo electon microscopy performed on yeast
septins (100 nM) in solutions mixed respectively with Bud3 and Bud4 (40 nM). (C)
Scanning electron microscopy performed on human septin octamers interacting on lipid
bilayers at two different concentrations. (D) Distribution on the typical distance be-
tween human septin filaments incubated on a lipid bilayer at a concentration of 87 nM.

When Bud4 was added to yeast septins, the average diffusion coefficient was slightly
reduced, and the distribution of diffusion coefficients was shifted. A map of accumu-
lation of localisations over a 20 s movie is displayed in Figure 3.23 D. This map was
obtained at a density of Quantum Dots too high to perform Single Particle Tracking,
and this experiment was not kept for analysis of the diffusion coefficient. However, it
shows that the Quantum Dots diffuse along lines similarly to the experiment with yeast
septins alone. It also gives a more detailed view of the organisation of filaments on the
membrane, with spots where nematic defects are most likely present (red circles and
arrow in Figure 3.23 D). The addition of Bud4 is most likely bundling the septin fila-
ments, as observed in cryo electron macroscopy, allowing the Quantum dots to diffuse
between septin bundles.

With Bud3 and yeast septins, both the distribution and the average diffusion co-
efficient showed significant differences. The distribution was wide but with a single
peak corresponding to immobile particle. This observation was confirmed by the map
of localisations’ accumulation displayed in Figure 3.23 E. The maps showed exclusively
bright spots, corresponding to immobile Quantum Dots localised over many frames at
the same position.
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I then studied the effect of a human septin mesh on the diffusion of Quantum Dots.
The human septins were labelled with GFP, I could therefore visualise the binding of
human septins to the vesicles. The distribution coefficient for single trajectories of
Quantum Dots is plotted in Figure 3.23 B for the experiment with human septins and
compared with the yeast septins and the control. The average diffusion coefficient of
Quantum Dots when human septins were added was 0.031 μm2/s (N=3 preps; 7 GUVs).
Similarly to the experiment with yeast septins and Bud3, the distribution of diffusion
coefficients consisted in only one main peak corresponding to immobile Quantum Dots.
This observation was confirmed by the maps showing the accumulation of localisations
during each movie, one is displayed in Figure 3.23 F. All maps displayed only bright
spots, showing that Quantum Dots were unable to diffuse.

The immobile fraction of Quantum Dots for individual GUVs and for all the different
conditions with septins are compared in Figure 3.23 C. As expected, the immobile
fraction for the experiments with either the yeast septins with Bud3 or the human
septins was always about 100 %. For the condition with yeast septins and Bud4, the
immobile fraction was 71 ± 10 %. This fraction was higher than with yeast septins
alone, as expected from the reduction in the average diffusion coefficient.

I plotted the heatmaps for the distribution of diffusion coefficient and anomalous
diffusion coefficient for all three conditions in Figure 3.24. In all maps the distribution
was spread out. Indeed, for immobile particles, the anomalous diffusion coefficient is
not relevant. For the experiment with yeast septins and Bud4, the anomalous diffu-
sion coefficient was still centred around 1, and no population of trajectories displayed
anomalous diffusion lower than 1. I therefore concluded, that Quantum Dots were
diffusing in constrained regions but with no anomalous diffusion.

In all three tested conditions, the ability of septin filaments to block the diffusion
was not altered by the addition of either Bud3 or Bud4 or by using human septins, only
the shapes of the constrained regions were changed.

Diffusion of streptavidin

To test if they could alter the diffusion of smaller particles, I studied the diffusion
of streptavidin with crossed linked networks. Because I did not observe significant dif-
ference upon Bud4 addition to the septins, I focused on Bud3 with yeast septins and
human septins. The experiments were performed using the protocol used for strepta-
vidin and yeast septins alone. I incubated the GUVs with either 100 nM yeast septins
and 40 nM Bud3 or only 100 nM human septin. The distribution of diffusion coeffi-
cients for single trajectories are displayed in Figure 3.25 A and B and compared to the
experiment with yeast septins alone and the control experiment. The average diffusion
coefficients of streptavidins when yeast septins and Bud3 were added to the membrane
was 0.47 μm2/s (N=4 preps; 17 GUVs), and 0.46 μm2/s (N=5 preps; 12 GUVs) when
human septins were added. Both conditions displayed distributions very similar to the
one obtained from the experiment with the yeast septins alone.

Similarly, the maps displaying the accumulations of localisations for both conditions
were very similar to the ones obtained with only yeast septins – Figure 3.25 C and D.
They presented an homogeneous background with some bright spots (pointed by ar-
rows). The bright spots corresponded to immobile streptavidins, while the background
corresponded to streptavidins that were able to explore the whole surface of the GUVs.
The fraction of immobile particles was obtained using the same strategy as described
previously. The immobile fraction for individual GUVs are displayed in Figure 3.25 E.
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Figure 3.23 – (A) and (B) Distribution of diffusion coefficient of single quantum dots in
log scale for the control experiment, yeast septins bound to the membrane and different
crossed-linked septin networks. (C) Immobile fraction of quantum dots for different
crossed linked septin network compared to the case of yeast septins alone. (D, E and
F) Accumulation of detections of quantum dots along 20s movies for respectively Bud4
+ yeast setpins, Bud3 + yeast septins, and human septins. (D) Red circles correspond
to +1/2 nematic defect, red arrow points at a -1/2 nematic defect.
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Figure 3.24 – Heatmaps of the distribution of anomalous diffusion coefficient and dif-
fusion coefficient for quantum dots bound to the membrane in presence of different
crossed-linked septin networks.

The immobile fraction for the experiment with yeast septins and Bud3 was 28 ± 5 %
and 44 ± 10 % for the experiment with human septins. When removing those im-
mobile particles the average diffusion coefficients in the experiment with respectively
yeast septins and Bud3 and human septins were 0.60 μm2/s and 0.67 μm2/s. These
values are close to the 0.71 μm2/s obtained for the mobile fraction in the experiment
on streptavidin with the yeast septins alone. Finally, the heatmaps of the distribution
of diffusion coefficients and anomalous diffusion coefficients for both conditions showed
no anomalous diffusion, similar to the experiment with yeast septins alone.

118



3.3. CROSS LINKED NETWORKS RESULTS: DIFFUSION BARRIER

Figure 3.25 – Single Particle Tracking of streptavidin in the presence of different crossed-
linked septin networks. (A and B) Distribution of diffusion coefficient of single strepta-
vidins in log scale for the control experiment, yeast septins bound to the membrane and
different crossed-linked septin networks. (C and D) Accumulation of detections of quan-
tum dots along 20s movies for respectively Bud3 + yeast septins and human septins.
(E) Immobile fraction of streptavidin for different crossed-linked septin networks com-
pared with yeast septins alone. (F) Heatmap of the distribution of anomalous diffusion
coefficient and diffusion coefficient for streptavidin when yeast septins and Bud3 are
added on the GUV.
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3.4 Conclusion

I showed using FRAP that in vitro septins do not prevent the diffusion of both
non-specific lipids and PI(4,5)P2. I then assayed the diffusion of models of membrane
bound proteins to invest whether septin filaments would sterically prevent the diffusion
of proteins. Performing SPT experiments, I showed that aquaporin – a transmembrane
protein – can freely diffuse in the presence of septins. Conversely, Quantum Dots bound
to the membrane were unable to cross septin filaments. Finally, streptavidin bound to
a lipid displayed a slower diffusion after the addition of septins but were still able
to diffuse across the whole membrane. A schematic representation of the trajectories
obtained for the models of membrane proteins is displayed in Figure 3.26 A.

To account for these observations, I propose that there is a gap between the septin
filaments and the membrane, allowing the diffusion of both streptavidin bound to a
biotinylated lipid and DSPE-PEG2k through a septin network. A representation of the
membrane with the different models of proteins and septin filaments is displayed Fig-
ure 3.26 B. Septins might interact with the membrane through the amphipathic helices
localised at the end of their coiled coils domains (Cannon et al., 2019). The coiled coils
have the right length to generate the spacing that my results suggest.

Figure 3.26 – (A) Schematic representation of trajectories of the different models of
membrane proteins in the presence of septin filaments. (B) Schematic representation of
the different models of proteins and septin filament connected to the membrane through
their coiled coils.
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Summary

• Addition of Bud3 to yeast septins induces the formation
of orthogonal meshes in vitro

• Quantum Dots were fully immobilised in the crossed
linked network, showing that filaments in both direc-
tion block their diffusion

• Streptavidins were still able to explore the full vesi-
cle, indicating that cross linking the network did not
change its ability to cross septin filaments

• Similarly to yeast septins, human septins blocked the
diffusion of Quantum Dots but streptavidins were able
to diffuse
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Chapter 4

Mechanical properties of septin
networks

The role of septins on the mechanics of membrane is still poorly understood. Studies
have managed to obtain the persistence length of single septin filament, but the mea-
surements performed on membranes were not satisfying. Septins have been shown to
be able to deform membranes. The ability of septins to deform membranes depends on
their curvature sensitivity but also their intrinsic mechanical characteristics. Finally,
septins have been reported to mechanically stabilise the membrane in vivo. Therefore
an in vitro study investigating the mechanical properties of a membrane with septins
filaments bound appeared relevant.

4.1 Membrane reshaping

While I was performing the experiment on the diffusion of PI(4,5)P2 in lipid bilayers
deposited on mica I observed a strong reshaping of the membrane. upon addition of
septins. I prepared lipid bilayers from SUVs containing TR-PI(4,5)P2, and incubated
them on mica as described in section 3.1.4. I obtained bilayers with good fluidity, but
displaying holes with bare mica. To adress the effect of the addition of septins on the
diffusion of PI(4,5)P2, I added 300 nM of purified yeasts septins labelled with GFP.
The bilayers, initially flat, were completely remodelled after a few minutes. Snapshots
from a movie recorded seconds after the addition of septins are displayed in Figure 4.1.
Before the addition of septins to the solution, the bilayer displayed some defects, with
both holes and small vesicles on the bilayers. Shortly after the addition of septins, bright
tubes started to appear, and elongated (some in the z-direction) within few minutes.
In the meantime, the holes expanded. After about 10 minutes, almost no bilayer was
left, and only lipid tubes could be observed. Septins were observed to localise on both
the lipid tubes and the mica. In places where lipid bilayer could still be observed, the
density of septins was reduced. The diameters of the tubes were ranging from 1 to
2 μm. The addition of septins at concentrations of 30 nM also led to deformations of
the membrane but at smaller scale. The membrane would display small spheres on the
edges of the holes with radii ranging from 1 to 1.5 μm.

These observations were supported by AFM imaging performed on supported lipid
bilayers deposited on mica by collaborators. They observed that the addition of septins
would disturb the lipid membrane, leading to its detachment. They also observed
swelling from the centre of some membrane patches. Those experiments were performed
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at lower septin concentrations, with a maximum concentration used of 30 nM.
This behaviour only occurred for lipid bilayers deposited on mica because the in-

teraction of lipid bilayers seemed weaker with mica than with glass. Indeed, before the
addition of septins, the presence of holes in the lipid bilayer reflected a weaker inter-
action between the SUVs and the mica leading to poor fusion efficiencies. Also, the
initial holes can allow the binding of septins to mica for which it has a strong affinity
and compete with the lipid bilayer-mica interaction. The binding of septins to mica
seemed to be the main factor for bilayer detachment in the AFM imaging study. These
results have been published in Nanoscale (Vial et al., 2021).

Figure 4.1 – Snapshots from a movie showing deformation of a lipid bilayer by addition
of septins. The lipids were labelled with PI(4,5)P2-TR (red) and deposited on mica.
GFP-tagged septins (green) were added at a concentration of 300 nM. Bilayer was
quickly disrupted and tubes going out of the membrane plane were observed.

After observing this deformation, I wanted to study in more details the mechanical
properties of septin meshes, which seem crucial in many functions of septins.

4.2 Micropipette aspiration

Micropipette aspiration is a method commonly used to obtain the bending and the
elastic modulus of a lipid membrane (Kwok and Evans, 1981). Vesicles are aspirated
with a micropipette in which the pressure is controlled by displacing vertically a water
tank. The length of the aspirated tongue is recorded as a function of the pressure inside
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the micropipette. Depending on the tension regime in the vesicle, one can obtain either
the bending modulus in the low tension regime, or the elastic modulus in the high
tension regime.

Previous experiments have been performed using micropipette aspiration to obtain
the elastic modulus and the bending modulus of a system consisting of septins filaments
bound to a lipid membrane (Beber et al., 2019b). These experiments were performed
on GUVs incubated with purified yeast septins labelled with GFP. The GUVs were
captured and pre stretched to smooth out the membrane and remove possible defects.
The pressure would then be released and septins were locally injected to bind to the lipid
membrane. Surprisingly, the addition of septins did not change significantly the elastic
modulus and the bending modulus. During the experiment, septins never localised on
the tongue, the part of the membrane being aspirated by the micropipette even when
it was being elongated.

To make sure septins were initially evenly distributed on the surface of the vesicle, I
wanted to repeat the experiment using GUVs pre incubated with septins before captur-
ing them with a micropipette. I used the same lipid mixture as in the previous study
(Beber et al., 2019b), incubated the GUVs made by electro-formation with 200 nM
septins for 30 min before performing the micropipette aspiration experiment. Confocal
images from the micropipette experiment are displayed in Figure 4.2 for two different
GUVs A (top) and B (bottom). The experiment was repeated five times and all vesicles
showed similar behaviours.

The density of septins bound to the membrane was three times higher in vesicle
B than in vesicle A. The septin density on both vesicles was homogeneous before mi-
cropipette aspiration as displayed for vesicle B. The pressures indicated correspond to
the pressure difference between the observation chamber and the micropipette. Dur-
ing aspiration, the pressures are positive. In both cases, there was a threshold in the
pressure applied to start aspirating the vesicle. This threshold depended strongly on
the septin density, about 30 Pa for vesicle A and 150 Pa for vesicle B. Upon increasing
the applied pressure, the tongue got slightly elongated as can be seen for vesicle A at a
pressure of 90 Pa when compared to 30 Pa. However, during all the experiments, the
septins were always excluded from the tongue, the portion of the membrane aspirated
inside the micropipette.

When reaching a critical value, the vesicles would undergo very strong deformations,
with the tongue getting elongated very abruptly. This critical pressure was reached
at 100 Pa in vesicle A and 200 Pa in vesicle B. The tongue was still depleted from
septins, and if the pressure was not released, the vesicles were fully aspirated inside the
micropipette. I suspect that this observation occurs either because septins detach from
the membrane or because the filamentous network is altered, allowing the membrane
outside of the micropipette to deform. The second hypothesis is more likely because the
density of septins increases when the critical pressure is reached. These observations
were consistent with septins creating a rigid filamentous network on the membranes.
Finally, upon releasing the pressure, the tongue was pushed back from the micropipette,
and the vesicle would lose its initial sphericity, and display wrinkles – see vesicle A –
or larger deformations.

Recovering the mechanical properties of the septin mesh seems complicated. Indeed,
the usual theoretical considerations that allow the obtention of both the bending and
elastic modulus would not be possible. The system is no longer a single sheet of fluid
undergoing elastic deformation. It is a rather more complicated system and developing

124



4.3. AFM USING HERTZ CONTACT RESULTS: MECHANICAL PROPERTIES

a model to account for all the effects of the inhomogeneously distributed septin filaments
and their physical state seemed daunting. I therefore chose a different strategy and used
Atomic Force Microscopy (AFM) to probe the mechanical properties of the membrane.

4.3 AFM using Hertz contact

I decided to perform AFM indentation experiment to assay the role of septins in the
mechanical properties of membranes. I used a cantilever with a tip of a known geometry
to apply a force on an object. The deflection of the tip is recorded to determine both
its vertical position and the force applied, knowing the rigidity of the cantilever. It
is therefore possible to obtain the deformation of the object of interest for a given
force. Depending on the object, different models describing the contact can be used to
recover the mechanical properties, such as the Young’s modulus. The most common
contact model used is the Hertz contact. It considers a spherical tip exerting pressure
on a homogeneous and elastic half ball which is well adapted to the geometry of a cell
attached to a surface. The model gives a relation between the indentation and the force
which varies as F ∝ d3/2. The full equation is written in section 2.8.3. This equation
is valid for ratio of radii of the object to the tip smaller than 5 and bigger than 1/5.

I performed AFM indentation experiment on GUVs incubated with GFP labelled
yeast septins. The GUVs were prepared by gel assisted swelling on PVA. The GUVs
were then deposited on a glass coverslip covered with polylysine to ensure strong bind-
ing of the vesicles on the coverslip. Septins were added to the GUVs directly in the
observation buffer, left for 30 min to ensure full interaction. The excess of septins was
then rinsed away. This rinsing was crucial to prevent any attachment of septins on the
AFM tip. The AFM setup was combined with a Fluorescent optical microscope, which
allowed the visualisation of vesicles and the alignment of the tip with the vesicle. The
tip was then lowered using a piezo at a constant rate, and the force indentation curves
could be recovered. A curve obtained for a GUV in the absence of septins is displayed
in Figure 4.3 A. A fit using a Hertz contact model is also displayed in red. It shows that
the real force indentation curve did not follow the expected 1.5 power law. Focusing
on the early deformations (first points on the graph), I was able to fit the data with
the model as displayed for the first micrometre of indentation on the same vesicle in
Figure 4.3 B.

I decided to only use the first 200 nm of indentation because even for small vesicles,
the fitting was satisfying. I plotted in Figure 4.3 C the distribution of apparent Young’s
modulus for individual GUVs in both the control experiment and after the addition of
septins. The Young’s modulus for the control experiment was 3.4 ± 0.4 kPa, and was
increased to 11 ± 2 kPa in the presence of septins. However, because the geometry in
the model considers a volumetric object instead of a surface, a strong dependency on
the size of the vesicle can occur.

To decipher whether differences in size could explain the difference of apparent
Young’s modulus, I plotted in Figure 4.3 D the distribution of Young’s modulus as a
function of the radius of the GUV for both the control experiment and in the pres-
ence of septins. For both conditions, the apparent Young’s modulus decreased with
increasing radius. With septins, the vesicles were on average smaller than in the con-
trol experiment. This effect resulted from the extra rinsing steps required after the
addition of septins. Pipetting induces important shear flows on the surface of the cov-
erslip. The shear flow disrupts the larger vesicles. The intact vesicles can be split in two
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Figure 4.2 – Micropipette aspiration experiment. (A) GUV with a low septin signal,
upon gentle aspiration a tongue would appear. It appeared that a threshold in aspiration
was necessary to pull a longer tongue and once reached the tongue would be very
elongated. Upon pressure release, the tongue goes back to the tip of the micropipette
and the vesicle would appear wrinkled. (B) GUV with septin signal about 3x higher.
To start pulling the tongue, a strong aspiration was need. Upon further increasing the
aspiration, the tongue would again become very elongated after reaching a threshold.
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populations. One population displayed apparent Young’s modulus similar to vesicles
from the control experiment, and the second one showed Young’s modulus 3 to 5 times
higher than the control experiment. This second population corresponded exclusively
to vesicles with radii smaller than 2 μm.

Figure 4.3 – Experiments from AFM indentation with analysis performed using Hertz
contact law. (A) The force applied on the GUV as a function of the indentation depth.
Plotted is the fit using Hertz contact going as x3/2. (B) Zoom on the first micrometre
of indentation and fitted using the Hertz contact law. (C) Young’s modulus obtained
from the fit on the first 200 nm of indentation in the control experiment and when
septins are bound to the membrane. (D) Young’s modulus as a function of the radius
for both the control experiment and when septins are bound to the membrane.

These results suggest that upon septins binding, the membrane is more rigid, as
expected. Howeve,r a high variability is observed with the radius of the vesicle. To
quantify whether this observation was an artefact of the model or a feature of the septin
mesh, I had to improve the model. I plotted in Figure 4.4 A the force indentation curve
in a log log scale and fitted with a linear fit. It generated a slope of approximately
1.6, but the fitting was poor. I removed the initial points that are very noise sensitive
and fitted only the curve with forces higher than 0.2 nN in Figure 4.4 B. The resulting
slope is then found equal to 1.95. This indicated that the chosen model was definitely
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not adapted to the quantitative study of GUVs. It could still be used to estimate the
apparent rigidity of a vesicle.

To better quantify the rigidity of the lipid membrane with bound septins filaments,
a more realistic model based on the geometry of a GUV (a sphere filled with an incom-
pressible fluid) would have to be used. Such a model would provide the elastic modulus
of the membrane which should be independent of the size of the vesicle. A model has
been proposed by Schäfer et al. (2015) where the exact shape of the vesicle is computed
from the Laplace equation. The geometries of both the Hertz contact and the Schäfer
et al. (2015) model are shown in 4.4 C and D respectively. Importantly, in the Hertz
model the object is a volume, while in the model from Schäfer et al. (2015), only the
surface of the sphere is considered.

Figure 4.4 – (A) and (B) Log-log plot of the force as a function of the indentation depth
recorded on a GUV and fitted with a linear function to obtain the power law. The Hertz
model predicts a slop of 1.5, while on the left one the slope obtained was 1.67, and 1.95
on the right plot after removing the initial points. (C) Scheme of the geometry of the
Hertz contact, considering a half ball with elastic properties. (D) Scheme of the model
developed in Schäfer et al. (2015) considering a sphere with elastic properties, some
initial tension, and no dissipation by viscosity.
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4.4 AFM analysis using a spherical model

The model described by Schäfer et al. (2015) relies on numerically solving a system
of equation – see section 2.8.3 – to find the equilibrium shape of the vesicle when a
given force is applied by a tip with a known geometry. From the shape of the vesicle, it
is possible to obtain the indentation depth, and thus plot the force indentation curves.
This leaves two parameters to be fitted, the initial tension and the compressibility –
equivalent to the elastic modulus. By fitting the experimental data with this model,
both can be recovered. However, this fit relies on numerically solving a system of non
linear equations. The numerical stability of the system is poor when the tip is bigger
than the vesicle. I therefore worked with a new batch of vesicles, and tried to limit
the washing steps to preserve the biggest vesicles. I also changed the activation of the
coverslip to have a weaker interaction because polylysine would induce bursting of the
biggest GUVs on the coverslip.

The vesicles were produced by gel assisted swelling, and were incubated with septins
prior to the deposition on the glass coverslips. They were then diluted 10 times and
left to sediment on the coverslips. Further dilution of the septins was performed by
washing and replacing half of the solution, for a final dilution by 20. In the presence
of septins no extra treatment was necessary to ensure strong interaction of the vesicles
with the coverslip. For the control experiment, I pre incubated the coverslip with 20 μL
of 10 mM of MgCl2 before adding 1 mL of sample to provide enough interaction of the
vesicles with the glass coverslips.

I used the same spherical tips with a radius of 1.7 μm and studied the mechanical
properties of vesicles with either no septins or pre incubated septins at either 200 nM
or 400 nM. The vesicles had radii ranging from 10 to 20 μm. Each vesicle was indented
several times with a full cycle of the tip coming in contact, lowered until a set maximum
force was reached and then retracted. The maximum force in the cycle was increased
after each cycle starting at 1 nN, and up to 15 nN. A force indentation curve is displayed
in Figure 4.5 A. The grey circles correspond to the numerically solved model for the
vesicle. The indentation depth would often reach more than 3 μm, while the tip was
only 1.7 μm in radius. I thereby discarded the portion of the curves corresponding to
indentation higher than 3 μm, because the cantilever might also touch the vesicles.

After fitting the experimental data, I was able to recover the elastic area com-
pressibility of the vesicles in the different conditions. This constant characterises the
resistance to area expansion under mechanical load. A high area compressibility means
that a high force is required to extend the membrane. The compressibility for individ-
ual vesicles are displayed in Figure 4.5 B for all three conditions. The vesicles in the
control experiment (in the absence of septins) had compressibility of 32 ± 6 mN/m,
11 ± 2 mN/m for the low septin concentration (200 nM of septins) and 7 ± 2 mN/m for
the high septin concentration (400 nM of septins). The compressibility obtained for the
control experiment is quite low as compared to the values in the literature which are
around 200 mN/m (Kwok and Evans, 1981; Rawicz et al., 2000). It was surprising to
observe that increasing the septin concentration and therefore the average septin den-
sity on the vesicles led to a reduction in the compressibility, meaning that the vesicles
were more easily deformed.

To confirm this observation, and fit the data at even higher force to validate the
model, I used a bigger tip with a radius of 5.1 μm. This ensures that the cantilever
should not enter in contact with the vesicles, and thus only the tip will press on the
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vesicles. I used septins at concentrations of 200 nM to compare with the control ex-
periment, in the absence of septins. The compressibility for individual vesicles are
displayed in Figure 4.5 C for both the control experiment and after the addition of
septins. The vesicles in the control experiment had a compressibility of 74 ± 20 mN/m
and 11 ± 2 mN/m in the presence septins. The reduction of compressibility after the
addition of septins was confirmed.

Figure 4.5 – AFM experiments analysed using the model developed in Schäfer et al.
(2015). (A) Force applied on the GUV as a function of the indentation. Grey dots are
the values obtaiend when modelling the experiment with a compressibility of 65 mN/m
and a tension of 0.3 mN/m. (B) Compressibility modulus using a small AFM tip (radius
= 1.7 μm) for the control experiment, in the presence of 200 nM of septins (low septins)
and 400 nM of septins (high septins). (C) Compressibility modulus using a bigger
AFM tip (radius = 5.1 μm) for the control experiment and in the presence of 200 nM
of septins.

To understand how the addition of filaments on a membrane can lead to a reduction
in its apparent rigidity and reconcile these results with the earlier results showing an
increase in membrane rigidity, I analysed the movies obtained during the indentation
experiments. I could observe the swelling of the vesicle in the equatorial plane when
the tip is lowered and how it retracts when the tip returns to its initial position. In the
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presence of septins the vesicles were often pre-deformed. The deformation was highly
vesicle dependent. Snapshots from an indentation experiment on a pre deformed GUV
are displayed in Figure 4.6. The vesicle was incubated with 400 nM of septins before
indentation. It displayed a recognisable short inward tubulation prior to indentation
(see arrow in Figure 4.6). When the force increased, the tubulation gets smaller while
the rest of the vesicle surface gets flattened and the overall diameter in the equatorial
plane increases. At a given applied force, the tubulation was completely flattened. The
vesicle displayed no defect. Upon release of the force, the vesicle recovered its initial
shape, with the small tubulation at the same place and similar ruffles on the surface.
Similar reversible unfolding of initial defects was observed in all the experiments with
septins. I hypothesised that the reduction of the compressibility could be directly
related to these initial defects acting as membrane reservoir.

Figure 4.6 – Snapshots from an AFM indentation experiment on a GUV coated with
yeast septins. Before indentation, the vesicle has ruffles and some tubulation going
inwards (see arrow). Upon indentation, the ruffles and the tube unfold, and the GUV
swells. After release of the force from the tip, the ruffles as well as the tube reappear.
Scale bar is 10 μm.
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4.5 Explanation for softening

The apparent softening of the membrane might be a consequence of the ruffles
appearing after the addition of septins. Indeed, when the membrane is ruffled, an
excess area can be recovered by flattening these ruffles. To estimate the effect of the
deformations, I considered a model accounting for membrane deformations.

I first compared the shape of the vesicle before indentation as a function of the septin
density. Images of different vesicles prior to indentation are displayed in Figure 4.7 A.
The top row corresponds to vesicles incubated with 400 nM of septins while the bottom
row corresponds to vesicles incubated with 200 nM of septins. The vesicles incubated
with higher septin density showed, on average, more important initial deformations.
The deformations were not periodic, and trying to extract the exact shape of the vesicles
seemed too complicated. After discussing with a theoretician, Martin Lenz, I propose
a model to explain the apparent softening of the vesicles after the addition of septins.
This model can also recover some of the mechanical features of septin meshes.

This model proposes that the addition of septins induces an intrinsic curvature to
the membrane. This intrinsic curvature leads to the formation of ruffles which store an
excess area of membrane. The ruffles can accommodate the deformation by unfolding,
preventing the membrane expansion. Importantly, the bending modulus of membranes
is much lower than their area compressibility. Therefore the force required to flatten
the membrane is lower than the one needed to expand it. In my experiments, I will
need to also consider the bending modulus of septin filaments, which can be estimated
from their persistence length as detailed below – see equation 4.12.

To estimate the importance of the ruffles on the mechanical properties of the septin-
membrane system in my experiment, I considered the Helfrich Hamiltonian:

H =

∫∫
κ

2
(C(−→r )− C0(

−→r ))2 + σ

2
(
−→
∇h)2 d2−→r (4.1)

Where κ is the bending modulus of the membrane, C0 its intrinsic curvature, σ the
tension in the membrane and h is the height of the membrane. To take into account
the initial deformations, I impose a non null intrinsic curvature to the membrane. The
exact shape of the intrinsic curvature for each GUV is too complicated to model. There-
fore, I needed to chose a shape that could mimic the bumps observed in fluorescence
microscopy. I arbitrarily chose C0 as a random coloured gaussian noise. It is described
by the two following equations:

< C0(
−→r ) > = A (4.2)

< (C0(
−→r1 )− A)(C0(

−→r2 )− A) > = B exp

(
−|−→r1 −−→r2 |

a

)
(4.3)

Where A is the average curvature, corresponding to the curvature of the spherical
GUV in our experiment. B is related to the amplitude of the local variations of the
intrinsic curvature. It is therefore related to the amplitude of the deformations. a is
the distance for which curvatures are strongly correlated, it is related to the typical
size of the bumps in the membrane plan. In my study typical values for a and B
are 1 μm1 and 1013 m−2. A membrane with curvature following this distribution is
displayed in Figure 4.7 B. Note that the vertical axis is not to scale. The exact shape
of the membrane is not crucial as I only performed the first order calculation.
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Figure 4.7 – (A) Snapshots of vesicles interacting with yeast septins. Top row, the
concentration of septins is 400 nM, bottom row, septin concentration is 200 nM. Some
big ruffles could be observed, mainly for the higher septin concentration. Scale bars
are 10 μm. (B) Surface following the curvature law that we propose to estimate the
consequence of ruffling on the vesicle effective compressibility modulus.

Analytical calculations can only be performed on the linear equations (first order).
In our conditions, the second order correction could lead to errors close to 30%. How-
ever, I considered that performing the non linear calculation would be unreasonably
complicated considering that we do not match the real geometry of the membrane. I
detail the equations in Appendix A.

From the Helfrich Hamiltonian expressed in equation 4.1 and considering force bal-
ance one can obtain:

∆
[(

∆− σ

κ

)
h− C0

]
= 0 (4.4)

Which becomes in Fourier space:

h̃ = − C̃0

q2 + λ2
; λ =

√
σ

κ
(4.5)

It is possible to recover the fraction area contained within the ruffles – difference
between the projected area and the total area – of the membrane:

< δA > =

∫∫
(
−→
∇h)2 d2−→r (4.6)

This equation can be solved considering:

C̃0(
−→q ) = 4Aπ2δ(−→q ) + d(−→q ) (4.7)

and using Fourier transform. Finally the fraction of area within the ruffles is:

< δA > =
a2B

2(1− (λa)2)2

[
(2 + (λa)2)Arsec(λa)√

(λa)2 − 1
− 3

]
(4.8)
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For values typical of the membranes that I studied, λa >> 1. The previous equation
then simplifies as:

< δA > =
πBa

4

√
κ

σ
(4.9)

The area in the ruffles depends on the tension of the membrane which can vary
by more than one order of magnitude. Introducing this equation in the model from
Schäfer et al. (2015) – see section 4.4 – is possible. An additional term should be
added to describe the apparent extension of the membrane due to the unfolding of
ruffles. However, the number of parameters that have to be set becomes too high to
be practically and reasonably usable. I therefore decided to only focus on the apparent
initial area compressibility by comparing the value of the initial slope to stretch the
membrane for a ruffled membrane to an flat membrane. I would then compare the
compressibility of the membrane to the derivate of (3.11):(

d < δA >

dσ

)−1

=
8σ3/2

πaBκ1/2
(4.10)

The initial apparent rigidity strongly depends on the tension, which cannot be ob-
tained directly. I took the opposite approach of estimating the other parameters includ-
ing the fraction of area contained in the ruffles and replace the tension. The relation
then becomes: (

d < δA >

dσ

)−1

=
2π2a2B2κ

< δA >3
(4.11)

The fraction of area contained within the ruffles strongly depends on the septin
concentration and strongly varies from one GUV to another. I wanted to obtain an
order of magnitude of the initial apparent area compressibility. The values chosen for
each parameters are based on observations but could strongly vary.

The estimation of the fraction of area was performed considering a 2D sinusoidal
function displaying the curvatures septins have been shown to induce on membranes
(Beber et al., 2019b). I chose a wavelength of 2 μm with an amplitude of 250 nm
corresponding to typical deformations of vesicles by septins as reported in Beber et al.
(2019b). I obtained < δA >= 0.3. Then the bending modulus was estimated from the
persistence length of the septin filaments. For filaments with persistence length Lp and
with typical spacing of l, the bending modulus is:

κ =
kBTLp

l
(4.12)

I took Lp = 10 μm, typical value for the persistence length of septin filaments from
the literature (Bridges et al., 2014; Beber et al., 2019b) and l = 25 nm, typical distance
between septin filaments from SEM experiments. I based the value of a on the typical
wavelength of the deformation, typically of the order of the micrometre. The value of B
is chosen as the square of the typical curvature preferred by septins which is −3 µm−1.

a = 10−6 m
B = 1013 m−2

From those values, I obtained an apparent area compressibility of 10 mN.m−1. This
estimated value is close to the area compressibility obtained from the experiments.
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I concluded that the unfolding of ruffles can accurately explain the softening of the
membrane upon addition of septins. Interestingly, while the apparent area compress-
ibility is reduced, the bending modulus is increased by a factor of 20 from a naked lipid
membrane.

This model can also explain the reason for the increased Young’s modulus in the
case of the small vesicles. When the size of the vesicle becomes smaller than the typical
size of the deformation and typical length of a septin filament, the vesicles are initially
spherical. The absence of initial deformations prevents the softening of the vesicle and
only the increase in bending rigidity matters.

The vesicles did not display a very high area compressibility modulus after the
unfolding of ruffles. It is expected that septin filaments would possess a high elastic
modulus. However, in the AFM indentation experiment I tested the expansion of the
membrane exclusively. During membrane extension, I suspect that septin filaments
are not stressed along their main axis. As I observed previously, the bilayer is fluid
under the septin network. Therefore, even though the membrane expands, no stress is
transmitted to the septin filaments. Once the ruffles are unfolded, the membrane will
start expanding similarly to the control experiment.

4.6 Conclusion

Using AFM indentation, I was able to probe some of the mechanical properties of
septin networks bound to membranes. It appeared that the addition of septins seemed
to reduce the compressibility modulus of the membrane. This result was counter-
intuitive as micropipette aspiration experiments showed that septins played a role in
the mechanical stabilisation of the membrane. Both results were conciliated considering
the pre-deformations of membranes before indentation when septins were added. By
deforming the membrane prior to the AFM indentation experiment, septins can reduce
the apparent area compressibility modulus. Indeed, the ruffles act as a reservoir of
membrane, and during early indentation, the unfolding of the ruffles can accommodate
for the imposed deformation with no expansion of the membrane – Figure 4.8. In
the case of the lower septin concentration, the deformations were less important and
thus the reduction of apparent area compressibility was lower. The energy necessary
to bend septins is smaller than the one required to expand the membrane, the area
compressibility modulus of the vesicle will therefore appear smaller than its real value.

Figure 4.8 – Schematic representation of a pre-deformed membrane indented with an
AFM tip. Due to the initial deformations, There is an excess in the area (here the
length) that can accommodate early indentation with no area expansion.
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Summary

• Septins can strongly deform supported lipid bilayers de-
posited on mica

• Micropipette aspiration experiments showed that
septins change the mechanical properties of mem-
branes

• Using AFM indentation and a simple contact model,
I showed that septins increase the overall rigidity of
small vesicles

• Using a model made for studying vesicle indentation,
septins seemed to reduce the apparent area compress-
ibility of the vesicle

• Finally, I explained this reduction of the apparent area
compressibility of the vesicle using a simple model ac-
counting for initial deformations of the vesicles
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Chapter 5

Discussion

5.1 Diffusion barrier

Studies performed in vivo have shown that septins play a role in the establishment
of diffusion barriers. These barriers, essential to many cellular processes, are still poorly
understood and the mechanisms behind their functions are unknown. A handful of in
vivo studies have analysed the behaviour of proteins in the absence of septins. In all of
those studies, the artefactual effects (unspecific interactions, steric hindrance etc.) that
might come from the fluorescent probe used to track these proteins is not discussed.

I aimed at determining the mechanism through which septins generate these dif-
fusion barriers. I proposed a systematic in vitro approach to study the properties of
possible diffusion barriers established by septins using reconstituted assays. I studied
the diffusion of different models of membrane components (membrane bound proteins
and lipids) to understand the mechanism of the diffusion barriers established by septins.
During my PhD I chose the fluorescent probes according to the geometry and model I
was studying.

5.1.1 Diffusion of lipids

I used FRAP to study the overall fluidity of the bilayer in the context of septin
binding. I was able to show that septins do not affect the fluidity of the bilayer nor
immobilise PI(4,5)P2, lipid necessary for the septin-membrane interaction. It had in-
deed been observed in vivo that septins do not alter the fluidity of the external layer
of lipids (Ewers et al., 2014). It had been proposed that septins could immobilise some
lipids which could then prevent the diffusion of transmembrane proteins and membrane
bound proteins. This proposition was supported by observation made in Pacheco et al.
(2022) where they observed that septins could act as a diffusion barrier for PIP2. How-
ever, in this study published on bioRxiv, they did not discuss the effect of the probe
used to assess the diffusion of PIP2. The total size of their probe ranges around 6 to
10 nm. I believe that the steric effect of the probe should be considered. Since I used
reconstituted biomimetic membranes, I could probe the diffusion of PI(4,5)P2 by using
a chemically synthesised Texas Red-PI(4,5)P2, with the fluorescent molecule placed on
one the lipids’ tail. This should ensure that septins can interact freely with the labelled
PI(4,5)P2. In my study, septins did not immobilise PI(4,5)P2. In vivo this strategy
cannot be used, and the probes available will likely alter the properties of PI(4,5)P2.
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5.1.2 Diffusion of models of proteins

I looked at the diffusion of model membrane bound proteins. I tested different
models reflecting different geometries for membrane associated proteins from trans-
membrane with no cytosolic domain (SD4, Sstr3), proteins with small cytosolic domain
(basigin, Smo) and proteins part of big complexes (sec5p spa2)(Barral et al., 2000;
Kwitny et al., 2010; Hu et al., 2010; Ewers et al., 2014). I observed that the models for
both transmembrane proteins and even for proteins with a cytosolic domain were able
to diffuse, while the one accounting for bigger protein complexes could not.

In vivo, septins interact with many binding partners, which might change the prop-
erties of the diffusion barrier. Most notably, they might create a crowding effect, which
could further reduce or even prevent the diffusion of many molecules in vivo. I tested
two known interactors of septins, playing a key role during cell division, the Bud3 and
Bud4 proteins. The addition of the Bud proteins reshaped the organisation of the septin
filaments but did not change the ability of the streptavidin to diffuse through septin
networks.

It is possible that other binding partners of the septins influence the barrier effect
in vivo. A large number of proteins are involved in cell division. The best candidates
would be proteins also interacting with the membrane or transmembrane proteins. In-
terestingly, at the bud neck, the ER is in close proximity with the plasma membrane,
and some contact sites are present. The contact sites are stabilised by proteins con-
necting the two membranes. These proteins would not be able to diffuse due to the
presence of septin filaments, notably. Their accumulation, as well as the accumulation
of many other proteins could also result in the formation of a specific lipidic domain at
the bud neck as suggested in Clay et al. (2014). The formation of such a domain could
result in the establishment of a diffusion barrier preventing the diffusion of lipids.

I propose that on their own, septins do not block the majority of membrane bound
proteins, except for larger protein complexes (more than 10 nm from the membrane).
The compartmentalisation of protein complexes can still account for the polarisation
of the membrane and the ability to differentiate compartments. Depending on the
proteins recruited by septins, it would be possible for cells to regulate the properties of
the diffusion barrier in cells.

Similarly, human septin filaments displayed the same propensity to generate diffu-
sion barriers. Because septins are involved in diffusion barriers in various cell types and
organisms, I would expect that the septin dependent diffusion barriers properties are
conserved. However, the proteins they recruit may differ, which could alter the in vivo
features of diffusion barriers established by septins.

In all experiments assaying the diffusion of streptavidin, an important immobile
fraction was detected. The size of the DSPE-PEG-streptavidin molecule might reach
the threshold for the maximal size of particles able to diffuse in the presence of septin
networks. This suggestion is supported by the significantly reduced diffusion rate of
the molecule in the presence of septins. Some particles might therefore be trapped.
Streptavidin being a tetramer, it is possible for one streptavidin to interact with more
than one biotinylated lipid. In the control experiment, this would result in a smaller
diffusion coefficient, but after the addition of septins, it is possible that it could result
in fully entrapping the streptavidin.

Concerning Quantum Dots, an immobile fraction was also detected, but as Quantum
Dots were never able to diffuse across septin filaments, this could be the consequence
of a local high density of septins.

139



5.2. MECHANICAL PROPERTIES DISCUSSION

Spacing between septins and the membrane

Proteins possessing a large cytosolic domain (about 6 nm) can diffuse across septin
networks. I hypothesise that there is a gap between the membrane and the septins.
Interestingly, a spacing between septin filaments and the membrane has been observed
in situ in dividing yeast cells (Bertin et al., 2012). Because septins interact directly
with the membrane, I propose that septins can interact with the membrane via the
coiled coils domains (which are about 10 nm long) localised at their C-terminus. From
sequence analysis, it has been proposed that the coiled coils of cdc12 and SEPT6 possess
an amphipathic helix that can interact with lipid membranes (Cannon et al., 2019).

The spacing between septins and the membrane might also experience dynamic
variations. Indeed, I observed that increasing the tension and therefore reducing the
entropic fluctuations of the membrane led to a reduction of the diffusion rate of strep-
tavidin.

Structural studies of septin filaments bound to the membrane could confirm which
domain of septins is involved in the septin-membrane binding. Identifying the domain of
interaction would help confirm the hypothesis that septin filaments are distant from the
membrane and therefore that transmembrane proteins and proteins with small cytosolic
domains could possibly diffuse.

Perspectives

From my results, I expect that, in vivo, septins would only block the diffusion of
protein complexes or proteins connecting the plasma membrane to the ER (Ist2). In
vivo experiments assaying the diffusion of lipids and proteins at the bud neck would
allow a more comprehensive study of the mechanisms. Analysing the lipid diffusion in
the PM during cell division at the bud neck would confirm that an accumulation of
lipids is not effective. It would also be interesting to study the diffusion of particles
bound to the membrane with a small cytosolic domain. Ideally, these particles should
not interact with other particles in cells to prevent effects from binding partners.

Finally, experiments assaying the diffusion of various model proteins at various
stages during cell division would give some insight on the time evolution of the properties
of the diffusion barrier. Binding partners of septins or other proteins recruited at the
bud neck might alter the properties of the diffusion barrier. It would therefore be
possible for cells to dynamically control the features of diffusion barriers established by
septin filaments.

5.2 Mechanical properties

Septins have been identified in vivo to play some mechanical roles in stabilising the
membrane. The persistence length of single septin filaments has been studied as well
as their ability to deform membranes in vitro. Both observations suggest that septins
have intrinsic mechanical properties that likely have a functional role in vivo. In the
continuity of previous studies performed in the lab, I analysed the mechanical properties
of septin networks bound on a lipid biomimetic membrane.

Performing micropipette aspiration, I observed that vesicles with septins bound
would require a much higher aspiration pressure than without septins. After an ini-
tial aspiration, the vesicle would not deform. This demonstrated that septins would
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strongly rigidify the membrane which is not able to deform until the septin filaments are
disrupted. At a pressure required to disrupt the septin filaments, the vesicles are fully
aspirated showing how stiff the septin network is. This clearly indicates that septins
could play an important role in the stabilisation of the membrane by modifying its
mechanical properties.

I used AFM indentation to probe the mechanical properties of vesicles with bound
septin filaments. I observed that on GUVs, septins could surprisingly reduce the ap-
parent area compressibility of the membrane. Vesicles were therefore easier to deform
after the addition of septins. I proposed with the help of Martin Lenz an explanation
relying on the unfolding of the initial deformations caused by septins to accommodate
the indentation by the AFM tip. The energy necessary to unfold the membrane being
lower than the one required to expand it, the force necessary to indent the GUVs was
lower.

The AFM indentation experiments allowed the estimation of the bending modulus
of septins. However, the elastic modulus was not probed. To probe the elastic modulus
of septins, it would be necessary to force the filaments to elongate. Such elongation
could happen when the membrane is forced to expand, however because lipids seem to
be able to flow underneath septin filaments, I think that during indentation, filaments
are never stressed along their main axis. They only bend with the unfolding of the
membrane deformations.

It is possible that septins can act as a membrane reservoir. By deforming locally
the membrane, they could create ruffles that can unfold under mechanical stress. Some
protein machineries have already been identified as playing a similar role such as the
caveolae (Del Pozo et al., 2021).

Perspectives

To force septin filaments to deform along their main axis, it could be interesting to
use cross linked septin networks. If the septin filaments are cross linked, the expansion
of the membrane will impose some stress on the septin network. To accommodate
the expansion, filaments would have to either elongate or cross-linker and/or filaments
would have to disassemble. The difference between these two mechanisms would be
sorted out by consecutive AFM experiments. From the micropipette experiments where
septins prevented the deformation of the membrane under loads important enough to
fully aspirate the vesicles, I would assume that indeed, septins could strongly increase
the area compressibility modulus of the membrane when forced to expand.
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5.3 Conclusion

Finally, I would argue that it is possible that septins carry an important role of
membrane stabilisation and organisation. My results suggest that septin filaments
are not in direct contact with the membrane but are connected with long coiled coils
domains creating a gap. This spacing could allow the diffusion of membrane proteins
except for large protein complexes. I argue that the consideration that septins would
be in close contact with the membrane would lead to fully blocking the diffusion of
all proteins possessing any cytosolic domain. I believe that creating such barrier at
all places where septins interact with the membrane would result in very important
compartmentalisation of the plasma membrane, even in regions where it is not necessary.
I believe that my results suggest a much more flexible barrier which properties could
be tuned dynamically by recruiting other proteins.
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Appendix A

Deriving the area contained in the
ruffles

I used the Helfrich Hamiltonian which describes the state of a membrane:

H =

∫∫
κ

2
(C(−→r )− C0(

−→r ))2 + σ

2
(
−→
∇h)2 d2−→r (A.1)

The first consideration is the the curvature C is related to the height h by the
following equation:

C = ∆h (A.2)

I then consider force equilibrium, which translates to the hamiltonian δH = 0 as: :

δH =

∫∫
κ(∆h(−→r )− C0(

−→r ))2∆δh+ σ
−→
∇h

−→
∇δh d2−→r (A.3)

when considering a small deflection of δh.

κ∆(∆h− C0)− σ∆h = 0 (A.4)

∆
[(

∆− σ

κ

)
h− C0

]
= 0 (A.5)

In Fourier space the previous equation transforms as:

h̃ = − C̃0

q2 + λ2
; λ =

√
σ

κ
(A.6)

I had to define a geometry for the initial state of the membrane. I chose a coloured
gaussian noise, which gives a typical amplitude of the curvature and a spatial correla-
tion. The intrinsic curvature is therefore defined by the following two equations:

< C0(
−→r ) > = A (A.7)

< (C0(
−→r1 )− A)(C0(

−→r2 )− A) > = B exp

(
−|−→r1 −−→r2 |

a

)
(A.8)

The area contained in the ruffles is:
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δA =

∫∫
(
−→
∇h)2 d2−→r (A.9)

Using Fourier transform, the equation becomes:

δA =

∫∫
d2−→r

∫∫
d2−→q1
(2π)2

∫∫
d2−→q2
(2π)2

i−→q1 .i−→q2ei
−→q1 .−→r1ei

−→q2 .−→r2 < h̃(−→q1 )h̃(−→q2 ) > (A.10)

To compute < h̃(−→q1 )h̃(−→q2 ) > I defined d̃(−→q ) as:

C̃0(
−→q ) = 4Aπ2δ(−→q ) + d̃(−→q ) (A.11)

And therefore:

< d̃(−→q ) > = 0 (A.12)

Next I calculated < d̃(−→q1 )d̃(−→q2 ) >:

< d̃(−→q1 )d̃(−→q2 ) > =

∫∫
d2−→r1

∫∫
d2−→r2 e−i−→q1 .−→r1e−i−→q2 .−→r2B exp

(
−|−→r1 −−→r2 |

a

)
(A.13)

By applying a change of variable −→ρ = −→r1 −−→r2 the equation becomes:

< d̃(−→q1 )d̃(−→q2 ) > = B

∫∫
d2−→r1

∫∫
d2−→ρ e−i(−→q1+−→q2).−→r1e−i−→q2 .−→ρ exp

(
−|−→ρ |

a

)
(A.14)

< d̃(−→q1 )d̃(−→q2 ) > = 4Bπ2δ(−→q1 +−→q2 )
∫∫

d2−→ρ e−i−→q2 .−→ρ exp

(
−|−→ρ |

a

)
(A.15)

The second integral is invariant by rotation, so I assume −→q2 = q−→ex and define ϕ as
the angle of −→ρ :

−→ρ = ρ(cos(ϕ)−→ex + sin(ϕ)−→ey ) (A.16)

Then equation A.15 bcomes:

< d̃(−→q1 )d̃(−→q2 ) > = 4Bπ2δ(−→q1 +−→q2 )
∫ π

−π

dϕ

∫ ∞

0

dρ e(iqcos(ϕ)−
1
a
)ρ (A.17)

By performing in integration by part and considering that cos(π − ϕ) = −cos(ϕ)
the equations becomes:

< d̃(−→q1 )d̃(−→q2 ) > = 8a2Bπ2δ(−→q1 +−→q2 )
∫ π

2

−π
2

dϕ Re

[
1

(1− iqacos(ϕ))2

]
(A.18)

The last can be computed using Mathematica, and finally:

< d̃(−→q1 )d̃(−→q2 ) > =
8a2Bπ3δ(−→q1 +−→q2 )
(1 + (qa)2)3/2

(A.19)
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Injecting this result in < h̃(−→q1 )h̃(−→q2 ) > I obtained:

< h̃(−→q1 )h̃(−→q2 ) > = (2π)4
A2

λ2
δ(−→q1 )δ(−→q2 ) +

8a2Bπ3δ(−→q1 +−→q2 )
(1 + (qa)2)3/2(q2 + λ2)

(A.20)

Injecting this result in equation A.10, I obtained:

δA =

∫∫
d2−→q
(2π)2

−→q 2

∫∫
d2−→r ei

−→
0 .−→r 2a2Bπ

(1 + (qa)2)3/2(q2 + λ2)
(A.21)∫∫

d2−→r = Atot (A.22)

Where Atot is the total area of the membrane. Therefore, < δA > the portion of
area contained in the ruffles is:

< δA > = a2B

∫
q3dq

(1 + (qa)2)3/2(q2 + λ2)
(A.23)

By using the change of variable Q = (qa)2, the equations becomes:

< δA > =
a2B

2

∫
QdQ

(1 +Q2)3/2(Q+ (aλ)2)
(A.24)

The integral can be computed using Mathematica, finally:

< δA > =
a2B

2(1− (λa)2)2

[
(2 + (λa)2)Arsec(λa)√

(λa)2 − 1
− 3

]
(A.25)
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S. Mostowy. Septins Recognize and Entrap Dividing Bacterial Cells for Delivery
to Lysosomes. Cell Host & Microbe, 24(6):866–874.e4, Dec. 2018. ISSN 19313128.
doi: 10.1016/j.chom.2018.11.005.

Y.-C. Kuo, Y.-R. Shen, H.-I. Chen, Y.-H. Lin, Y.-Y. Wang, Y.-R. Chen, C.-Y. Wang,
and P.-L. Kuo. SEPT12 orchestrates the formation of mammalian sperm annulus by
organizing SEPT12-7-6-2/-4 core complexes. Journal of Cell Science, 128:923–934,
Jan. 2015. ISSN 1477-9137, 0021-9533. doi: 10.1242/jcs.158998.
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H. Stark, and A. Wittinghofer. Structural insight into filament formation by mam-
malian septins. Nature, 449(7160):311–315, Sept. 2007. ISSN 0028-0836, 1476-4687.
doi: 10.1038/nature06052.

A. Sirianni, S. Krokowski, D. Lobato-Márquez, S. Buranyi, J. Pfanzelter, D. Galea,
A. Willis, S. Culley, R. Henriques, G. Larrouy-Maumus, M. Hollinshead, V. Sancho-
Shimizu, M. Way, and S. Mostowy. Mitochondria mediate septin cage assembly to
promote autophagy of Shigella. EMBO reports, 17(7):1029–1043, July 2016. ISSN
1469-221X, 1469-3178. doi: 10.15252/embr.201541832.

162



BIBLIOGRAPHY BIBLIOGRAPHY

C. Smith, L. Dolat, D. Angelis, E. Forgacs, E. T. Spiliotis, and V. E. Galkin. Septin 9
Exhibits Polymorphic Binding to F-Actin and Inhibits Myosin and Cofilin Activity.
Journal of Molecular Biology, 427(20):3273–3284, Oct. 2015. ISSN 00222836. doi:
10.1016/j.jmb.2015.07.026.

J. H. Son, H. Kawamata, M. S. Yoo, D. J. Kim, Y. K. Lee, S. Kim, T. M. Dawson,
H. Zhang, D. Sulzer, L. Yang, M. F. Beal, L. A. DeGiorgio, H. S. Chun, H. Baker, and
C. Peng. Neurotoxicity and behavioral deficits associated with Septin 5 accumulation
in dopaminergic neurons: Septin 5 accumulation in dopaminergic neurons. Journal
of Neurochemistry, 94(4):1040–1053, June 2005. ISSN 00223042, 14714159. doi:
10.1111/j.1471-4159.2005.03257.x.

D. Soumpasis. Theoretical analysis of fluorescence photobleaching recovery experi-
ments. Biophysical Journal, 41(1):95–97, Jan. 1983. ISSN 00063495. doi: 10.1016/
S0006-3495(83)84410-5.

S. Spiegel, R. Blumenthal, P. H. Fishman, and J. S. Handler. Gangliosides do not move
from apical to basolateral plasma membrane in cultured epithelial cells. Biochimica
et Biophysica Acta, 821:310–318, 1985. doi: 10.1016/0005-2736(85)90101-4.

E. T. Spiliotis, S. J. Hunt, Q. Hu, M. Kinoshita, and W. J. Nelson. Epithelial polar-
ity requires septin coupling of vesicle transport to polyglutamylated microtubules.
Journal of Cell Biology, 180(2):295–303, Jan. 2008. ISSN 1540-8140, 0021-9525. doi:
10.1083/jcb.200710039.

J. D. Steels, M. P. Estey, C. D. Froese, D. Reynaud, C. Pace-Asciak, and W. S. Trimble.
Sept12 is a component of the mammalian sperm tail annulus. Cell Motility and the
Cytoskeleton, 64(10):794–807, Oct. 2007. ISSN 08861544, 10970169. doi: 10.1002/
cm.20224.

M. C. Surka, C. W. Tsang, and W. S. Trimble. The Mammalian Septin MSF Localizes
with Microtubules and Is Required for Completion of Cytokinesis. Molecular Biology
of the Cell, 13:3532–3545, 2002. doi: 10.1091/mbc.E02010042.

T. Tada, A. Simonetta, M. Batterton, M. Kinoshita, D. Edbauer, and M. Sheng. Role of
Septin Cytoskeleton in Spine Morphogenesis and Dendrite Development in Neurons.
Current Biology, 17(20):1752–1758, Oct. 2007. ISSN 09609822. doi: 10.1016/j.cub.
2007.09.039.

P. A. Takizawa, J. L. DeRisi, J. E. Wilhelm, and R. D. Vale. Plasma Membrane
Compartmentalization in Yeast by Messenger RNA Transport and a Septin Diffusion
Barrier. Science, 290(5490):341–344, Oct. 2000. ISSN 0036-8075, 1095-9203. doi:
10.1126/science.290.5490.341.

L. Tamm and H. McConnell. Supported phospholipid bilayers. Biophysical Journal, 47
(1):105–113, Jan. 1985. ISSN 00063495. doi: 10.1016/S0006-3495(85)83882-0.

K. Tarassov, V. Messier, C. R. Landry, S. Radinovic, M. M. S. Molina, I. Shames,
Y. Malitskaya, J. Vogel, H. Bussey, and S. W. Michnick. An in vivo Map of the Yeast
Protein Interactome. Science, New Series, 320(5882):1465–1470, 2008.

163



BIBLIOGRAPHY BIBLIOGRAPHY

A. J. Tooley, J. Gilden, J. Jacobelli, P. Beemiller, W. S. Trimble, M. Kinoshita, and
M. F. Krummel. Amoeboid T lymphocytes require the septin cytoskeleton for cortical
integrity and persistent motility. Nature Cell Biology, 11(1):17–26, Jan. 2009. ISSN
1465-7392, 1476-4679. doi: 10.1038/ncb1808.
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