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Summary

The world we inhabit has long been home to an immense multitude of living beings: small
bacteria and other microscopic organisms that elude our vision, as well as plants, fungi,
and animals. Despite these vast differences in size and appearance, we classify all of these
entities as living. Scientists, including the author of this thesis, have been captivated by the
mechanisms that sustain the diversity of life, all while maintaining fundamental charac-
teristics that define all this diversity of organisms as alive. At the basis of this remarkable
diversity and functionality of life are cells. From single cells existing as unicellular organ-
isms to multiple cells interacting to form multicellular organisms, cells are the minimum
living building block of life. Cells between and even within single organisms are very di-
verse in shape, components, functionalities, and organization. Even with these differences,
they all share common traits: cells have a cell membrane that separates their interior from
their exterior, possess genetic material that contains all the information needed for the cell
to function, they use components from their environment to fuel and renew themselves,
and they are able to divide to reproduce. In order to carry out these functions: cells gen-
erate a multitude of components, proteins, nucleic acids, lipids, sugars, and other small
metabolites, that are stored inside the cell, making it a complex self-sustaining chemi-
cal reactor with tens of thousands of interconnected and sometimes redundant reactions.
Understanding how the basic commonalities between cells emerge from the intricate in-
teraction of those reactions is the key to understand what is life and how it works.

With this aim, scientists are investigating these reactions within and outside cells using
many different approaches. An interesting approach that emerged in the early 2000s is
synthetic biology, a discipline that aims to use engineering principles to build biological
systems. Of special interest to identify the properties that define living organisms and to
understand how cells work is bottom-up synthetic biology, which aims to build a synthetic
cell from its purified components while investigating how these components interact with
each other and work together to make a cell alive. This minimalist approach uses in vitro
reconstitution, which is, in other words, putting purified components together outside
of a living cell to simplify interesting cellular subsystems, allowing for a more profound
understanding of their workings and helping to identify the minimal required components
and functions.

With this aim, the Dutch "BaSyC - Building a Synthetic Cell” consortium aims to build
a synthetic cell from the bottom-up. The work presented in this dissertation is part of
this BaSyC project and has the objective to work towards designing a mechanism that
controls the shape of the synthetic cell, with a special emphasis on a synthetic cell division
mechanism. We work towards this goal by getting inspiration from animals cells for two
main reasons: (1) to simplify the cell shape control mechanism by avoiding the need to
construct a cell wall and (2) to learn more how animal cells control their shape since it is
more relevant for human physiology and disease.
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It is know that behind animal cell shape control there is the interaction of the mem-
brane with the cytoskeleton, a network of filament-forming proteins composed of actin
filaments, microtubules, intermediate filaments, and septins. Septins, proteins that form
filaments from smaller complexes made of six (hexameric) or eight (octameric) septins, are
a less widely studied component of the cytoskeleton that participates in many important
processes, such as cell migration. Especially important for septin functions are its inter-
action with microtubules, the cell membrane, and actin filaments. Interestingly, these
three components are all key players during cell division and cell shape control. There-
fore, we think that septins are a good candidate to orchestrate the choreography between
them to lead to cell shape control and division. Unfortunately, the scientific community
does not know enough about how septins interact with these cellular components. So, we
cannot use engineering principles to design this synthetic cell shape control mechanism.
Consequently, the aim of this thesis is to investigate the basic (or BaSyC) properties of
the septins’ interactions with microtubules, lipid membrane, and actin filaments using in
vitro reconstitution.

In this thesis, we first delve into bottom-up synthetic biology and the role of the cell
membrane and the cytoskeleton in animal cell shape control in Chapter 1. We do so with
a focus on what is the importance of septins’ interactions for cell shape control and how
to use them for building a synthetic cell.

In order to use septins for in vitro reconstitution, we first need to purify them. In Chap-
ter 2 we detail the protocol that we use to purify septin complexes from the bacterium
Escherichia coli by using a double-affinity chromatography approach. Protein purification
procedures can vary a lot in yield and in correct functionality of the protein, therefore we
use a set of techniques to determine the quality of the purified septins in terms of integrity
and functionality, which is also detailed in Chapter 2.

In Chapter 3 we investigate the interactions between septins and microtubules. We
use a combination of bioinformatics, experiments in cells, and in vitro reconstitution to
find and validate the region of septins that binds microtubules. We find that this domain
is only present in the very start of a specific septin, SEPT9. Knowing this, we then ex-
amine how hexameric septin complexes, that do not have SEPT9, and octameric septin
complexes with either the full SEPT9 or shorter or mutated versions of it interact with
microtubules. We find that SEPT9 has two domains that regulate the interaction with mi-
crotubules, namely the domain that we found with bioinformatics that allows binding and
affects microtubule polymerization dynamics, and another region deeper in SEPT9 that
tunes this interaction by lowering the binding affinity.

In Chapters 4 and 5 we focus on the interactions of septins with lipid membranes. In
Chapter 4 we look into the interaction of septins with a specific model of lipid membranes,
supported lipid layers, in which the lipid membranes is bound and supported by a solid
surface. We use a multi-technique approach to investigate what governs septin-membrane
binding. We find that septins require the lipid phosphatidylinositol 4,5-bisphosphate
(PIP2) to bind membranes, while the lipid phosphatidylserine (PS) has a synergistic ef-
fect on membrane binding, likely due to its negative charge. We also find that septins
form either a stiffer bundle-based networks or a softer filament-based networks depend-
ing on the length of the septin complex, and on environmental conditions, in particular,
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the presence of the small molecule GTP and the properties of the lipid membrane. We
finally use computer simulations to more deeply understand this process and identify that
the formation of the stiffer network is likely based on filament growth, pairing, and align-
ment. In Chapter 5 we move to a more cell-like membrane by using cell-sized vesicles,
which are spherical. In these conditions and putting the septins inside the vesicle, we repli-
cate and validate our conclusions that septin-membrane binding requires PIP2 lipids and
is synergistically enhanced by PS lipids. In this condition, the membrane of the vesicle is
left smooth and spherical. In contrast, when the septins are added to the outside of the
vesicles, they deform the membranes forming a golf ball-like structure with bumps evenly
spaced on the vesicle surface, suggesting that septins detect membrane curvature and are
able to deform the membranes if they do not find their preferred curvature.

In Chapter 6 we investigate the interactions of septin with actin filaments. We find
that septin complexes are able to bring actin filaments together forming tight bundles at
high concentrations while simply making connections at lower concentrations. Interest-
ingly, octameric septin complexes could do this at much lower concentrations than hex-
americ septin complexes. We then add to the system the motor protein muscle myosin-2,
which is able to form bipolar filaments that can bind actin filaments, and pull them to
reorganize them, being therefore important for cell shape control. Interestingly, at high
septin concentrations myosin activity was stopped, while at low septin concentrations it
was enhanced allowing for long-range actin network deformations, showing that septins
can have different effects on the reorganization of actin networks.

In cells, the cell cortex is a critical structure made of actin that is the main reinforcer of
the cell membrane. Additionally, its reshaping is also one of the main forces that generate
cell shape changes, including cell division. In Chapter 7 we follow a synthetic biology
approach and use the knowledge acquired from chapters 4-6 to design a septin-anchored
actin cortex. We combine the ability of septins to bind actin and lipid membranes contain-
ing PIP2 and PS to successfully make septin anchor actin filaments to flat supported lipid
layers and to the inside of cell-sized vesicles. With the aim of tuning the shape of this
septin-anchored cortex-like structure, we include another protein, Arp2/3, that interacts
with actin forming branched actin filaments. We find that in the presence of this additional
protein, septins anchor radial arrays called asters of actin to membranes.

Despite the advancements in understanding how septins interact with important struc-
tures that modulate cell shape, we are still far from being able to use them for controlling
the shape of synthetic cells. In Chapter 8 we discuss further research lines to increase
our knowledge of the interactions of septins with the ultimate goal of using these proteins
to build a synthetic cell.

Finally, I include a gallery of microscopic images and photographs to illustrate how
science is a beautiful discipline that can not only contribute to deepening our knowledge
but also to art.
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Samenvatting

De wereld waarin wij leven is al meer dan 350 miljoen jaar een thuisbasis van een enorme
diversiteit aan levende wezens: kleine bacterién en andere microscopisch kleine organis-
men die met het blote oog niet waarneembaar zijn, als ook planten, schimmels en dieren.
Ondanks de grote verschillen in grootte en uiterlijk van deze levensvormen classificeren
we ze allen als levend. Wetenschappers, waaronder ook de auteur van dit proefschrift, zijn
gefascineerd door de mechanismen die enerzijds voor deze diversiteit zorgen en anderzijds
zorgen voor de fundamentele karakteristieken die al deze organismen als levend definié-
ren. Aan de basis van deze opmerkelijke diversiteit en functionaliteit van het leven staan
cellen. Cellen zijn de kleinste levende bouwstenen van het leven: van individuele cellen
die bestaan als eencellige organismen tot meerdere cellen die samenwerken om meercel-
lige organismen te vormen. Cellen van verschillende organismen en zelfs binnen eenzelfde
organisme zijn zeer divers en hebben uiteenlopende vormen, componenten, functionalitei-
ten en organisaties. Ondanks deze verschillen hebben ze gemeenschappelijke kenmerken:
cellen hebben een celmembraan dat hun binnenkant van hun buitenkant scheidt, bezitten
genetisch materiaal dat alle informatie bevat om de cel te laten functioneren, ze gebruiken
componenten uit hun omgeving als brandstof en voor zelfvernieuwing, en kunnen zich
delen om zich voort te planten. Om deze functies uit te voeren kunnen cellen meerdere
componenten zoals eiwitten, nucleinezuren, lipiden, suikers en andere kleine metabolie-
ten aanmaken die binnen de cel worden opgeslagen. Zodoende is de cel een complexe en
zelfvoorzienende chemische reactor met tienduizenden verbonden, en soms overbodige,
reacties. Inzicht krijgen in hoe deze fundamentele overeenkomsten tussen cellen voortko-
men uit de ingewikkelde interactie tussen deze reacties is de sleutel tot het begrijpen wat
leven is en hoe het werkt.

Met dit doel onderzoeken wetenschappers deze reacties binnen en buiten cellen met
behulp van verschillende benaderingen. Een interessante benadering die in het begin van
de jaren 2000 opkwam is synthetische biologie, een discipline die als doel heeft technische
principes te gebruiken voor het bouwen van biologische systemen. Van bijzonder belang
om eigenschappen te identificeren die levende organismen definiéren en om te begrijpen
hoe cellen werken is “bottom-up” synthetische biologie, dat als doel heeft om een syn-
thetische cel te bouwen vanuit zijn componenten en hiermee te onderzoeken hoe deze
componenten met elkaar interageren en samenwerken om een cel te laten leven. Deze mi-
nimalistische benadering maakt gebruik van in vitro reconstitutie, hetgeen betekent dat
gezuiverde componenten buiten de levende cel worden samengevoegd met als doel om
versimpelde modellen voor cellen te bouwen. Dit maakt het mogelijk een beter begrip te
krijgen van de werkingsprincipes van de cel en om de minimaal vereiste componenten en
functies te identificeren.

Met dit doel wil het Nederlandse consortium “BaSyC - Building a Synthetic Cell” een
synthetische cel opbouwen vanuit de basis. Het werk dat in dit proefschrift wordt ge-
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presenteerd is onderdeel van dit BaSyC project en heeft als doel het ontwerpen van een
mechanisme dat de vorm van een synthetische cel reguleert, met een speciale nadruk op
het mechanisme van synthetisch celdeling. We werken naar dit doel door inspiratie te
krijgen van dierlijke cellen om twee belangrijke redenen: (1) dierlijke cellen hebben in te-
genstelling tot bacterieén, gisten en planten geen celwand, hetgeen het makkelijker maakt
om de cel te delen, en (2) om meer te leren over hoe dierlijke cellen hun vorm reguleren
aangezien dit relevanter is voor menselijke fysiologie en ziekte.

Het is bekend dat achter de regulatie van dierlijke celvorm een interactie schuilgaat
tussen het membraan en het cytoskelet, een netwerk van filamentvormende eiwitten dat
bestaat uit actine filamenten, microtubuli, intermediaire filamenten en septins. Septins
zijn eiwitten die filamenten vormen uit kleinere complexen gemaakt van zes (hexamere)
of acht (octamere) septins. Ze vormen een onderbestudeerd onderdeel van het cytoske-
let, ondanks het feit dat ze deelnemen aan veel belangrijke cellulaire processen, zoals cel
migratie. Voor de functionaliteit van septin zijn hun interacties met microtubuli, het cel-
membraan en actine filamenten van groot belang. Interessant is dat deze drie componen-
ten allemaal belangrijke rollen vervullen tijdens celdeling en celvorm regulatie. Daarom
verwachten we dat septins een goede kandidaat zijn om de choreografie tussen deze com-
ponenten te leiden tijdens celvorm regulatie en celdeling. Helaas weet de wetenschappe-
lijke gemeenschap niet genoeg over hoe septins interageren met deze cellulaire compo-
nenten. Hierdoor kunnen we niet de technische principes toepassen om de synthetische
celvorm controlemechanismen te ontwerpen. Derhalve is het doel van dit proefschrift om
de basis (of BaSyC) eigenschappen van de interacties van septins met microtubuli, lipide
membranen en actine filamenten te onderzoeken met gebruik van de in vitro reconstitutie.

In dit proefschrift duiken we eerst in de zogeheten bottom-up synthetische biologie en
de rol van het celmembraan en het cytoskelet in de celvorm regulatie van dierlijke cellen
in Hoofstuk 1. Hierin leggen we de nadruk op het belang van de interacties van septins
voor de celvorm regulatie en hoe we deze eiwitten kunnen gebruiken voor het bouwen
van een synthetische cel. Om septins te kunnen gebruiken voor in vitro reconstitutie,
moeten we de septins eerst zuiveren. In Hoofdstuk 2 beschrijven we het protocol dat we
gebruiken om septin complexen uit de Escerichia coli bacterie te zuiveren met het gebruik
van een dubbele affiniteits chromatografie. Omdat eiwitzuiveringen sterk kunnen variéren
in opbrengst en functionaliteit van het eiwit, gebruiken we een reeks technieken om de
kwaliteit van de gezuiverde septins te bepalen in termen van integriteit en functionaliteit,
die ook in Hoofdstuk 2 worden beschreven.

In Hoofdstuk 3 onderzoeken we de interacties van septin en microtubuli. We gebrui-
ken een combinatie van bioinformatica, experimenten in cellen, en in vitro reconstitutie
om het precieze onderdeel van septin eiwitten dat bindt aan microtubuli te vinden en te
valideren. We ontdekten dat dit domein alleen aanwezig is aan het begin van een spe-
cifiek septineiwit, SEPT9. Aan de hand van deze bevinding onderzoeken we vervolgens
hoe hexamere septin complexen, die geen SEPT9 hebben, en octamere septin complexen
met de volledige of korte gemuteerde versies van SEPT9 interageren met microtubuli. We
tonen aan dat SEPT9 twee domeinen heeft die de interactie met microtubuli reguleren,
namelijk het domein dat we vonden met bio-informatica, dat de binding mogelijk maakt
en de dynamiek van microtubuli-polymerisatie beinvloedt, en een ander domein dieper in
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SEPT9 dat deze interactie afstemt door de bindingsaffiniteit te verlagen.

In Hoofdstukken 4 en 5 richten we ons op de interacties ven septins met lipide
membranen. In Hoofdstuk 4 onderzoeken we de interactie van septins met een speci-
fiek model van lipide membranen, gedrapeerd over een vlak substraat dat het membraan
ondersteunt. We gebruiken een combinatie van verschillende meettechnieken om te on-
derzoeken welke factoren de interactie tussen septin eiwitten en het membraan reguleren.
We tonen aan dat septins het lipide molecuul phosphatidylinositol 4,5-bisphosphate (PIP2)
nodig hebben om membranen te binden, terwijl het lipide molecuul phosphatidylserine
(PS) een synergetisch effect heeft op de membraanbinding, waarschijnlijk vanwege diens
negatieve lading. Daarnaast vinden we dat septins twee soorten netwerken, ofwel stijvere
bundel-gebaseerde netwerken ofwel zachtere filament-gebaseerde netwerken, vormen, af-
hankelijk van de lengte van het septin complex en condities uit de omgeving, in het bij-
zonder de aanwezigheid van het kleine GTP molecuul en de eigenschappen van het lipide
membraan. Tenslotte gebruiken we computersimulaties om de vorming van de netwerken
beter te begrijpen en te identificeren dat vorming van het stijvere netwerk waarschijnlijk
is gebaseerd op filamentgroei, paring en uitlijning. In Hoofdstuk 5 gaan we richting
een meer celachtig membraan waarbij we bolvormige vesikels gebruiken ter grootte van
een cel. Door de septins in de vesikels te encapsuleren repliceren en valideren we onze
eerdere conclusies dat de septin-membraan binding athankelijk is van PIP2 lipiden en syn-
ergetisch wordt versterkt door PS lipiden. Met de septins binnenin blijft het membraan
van het vesikel glad en bolvormig. Wanneer de septins daarentegen worden toegevoegd
aan de buitenkant van de vesikels, vervormen de membranen tot een golfbalachtige struc-
tuur met hobbels die gelijkmatig verdeeld zijn over het oppervlak, hetgeen suggereert dat
septins de krommingen in het membraan kunnen detecteren en de membranen kunnen
vervormen als ze niet de gewenste kromming kunnen vinden.

In Hoofdstuk 6 onderzoeken we de interacties van septins met actine filamenten.
We ontdekken dat septin complexen in staat zijn om actinefilamenten samen te brengen
tot bundels bij hoge concentraties, terwijl ze vooral kruisverbindingen maken bij lagere
concentraties. Interessant is dat octamere septin complexen dit kunnen doen bij veel la-
gere concentraties dan hexamere septin complexen. Vervolgens voegen we het motoreiwit
myosine-2 opgezuiverd uit spierweefsel toe aan het systeem, dat in staat is om bipolaire
filamenten te vormen die de celvorm reguleren door aan actine filamenten te binden en er-
aan te trekken. Interessant is dat bij hoge septin concentraties de myosine activiteit wordt
gestopt, terwijl deze bij lagere concentraties juist wordt versterkt, waardoor actinenet-
werk vervormingen over lange afstanden mogelijk worden. Ons werk laat dus zien dat
septins verschillende effecten kunnen hebben op de reorganisatie van actinenetwerken.

In cellen geeft vooral de cortex, die bestaat uit actine, stevigheid aan het celmembraan.
Bovendien is de aktieve vervorming van de cortex een van de belangrijkste krachten die
celvorm veranderingen genereren, inclusief celdeling. In Hoofdstuk 7 volgen we een
synthetische biologie benadering en gebruiken we de kennis uit de hoofdstukken 4-6 om
een actine cortex te ontwerpen die via septins is verankert aan het lipide membraan. We
combineren het vermogen van septins om aan actine en lipide membranen die PIP2 en
PS bevatten te binden, om met succes septin actine filamenten te verankeren aan vlakke
ondersteunde lipide lagen en aan de binnenkant van vesikels ter grootte van een cel. Met
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het doel de vorm van deze septin-verankerde cortexachtige structuren te controleren en
meer op de structuur in de cel te laten lijken, gebruiken we een ander eiwit, Arp2/3, dat
interageert met actine en vertakte actine filamenten vormt. We tonen aan dat met de
aanwezigheid van dit extra eiwit, septins stervormige structuren van actine filamenten
verankeren aan membranen.

Ondanks de vooruitgang in het begrijpen hoe septins interageren met belangrijke
structuren die de vorm van de cel reguleren, zijn we nog lang niet in staat om ze te gebrui-
ken voor het gecontroleerd reguleren van de vorm van synthetische cellen. In Hoofdstuk
8 bespreken we verdere onderzoekslijnen om onze kennis van septin interacties vergroten
met als uiteindelijk doel deze eiwitten te gebruiken om een synthetische cel te bouwen.

Ten slotte voeg ik een galerij toe met microscopische afbeeldingen en foto’s om te
illustreren dat wetenschap een prachtige discipline is, die niet alleen kan bijdragen aan
verdieping van onze kennis, maar ook aan kunst.
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Resumen

El mundo en el que vivimos ha sido durante mucho tiempo, y atn es, el hogar de una in-
mensa multitud de seres vivos: desde pequerias bacterias y otros organismos microscopi-
cos que escapan a nuestra vision, hasta otros mas grandes como plantas, hongos y animales.
A pesar de estas grandes diferencias en tamafo y apariencia, clasificamos a todas estos
seres como vivos. Los cientificos, incluido el autor de esta tesis, estamos cautivados por
los mecanismos que sustentan la diversidad de los seres vivos, a la vez que se mantienen
las caracteristicas basicas que definen a estos seres como vivos. Fundamentando esta diver-
sidad se encuentran las células. Desde células individuales que existen como organismos
unicelulares hasta multiples células que interactian para formar organismos multicelu-
lares, las células son la minima unidad de vida. Las células son muy diversas, tanto dentro
de un mismo organismo como entre organismos, en forma, componentes, funcionalidades
y organizacion. A pesar de estas diferencias, todas comparten rasgos comunes: las célu-
las tienen una membrana celular que separa su interior de su exterior, poseen material
genético que contiene toda la informacion necesaria para que la célula funcione, utilizan
componentes de su entorno para alimentarse y renovarse, y son capaces de dividirse para
reproducirse. Para llevar a cabo todas estas funciones, las células generan multitud de com-
ponentes: proteinas, acidos nucleicos, lipidos, carbohidratos y otros pequefios metabolitos.
Estos componentes se almacenan en el interior de la célula, convirtiéndola en un complejo
reactor quimico que se autosustenta con decenas de miles de reacciones interconectadas.
Comprender como surgen los elementos comunes basicos entre las células a partir de esta
compleja interaccion de reacciones es la clave para entender qué es y como funciona la
vida.

Para averiguar esto, los cientificos estan investigando estas reacciones dentro y fuera
de las células utilizando muchos enfoques diferentes. Un enfoque interesante que surgié
a principios de la década de los 2000 es la biologia sintética, una disciplina que tiene como
objetivo utilizar principios de ingenieria para construir sistemas bioldgicos. Dentro de la
biologia sintética, para identificar las propiedades que definen a los organismos vivos y
comprender cémo funcionan las células es de especial interés la biologia sintética bottom-
up. Esta tiene como objetivo construir una célula sintética a partir de sus componentes
purificados mientras investiga como estos componentes interactian entre si para man-
tener viva a la célula. Este enfoque minimalista utiliza la reconstitucién in vitro, que es,
en otras palabras, juntar componentes purificados fuera de una célula viva para simpli-
ficar sistemas celulares de interés, lo que permite una comprensién mas profunda de su
funcionamiento y ayuda a identificar los componentes y funciones necesarios.

Con este objetivo, el consorcio neerlandés "BaSyC - Building a Synthetic Cell” pretende
construir una célula sintética con una estrategia bottom-up. El trabajo presentado en esta
tesis forma parte de este proyecto y tiene como objetivo trabajar en el disefio de un mecan-
ismo que controle la forma de la célula sintética, con especial énfasis en un mecanismo de
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division celular sintética. Para lograr este objetivo nos inspiramos en células animales por
dos razones principales: (1) para simplificar el mecanismo de control de la forma celular
al evitar la necesidad de construir una pared celular y (2) para aprender mas sobre como
las células animales controlan su forma, ya que esto es mas relevante para la fisiologia y
patologia humana.

Se sabe que detras del control de la forma de la célula animal esta la interaccién de la
membrana con el citoesqueleto, una red de proteinas que forman filamentos compuesta
por filamentos de actina, microtibulos, filamentos intermedios y septinas. Las septinas,
uno de los componentes menos estudiado del citoesqueleto y que participa en migraciéon y
division celular, son proteinas que forman filamentos a partir de complejos mas pequefios
compuestos por seis (complejos hexaméricos) u ocho (complejos octaméricos) septinas.
Para que las septinas lleven a cabo sus funciones, sus interacciones con microtibulos, la
membrana celular y filamentos de actina son de vital importancia. Curiosamente, estos
tres componentes son elementos clave para la divisién y el control de la forma celular. Por
esta razon, creemos que las septinas son un buen candidato para orquestar la coreografia
entre esos componentes durante el control de la forma y la division de una célula sintética.
Desafortunadamente, la comunidad cientifica no sabe lo suficiente sobre como interactian
las septinas con estos componentes celulares, por lo que no podemos utilizar principios de
ingenieria para disefiar este mecanismo de control de la forma celular. En consecuencia,
el objetivo de esta tesis es investigar las propiedades basicas (o BaSyCas) de las interac-
ciones de las septinas con los microtubulos, la membrana lipidica y los filamentos de actina
utilizando reconstitucion in vitro.

En el Capitulo 1 de esta tesis, profundizamos en la biologia sintética bottom-up y el
papel de la membrana celular y el citoesqueleto en el control de la forma de las células
animales. Esto lo hacemos centrandonos en la importancia de las interacciones de las
septinas en el control de la forma celular y en como utilizarlas para construir la célula
sintética.

Para utilizar las septinas para reconstitucion in vitro, primero debemos purificarlas. En
el Capitulo 2 detallamos el protocolo que usamos para purificar los complejos de septinas
expresados en la bacteria Escherichia coli utilizando una estrategia de cromatografia de
afinidad de dos pasos. Los protocolos de purificacion de proteinas pueden variar mucho
en el rendimiento y en la correcta funcionalidad de la proteina, por lo que utilizamos un
conjunto de técnicas para determinar la integridad y la calidad de las septinas purificadas,
que también se detalla en el mismo capitulo.

En el Capitulo 3 investigamos las interacciones de las septinas y los microtibulos
usando una combinacién de bioinformatica, experimentos en células y reconstitucién in
vitro para encontrar y validar la region de las septinas que se une a los microtibulos. Tras
los anélisis vimos que este dominio solo est4 presente en el principio de una septina especi-
fica, la SEPT9. Sabiendo esto, examinamos como los complejos de septina hexamérica, que
no tienen SEPTY, y los complejos de septina octamérica con la SEPT9 completa, mas corta
o mutada interactiian con los microtibulos. Gracias a esto vimos que la SEPT9 tiene dos
dominios que regulan la interaccién con los microtibulos, el dominio que encontramos
con bioinformatica que permite la union y afecta la dinamica de polimerizacion de los mi-
crotubulos, y otra region en el interior de SEPT9 que modula esta interaccion al reducir la
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afinidad de unién.

Enlos Capitulos 4 y 5 nos enfocamos en las interacciones de las septinas con las mem-
branas lipidicas. En el Capitulo 4 analizamos la interaccion de las septinas con un modelo
especifico de membranas lipidicas, bicapas lipidicas sostenidas, en las que las membranas
lipidicas estan unidas y apoyadas por una superficie sélida. Utilizamos un enfoque mul-
titécnico para investigar qué controla la unién de la septina a la membrana y vimos que
las septinas requieren el lipido fosfatidilinositol 4,5-bifosfato (PIP2) para unirse a las mem-
branas, mientras que el lipido fosfatidilserina (PS) tiene un efecto sinérgico en la unién a la
membrana, probablemente debido a su carga negativa. También encontramos que las septi-
nas se unen a la membrana formando redes en manojos o redes en filamentos dependiendo
de la longitud del complejo de septinas y de otras condiciones ambientales, en particular,
la presencia de la molécula GTP y las propiedades de la membrana lipidica. Finalmente,
usamos simulaciones computacionales para comprender mejor este proceso e identificar
que la formacién de la red de septinas se basa en el crecimiento, el emparejamiento y la
alineacion de filamentos. En el Capitulo 5 utilizamos una membrana lipidica mas pare-
cida a la de una célula usando vesiculas esféricas del tamafio de una célula. Poniendo
las septinas dentro de la vesicula, replicamos y validamos nuestras conclusiones de que
la unién de la septina a la membrana requiere lipidos PIP2 y se potencia sinérgicamente
con lipidos PS. En estas condiciones, la membrana de la vesicula queda lisa y esférica. Por
el contrario, cuando las septinas se encuentran en el exterior de las vesiculas, deforman
las membranas formando protuberancias uniformemente esparcidas en la superficie de la
vesicula, similar a una pelota de golf. Esto sugiere que las septinas detectan la curvatura de
la membrana y pueden deformar las membranas si no encuentran su curvatura preferida.

En el Capitulo 6 investigamos las interacciones de la septina con los filamentos de
actina y vimos que los complejos de septina son capaces de juntar los filamentos de actina
formando manojos apretados de filamentos de actina en altas concentraciones mientras
que simplemente hacen conexiones entre los filamentos en concentraciones mas bajas.
Curiosamente, los complejos de septina octamérica hacen esto en concentraciones mucho
mas bajas que los complejos de septina hexamera. Después agregamos al sistema la pro-
teina motora miosina muscular de tipo 2, que es capaz de formar filamentos bipolares que
pueden unirse a los filamentos de actina y tirar de ellos para reorganizarlos, por lo que son
importantes para el control de la forma celular. Curiosamente, a altas concentraciones de
septina, la actividad de la miosina se detuvo, mientras que a bajas concentraciones, las
septinas favorecieron la reorganizacion de la red de actina a largo alcance, lo que demues-
tra que las septinas pueden tener diferentes efectos en la reorganizacion de las redes de
actina.

En las células, el cortex celular es una importante estructura hecha de filamentos de
actina que se considera el principal reforzador de la membrana celular. Ademas, su remod-
elacion es una de las principales fuerzas que generan cambios en la forma de las células,
incluida la division celular. En el Capitulo 7 utilizamos un enfoque de biologia sintética
y usamos el conocimiento adquirido en los capitulos del 4 al 6 para diseflar un cortex de
actina anclado a la membrane simplemente por septinas. Para ello, combinamos la capaci-
dad de las septinas para unirse a actina y membranas lipidicas que contienen PIP2 y PS
para hacer que la septina ancle los filamentos de actina a capas lipidicas sostenidas y al
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interior de vesiculas del tamarfio de una célula. Con el objetivo de ajustar la forma del
cortex anclado por septina, incluimos otra proteina, Arp2/3, que interactda con la actina
formando filamentos de actina ramificados. En la presencia de esta proteina, las septinas
anclan matrices radiales de actina, o asteres, a las membranas.

A pesar de los avances en la comprension de cémo interacttian las septinas con estruc-
turas importantes que modulan la forma celular, todavia estamos lejos de poder utilizarlas
para controlar la forma de células sintéticas. En el Capitulo 8 exploramos otras lineas
de investigacion para aumentar nuestro conocimiento de las interacciones de las septinas
con el objetivo final de utilizar estas proteinas para crear una célula sintética.

Finalmente, incluyo una galeria de imagenes microscopicas y otras fotografias para
ilustrar coémo la ciencia es una hermosa disciplina que no solo puede contribuir a profun-
dizar nuestro conocimiento sino también al arte.
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Resum

El moén on vivim ha estat durant molt de temps, i encara és, la llar d’'una immensa mul-
titud d’éssers vius: des de petits bacteris i altres organismes microscopics que escapen
a la nostra visio, fins a d’altres de més grans com plantes, fongs i animals. Tot i aque-
stes grans diferéncies en grandaria i aparenga, classifiquem tots aquests éssers com a vius.
Els cientifics, inclos I'autor d’aquesta tesi, estem captivats pels mecanismes que sustenten
la diversitat dels éssers vius, mentres es mantenen les caracteristiques basiques que de-
fineixen aquests éssers com a vius. Fonamentant aquesta diversitat es troben les cél-lules.
Des de céllules individuals que existeixen com a organismes unicel-lulars fins a multiples
cel-lules que interactuen per formar organismes multicel-lulars, les cel-lules son la minima
unitat de vida. Les cél-lules son molt diverses, tant dins un mateix organisme com entre or-
ganismes, en forma, components, funcionalitats i organitzacié. Tot i aquestes diferéncies,
totes comparteixen caracteristiques comuns: les cél-lules tenen una membrana cel-lular
que separa el seu interior del seu exterior, tenen un material genetic que conté tota la in-
formacid necessaria per a que la cél-lula funcioni, utilitzen components del seu entorn per
alimentar-se i renovar-se, i son capaces de dividir-se per reproduir-se. Per dur a terme totes
aquestes funcions, les cél-lules generen una gran multitud de components: proteines, acids
nucleics, lipids, glicids i altres petits metabolits. Aquests components s’emmagatzemen a
I'interior de la cél-lula, i la converteixen en un complex reactor quimic que s’autosustenta
amb desenes de milers de reaccions interconnectades. Comprendre com sorgeixen els ele-
ments comuns entre les cél-lules a partir d’aquesta interaccié complexa de reaccions és la
clau per entendre que és i com funciona la vida.

Per entendre-ho, els cientifics estan investigant aquestes reaccions dins i fora de les
cél-lules utilitzant molts punts de vista diferents. Un enfocament interessant que va sorgir
a principis de la década dels 2000 és la biologia sintética, una disciplina que té com a ob-
jectiu utilitzar principis d’enginyeria per construir sistemes biologics. Dins de la biologia
sinteética, per identificar les propietats que defineixen els organismes vius i comprendre
com funcionen les cel-lules, és especialment interessant la biologia sintética bottom-up.
Aquesta té com a objectiu construir una cél-lula sintetica a partir dels seus components
purificats mentre investiga com aquests components interactuen entre si per mantenir viva
la cél-lula. Aquesta estratégia minimalista utilitza la reconstitucio in vitro, que és, en altres
paraules, combinar components purificats fora d’una cél-lula viva per simplificar sistemes
cel-lulars d’interes, cosa que permet una comprensié més profunda del seu funcionament
i ajuda a identificar els components i funcions necessaris.

Amb aquest objectiu, el consorci neerlandés "BaSyC - Building a Synthetic Cell” pretén
construir una cél-lula sintética amb una estrategia bottom-up. L’estudi presentat en aquesta
tesi forma part d’aquest projecte i té com a objectiu treballar en el disseny d’un mecanisme
que controli la forma de la cél-lula sintética, amb un émfasi especial en un mecanisme de
divisié cel-lular sintética. Per assolir aquest objectiu ens inspirem en cél-lules animals per
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dues raons principals: (1) per simplificar el mecanisme de control de la forma cel-lular
ja que evitariem la necessitat de construir una paret cel-lular i (2) per aprendre més sobre
com les cél-lules animals controlen la seva forma, ja que aixo és rellevant per a la fisiologia
i patologia humana.

Sabem que darrere del control de la forma de la cél-lula animal trobem la interacci6
de la membrana amb el citoesquelet, una xarxa de proteines que formen filaments com-
posta per filaments d’actina, microtibuls, filaments intermedis i septines. Les septines,
un dels components menys estudiat del citosquelet i que participa en migracié i divisi6
cel-lular, son proteines que formen filaments a partir de complexos més petits compos-
tos per sis (complexos hexamérics) o vuit (complexos octamérics) septines. Per a que les
septines duguin a terme les seves funcions, les interaccions amb microtibuls, la membrana
cel-lular i filaments d’actina sén de vital importancia. Curiosament, aquests tres compo-
nents soén elements clau per a la divisi6 i el control de la forma cel-lular. Per aixo creiem
que les septines s6n un bon candidat per orquestrar la coreografia entre aquests compo-
nents durant el control de la forma i la divisié d’'una cél-lula sintética. Malauradament, la
comunitat cientifica no sap suficient sobre com interactuen les septines amb aquests com-
ponents cel-lulars, per tant, no podem utilitzar principis d’enginyeria per dissenyar aquest
mecanisme de control de la forma cel-lular. En conseqiiéncia, 'objectiu d’aquesta tesi és
investigar les propietats basiques (o BaSyCas) de les interaccions de les septines amb els
microtibuls, la membrana lipidica i els filaments d’actina utilitzant reconstitucio in vitro.

Al Capitol 1 d’aquesta tesi, aprofundim en la biologia sintetica bottom-up i el paper
de la membrana cel-lular i el citoesquelet en el control de la forma de les cél-lules animals.
Aix0 ho fem centrant-nos en la importancia de les interaccions de les septines en aquest
control i en com utilitzar-les per construir la cel-lula sintetica.

Per utilitzar les septines per a reconstitucio in vitro, primer les hem de purificar. Al
Capitol 2 detallem el protocol que utilitzem per purificar els complexos de septines ex-
pressats al bacteri Escherichia coli utilitzant una estratégia de cromatografia d’afinitat de
dos passos. Els protocols de purificaciéo de proteines poden variar molt en rendiment i
correcta funcionalitat de la proteina, per la qual cosa utilitzem un conjunt de técniques
per determinar la integritat i la qualitat de les septines purificades, que també es detalla
en el mateix capitol.

Al Capitol 3 investiguem les interaccions de les septines i els microtubuls utilitzant
una combinacié de bioinformatica, experiments en cel-lules i reconstitucioé in vitro per
trobar i validar la regi6 de les septines que s’uneix als microtiibuls. Amb aquest analisis
vam veure que aquest domini només és present al principi d’una septina especifica, la
SEPT9. Sabent aix0, examinem com els complexos de septina hexamerica, que no tenen
SEPTY, i els complexos de septina octameérica amb la SEPT9 completa, més curta o mutada
interactuen amb els microtubuls. Gracies a aixo vam veure que la SEPT9 té dos dominis
que regulen la interaccié amb els microtubuls, el domini trobat amb bioinformatica que
permet la unié6 i afecta la dinamica de polimeritzaci6 dels microtibuls, i una altra regi6 a
I'interior de la SEPT9 que modula aquesta interaccié reduir 'afinitat d’unié.

Als Capitols 4 i 5 ens enfoquem en les interaccions de les septines amb les membranes
lipidiques. Al Capitol 4 analitzem la interacci6 de les septines amb un model especific de
membranes lipidiques, bicapes lipidiques sostingudes, en qué les membranes lipidiques
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unides i sostingudes per una superficie solida. Vam utilitzar un enfocament multitécnic
per investigar qué controla la unié de la septina a la membrana i vam veure que requereixen
el lipid fosfatidilinositol 4,5-bifosfat (PIP2) per unir-se a les membranes, mentre que el lipid
fosfatidilserina (PS) té un efecte sinérgic en la uni6 a la membrana, probablement a causa
de la seva carrega negativa. També trobem que les septines s’uneixen a la membrana
formant xarxes en feixos o xarxes en filaments depenent de la longitud del complex de
septines i altres condicions ambientals, en particular, la preséncia de la molecula GTP i
les propietats de la membrana lipidica. Finalment, fem servir simulacions computacionals
per comprendre millor aquest procés i identificar que la formaci6 de la xarxa de septines
es basa en el creixement, aparellament i I’alineaci6 de filaments. Al Capitol 5 utilitzem
una membrana lipidica més semblant a la d’una cél-lula utilitzant vesicules esfériques de la
mida d’una cél-lula. Posant les septines dins de la vesicula, repliquem i validem les nostres
conclusions que la unié de la septina a la membrana requereix lipids PIP2 i es potencia
sinérgicament amb lipids PS. En aquestes condicions, la membrana de la vesicula queda
llisaiesferica. Per contra, quan les septines es troben a I'exterior de les vesicules, deformen
les membranes formant protuberancies uniformement distribuides a la superficie de la
vesicula, com en una pilota de golf. Aixo suggereix que les septines detecten la curvatura
de la membrana i poden deformar les membranes si no troben la seva curvatura preferida.

Al Capitol 6 investiguem les interaccions de la septina amb els filaments d’actina i
veiem que els complexos de septina son capacos d’reunir els filaments d’actina formant
feixos compactes de filaments d’actina en altes concentracions mentre que simplement
fan connexions entre els filaments en concentracions més baixes. Curiosament, els com-
plexos de septina octamérica fan aix0 en concentracions molt més baixes que els com-
plexos de septina hexamerica. Al afegir la proteina motora miosina muscular 2, que és
capac de formar filaments bipolars que poden unir-se als filaments d’actina i estirar-los
per reorganitzar-los, per la qual cosa sén importants per al control de la forma cel-lular.
Curiosament, a altes concentracions de septina, ’activitat de la miosina s’aturar, mentre
que a baixes concentracions, les septines favoreixen la reorganitzacié de la xarxa d’actina
a llarga distancia, cosa que demostra que les septines poden tenir diferents efectes en la
reorganitzaci6 de xarxes d’actina.

A les cél-lules, el cortex cel-lular és una important estructura feta de filaments d’actina
que es considera el principal reforcador de la membrana cel-lular. A més, la seva remod-
elacié és una de les principals forces que generen canvis en la forma de les cél-lules, in-
closa la divisi6 cel-lular. Al Capitol 7 utilitzem un enfocament de biologia sintetica i fem
servir el coneixement adquirit als capitols del 4 al 6 per dissenyar un cortex d’actina an-
corat a la membrane simplement per septines. Per aix0, combinem la capacitat de les
septines per unir-se a actina i membranes lipidiques que contenen PIP2 i PS per fer que la
septina ancli els filaments d’actina a capes lipidiques sostingudes i a 'interior de vesicules
de la mida d’una cel-lula. Amb l'objectiu d’ajustar la forma d’aquest cortex ancorat per
septina, incloem una altra proteina, Arp2/3, que interactua amb I’actina formant filaments
d’actina ramificats. Amb la preséncia d’aquesta proteina, les septines ancoren matrius
radials d’actina, o asters, a les membranes.

Tot i els avencos en la comprensié de com interactuen les septines amb estructures im-
portants que modulen la forma cel-lular, encara estem lluny de poder utilitzar-les per con-
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trolar la forma de cél-lules sintetiques. Al Capitol 8 explorem altres linies d’investigaci6
per augmentar el nostre coneixement de les interaccions de les septines amb I'objectiu
final d’utilitzar aquestes proteines per crear una ceél-lula sintetica.

Finalment, incloc una galeria d’imatges microscopiques i altres fotografies per il-lustrar
com la ciéncia és una bonica disciplina que no només pot contribuir a aprofundir el nostre
coneixement sind també a l'art.
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Chapter 1

Introduction

The cell is the minimal living building block of life, and it forms from the simplest bacteria to
the most complex multicellular organisms. Cells are complex and diverse, but all fulfill, in one
way or another, specific basic functions like growing and dividing. Although cells have been
researched since their first observation four centuries ago, we still do not understand how they
work. With the aim of understanding cellular functions, scientists aim to build a synthetic
cell from their purified components. In this thesis, we explore the possibility of designing a
mechanism that supports and controls the shape of such synthetic cells, leading ultimately
to a synthetic cell division, taking the mechanism used by animal cells as inspiration. The
coordination between crucial cell components such as the cell membrane, the actin cortex,
and microtubules, is a challenge that we must tackle to design an animal cell-inspired cell
shape control mechanism. This chapter serves as an introduction to synthetic biology and
to the components that control cell shape in animal cells. Then we detail our motivation of
why septins, the fourth component of the cytoskeleton, are a good candidate to mediate the
crosstalk between the cell membrane, actin, and microtubules. Finally, we explain the strategy
used in the rest of this thesis to learn more about these interactions, with the ultimate goal of
building a synthetic cell.
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1.1. The complexity of the cell

Throughout history, humans have been captivated by the complexity and diversity of life,
inspiring countless attempts to understand and classify the natural world. From the early
taxonomic systems of Aristotle to the modern molecular methods of genomics, the study
of life has evolved and expanded to encompass a vast array of disciplines and subfields.
The discovery of the cell was a pivotal moment in the history of biology [1]. Being consid-
ered the basic building block of life, this discovery forever changed the way we view and
understand living organisms. The first observations of cells were made possible by the
invention of the microscope in the 17th century [1]. They revealed a remarkable diversity
in size, shape, structure, and organization: from tiny round, elongated or even spiraling
bacteria to giant and complex multicellular organisms made of a huge diversity of cell
types. Despite this diversity, all cells share common features, such as a plasma membrane
that encloses the cell and regulates the passage of molecules in and out of the cell, a set
of genetic material that contains the instructions for the cell’s functions, the presence of a
crowded cytoplasm where most chemical reactions that maintain the cell alive occur, and
their ability to divide in order to reproduce [2].

It is currently clear that in order to understand life, it is essential to understand the
workings of its minimal expression, the cell. Simple observation of the cell and its inner
workings using microscopes was the earliest method used (such as the first description of
mitosis by Walther Flemming [3]). Developments in microscopy and biochemistry have
made it possible to even observe single molecules at work within the cell, which is a useful
way to study how certain components of the cell work together [2, 4, 5]. Cells can also be
studied by altering their functions, either via mutagenesis or by the use of drugs, to reveal
the roles of specific components in the cell [2]. The advent of systems biology allowed
scientists to model the complex interactions and emergent properties of biological systems
at different levels of organization, from molecules to organisms, using computational and
mathematical tools [6]. An alternative approach consists of getting rid of the cell itself
and use purified components to create simplified versions of specific cellular processes
in order to study them in isolation [7, 8]. These approaches have all contributed to our
current understanding of the complexity of life at the cellular level.

1.2. Synthetic biology

1.2.1. Bottom-up synthetic biology

Despite the progress made in the study of cells, understanding the basic properties of life
remains a significant challenge due to the complexity and diversity of cells. To address
this challenge, a growing community of scientists are attempting to create a minimal cell
that can exhibit the essential characteristics of life, in what is known as a new discipline in
biology: synthetic biology. This can be achieved through two different approaches: top-
down, which involves removing non-essential components from a cell to determine the
minimum set of genes required for life, and bottom-up, which involves building a cell
from scratch using individual components [9-12].

The bottom-up approach is proving to be a powerful tool in understanding the basic
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principles of life and the workings of cells. Based on in vitro reconstitution, the bottom-
up approach consists of building minimal systems by combining purified components to
investigate which components and interactions are essential for life. By carefully control-
ling the composition of these minimal systems, and investigating how these components
interact to produce life-defining properties, scientists can gain insights into how complex
cellular behaviors emerge from simple molecular interactions. Through this bottom-up ap-
proach, researchers are able to investigate the fundamental properties of life and identify
the core mechanisms that underlie cellular function [7, 10, 13].

An additional advantage of synthetic cells is their potential to be designed to carry
out specific functions with greater efficiency than natural organisms. While it is possible
to modify natural organisms to perform desired functions [14], this can be a challenging
and inefficient process due to the complexity of biological systems. Synthetic cells, on the
other hand, can be designed from the bottom-up to precisely incorporate the components
necessary for a given function. This level of control over the design of biological systems
holds great promise for fields such as biotechnology, where engineered cells can be used
to produce valuable products or perform specific tasks [15, 16].

1.2.2. Modules of a synthetic cell

One bottom-up effort to build a synthetic cell is being pursued in The Netherlands by
the ”BaSyC - Building a Synthetic Cell” consortium (basyc.nl [17]), in which the work
of this thesis is embedded. BaSyC is a research program led by more than 17 scientists
from six Dutch universities and research institutes that aims to build an autonomous and
self-reproducing synthetic cell using bottom-up reconstitution. BaSyC aims to build a
synthetic cell by first studying in isolation the different systems, or modules, that a cell
needs. These modules are divided in 3 groups (Fig. 1.1):

1. Cell fueling: the cell fueling module aims to understand how cells obtain and uti-
lize energy to carry out their essential functions. This involves studying the various
metabolic pathways involved in energy production and consumption within cells.
The goal is to identify and reconstitute key regulatory mechanisms such as energy
regeneration, metabolite synthesis, volume and pH homeostasis, and lipid synthesis
for cell growth.

2. DNA processing: the DNA processing module is focused on studying the funda-
mental processes of DNA replication, transcription, and translation to understand
the mechanisms by which genetic information is transferred from DNA to RNA to
proteins. Additionally, the goal is to understand how to assemble genetic networks
to regulate gene expression in the synthetic cell.

3. Cell division: The cell division module focuses on understanding the principles
of cell division and how they can be implemented in synthetic cells. This includes
the study of the molecular machinery involved in cell division, the regulation of the
process, and the spatiotemporal organization of the cell during division.

While the mentioned modules focus on studying the design and engineering of the basic
functionalities of the synthetic cell, BaSyC also includes two additional research-focused
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modules aimed at achieving integration and autonomy (Fig. 1.1, right). The spatio-
temporal integration module aims to integrate the core modules and develop strategies
for spatio-temporal control. The autonomy module tries to tackle the synthetic cell au-
tonomy by synthesizing the synthetic cell genome encoding all the information necessary
to put together the other modules. Following this strategy, the ultimate goal is to syn-
thesize a chromosome that encodes all the necessary molecules to perform the described
functions and to encapsulate it inside a cell-sized vesicle together with an in vitro tran-
scription/translation machinery to create the synthetic cell.
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Figure 1.1. Strategy of the BaSyC consortium to build a synthetic cell. Schematic representation of the
strategy of the research-based part of the BaSyC consortium. Basically, the research work is divided in 5 modules:
cell fueling, to reconstitute the metabolism of the cell, DNA processing, to reconstitute genetic expression, cell
division, to reproduce the cell, integration, to combine and give spatio-temporal control, and autonomy, to encode
all the necessary information in a single genome that the synthetic cell can use.

1.3. Shaping and dividing cells

One important aspect to consider in the design of the synthetic cell, which is directly
related to the cell division module, is the maintenance and control of changes of the cell’s
shape. Many cells, such as bacteria, archaea, fungi, and plants, maintain their shape and
even regulate specific cell changes, such as cell division, through the cell wall, a rigid layer
of polysaccharides and/or proteins that surrounds the cell membrane [18-20]. The cell wall
can be difficult to reconstitute in a synthetic cell because it requires specific enzymes and
substrates. For instance, the bacterial cell wall requires peptidoglycan synthases, which
are enzymes that link sugar and amino acid units to form the peptidoglycan polymer, as
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well as membrane-bound glycosidases, which are enzymes that cleave the peptidoglycan
to allow for its insertion and remodeling [21]. Therefore, the most common strategies to
maintain and reshape the synthetic cell try to do it cell wall-free.

As animal cells lack a cell wall [22, 23], they are an interesting model to inspire a cell-
wall-free mechanism to mechanically support and reshape synthetic cells. The research
outlined in this thesis aims to investigate how the cytoskeleton of animal cells, especially
the septin cytoskeleton, can be utilized to provide mechanical support and actively shape
synthetic cells, with a particular emphasis on developing an animal cell-inspired cell divi-
sion mechanism.

1.3.1. The cell membrane

The cell membrane is a vital structure that encloses the contents of a cell, separating the
interior from the external environment. The cell membrane is selectively permeable, mean-
ing that it allows certain molecules to pass through while preventing others from crossing
the membrane. Therefore, it plays a crucial role in maintaining the integrity of the cell,
controlling the exchange of materials between the cell and its surroundings, and enabling
communication with other cells [2].

The plasma membrane is primarily composed of phospholipids, which consist of a
hydrophilic polar headgroup and two hydrophobic hydrocarbon chains, or tails. Their
amphiphilic nature causes them to spontaneously self-assemble in aqueous solutions to
minimize the hydrophobic surface area exposed to water. In the cell membrane, the phos-
pholipids are arranged tail-to-tail, forming a bilayer (Fig. 1.2). Cell membranes contain
a vast array of phospholipid species that vary in both their polar headgroups and the
length and saturation of their tails. The composition of these phospholipid species and
their prevalence in the plasma membrane differ among cell types and also between the in-
ner and outer leaflets of the lipid bilayer [24, 25]. For instance, among the most abundant
phospholipids in the cell membrane, phosphatidylcholine (PC), phosphatidylethanolamine
(PE), phosphatidylserine (PS), and sphingomyelin (SM), PC and SM are mainly found in the
outer leaflet, facing the extracellular environment, while PE and PS are mainly found in
the inner leaflet, facing the cytoplasm [25-28]. The cell membrane also has signaling lipids,
such as phosphoinositides (PI), which recruit or activate proteins, eicosanoids, which reg-
ulate ion channels and other proteins, and sphingolipids, which act as signals to regulate
different cell process [29].

In addition to phospholipids, the cell membrane also contains other types of lipids,
such as cholesterol, which helps to stabilize the membrane, and glycolipids, which are im-
portant for cell recognition and signaling. Proteins are also embedded in the lipid bilayer,
serving a variety of functions such as transport of molecules across the membrane, cell
signaling, and structural support. The organization of lipids and proteins within the mem-
brane is not uniform, but rather arranged in functional domains or patches that contribute
to membrane function [30, 31].

The cell membrane, being only about ~6nm thick, is highly deformable and mechani-
cally fragile, yet it plays a crucial role in maintaining cellular integrity and shape during
vital functions such as cell division, migration, and morphogenesis [32]. To balance the
requirements of mechanical protection and deformability, cells need to maintain a delicate
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Figure 1.2. Formation of lipid bilayers from phospholipids. Phospholipids (left) arrange in two layers,
leaving the heads in contact with the aqueous solution and the tails towards each other (centre). When this
lipid bilayer arranges into a sphere, it forms a vesicle (right), the basic container of a synthetic cell. Aside from
this lipid bilayer, the plasma membrane of a cell also contains proteins, other classes of lipids, and carbohydrate
chains.

balance between rigidity and deformability [33]. Overly rigid cells are brittle and suscepti-
ble to fracture under stress, while overly flexible cells cannot generate the forces necessary
to maintain or alter their shape [34]. To achieve the necessary balance, cells contain a sup-
portive network to regulate their shape and reinforce membrane mechanics, allowing for
controlled and precise changes to the membrane topography, which in animal cells is the
cytoskeleton.

1.3.2. The cytoskeleton

The mechanical support of animal cells is provided by the cytoskeleton, a network of pro-
tein filaments that runs throughout the cell’s cytoplasm with connections to the plasma
membrane. The cytoskeleton provides mechanical resistance to deformation, while also
allowing for cell shape changes to drive cell movement and division. There are four main
types of cytoskeletal filaments: actin filaments, microtubules, intermediate filaments, and
septins, each with its unique properties and functions in maintaining cell shape and me-
chanics. Below follows a brief descriptions of each filament type.

Actin filaments

Actin filaments (F-actin) are thin, semiflexible protein fibers that are part of the cytoskele-
ton of animal (and other Eukaryotic) cells. They are composed of actin protein monomers
(G-actin) that polymerize to form long, double-helical filaments that are typically 7-9
nanometers in diameter [35, 36]. Actin filaments are involved in a variety of cellular pro-
cesses, including cell division, cell movement, and maintenance of cell shape. They are
also involved in intracellular transport, cell signaling, and the formation of specialized
cell surface structures such as microvilli and stereocilia.

The polymerization process [37] follows a nucleation-and-growth pathway in which
four monomers must form a stable seed complex before filament growth can begin [38]
(Fig 1.3). Since the formation of seeds is energetically unfavorable compared to staying
in the form of G-actin, nucleation serves as the rate-limiting step in actin polymerization,
allowing cells to control when and where actin assembles via regulatory proteins. Once
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a seed/filament is formed, it has a pointed end (minus-end) and a barbed end (plus-end).
While new monomers can in principle be added to both ends, the two ends have different
affinities. In the presence of adenosine triphosphate (ATP), the concentration at which
actin monomers can bind to a filament is lower for the barbed end than the pointed end.
Therefore, as the seeds grow into filaments, the pointed end eventually stops growing
and starts to depolymerize, while the barbed end continues to grow. When the speed
of pointed-end depolymerization matches the speed of barbed-end polymerization, net
actin polymerization is zero, and filaments are said to "treadmill”. In vitro, the process of

Figure 1.3. Polymerization of actin filaments. Single actin monomers (G-actin) first form a seed in the rate
limiting-step of the polymerization process. After the seed is formed, monomers can be added to the both plus-
and minus-end, as indicated by the + and - signs in the schematic. In longer filaments, the minus-end starts to
depolymerize while the plus-end keeps polymerizing, leading to treadmilling.

actin polymerization can be induced by manipulating the environment around monomeric
actin [39]. Specifically, when globular actin (G-actin) is dissolved in a buffer with low ionic
strength, it is stabilized in solution by a charged hydration layer. However, when salt is
added to the solution, the resulting buffer, which has a higher ionic strength, disrupts the
hydration layer, allowing the monomers to approach each other closely enough to form
stable seeds. These seeds then trigger filament formation.

In cells, however, this process need to be precisely controlled, to trigger actin poly-
merization where and whenever needed. This is done using actin binding proteins (ABPs).
Specifically, proteins such as profilin sequester the actin monomers to inhibit their poly-
merization and avoid spontaneous polymerization [40]. When actin needs to be poly-
merized, specific actin nucleators, mainly formin, which nucleates long and linear actin
filaments, and Arp2/3, which nucleates short and branched actin filaments, produce the
actin filaments [41].

Other ABPs control the higher-order structures that actin filaments form, including
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disordered networks (with a-actinin [42]), parallel or antiparallel filament bundles (with
fascin, filamin, or fimbrin [42, 43]), and even curved bundles and rings (with IQGAP or
anillin [44, 45]). The lengths of actin filaments are regulated by a multitude of other ABPs
such as capping protein, tropomyosin, and severing proteins like cofilin and gelsolin. The
resulting actin networks can be remodeled by the motor protein myosin-2, a protein which
forms bipolar filaments that can move along single actin filaments and slide actin filaments
past each other [43].

Using these ABPs, the actin cytoskeleton forms various types of structures within the
cell, such as stress fibers, the cell cortex, and filopodia and lamellipodia, to perform a
diverse array of functions. Stress fibers are contractile bundles of actin filaments that
generate mechanical tension, which are important for cell adhesion, migration, and differ-
entiation [46]. The cell cortex, a thin and dense actin-based network found underneath the
plasma membrane, is involved in cell shape maintenance, cell division, and membrane traf-
ficking [47]. Filopodia and lamellipodia are finger-like and sheet-like protrusions, respec-
tively, that are involved in cell motility and sensing the extracellular environment [48].

Of special interest for the maintenance and reshaping of the cell and the cell mem-
brane is the actin cortex. This is a highly organized network of actin filaments located
underneath the plasma membrane and anchored to it, creating a shell-like structure. The
cortical actin network is highly dynamic and is continuously remodeled to adapt to the
cell’s changing needs. The network can be remodeled through various mechanisms, such
as nucleation and branching of new actin filaments, severing of existing filaments, cross-
linking of filaments with different orientations, and active remodeling through myosin
motors. The cortical actin network also interacts with other cellular components, such as
membrane-bound proteins and organelles, to regulate their localization and function. For
instance, the cortex plays a crucial role in cell division by organizing the mitotic spindle
and forming the contractile ring that drives cytokinesis [47, 49].

Microtubules

Microtubules, essential components of the eukaryotic cytoskeleton, are dynamic and tubu-
lar structures formed by the polymerization of a- and S-tubulin subunits. These cylindrical
filaments have an approximate diameter of 25nm and extend throughout the cell, provid-
ing structural support and participating in various cellular functions [50]. Microtubules
are crucial for cell division, and play important roles in cell motility, cell shape mainte-
nance, intracellular signaling, and the formation of specialized structures like cilia and
flagella [51, 52].

Microtubules polymerize through nucleation and elongation processes (Fig. 1.4). Poly-
merization starts with the formation of a stable seed structure that serves as a template for
the addition of @- and S-tubulin dimers that arrange into protofilaments. Typically 13 of
these protofilaments assemble side-by-side to create a hollow tubular structure. Further
addition of tubulin subunits allows the microtubule to elongate [53, 54]. Similarly as actin
filaments, microtubules are structurally polar, with the plus end growing faster than the
minus end [55]. Microtubule polymerization is facilitated by the hydrolysis of guanosine
triphosphate (GTP), which is bound to the f-tubulin subunits. GTP-bound tubulin dimers
are more likely to incorporate into the growing microtubule, while GDP-bound tubulin
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dimers are more likely to dissociate. As the microtubule elongates, GTP molecules bound
to the tubulin dimers are gradually hydrolyzed to GDP. Once the concentration of GDP-
bound tubulin reaches a critical threshold, a catastrophe event occurs, resulting in rapid
disassembly or shrinkage of the microtubule. Following catastrophe, there can be a rescue
event where new GTP-bound tubulin subunits are incorporated, allowing the microtubule
to regrow. This stochastic alternation between growing and shrinking phases is what char-
acterizes microtubules, and is termed dynamic instability [56-58].
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Figure 1.4. Dynamic instability of microtubules. a- and f-tubulin dimers can be added to the protofila-
ments of both plus- and minus-ends of microtubules with different rates, as indicated by the + and - signs in the
schematic. When a catastrophe occurs, the microtubules starts to depolymerize or shrink. Tubulin dimers can
be added to the protofilaments again, in a process called rescue, leading to polymerization or growth.
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In vitro, microtubule dynamics are governed not only by the GTP/GDP ratio in the so-
lution, but also by temperature and pH. Temperature influences microtubule dynamics by
affecting the rate of microtubule assembly and disassembly [59]. This temperature sensi-
tivity is primarily due to the temperature dependence of tubulin conformational changes
and the strength of noncovalent interactions between tubulin subunits [60, 61]. Gener-
ally, low temperatures lead to microtubule depolymerization, intermediate temperatures
lead to slow polymerization/depolymerization rates and favor microtubule stability, while
higher temperatures lead to faster polymerization/depolymerization rates [59]. In general,
microtubule dynamic assays in vitro are done at temperatures between 25°C and 37°C [62].
pH affects microtubule dynamics by affecting the ionization states of specific amino acids
of the tubulin dimers, which affect tubulin-tubulin interactions [52, 63]. In general, in
slightly acidic pH, microtubules exhibit increased stability and polymerization rates, while
basic pH can lead to microtubule depolymerization. In general, microtubule dynamic as-
says in vitro are done at a pH around 6.9 [62]. However, other factors such as presence




10 1. Introduction

of small molecules and salt concentration can also affect the dynamics of microtubules in
vitro [64].

In cells, the dynamics of microtubules are tightly regulated by centrosomes, micro-
tubule associated proteins (MAPs) and post-translational modifications (PTMs). Centro-
somes serve as the primary microtubule-organizing centers in many cells and contribute
to microtubule nucleation, organization, and anchoring. They contain y-tubulin ring com-
plexes that initiate microtubule assembly and recruit other proteins involved in micro-
tubule regulation [52, 65]. MAPs, such as Tau and MAP2, interact with microtubules and
modulate their stability, bundling, and spacing. They can promote microtubule polymer-
ization and cross-link microtubules to form networks [54]. PTMs, such as acetylation and
detyrosination of tubulin, can also influence microtubule behavior by affecting protein-
protein interactions, motor protein binding, and stability [66].

Microtubules are vital to mechanically support cells and participate in cell reshap-
ing. Microtubules are remarkably stiff and can withstand large forces without buckling
or breaking. This allows them to maintain the cell shape and integrity against external
or internal stresses [67, 68]. Additionally, microtubule dynamics can create forces that
push or pull on other structures, such as the plasma membrane, the nucleus, or organelles.
They also interact with actin structures that form protrusive structures such as filopodia
or lamellipodia, which are involved in cell migration and adhesion [69]. Finally, there are
also microtubule-associated motor proteins that can generate forces that rearrange the cy-
toskeleton or transport cargo within the cell, which are essential for the correct formation
of cilia and flagella [70, 71].

Intermediate filaments

Intermediate filaments are a type of cytoskeletal protein filament found in animal cells.
They are composed of a diverse family of proteins called intermediate filament proteins
(IFPs), which include keratins, vimentin, desmin, lamin, and neurofilaments, among oth-
ers. The specific type of intermediate filament protein expressed in a cell depends on its
tissue type and function. These proteins can form filaments with a diameter of about
10nm. Intermediate filaments are known for their high mechanical strength and provide
structural support and stability to cells [72, 73].

The polymerization of intermediate filaments follows a stepwise assembly process. IFP
monomers consist of a central a-helical rod domain, which provides the structural back-
bone, and globular head and tail domains. The monomers dimerize by aligning their rod
domains in antiparellel orientations. This dimerization is facilitated by specific interac-
tions between the head and tail domains of the monomers. The dimers then associate
longitudinally to form short oligomers. These oligomers continue to assemble end-to-end
through interactions between their rod domains. The polymerization process is regulated
by various factors, including phosphorylation of the IFPs and the presence of chaperones
and other accessory proteins [73].

Unlike actin filaments and microtubules, intermediate filaments do not have a dynamic
or polarized structure. Instead, they form a stable, flexible network throughout the cell,
extending from the nucleus to the cell periphery. Intermediate filaments are responsible
for maintaining cell shape, resisting mechanical stress and deformation, and providing
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structural support to cells and tissues. They are particularly abundant in cells that expe-
rience mechanical strain, such as epithelial cells, muscle cells, and neurons. Intermediate
filaments also play a role in organizing and anchoring other cellular structures, such as
the nucleus and organelles [74].

Septins

Septins are a group of GTP-binding proteins that are expressed in all eukaryotic cells
except higher plants [75]. About 10 years ago, they were acknowledged as the fourth
component of the cytoskeleton because of their ability to assemble into 4nm thick fila-
ments that in turn form various structures such as paired filaments, rings and gauzes [76].
Septins have various functions in cells, such as providing a scaffold for protein recruitment,
forming a barrier for subcellular compartmentalization, regulating cell division, and par-
ticipating in cell migration. They are also involved in host-microbe [77] interactions and
in various human diseases including cancer and neurodegenerative disorders.

The septin family of proteins is divided in different subfamilies based on sequence
similarity [75, 76] (Table 1.1). In animals, there are four groups, SEPT2, SEPT3, SEPTS6,
and SEPT?7. All the septins have a GTP-binding domain that is highly conserved. On the
carboxy-terminal side, there is a domain known as the septin unique element (SUE) whose
function remains unknown. The N and C termini are the most variable domains in the
septin sequence, and distinguish the four subfamilies. The N-terminus contains in most
of the septins a proline-rich domain. However, SEPT9, a member of the SEPT3 subfamily
with widespread expression, has a longer disordered N-terminus. Alternative splicing of
the SEPT9 RNA generates five isoforms (SEPT9_i1 - SEPT9_i5) that exhibit differences in
the translation start site [78], leading to proteins with varying lengths and N-terminal
sequences. The longer isoforms of SEPT9 (i1, i2, and i3) share an extended disordered
N-terminus with slight variations in length and amino acid composition. The C-terminus
of all septins except the SEPT3 subfamily septins contains an extended coiled-coil (CC)
domain. The SEPT2’ CC is shorter than that of the SEPT6 and SEPT7 subfamily members.
Finally, the SEPT7 and SEPT6 subfamilies differ in their ability to hydrolyze GTP. While
all septins are able to, hydrolyze GTP into GDP albeit slowly, SEPT6 is unable to do so [79].

Table 1.1. Septin subfamilies. Overview of the septins in each subfamily and their main characteristics. From
left to right: subfamily name, members of the subfamily, canonical septin of the subfamily, characteristic domain
at the N-terminus, ability to hydrolyze GTP, and characteristic domain at the C-terminus.

Subfamily ~Members Canonical N-terminus GTP hydrolysis  C-terminus
SEPT1, SEPT2,

SEPT2 SEPT2 Pro-rich Yes Short CC
SEPT4, SEPT5
SEPT3, SEPT9, Pro-rich;

SEPT3 SEPT9 . . Yes No CC
SEPT12 SEPT9 has disordered domain
SEPT6, SEPTS,

SEPT6 SEPT10, SEPT11, SEPT6 Pro-rich No Long CC
SEPT14

SEPT7 SEPT7 SEPT7 Pro-rich Yes Long CC

Septin monomers longitudinally associate by interactions between two types of in-
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terfaces: the G interface, which contains the GTP-binding domain, and the NC inter-
face, which contains the N and C termini. By interactions of interfaces of the same
type, septins can form rod-shaped palindromic hetero-oligomers. The length and compo-
sition of these hetero-oligomers is species dependent, with Caenorhabditis elegans septins
forming tetramers [80], Drosophila melanogaster septins forming hexamers [81], Saccha-
romyces cerevisiae septins forming octamers [82], and human septins forming both hex-
amers and octamers [83-85]. Septins from a specific subfamily can be substituted or
replaced by another protein from the same subfamily, as suggested by the Kinoshita
rule [86]. In the case of human septins, the ones studied in this thesis, the order
of the septins in the hetero-oligomer, using the canonical septins from each subfam-
ily, is SEPT2-SEPT6-SEPT7-SEPT7-SEPT6-SEPT2 for septin hexamers and SEPT2-SEPT6-
SEPT7-SEPT9-SEPT9-SEPT7-SEPT6-SEPT2, for septin octamers [87, 88]. These hetero-
oligomers can further longitudinally associate through the NC interfaces of the terminal
SEPT2 subunits to form apolar filaments, which can, in turn, interact to form paired fil-
aments, meshes, rings, and gauzes [76]. However, it remains poorly understood what
interactions drive this self-assembly into higher order structures.

In vitro, polymerization of septin oligomers into filaments is controlled by the ionic
strength of the solution [83]. The salt concentration modulates the electrostatic interac-
tions among septin subunits, which play a crucial role in their stability and assembly pro-
cesses. Under low salt conditions (<150mM KCl), septin complexes remain stable and can
efficiently bind to each other, whereas under high salt conditions (>150mM KCl), the equi-
librium shifts towards the oligomeric side, preventing filament formation at low septin
concentrations [89].

In cells, septin polymerization regulation is poorly understood. It is known that the
binding of septin to GTP or GDP is crucial for its polymerization [90]. However, the role
of the nucleotide remains poorly understood. Additionally, septin PTMs can also regulate
septin assembly [91]. For instance, in yeast, septin phosphorylation plays a critical role
in determining the arrangement of septins at the bud neck [92, 93], and sumoylation has
been identified as a regulatory mechanism that triggers the disassembly of septin rings at
the bud neck [94]. In mammalian cells, sumoylation appears to prevent the formation of
septin bundles that could potentially interfere with proper cell division [94]. Additionally,
the interaction of septin with various cellular constituents also regulates septin polymer-
ization. For instance, purified septin can directly bind model lipid membranes containing
phosphatidylinositols (PI) and/or phosphatidylserine (PS) [82, 95, 96] and form a mesh of
single and paired filaments [82, 96, 97] or small bundles [96]. Septins also bind differently
to membranes with different curvatures [95, 97, 98], and even reshape vesicles [97, 99, 100],
suggesting that membrane curvature is also important for septin binding. Septins can also
bind actin filaments and microtubules, which in turn affects the organization and dynam-
ics of septin filaments [101-103]. Finally, the binding of the Borg family members to the
SEPT6-SEPT7 interface can stabilize the coiled-coil structure of the NC interface and pro-
mote septin polymerization [89, 104].

Septins play crucial roles in many cellular processes such as cell division, cell polarity,
and various membrane remodeling processes. Their distribution in animal cells varies de-
pending on factors such as the organism, cell type, and developmental stage [105, 106]. The
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Figure 1.5. Septin polymerization from septin subunits. A. Schematic representation of the different septin
subfamilies. From N to C terminus: proline-rich domain, GTP-binding domain, septin unique element, coiled-
coil. SEPT6 has a GTP-binding domain incapable of GTP hydrolysis, as represented with "GBD*”. SEPT9 is part
of the SEPT3 subfamily, but since it is the canonical SEPT3 group septin and has an additional long disordered
N-terminal domain, an additional schematic has been added. B. Schematic representation of a folded septin
subunit showing the G and NC interfaces. C. Schematic representation of the self-assembly process of septin:
monomers form stable hetero-oligomers, which in turn polymerize into nonpolar filaments that can self-assemble
into higher-order structures.

high stability of septin filaments suggests that septins serve as a scaffold, regulating the
composition of lipids and cytoskeletal proteins at the interface of the actin cortex and the
plasma membrane. Additionally, septins act as scaffolds for specialized cellular machiner-
ies, such as the cytokinetic ring [107], and have been observed to form a cage around
pathogenic bacteria within infected human cells, aiding in their elimination through au-
tophagy [77]. Notably, they often localize in regions of high curvature, forming diffusion
barriers. Examples include their presence at the cytokinetic ring, the base of the cilium,
the annulus of sperm cells, dendritic spines, and the phagocytic cup [76, 108]. Dysregu-
lation of septin expression levels and the occurrence of mutations have been associated
with various neurological disorders like Alzheimer’s and Parkinson’s diseases [109], as
well as conditions such as male infertility, bleeding disorders, and a wide range of can-
cers [76, 110, 111].

'
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Roles of septins’ interactions in cell shape stability and cell shape changes

It is interesting to note that most of septin’s functions are based on their interaction with
other cellular components. Of special interest for cell shape maintenance and change,
and especially cell division, is the interaction of septins with the cell membrane, the actin
cytoskeleton, and microtubules.

Septins are found to localize to the membrane of cells, especially to curved regions [95].
It is still unclear whether this cortical localization comes from septins binding to the cell
membrane, to the actin cortex, or to both simultaneously. However, this localization is
important for maintaining specialized cell shapes. For instance, septins form a ring-like
annulus in spermatozoa, and its absence makes the tail bend or break [112]. Septins also
seem to compartmentalize the primary cilium, by localizing on their base, as found for
IMCD3 cells [113]. Septins are also important for membrane fusion during exocytosis
by interaction with the exocyst and the syntaxin complexes [114]. Additionally, septins
are essential for the migration of a multitude of cell types, such as epithelia, fibroblasts,
lymphocytes, neurons, and stem cells [115]. They do so by reinforcing the cortical actin
by crosslinking it, readying the cell for the mechanical stresses coming from migration,
and by regulating the formation of membrane protrusions [115]. In the context of cell
migration, septins have been found to enhance migratory and invasive phenotypes of
cancer cells.

One special form of cell shape change is cell division, in which the genetic material
is separated during karyokinesis, and the daughter cells are divided during cytokinesis.
During karyokinesis, septins play a role in a variety of processes via their interaction with
microtubules [115]. First, SEPT7 is important for centrosome replication, since its knock-
down leads to the formation of multipolar spindles [116]. Septins also seem to bind the
kinetochores of chromosomes, assisting microtubule-chromosome anchorage and chro-
mosomal alignment in the metaphasic plate [117]. Finally, septins also seem to play a role
in spindle positioning via microtubule-plus end interactions [116, 118]. In the context of
cytokinesis, septins play important roles during cell rounding [119, 120], constriction of
the actomyosin ring [121-124], and midbody abscission [125, 126]. SEPT9 knockout in
HeLa cells showed clear rounding defects, leading to cell shape defects during cell divi-
sion [120]. Septins are also important for the correct constriction of the cytokinetic ring
since they are recruited early to the ring [124], locally activate myosin motors [121], and in
the absence of septins, the contractile ring is not anchored and retracts after constriction
is completed [121, 122]. Finally, septins form a double ring at the midbody that regulates
abscission by regulating the ESCRT machinery [125, 126].

1.4. Using septins for bottom-up synthetic biology

As explained above, septins are a component of the cytoskeleton with the ability to bind
lipid bilayers, actin, and microtubule. Therefore, they can potentially be used to mediate
several important animal cell-inspired processes in synthetic cells.

First, septins could participate in the mechanical reinforcement of the cell. Since
septins bind PI and PS-containing lipid bilayers and form a mesh of filaments/bun-
dles [82, 96, 97] they could potentially reinforce the membrane of a liposome-based syn-
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thetic cell. Furthermore, if they can bind simultaneously to the membrane and to actin
and crosslink the actin, they could further mechanically reinforce the synthetic cell by the
formation of a membrane-anchored synthetic actin cortex. Together with its putative abil-
ity to interact with myosin [121], this could also make septin a regulator of actin-mediated
synthetic cell-shape changes.

Evidence from in vitro reconstitution and experiments in cells also suggest that septins
could be useful for synthetic cytokinesis. First, septins bind preferentially to curved re-
gions of the plasma membrane such as the cytokinetic furrow [95, 127, 128] and they
prefer negative curvature in vitro [97, 98]. These observations suggest that septins could
be used to initiate or maintain initial curvature to start cytokinesis. Additionally, the fact
that septins are important for the constriction of the contractile ring and the activation
of myosin in dividing cells [121], together with in vitro evidence showing that septins
can crosslink and bundle actin, suggests that septins could participate in contractile ring
formation, stabilization, and membrane anchorage in synthetic cells.

Finally, the interaction of septins with microtubules, by stabilizing them and anchor-
ing them to the chromosomes, could make septin an important regulator of karyokinesis.
Septin could not only mediate microtubule-chromosomal binding, but also help orientat-
ing the microtubule spindle by mediating crosstalk between actin and microtubules.

1.5. Outline of this thesis

Despite the big potential of septins to mediate several processes in animal-inspired syn-
thetic cell modules, we currently lack in vitro knowledge of how these processes can be
controlled. It is still unclear how septins bind actin, microtubules, and lipid membranes,
whether septin hexamers and octamers would interact differently, and how the binding
of septin to other structures affects their polymerization. Additionally, although we know
that under in vitro conditions septins can bind to the three components, it is still unclear
how the crosstalk between the three is mediated by septins. Finally, there is also not suffi-
cient evidence to understand how septins contribute to processes such as division in actual
cells. Using in vitro reconstitution is a very useful tool to understand the basic properties
and interactions of septins and how they are involved in morphogenesis.

Therefore, in this thesis, we use in vitro reconstitution to study how septins interact
with microtubules, model lipid membranes, and actin with a focus on understanding how
to use them for bottom-up synthetic biology and to understand their roles in cellular pro-
cesses. We do so in the context of human septins for several reasons. First, they contain
a wider variety of septin subunits as compared to septins from other model organisms
such as yeast or fly septins and can form simultaneously septin hexamers and octamers.
This diversity could help regulate their roles in the synthetic cells. And second, exploring
the functions of human septins is more relevant from the perspective of understanding
the potentially differential roles of different septin oligomers in human development and
diseases.

In Chapter 2 we describe a generalized protocol to purify high quality septin hetero-
oligomers and to assess their quality. We use a two-step affinity chromatography approach
to purify Escherichia coli-expressed recombinant septins of varied subunit composition by
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selectively tagging two of the subunits. Then we describe a set of techniques consisting
of gel electrophoresis, transmission electron microscopy, and interferometric scattering
microscopy to check the quality of the purified septin oligomers. Finally, we detail the
imaging assays that we use to check whether the purified septins are able to polymerize.

It is known that the isoform 1 of SEPT9 (SEPT9_i1) is responsible for mediating the
binding of septin octamers to microtubules in cells. In Chapter 3 we use a combination of
bioinformatics, experiments in cells, and in vitro reconstitution to deepen our knowledge
of this interaction. First, we use bioinformatics to find a 25-amino acid long sequence
unique to SEPT9_i1 resembling the microtubule binding domains of other MAPs, suggest-
ing that this unique N-terminus could potentially mediate septin-microtubule interactions.
Then we use experiments in cells and in vitro assays comparing the binding of septin hex-
amers containing no SEPT9 and septin octamers bearing different isoforms or mutants of
SEPT9 to validate this binding. Finally, we explore the effect of septins on the dynamic be-
havior of microtubules in our in vitro assays and show that septins stabilize microtubules.

In Chapter 4 and 5 we study the interactions of human septin complexes with model
lipid membranes. In Chapter 4, we first use an array of techniques to investigate the inter-
action of septin complexes with flat supported lipid layers. In that context, we use quartz
crystal microbalance with dissipation monitoring to investigate the lipid specificity of hu-
man septin oligomers and the effect of GTP on their binding. We show that human septin
oligomers need the presence of both DOPS and PIP2 lipids to efficiently bind to supported
lipid bilayers in the conditions used, and that the presence of excess GTP slightly increases
membrane binding. Finally, by analyzing the dissipation changes upon septin binding, we
obtain evidence that in the presence of excess GTP, human septin hexamers form net-
works that are stiffer than those formed by octamers. Then we use transmission electron
microscopy and atomic force microscopy to image the membrane-bound septin networks
at high resolution. We find that on PIP2-containing lipid monolayers, both septin hexam-
ers and octamers form a cross-hatched network composed of single and paired filaments.
On supported lipid bilayers, octamers formed a similar meshwork, but, surprisingly, hex-
amers form a network based on curved bundles. Finally, we use computer simulations to
understand the formation of the bundle-based network.

In Chapter 5, we move closer to synthetic cell-like systems by studying the interac-
tions of septin complexes with free-standing curved membranes in the form of giant uni-
lamellar vesicles (GUVs). We encapsulate septins inside GUVs for the first time and found
that they bind the inner bilayer leaflet provided that DOPS or PIP2 are present, with bind-
ing being enhanced when lipids both were present simultaneously. Membrane binding is
not affected by the curvature of the GUVs when binding from the inside of the vesicle and
septins did not deform the membrane. In contrast, when binding from the outside, septin
complexes strongly deformed the membrane forming small bumps or spikes separated by
1pm, suggesting that the preference for negative curvature of septins [97, 98] can lead to
membrane reshaping.

Previous research has shown that septins are able to interact with actin, bundling it in
reconstitution experiments [101, 102], and that septins might interact with myosin [121].
To further investigate these two observations, in Chapter 6 we use in vitro reconstitu-
tion to examine the actin-binding and bundling ability of septin complexes and their ef-
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fect on myosin activity. We found that both septin hexamers and octamers are able to
crosslink the actin network at low concentrations and bundle actin filaments at high con-
centrations. However, hexamers require higher concentrations, suggesting that the SEPT9
subunits present in octamers reinforce binding. When adding muscle myosin-2 thick fila-
ments, septin octamers have a non-monotonic effect on myosin-driven network contrac-
tion. Atlow concentrations, they crosslink the network, promoting force transmission and
allowing long-range myosin-driven contraction. At high concentrations, septin-mediated
bundling protect the actin from contraction by shielding the actin filaments from direct
myosin interactions. This finding indicates that simply modulating the septin concentra-
tion could help tune the effect of myosin on actin filaments in synthetic cells.

In chapter 7, we bring together the knowledge acquired in Chapters 4-6 and explore
the possibility of using septin to anchor actin to lipid membranes. We found that septins
alone are able to anchor a network of actin bundles to model membranes containing PIP2
and DOPS lipids, forming a cortex-like structure. When adding the actin nucleator Arp2/3,
the architecture of these networks changes, and septins anchor aster-like structures to the
model membranes.

Finally, in Chapter 8, we conclude with a view into the future, and delve into how we
can learn more about the interaction of septins with each of the described components,
explore how septins might mediate crosstalk between them, and describe their potential
for synthetic cells.

The chapters described above are the bulk of this dissertation and make up its scientific
part. During my studies and PhD, I have always found that the work we scientists do
could easily be translated into art: complex and impressive setups to do very specific
experiments, visual representations of the systems we study, amazing movies showing
weird yet beautiful results, and astonishing images from both telescopes and microscopes
are clear examples of how the scientific world can contribute art. Having this in mind,
I wanted to reserve a small part of my thesis to exemplify this. Considering that this
dissertation I wrote is simply a book and movies cannot be included, I decided to include
a Gallery of different images (microscopic or not) that either one of the students I have
supervised or myself have collected during my PhD.
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Chapter 2

Septin purification and quality
control

Septins are a family of conserved eukaryotic GTP-binding proteins that can form cytoskeletal
filaments and higher-order structures from oligomeric complexes. They interact with other
cytoskeletal components and the cell membrane to participate in important cellular functions
such as cell migration and division. Due to the complexity of septins’ many interactions, a
large number of septin genes (13 in humans), and the ability of septins to form oligomeric
complexes with different subunit compositions, cell-free reconstitution is a vital strategy to
understand the basics of septin biology. Here, we first describe our method to purify recom-
binant septins in their oligomeric form using a two-step affinity chromatography approach.
Then the process of quality control used to check for purity and integrity of the septin com-
plexes is detailed. This process combines native and denaturing gel electrophoresis, negative
stain electron microscopy, and interferometric scattering microscopy. Finally, we describe our
routine to check the polymerization ability of the septin complexes using negative stain elec-
tron microscopy and fluorescent microscopy. Our findings demonstrate that it is possible to
produce high-quality human septin hexamers and octamers containing different isoforms of
SEPT_9, as well as Drosophila septin hexamers.

This chapter is partly based on:

[ F Ivet al. Insights into animal septins using recombinant human septin octamers with 2 distinct SEPT9 isoforms,
JCS, 134(15), 2021 [102]

and [3 G. Castro-Linares et al. Purification and quality control of recombinant septin complexes for cell-free
reconstitution, JoVE, 2022 [129].

The work described in this chapter is a collaborative effort between the groups of Gijsje Koenderink, Manos
Mavrakis, and Aurelie Bertin. Specifically, purification, denaturing electrophoresis, and fluorescence microscopy
were performed at both the Koenderink and Mavrakis labs. iSCAT and native electrophoresis experiments were
performed at the Koenderink lab. Transmission electron microscopy was performed at the Koenderink and
Bertin labs, while the class averaging was done by the Bertin Lab. A video showing all steps can be found on
https://www. jove.com/v/63871/purification-quality-control-recombinant-septin-complexes-for-cell


https://www.jove.com/v/63871/purification-quality-control-recombinant-septin-complexes-for-cell

20 2. Septin purification and quality control

2.1. Introduction

The cytoskeleton has been classically described as a three-component system consisting
of actin filaments, microtubules, and intermediate filaments [76]. Septins have been ac-
knowledged as a fourth component of the cytoskeleton [76]. Septins are a family of GTP-
binding proteins that are conserved in eukaryotes [75] and are involved in many cellular
functions such as cell division [106], cell-cell adhesion [130], cell motility [119], morpho-
genesis [131], cellular infection [77], and the establishment and maintenance of cell polar-
ity [132]. Despite their important functions, how septins are involved in such processes
is poorly understood.

The septin family of proteins is subdivided into several subgroups (four or seven, de-
pending on the classification) based on protein sequence similarity [75]. Members of dif-
ferent subfamilies can form palindromic hetero-oligomeric complexes that are the building
blocks of filaments, which in turn assemble into higher-order structures such as bundles,
rings, and meshworks [76, 86, 96, 102, 133, 134]. Further molecular complexity arises
from the presence of different splice variants, an important example being human SEPT9,
where there is evidence for specific functions of different splice variants ([103, 135-137],
and see Chapter 3). Additionally, the length of the oligomers depends on species and
cell type. For instance, Caenorhabditis elegans septins form tetramers [80], Drosophila
melanogaster septins form hexamers [81] (Fig. 2.1A), Saccharomyces cerevisiae septins form
octamers [82], and human septins form both hexamers and octamers [85] (Fig. 2.1A). The
(co-)existence of differently sized oligomers and the ability of septin isoforms and splice
variants from the same subfamily to substitute each other in the complex [86] have made
it difficult to delineate the cellular functions of different oligomeric complexes.

Another interesting feature of septins is their ability to interact with many binding
partners in the cell. Septins bind the plasma membrane and membranous organelles dur-
ing interphase and cell division [99, 138, 139]. In dividing cells, septins cooperate with
anillin [122, 124, 140] and actin and myosin during cytokinesis [101, 123]. At the late stages
of cytokinesis, septins regulate the endosomal sorting complexes required for transport
(ESCRT) system for midbody abscission [125, 141]. Additionally, there is also evidence of
septin located on the actin cortex and on actin stress fibers of cells in interphase cells [142-
144]. In specific cell types such as neurons, septins also bind and regulate the microtubule
cytoskeleton [103, 145].

All of these features make septins a very interesting protein system to study, but also a
challenging one. The combination of the large number of septin subunits (13 genes in hu-
man without counting splice variants [75]) together with the potential of septin subunits
from the same subfamily to substitute each other and form differently sized oligomers
makes it difficult to draw conclusions on the cellular function of a specific septin by ge-
netic manipulation. Furthermore, the multiple interactions of septins make interpreting
the effects of common research tools such as drugs [146] directed at cytoskeletal or mem-
brane components a hard task.

A way to overcome this situation is to complement research in cells with in vitro (cell-
free) reconstitution of septins. In vitro reconstitution allows for the isolation of a single
type of septin oligomer with a specific subunit composition and length [82, 147-149]. This
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complex can then be studied in a controlled environment, either alone, to discover the
basic structural and physicochemical properties of septins [150-152], or in combination
with desired partners such as model biomembranes ([95, 96, 98], and Chapters 4, 5, and 7),
actin filaments ([101, 102] and Chapters 6 and 7), or microtubules ([103, 148] and Chapter
3), to decipher the nature of their interactions.

Therefore, a reliable method to purify different septin complexes efficiently is vital for
septin research. However, even using the same protocol, different purifications can give
proteins with different activity/functionality or even integrity. For commercially avail-
able proteins such as enzymes, the functionality and enzymatic activity are carefully val-
idated [153]. Implementing careful quality control for cytoskeletal or structural proteins
such as septins can be challenging, but it is essential to make experiments across labs
comparable.

In this chapter, we describe a robust method to purify high quality recombinant septins
in their oligomeric form based on the simultaneous expression of two vectors containing
mono- or bi-cistronic constructs (Table 2.1) in Escherichia coli cells. The method consists
of a two-step affinity chromatography approach to capture septin oligomers containing
both a his¢-tagged septin and a Strep-II-tagged septin (either hexamers or octamers, see
Fig. 2.1B and C, respectively). This protocol, first described in Iv et al. [102], has been used
to purify Drosophila septin hexamers [96, 101, 147], human septin hexamers [102, 103],
and several human septin octamers containing different native isoforms (SEPT9_ 1, 3, and
5 SEPT9) [102, 103] or mutated SEPT9 variants [103]. Furthermore, we describe a set
of techniques to assess the quality of the purified septins. First, we check the integrity
and correct stoichiometry of the septin subunits using denaturing electrophoresis and
transmission electron microscopy (TEM). Then, we validate the correct molecular mass
of the purified oligomers and test for the presence of monomers or smaller oligomers
indicative of complex instability using native electrophoresis and mass photometry via
interferometric scattering microscopy (iSCAT). Finally, we assess the polymerizing activity
of the septins by the formation of septin bundles and their observation using fluorescence
microscopy and transmission electron microscopy (TEM).
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Figure 2.1. Purification strategy. A) Schematics of the septin oligomers that exist in human (left) and
Drosophila (right) cells. Numbers denote septin subunits from the indicated groups, P denotes Peanut. Note
that human SEPTIN9 can be any of its isoforms. The septin subunits have an asymmetric shape and longitudi-
nally associate with two distinct interfaces, the NC:NC and the G:G interface, as shown by the labels NC and
G, respectively, on top of the human hexamer. (B and C) Schematic illustration of the rationale of the two-step
affinity chromatography strategy, here shown for human septin hexamers (B) and octamers (C). S denotes Strep-
tag-IIl and H denotes His-tag. These tags bind StepTrap and HisTrap columns, respectively.
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2.2. Materials and methods

All chemicals were obtained from Sigma Aldrich unless specified otherwise.

2.2.1. Purification protocol

1. Transformation of bacterial cells with the expression vectors:

1.1 Select a combination of one pnEA and one pnCS plasmid that will be used for
expression. Choose the combination depending on the desired septin oligomer
and whether or not fluorescent tagging is required.

Note: C-terminally tagged msfGFP-SEPT2 (for human septins) or msfGFP- or
mEGFP-DSep?2 (for Drosophila septins) is used. (Table 2.1).

1.2 Pipette 1pL of each plasmid (~1 ng/pL) in 100 uL BL21 Escherichia coli cells and
incubate on ice for 20min.

1.3 Place the cells in a water bath at 42°C for 40s and immediately after incubate
them 3 minutes on ice.

1.4 Add 0.9 mL Lysogeny broth (LB) medium to the cell suspension and let the
cells grow for 1h at 37°C.

1.5 Plate the 100 pL cells on warm LB-agar plates containing 100 pg/ml of ampi-
cillin and 100 pg/ml spectinomycin and incubate overnight at 37°C.

2. Grow pre-culture

2.1 Fill a 250mL Erlenmeyer flask with 100mL Terrific broth (TB) or LB medium
containing 100 pg/mL of ampicillin and 100 pg/ml spectinomycin.

2.2 Pick out a single colony from the LB-agar plate with a sterile inoculation loop
and transfer it to fresh media from the previous step.

2.3 Incubate at 37°C in a rotatory shaker incubator, either o/n or for at least 6 hrs.

Note: From this culture, a glycerol stock can be prepared by mixing the bacterial
suspension 1:1 with glycerol and storing it at -80°C. This stock can be then be
used in step 2.2. instead of a freshly transformed colony.

3. Bacterial culture and protein expression induction

3.1 Transfer the 100mL volume of bacteria into 5L of TB or LB containing 50pug/ml
of ampicillin and 50pg/ml spectinomycin.

3.2 Grow this culture at 37°C in a shaker incubator until it reaches an optical den-
sity (OD) measured at a wavelength of 600nm in the range of 2-3 for unlabeled
septins or 0.6-0.8 for msfGFP/mEGFP-labeled septins and induce protein ex-
pression by adding 0.5 mM IPTG. The lower OD for the labeled septins is to
avoid reaching the death phase in their longer expression time, as detailed in
the next step.

3.3 Incubate the cells expressing unlabeled septin oligomers for 3h at 37°C or the
cells expressing msfGFP-labelled oligomers overnight at 17°C.
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Note:

The short protein expression time for unlabeled complexes, facilitated by the
use of the richer TB medium, is chosen to avoid protein degradation. The
longer expression time combined with lower temperature for labelled com-
plexes is chosen to allow for correct folding of the msfGFP tag.

4. Bacterial lysis and lysate clarification

Note:

4.1

Optional:

4.2

4.3

Note:
Optional:

from this point onward in the purification procedure, keep the protein-
containing solution on ice or at 4°C at all times, to prevent proteolytic protein
degradation or loss of protein activity.

Collect the cultured cells by centrifuging at 4000x g for 20min at 4°C. Discard
the supernatant.

The pellet can be snap frozen in this step and stored at -80°C for up to 6 months.
If this option is chosen, the pellet should be thawed on ice before continuing.

Dissolve the pellet in 100mL lysis buffer (20mM Tris-HCl pH 7.4, 300mM KCl,
2mM MgCl,, 20mM MgSO,, 1mM PMSF, and freshly dissolved 0.25mg/mL
lysozyme, 10mg/L DNAse, and 1tablet/50mL of EDTA-free protease inhibitor
cocktail from Roche (Cat. # 481761) and lyse the cells. Choose one of the two
options:

« Sonicate in 7 cycles of 30s ON and 59s OFF with a tip sonicator using 30%
amplitude (Q500 Sonicator, Qsonica).

« Break down the cells in the French press by passing them at least 3 times.

Clarify the cell lysate by centrifuging at 20.000x g for 30min at 4°C and keep
the supernatant.

We recommend to start with step 5.1 during this centrifugal step.

Take a sample for denaturing electrophoresis.

5. Affinity chromatography for His-tagged proteins to yield complexes containing hu-
man SEPT?2 or Drosophila Sep1 using a Nickel column.

Note:

5.1

5.2

5.3

54

The septin complexes purification was performed in an Akta system (AKTA
pure 25 M1, GE healthcare)

Equilibrate a HisTrap HP column (GE healthcare, product number: 29-0588-3)
with septin buffer (20mM Tris-HCI pH 7.4, 300mM KCl, 2mM MgClL,).

Load the clarified supernatant onto the column at 1 mL/min and wash the
bound protein with at least three column volumes of septin buffer.

Elute the septin complexes with 50% HisTrap elution buffer (20mM Tris-HCl
pH 7.4, 300mM KCl, 2mM MgCl,, and 500mM imidazole, diluted in septin buffer
to give a final of 250mM imidazole) at ImL/min while collecting 0.5 mL frac-
tions.

Pick the fractions containing septin complexes as indicated by the optical ab-
sorbance of the eluate monitored online at 280 nm with the Akta system or
after the purification with a Nanodrop spectrophotometer.
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Note:

Imidazole absorbs light at 280 nm. This probably explains why the protein
peak does not go back to zero absorbance after the septin elution (Fig. 2.1A).

6. Affinity chromatography for Strep-II-tagged proteins.

Note:

6.1

6.2

6.3

Note:

6.4

This step yields complexes containing either human SEPT7 (hexamers), human
SEPT9 (octamers), or Drosophila hexamers Peanut using a Strep-Tactin column
(Fig. 2.1B and C). The chromatography column is based on a modified biotin-
streptavidin system. The tagged septin is modified biotin (Strep-II-tag) and
the column contains an engineered streptavidin (Strep-Tactin). Despite being
modified from the biotin-streptavidin system, there is no interference between
the Strep-Tactin-Strep-II-tag system and the biotin-streptavidin system. The
described system is used to avoid interference with reconstitution assays using
biotin and streptavidin.

Equilibrate a 1mL StrepTrap HP (GE healthcare, product number: 28-9075-46)
column with septin buffer.

Load the septin-containing fractions recovered from the HisTrap column at
1mL/min and wash the bound protein with at least three column volumes of
septin buffer.

Elute the septin complexes with 100% StrepTrap elution buffer (20mM Tris-HCl
pH 7.4, 300mM KCl, 2mM MgCl,, and freshly dissolved 2.5mM Desthiobiotin)
at 1mL/min while collecting 0.5 mL fractions.

The desthiobiotin in the StrepTrap elution buffer must be dissolved fresh for
stability of the compound.

Pick the fractions containing septin complexes as indicated by the optical ab-
sorbance of the eluate monitored online at 280 nm with the Akta system or
after the purification with a Nanodrop spectrophotometer.

Note: The denaturing electrophoresis is usually done at this point with samples of the
column washings and septin fractions. The order of columns can be inverted with
indistinguishable results, i.e. the clarified lysate can be subjected to Strep-Tactin
affinity chromatography followed by nickel affinity chromatography [102].

7. 7. Dialysis and storage

7.1

Optional:

7.2

Dialyze the septin complexes in a ~1:300 sample-to-buffer volume ratio against
septin buffer supplemented with 1mM DTT overnight, or for at least 4h, at 4°C
using a 30 kDa MWCO dialysis membrane (Thermo Fisher scientific, product
number: 66381).

Concentrate the septins using a 30kDa MWCO centrifugal concentration col-
umn (Sartorius, product number: VS0622) up to the desired concentration. We
aim for a final concentration of 5-7 pM, as measured via the solution optical
absorbance at 280nm and using a theoretical extinction coefficient calculated
via ProtParam (Table 2.2).

Aliquot the protein complexes into the desired aliquot size, snap-freeze and
store it at -80°C.
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Table 2.1. List of plasmids. Plasmids to purify septin oligomers following this protocol. All plasmids have
been deposited in Addgene (first column). Fluorescently tagged septins are C-terminally labeled with monomeric
superfolder GFP (msfGFP) or monomeric enhanced GFP (mEGFP) on SEPT2, for human complexes, or Dsep2,
for Drosophila complexes.

Addgene ID Plasmid Inserts Used for
Unlabelled human
174491 pnEA-vH_His-TEV-SEPT2 SEPTIN2 (Human)
hexamers
. msfGFP-human
174492 pnEA-vH_His-TEV-SEPT2-msfGFP SEPTIN2-msfGFP (Human)
hexamers
X SEPTIN2 (Human) Unlabelled human
174497 pnEA-vH_His-TEV-SEPT2_SEPT6
and SEPTIN6 (Human) octamers
. SEPTIN2-msfGFP (Human) msfGFP-human
174498 pnEA-vH_His-TEV-SEPT2-msfGFP_SEPT6
and SEPTIN6 (Human) octamers
. Unlabelled and mEGFP-
174493 pnEA-vH_His-TEV-DSep1 Sep1 (Drosophila)
Drosophila hexamers
. msfGFP-Drosophila
174494 pnEA-vH_His-TEV-DSep1-msfGFP Sep1-msfGFP (Drosophila)
hexamers
SEPTING6 (Human)
174499 pnCS_SEPT6_SEPT7-TEV-Strep Human hexamers
and SEPTIN7 (Human)
. SEPTIN7 (Human) Human octamers
174500 pnCS_SEPT7_SEPT9_i1-TEV-Strep
and SEPTINY (Human) with Septin 9_i1
. SEPTIN7 (Human) Human octamers
174501 pnCS_SEPT7_SEPT9_i3-TEV-Strep K
and SEPTINY_i3 (Human) with Septin 9_i3
. SEPTIN7 (Human) Human octamers
174502 pnCS_SEPT7_SEPT9_i5-TEV-Strep
and SEPTINY_i5 (Human) with Septin 9_i5
Sep2 (Drosophila) Unlabelled and msfGFP-
174495 pnCS_DSep2_Peanut-TEV-Strep
and peanut (Drosophila) Drosophila hexamers
mEGFP-Sep2 (Drosophila) X
174496 pnCS_mEGFP-DSep2_Peanut-Strep mEGFP-Drosophila hexamers

and peanut (Drosophila)

Note: We recommend to not store the protein more than six months. In addition, we
recommend to perform regular quality control experiments, especially if the
protein is stored longer than the recommended time.

2.2.2. Denaturing electrophoresis

We use denaturing electrophoresis to measure the stoichiometric ratio of septin subunits
and thereby check for presence of the correct septins in the septin oligomers.

1. Mix 10 pL of the selected fractions with 10 pL Laemmli 2x concentrate SDS sample
buffer, load them onto a precast 4-15% TGX gel (BIORAD, product number: 4561086),
and fill the system with 1x running buffer (BIORAD, product number: 1610772).

2. Run the electrophoresis for 35min at 200V and stain the gel with your preferred
method to visualize the results. We use InstantBlue Protein Gel Stain (Westburg
Life Sciences, product number: EP ab119211). Molecular weights of the individual
septin proteins and septin oligomeric complexes can be found in table 2.2 and table
2.3, respectively.
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Table 2.2. Molecular weights of septin subunits. List of molecular weights (MW) calculated from the amino
acid sequence of the different septin subunits that can be purified with the plasmids listed in Table 2.1 using
ProtParam [155].

Name MW (kDa)
Human septins
His-TEV-Sept2 44.2
His-TEV-Sept2-msfGFP 70.9
Sept6 48.9
Sept7-TEV-Strep (hexamers) 52.9
Sept7 (octamers) 50.7
Sept9_i1-TEV-Strep 67.5
Sept9_i3-TEV-Strep 65.8
Sept9_i5-TEV-Strep 40.7
Drosophila septins

His-TEV-DSep1 43.8
His-TEV-DSep1-msfGFP 70.5
DSep2 485
mEGFP-DSep2 75.8
Peanut-Strep 61.2
Peanut-TEV-Strep 62.3

3. Measure the relative intensity of each band inside each lane containing purified
septins in a contrast inverted image. Do this in FIJI[154] by calculating the mean
intensity of equally sized rectangles around each band and of an equally sized rect-
angle on a region without any band in the same lane. Then, normalize the values
by dividing the intensity of each band by the intensity of the region without bands.

Note: If the intensity is saturated (for example, values of 255 for an 8-bit image on a con-
trast inverted image), skip the lane.

2.2.3. Native electrophoresis

We use native electrophoresis to measure the ensemble-averaged size distribution of the
purified septin oligomers.

1. Prepare 800mL of anode buffer and 200mL of light blue cathode buffer the day before
and store them in the fridge. To prepare the anode buffer dilute 40mL of 20x running
buffer with 760mL of MilliQ water. To prepare the light blue cathode buffer dilute
10mL of 20x running and 1mL of 20x cathode additive with 189mL of MilliQ water.

2. Prepare 10uL of sample by mixing ~500ng of septin with with 2.5 pL of 4x sam-
ple buffer (Thermo Fisher scientific, product number: BN2003), and enough MilliQ
water to reach the 10pL.

3. Load the samples and 5uL NativeMArk unstained protein standard (invitrogen, prod-
uct number: LC0725) onto the gel and fill the system with the ice-cold anode and
light cathode buffers.
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4.

Run the electrophoresis for around 115min at 150V with a power supply that does
not stop at low currents and stain InstantBlue Protein Gel Stain. Molecular weights
of the septin complexes calculated based on the sequence using ProtParam [155] can
be found in table 2.3.

2.2.4. Interpherometric scattering microscopy

We use iSCAT to measure the mass distribution of the purified septin oligomers via mass
photometry. Our mass photometry experiments were done using the OneMP (Refeyn)
iSCAT microscope following the manufacturer’s indications.

1.

Note:

Note:

Wash # 1.5 glass slides by sonicating them in a bath sonicator for 5 min in MilliQ
water, then 5 min in isopropanol, and finally 5 min in MilliQ water.

. Dry two glass slides with a gentle stream of nitrogen gas and place a 7puL drop of

0.01% Poly-lysine (PLL) solution on the center of one of the slides. Then place the
center of the other slide on top of the PLL drop, orientating it orthogonally for easy
separation. Incubate 30 seconds.

. Wash by immersing in a beaker with MilliQ water once, and by directly applying a

stream of MilliQ water twice. Then dry the two slides with a flow of nitrogen gas.
These slides can be stored afterwards for around 6 weeks at room temperature in
dry conditions.

Label the side of the slide that is treated with the PLL-PEG to correctly run the
experiment. We do this by drawing a dot on the top left corner of the glass slide.

. Just before the experiment, cut a piece of 2x2, 3x2, or 3x3 silicone gasket and stick

it on the PLL-PEG treated part of a glass slide while avoiding the glass slide and
the gaskets to contact any dirty surface. We place the slide on a light-duty wiper
tissue and press on the gaskets with a pipette tip to stick them while there is still
the protecting plastic on the gaskets.

. Warm up septin buffer to room temperature and thaw the proteins in your hand

(keep them in ice afterwards).

iSCAT shows signal of some detergents and small molecules that resemble protein
signals[156]. DTT is one of those small molecules, which is why leave it out for this
experiment. There is only a trace of DTT coming from the stored septin.

. Place the slide with gaskets on the iSCAT microscope containing 19uL of septin

buffer and focus the microscope using the autofocus option. Follow the manufac-
turer’s instructions to check if the found focus is correct.

. Pipette 1uL of sample on the buffer drop and mix, while minimizing the movement

of the slide by not touching anything while doing so. Then record a 6000 frame
video. If the slide has moved, refocus again. Samples:

7.1 Septin buffer.



2.2 Materials and methods

Table 2.3. Molecular weights and extinction coefficients of septin complexes. List of molecular weights
(MW) and optical extinction coefficients (EC) at a wavelength of 280 nm calculated with ProtParam [155] based on
the sequences of the complex assuming a linear fusion of the septin subunits, for the different septin complexes

that can be purified with the plasmids listed in Table 2.1.

Name MW (kDa) EC (upM-'cm-?)
Human septin complexes
dark human septin hexamers 291.9 0.164
SEPT2-msfGFP human septin hexamers 345.3 0.202
dark human septin octamers_9i1 422.6 0.213
SEPT2-msfGFP human septin octamers_9il 476.0 0.251
dark human septin octamers_9i3 419.1 0.210
SEPT2-msfGFP human septin octamers_9i3 472.5 0.248
dark human septin octamers_9i5 368.8 0.212
SEPT2-msfGFP human septin octamers_9i5 422.2 0.248
Drosophila septin complexes
dark Drosophila septin hexamers 309.2 0.170
DSep1-msfGFP Drosophila septin hexamers 362.6 0.208
mEGFP-DSep2 Drosophila septin hexamers 361.6 0.211

7.2 Protein mass standard (Invitrogen, product number: LC0725) for the calibra-
tion of the signal to mass ratio. If a recent calibration is available and the
environmental conditions have not changed, this sample can be skipped.

7.3 250nM of septin complexes diluted in septin buffer without DTT. This gives a

final concentration of 12.5 nM.

8. Analyze the videos using the manufacturer’s software to obtain the protein mass

distribution. Check for good quality data:

« If peaks of different septin oligomers sizes overlap too much or too many
events are detected (>3500 events for a 6000 frames video with the regular
field of view of 128x34 px spanning 10.8 x 2.9 pm), decrease the final septin

concentration and measure again.

« Ifthere are not enough counts of single molecules measured (at least 2500-3500
for a 6000 frame video with the regular field of view), increase the concentra-

tion and measure again.

2.2.5. TEM of septin oligomers and class averaging

We use class averaging of single septin complexes seen in TEM images to check for the
integrity of the septin complexes and to find the mass distribution of complexes present

in the prep.

1. Dilute samples to a concentration of about 50 nM in septin buffer and prepare the
staining solution: use either 2% uranyl formate or uranyl acetate in MilliQ water.

Note: Uranyl formate has to be prepared fresh.
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. Pipette 4L of diluted septins onto a glow discharged electron microscopy grid and

incubate for 30s.

. Remove most of the protein solution using a filter paper and wash the grid twice

with septin buffer and once with MilliQ water to remove loosely adsorbed septins.

. Stain with staining solution for 1 min, absorb the staining solution with a filter paper,

and air dry the grid for a few minutes.

. Screen the grid using a properly aligned electron microscope (we used a Tecnai

Spirit microscope from Thermo Scientific FEI, equipped with a Quemesa camera
from Olympus) to search for regions of enhanced stain and collect about 100 im-
ages at a magnification of at least 50.000x to obtain a pixel size of about 2A. Use an
acceleration voltage of 200kV.

. Perform 2D image processing using a dedicated software:

6.1 Box out at least 2000 particles using a dedicated software such us EMAN [157].

6.2 Perform two-dimensional alignment and classification iteratively, until classes
are obtained without further improvement. The first alignment and classifica-
tion step should be reference-free to avoid any bias in the classification. Each
class should be based on 50 to 100 picked particles. Individual subunits should
be clearly visible. Different software tools can be used [157-159], here we used
EMAN.

2.2.6. Fluorescence microscopy of septin bundles

We use both fluorescence microscopy and transmission electron microscopy as a func-

tional quality control to check whether the septin oligomers are able to polymerize into
bundles.

Note: Below, we refer to unlabelled septins as “dark” septins and to the buffer used for

polymerizing unlabelled septins as "dark” septin polymerization buffer (SPB).

. Prepare the 5x fluoSPB (83.3mM Tris-HCIl pH 7.4, 8.3mM MgCl,, 5mM DTT,

0.75% w/v Methylcellulose, 5mM Protocatechuic acid (PCA), 5mM 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (TROLOX)) and a septin mix consisting of
90% Dark septin and 10% msfGFP-septin at six times higher concentration than the
desired final concentration in septin buffer + 1mM DTT. We usually use a final con-
centration of 300nM, giving a concentration of 1800 nM for this mix.

. Polymerize the septin by mixing, in this specific order, MilliQ water (enough to top

up to the final desired volume), 20% 5xfluoSPB (1:5 dilution), 0.05uM Protocatechu-
ate 3,4-Dioxygenase (PDC, Cat. # P8279), and 16.67% Septin mix (1:6 dilution). We
usually prepare 10pL, corresponding to 6.23uL MilliQ water, 2uL 5xfluoSPB, 0.1pL
Protocatechuate 3,4-dioxygenase (PCD) (with a stock of 5uM), and 1.67uL septin
mix. This gives a final buffer condition of fluoSPB (20mM Tris-HCI pH 7.4, 50mM
KCl, 2mM MgCl,, 1imM DTT, 0.15% w/v Methylcellulose, ImM PCA, 0.1pM and 1mM
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TROLOX). In this mix, methylcellulose is used as a crowding agent, PCA and PCD
as an oxygen scavenger system [160], and TROLOX as a photoblinking suppressor.
Incubate this mix for at least 30 min at room temperature.

3. Add the samples to your preferred imaging chamber washed with fluoSPB and image
the septin bundles. We typically use PLL-PEG passivated flow channels as described
in ([96, 102, 103], and Chapters 3 and 6). To image, we have used either a TIRF mi-
croscope or a confocal microscope. The TIRF microscope was composed of a Nikon
Ti2-E (Nikon instruments) microscope with an iLAS2 azimuthal TIRF illumination
system (Gataca), and equipped with a iXon Ultra 897 EM-CCD camera (Andor) and
a 488nm laser combiner iLAS2 (Gataca). The confocal microscope was based on
an Eclipse Ti2-E microscope (Nikon instruments) with a CSU-X1-M1 confocal unit
(Yokogawa),an iXon Ultra 888 EMCCD camera (Andor) and a 488nm Sapphire laser
line (Coherent).

2.2.7. TEM of septin bundles

TEM gives a much higher resolution as compared to TIRF, which can be used to differen-
tiate bundles and to observe the individual filaments that form each bundle.

1. Prepare the 5x darkSPB (83.3mM Tris-HCI pH 7.4, 8.3mM MgCl,, 5mM DTT) and
a septin mix consisting of 100% Dark septin at six times higher concentration than
the desired final concentration in septin buffer + 1mM DTT. We usually use a final
concentration of 300nM, giving a concentration of 1800nM for this mix.

2. Polymerize the septin by mixing, in this specific order 3.16pL MilliQ-water, 1uL
5xfluoSPB, and 0.83pL septin mix. This gives the following final composition of
darkSPB buffer: 20mM Tris-HCI pH 7.4, 50mM KCl, 2mM MgCl,, and 1mM DTT.
Incubate this mix for at least 30 minutes at room temperature.

3. Add 3-5pL of sample to a glow discharged electron microscopy grid and incubate for
one minute. Then wash the grid twice with darkSPB by absorbing the liquid with a
filter paper and adding a drop of buffer, wash once with MilliQ water, incubate for
~30s with 2% uranyl acetate, blot the stain and air dry the sample for a few minutes.

4. Image the septin bundles. We used two electron microscopes. Either the one de-
scribed in section 2.2.5 or a JEM-1400plus microscope (JOEL) equiped with a 4k X
4k F416 CMOS camera (TVIPS).

2.3. Results

2.3.1. Purification of septin oligomers

We purified recombinant septins in their oligomeric form using a two-step affinity chro-
matography approach. We first applied the complexes onto a HisTrap column (Fig. 2.2A),
and next pooled the septin-containing fractions and applied them onto a StrepTrap col-
umn (Fig. 2.2B). This two-step chromatography procedure typically yields around 3-5mL
of ~1 uM of septin complex from 5L of E. Coli cells grown to an optical density of 2.5 at
600nm. Before pooling the septin containing fractions, we usually run a denaturing gel
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to check for the integrity of the septin subunits and a 1:1:1:1 stoichiometric ratio of the
four subunits (Fig. 2.3A). If the gel shows similarly intense bands corresponding to the
molecular weights (table 2.2) of the septin subunits, we proceed with the protocol. In
the example shown for human septin octamers with SEPTIN9 i1 in Figure 2.3A, we can
clearly observe bands of similar intensity; the 99% confidence interval of the normalized
intensity over the average was 1.128+0.048 for SEPT2, 1.092+0.034 for SEPT6, 1.108+0.040
for SEPT7, and 1.067£0.029 for SEPT9. If SEPT2 is tagged with msfGFP, its band will shift
up, very closely below the SEPT9_i1 band. Depending on the electrophoresis system used
and the presence of the C-terminal TEV-Strep tag for SEPT7 (which makes it migrate more
slowly than untagged SEPT7), the SEPT7 and SEPT6 bands sometimes merge due to their
comparable molecular weights.

Next, we pool the fractions and dialyze them against septin buffer with 1mM DTT. If,
after the dialysis, the concentration is too low (<2 puM) or we need a higher concentration
for specific experiments, a concentration step can be included as described in the protocol.
Concentrations below 1 pM usually indicate bad functional quality of the septins. We aim
for a final septin complex concentration between 3.5 and 7 pM, that typically works well
for most in vitro assays. These concentrations are usually obtained when the volume after
concentration reaches 0.5-1 mL.
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Figure 2.2. Example chromatograms corresponding to a purification of dark human septin oc-
tamers_9il. A) HisTrap column chromatogram. After the septin elution peak, the absorbance does not go
back to zero, likely due to the presence of imidazole in the buffer [161]. B) StrepTrap column chromatogram.

2.3.2. Quality control of septin oligomer integrity

To continue with the quality control, we perform a native electrophoresis as described in
the protocol (Fig. 2.3B). On the gels, we can see a major band corresponding to the intact
oligomers and usually a minor band corresponding to dimers. Human hexamers can be
a little bit above the 242kDa marker band, while octamers are found above the 480kDa
band. The location of these bands was checked by Western blot analysis of eukaryotic cell
extracts [103]. Tagging of the two SEPT2 subunits of the oligomer with msfGFP causes an
increase of the molecular weight of septin complexes of 52.4 kDa. Nevertheless, on the na-
tive electrophoresis gel, the apparent molecular weight of the msfGFP-tagged complexes
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is indistinguishable from that of the untagged complexes.
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Figure 2.3. Examples of denaturing and native electrophoresis gels for oligomer quality control. A)
Denaturing gel of different fractions of the elution peak of a purification of dark human septin octamers_9i1.
Magenta box indicates the fractions that were picked and pooled for the next steps. B) Native electrophoresis
gel of different septin complexes.

A complementary technique to native electrophoresis is mass photometry by iSCAT
microscopy (Fig. 2.4). With iSCAT, we monitor light scattering of molecules landing on
a glass slide amplified by interference with reference light, typically the reflection of the
laser on the bottom of the glass slide. Then, a background subtraction approach is used to
give contrast to the particles. Due to this correction, the signal shows positive and negative
values depending on whether the particles land on the glass or move away from it [162].
The detected signal is directly proportional to the molecular weight of proteins [163].
Therefore, a calibration of the signal with a mass standard can determine the mass of
sample proteins. Our example result with human septin octamers containing SEPTIN9_i1
(Fig. 2.4A) shows that about half of the detected single particles are of a molecular weight
expected for complete octamers containing SEPTIN9_i1 (423 kDa). There are also parti-
cles with masses between 150 and 300 kDa, but no clear peak is observed, indicating the
possible presence of different species in low abundance. Similarly, half of the detected sin-
gle particles for mEGFP-tagged Drosophila hexamers (Fig. 2.4B) are of a molecular weight
expected for intact hexamers (361 kDa). An additional clear peak at 241 kDa indicates the
presence of stable tetramers containing two Peanut proteins, one DSep1, and one mEGFP-
DSep2. Finally, both the human and the fly septin complexes show a peak around 80kDa,
that could be a mix of monomers and dimers, possibly amplified by a trace of DTT or any
other small molecule that aggregates showing a peak in the positive side of the plot [156].

Given that both native gels and iSCAT provide ensemble-averaged information only,
we also use class averaging of transmission electron microscopy images of single septin
oligomers to check the integrity and purity of individual complexes by direct visualization.
In TEM images of septin complexes in septin buffer, rods of 24 (hexamers [82]) or 32nm
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Figure 2.4. Typical mass photometry results for the oligomer quality control. A) Dark human septin
octamers_9i1. B) DSep1-msfGFP Drosophila septin hexamers. Both complexes were measured at a concentration
of 12nM. Lines are Gaussian fits.

(octamers [149]) in length can be observed. An example of a human septin octamer con-
taining SEPTIN9_i1 can be seen in figure (Fig. 2.5A). When class averaging them, we can
observe and count each of the subunits, as seen for the msfGFP-tagged human octamer
with SEPTIN9_i1 in Figure 2.5B. In case the oligomer is fluorescently labelled, we can also
observe extra densities at the ends of the rods, corresponding to the msfGFP (Fig. 2.5B).
The combination of the above techniques proves that we purify octamers (or hexamers)
with the correct stoichiometric ratio of the septin subunits and with high purity.

A

Figure 2.5. Typical results of TEM data for the oligomer quality control. A) TEM image of 25nM dark
human septin octamers_9il in septin buffer. Scale bar of 200 nm. B) Class average image of SEPT2-msfGFP
human septin octamers_9i1. The msfGFP tags are visible as fuzzy densities on the two ends. Scale bar of 10 nm.

2.3.3. Quality control of septin oligomer functionality

Finally, we also check for the functionality of the septin complexes in terms of their
polymerization ability. In the presence of low salt concentration (<150mM KCI with our
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buffer [133]), in the absence of other proteins or negatively charged lipid membranes, the
septin complexes self-assemble into bundles [133]. We rapidly dilute the septin complexes,
which are prevented from polymerization in the storage buffer by maintaining a high (300
mM) KCI concentration, in a 1:6 volume ratio in a buffer of the same composition but
without KCl, to a final KCI concentration of 50mM. When we do fluorescence imaging,
we complement this buffer with an oxygen scavenging system, to protect from photo-
bleaching (see methods section), and with a blinking suppressor. In TIRF microscopy, we
observe small clusters of protein within the shallow TIRF field (~100nm) for both human
septin hexamers (Fig. 2.6A) and octamers (Fig. 2.6B). On a confocal microscope, we can
observe large clusters of filamentous structures floating higher up in solution (Fig. 2.6C).
Finally, with TEM we can observe small septin bundles (Fig. 2.6D), likely corresponding
to the clusters observed by TIRF, as well as large bundles (Fig. 2.6E), likely correspond-
ing to the structures observed by confocal microscopy. The insets of figure 2.6D and E
show that both the small and the large bundles consist of long and thin filaments that
run in parallel, forming bundles with tapered ends. Together, the fluorescence and TEM
images prove that the purified septin complexes can polymerize into filaments, which in
turn self-assemble into bundles.

2.4. Discussion

The method described here allows for the robust purification and quality control of pre-
formed septin oligomers. We want to stress some things of vital importance for the correct
application of the method. First, during the elution steps in the chromatographic separa-
tions, it is important to use the recommended (or lower) flow rate to minimize dilution of
the septin complexes. Additionally, to maximize the recovery of protein during the final
concentration step, we orient the concentrator column in such a way that the solution
is not pushed against the filter (when there is only a filter on one side). In our experi-
ence, if the solution goes directly to the filter, the protein sticks more to it, substantially
decreasing the final yield. It is also important to consider that the concentration step is
not always necessary. Picking fractions only from a narrow range around the peak in the
chromatogram usually gives a high enough stock concentration (3000 nM) for many re-
constitution applications (which usually operate between 10 and 300 nM). Finally, for the
quality control of the functionality of the septin complexes by fluorescence microscopy, it
is important to correctly passivate the surface of the microscopy slides, since septin com-
plexes avidly stick to glass. We perform passivation either via PLL-PEG functionalization
or by the formation of neutral (100% DOPC) supported lipid bilayers [96, 103].

Compared to the original purification and assembly protocols first described in Iv et
al. [102], we note that there is a change in the buffer compositions: the concentration of
MgCl, has been reduced from 5mM to 2mM and the concentration and pH of Tris-HCl
have been reduced from 50mM to 20mM and from 8 to 7.4, respectively. These changes
were made to make the buffer conditions compatible with our studies of the interactions
of human septins with lipid bilayers, actin filaments, and microtubules as described in the
following chapters. We form supported lipid bilayers and polymerize actin in F-buffer (see
Chapter 4), whose composition is identical to that of darkSPB, apart from the presence of
ATP in F-buffer. The buffer change has not produced any noticeable changes in the quality
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Figure 2.6. Example fluorescence and electron microscopy data for quality control of septin function-
ality. A) TIRF image of 300nM human septin hexamers (10% msfGFP-labelled hexamers) in fluoSPB. B) TIRF
image of 300nM human septin octamers containing SEPTIN9_i1 (10% msfGFP-labelled octamers9_i1) in fluoSPB.
C) Confocal maximum-intensity projections of Z-stacks across a depth of ~30pm with 0.5 um spacing of 300nM
human septin octamers_9i3 in fluoSPB. A-C) Scale bar of 10 um and inverted grayscale. D and E) Example TEM
images of small (D) and large (E) bundles of human septin octamers_9i1 in darkSPB. Insets show regions where
we clearly observe filaments running parallel within the bundle. Scale bars are 500 nm.

or lifetime of the purified septins compared to the original buffers.

This method of purification still has several limitations. First, different purification at-
tempts can vary in yield (0.5-1mL of 2-5 pM of septin complexes) and in functional quality,
as evident from variations in the bundle formation ability of the purified septin complexes.
It is therefore important to consistently perform the quality checks described in this chap-
ter. Careful control of the duration of protein of expression and the optical density of
the bacterial culture can help mitigate the differences in yield. Second, this purification
pipeline cannot distinguish between trimers and hexamers, or between tetramers and oc-
tamers (Fig. 2.1B). However the quality control experiments can be used to prove that the
majority of septin complexes are in their long oligomer form. In case an even narrow
oligomer size distribution is required, a size exclusion chromatography can be inserted
after the second chromatographic column. This optional step, however, in our hands dra-
matically decreases the yield and it is not recommended unless it is strictly needed. Finally,
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a more fundamental limitation comes from the use of E.coli as an expression system for re-
combinant septin complexes. Naturally, this system does not allow for post-translational
modifications (PTMs) which have been reported in animal cells, such as phosphorylation,
acetylation, and sumoylation [91, 93, 94, 131]. These posttranslational modifications could
be added by implementing a similar purification strategy in insect or human cells. Fur-
thermore, we only discussed reconstitution of septins by themselves, but studies in cells
indicate that regulatory proteins such as proteins from the Borg family [104, 141, 164]
and anillin [122, 140, 165] can have substantial, as yet poorly understood, effects on the
assembly and functions of septins and should thus also be eventually incorporated in in
vitro studies. Protocols for the purification of Borg proteins and anillin have been re-
ported [45, 104].

The septin purification protocol we report here offers a standardized way to purify
septins in their oligomer form with the correct subunit stoichiometry, offering an impor-
tant advance over many earlier in vitro studies relying on single septin subunits. Even
though some septins in specific contexts can act as a single subunit [75], the current
body of literature strongly suggests that, in animal cells, septins mostly function in com-
plexes [133, 144, 166]. Therefore, the use of pre-formed oligomers, such as the ones de-
scribed in this paper and in others [82, 96, 102, 103, 147-149, 167], is of great importance
to study the structural and biophysical properties of septins via in vitro reconstitution in
order to dissect their functions in the cell.




2. Septin purification and quality control

38

{ayd 2y 30 pua a3 18 21Wo3 & 338 JyBIw 1Sy 3 daay 141)

0¢0¢-¢0-€0
$3Jeu]-041se) pJesan

¢ ("ulege) undas sulwe]|



39

Chapter 3

Human septin octamers containing
SEPT9 i1 bind and stabilize
microtubules

Tight regulation of microtubule dynamics is crucial for many important cellular processes in
animal cells. Cytoskeletal septins are important microtubule-binding proteins but the molec-
ular basis of their interactions with microtubules remains poorly understood. Based on prior
studies in cells showing that only septin octamers containing SEPT9 isoform 1 interact with mi-
crotubules, we identified the unique first 25 amino acids of SEPT9_i1 as a possible microtubule-
binding domain via bioinformatics analysis. We validated this prediction using mutagenesis
and localization studies in cells. To learn more about the interaction of septins with micro-
tubules and their effect on microtubule dynamics, we used a cell-free dynamic microtubule
assay in the presence of recombinant human septin complexes. Only septin octamers contain-
ing SEPTY_i1 were able to interact with microtubules and affect their dynamics, whereas oc-
tamers containing SEPT9_i3 did not exhibit any significant binding nor effect on microtubules.
Septin hexamers, which lack the SEPT9 subunit, did interact and stopped microtubule growth
at high concentrations. Finally, we used septin octamers containing a mutant SEPT9 consist-
ing of SEPTY_i5 fused to the predicted microtubule binding domain of SEPT9_i1. This septin
complex behaved similarly to octamers with SEPT9_i1 at low concentration, and similarly to
hexamers at high concentrations. This evidence, together with the localization experiments
in cells, proves that the unique N-terminus of SEPT9_i1 is a microtubule binding domain me-
diating septin octamer-microtubule interactions, whereas the common N-terminus shared by
SEPT9_i1 and SEPT9_i3 regulates this interaction by stopping unspecific interactions.

This chapter is partly based on [5) M. Kuzmi¢ et al. Septin-microtubule association via a motif unique to isoform 1
of septin 9 tunes stress fibers, JCS, 2022 [103]. Manos Mavrakis and Pascal Verdier-Pinard did the bioinformatics
analysis, Mira Kuzmi¢ and Pascal Verdier-Pinard performed the experiments in cells and wrote the paper, and
Gerard Castro-Linares designed and performed all the in vitro experiments and adapted the paper for this thesis
chapter.
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3.1. Introduction

After their discovery six decades ago [168], microtubules have been established as an es-
sential machinery for eukaryotic cells [169] that participate in vital cell processes such as
cell motility, cell division, and vesicle trafficking [54, 170]. As explained in Chapter 1, mi-
crotubules are composed of multiple (usually 13) protofilaments of tubulin dimers [171]
that form a hollow polar tube that stochastically switches between phases of growth and
shrinkage [172]. This growth dynamics is different at each end of the microtubule, with
the so-called plus end being the fast-growing end. In cells, microtubules form highly orga-
nized arrays, often radiating out from a centrosome where the minus ends are anchored.
This organization is important for guiding intracellular transport by motor proteins and
for organizing cell polarity. It requires accessory proteins that maintain or reorganize
the microtubules depending on the cell’s needs. This group of accessory proteins, also
known as microtubule associated proteins (MAPs), encompass nucleators, stabilizing pro-
teins, bundlers, severing proteins, and minus- or plus-tip binding proteins [54, 173]. Addi-
tionally, interactions of microtubules with other cytoskeletal systems have recently been
gaining attention for their relevance in important cellular functions [69, 115, 174, 175].

Recent evidence shows that septins form a new class of microtubule-binding proteins.
Septins have been found to colocalize with subsets of microtubules in a cell type spe-
cific manner [176-183]. They participate in tuning the dynamics, organization, and post-
translational modifications of microtubules [116, 148, 177, 184, 185]. These abilities make
septins important for epithelial [186] and neuronal [187] cell morphogenesis, microtubule-
dependent transport, karyokinesis, and cytokinesis [115].

Similarly to tubulins, septins are a family of cytoskeletal GTP-binding proteins. They
are divided in four subfamilies based on sequence similarity. The different septin sub-
families share a conserved domain structure with N- and C-terminal domains varying in
length, a septin unique element, and a GTP-binding domain that varies in GTPase activity.
Members of different subfamilies interact, forming linear palindromic hetero-oligomers
that are the building blocks of apolar filaments [76]. Specifically, human cells form hetero-
hexamers, composed of septins from the SEPT2, SEPT6 and SEPT7 subfamilies, and hetero-
octamers that additionally include a member from the SEPT3 family [85].

Within the SEPT3 subfamily, SEPT9 is especially interesting because it is the most ubiq-
uitously expressed, is over-expressed in some tumors [135, 136], and mutated in hereditary
neuralgic amyotrophy (HNA) [188, 189]. Additionally, previous studies in cultured cells
showed that SEPT9 mediates binding of septins to microtubules [190-192]. Alternative
splicing of the SEPT9 RNA gives rise to five isoforms (SEPT9_i1 - SEPT9_i5) that differ in
their translation start site [78], giving proteins with different length and sequence of the
N-terminus (Fig. 3.1A). The longer SEPT9 isoforms (i1, i2, and i3) share a long disordered
N-terminus with slightly different lengths and variations in the sequence of amino acids
(Fig. 3.1B).

Bai et al. [193] found in in vitro studies a motif that drives septin-mediated bundling
of microtubules within the shared region of the SEPT9 long N-terminus. Based on co-
sedimentation assays of stable microtubules with wild type and mutated fragments of
SEPTY, they reported that the N-terminus of the long SEPT9 isoforms (i1-i3) contains
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(K/R-R/x-x-D/E) motifs that interact with the carboxy-terminal tails of fII-tubulin. Despite
this interesting evidence, their own experiments in cells could only prove that the motif
is important for microtubule bundling during neuronal morphogenesis, and not that it
mediates septin-microtubule bunding. Additionally, several other studies in cells found
that only SEPT9_i1 mediates septin-microtubule interactions [190-192]. This findings
indicate that the (K/R-R/x-x-D/E) motifs that are shared between the isoforms 1, 2 and 3
of SEPTY in the context of septin octamers only participate in microtubule bundling but
do not mediate binding.

Further in vitro studies showed that both isolated SEPT9_i1 protein and human septin
hexamers bundle microtubules and have a stabilizing effect by pausing microtubule dy-
namics in a concentration-dependent manner [148, 184]. However, we think that con-
clusions derived from these experiments cannot be directly extrapolated to how septins
interact with microtubules in cells without further research. First, hexamers lack SEPT9,
the septin subunit that drives the interaction with microtubules [190-192]. Second, iso-
lated SEPT9_il proteins, despite the evidence that in some specific cases septins might
function outside their normal hetero-oligomeric context [75], are unlikely to be relevant
in the cellular context, where SEPT9 il interacts with microtubules in their octameric
context [144].

Considering all of the available data, it is clear that the SEPT9_i1 subunit specifically
drives the interaction of septin octamers with microtubules in cells. However, what makes
this interaction specific and what is the role of the common N-terminal region between
the long SEPT9 isoforms is still poorly understood. Answering these questions is difficult
using only experiments in cells, because septins can form octamers composed of different
septin subunits and they interact with many other partners such as actin [101, 102], cellular
membranes [95, 96, 98], anillin [122, 140, 165], and the Borg proteins [104, 141, 164].
Using in vitro reconstitution permits the study of the interactions of septin complexes of
a specific subunit composition with microtubules in well-controlled conditions. Therefore,
in this chapter we used a combination of bioinformatics, in vivo experiments, and in vitro
experiments to (1) identify the SEPT9_i1 microtubule binding domain (MBD), (2) study the
regulatory effect of the common N-terminal region shared by the long SEP9 isoforms, (3)
find whether septin octamers need to polymerize to bind microtubules, and (4) investigate
the effect of septin on microtubule dynamics.

3.2. Results

3.2.1. Determination of the human septin microtubule binding do-
main
As mentioned above, there is evidence that only SEPT9_i1 is able to mediate binding of
septin octamers to microtubules in cells [190-192]. The difference between the i1, i2, and i3
isoforms is in the length and amino acid sequence of the very beginning of the N-terminus
(Fig. 3.1B). SEPT9_i1 has a unique 25 amino acid long sequence at its N-terminus which
is followed by a long N-terminal region common between SEPT9_ i1-3. We therefore
hypothesized that the unique sequence is responsible for binding. To test this idea, we
performed a bioinformatic analysis to find if this SEPT9_i1 unique N-terminus shares any
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Figure 3.1. The unique N-terminus of SEPT9_i1 is a putative MBD. A. Graphic representation of the SEPT9
splice isoforms. B. Unique N-termini and part of the common N-termini of the long isoforms of SEPT9. C. Align-
ment of the unique N-terminus of SEPT9_i1 with AIR9 and repeats of Tau, MAP2 and MAP4. Green highlights
amino acids in the MAPs that have similar properties to amino acids in the unique N-terminus of SEPT9_il. R
means “region” for AIR9 and “repeat” for the MAPs. Sequences were obtained from UniProt

sequence similarity to the microtubule binding domains of other MAPs. We found a high
similarity within two regions (region 1: 46-78 and region 2: 173-205) of the MBD of AIR9,
a microtubule binding protein involved in cell division of Arabidopsis thaliana [194] (Fig.
3.1C). We furthermore found similarity with the microtubule binding repeats of tau, MAP4
and MAP3, especially to the repeat 2 of MAP4 (Fig. 3.1C). Thus, the unique N-terminal
25-residues region in SEPT9_i1 presents a putative MBD consisting of a MAP-like and an
AIR9-like domain.

3.2.2. Only septin octamers containing the putative MBD from
SEPT9 il are able to interact with microtubules in human
cells

To test whether the identified region is indeed a MBD, we examined the localization of GFP-
tagged SEPT9_i1, SEPT9_il1 mutants presenting deletions or point mutations, SEPT9_i3,
SEPT9_i5, and SEPT9_i5 fused to the putative SEPT9_i1 MBD on its N-terminus in siRNA
SEPT9-knocked down U20S cells (Fig. 3.2A). We chose U20S cells because they have a
high expression of SEPT_i3 and a low expression of SEPT9_il, so they normally lack of
septin-microtubule colocalization [103].

The expression of exogenous SEPT9_i1-GFP in the SEPT9-knocked down U20S cells
showed localization of SEPT9 i1-GFP on actin stress fibers in 100% of the cells and on
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Figure 3.2. The unique N-terminus of SEPT9_i1 mediates microtubule localization of polymerizable
septin octamers in cells. A. Schematic of the SEPT9 variants and mutants used for the localization experiments
in cells. Left panel shows the unique N-terminus mutants. Right panel shows the different SEPT9 isoforms and
the common N-terminus mutants. B. Representative results of the localization experiments of GFP-SEPT9_i1l
unique N-terminus mutants. C. Percentage of cells that showed colocalization of the GFP-SEPT9_il unique N-
terminus mutants with actin fibers alone or with actin fibers and microtubules simultaneously. D. Representative
results of the localization experiments for GFP-SEPT9_ i1, i3 and i5, and the common N-terminus mutants. E
and F. Percentage of cells that showed colocalization of GFP-SEPT9 variants (i1, i3 and i5) and the common N-
terminus mutants with actin fibers alone, microtubules alone, or actin and microtubules simultaneously. C, E,
and F. Data are shown as mean + s.em. **P<0.01 (unpaired two-tailed t-test with Welch’s correction). G. Rep-
resentative results of the localization experiments of polymerizable septin octamers containing mApple- SEPT2
wt versus nonpolymerizable octamers containing SEPT2_NCmut and GFP-SEPT9_i1. Scale bars = 10pm.
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microtubules in 60% of the cells (Fig. 3.2B and C). In contrast, SEPT9_i3 and _i5-GFP lo-
calized only to actin fibers (Fig. 3.2D and E). Several SEPT9_i1 mutants were then used to
identify important regions within the MBD of SEPT9_il. Deletion of the 25 first amino
acids (the whole putative MBD) or the amino acids from 10-25 (the AIR9-like region) led
to a complete loss of septin-microtubule colocalization (Fig. 3.2C). In contrast, the dele-
tion of the first 7 amino acids (the MAP-like region) decreased the percentage of cells
that showed microtubule localization (to~20%), but did not completely inhibit the colocal-
ization (Fig. 3.2C). Finally, to identify important residues for the MBD of SEPT9_il1, we
did the same experiments with SEPT9 with different point mutations (Fig. 3.2A). Specifi-
cally, we mutated R10A/R15A because they are also present in AIR9 and substituted both
residues by a similar amino acid (K for R10 or N for R15) in found in other MAPs (Fig. 3.1C).
We also mutated two sets of contiguous serine residues conserved in AIR9, S11A/S11A and
S21A/S22A (Fig. 3.2A). We found that R10A/R15A mutants could not bind to microtubules,
while S12A/S13A mutants showed enhanced colocalization (Fig. 3.2B and C). This data
confirms that the unique N-terminus of SEPT9_i1 is indeed likely a MBD analogous to the
repeats in MAP2, MAP4, tau and AIR9.

Prompted by the suggestion from Bai et al. [193] that the common N-terminus of the
long SEPT9 isoforms can mediate microtubule binding, we did more experiments to check
the effect of the (K/R-R/x-x-D/E) motif on septin-microtubule colocalization. Specifically,
we compared the localization of SEPT9_i1, SEPT9_i3, and SEPT9_i5 with the localization
of specific mutants. The first variant we tested, named SEPT9_i1-i5, was a SEPT_9i5 with
the MBD of SEPT9_i1 directly fused to its N-terminus. In this SEPT9i1-i5 variant, we effec-
tively delete the common N-terminus shared between the long SEPT9 isoforms. This led
to the complete loss of SEPT9 from actin fibers and transferred to microtubules (Fig. 3.2D
and E). Then, we introduced either the R106W or the S111F, common SEPT9_i1 mutations
in HNA patients [188]. In cells containing either HNA-like mutated SEPT9_i1, SEPT9_il
colocalization with microtubules was impaired (Fig. 3.2D and F). This finding suggests that,
despite not being needed for microtubule colocalization, the common N-terminus of the
SEPT9 long isoforms is an important regulatory sequence with both positive and negative
effects on microtubule binding.

3.2.3. Septin octamers need to polymerize to bind microtubules in
human cells

Septin is considered the fourth cytoskeleton component thanks to its ability to polymerize
[76]. We therefore wondered whether this polymerization ability is needed for the septin
octamers containing SEPT9 i1 to interact with microtubules. To test this hypothesis, we
tested the localization of septin octamers in which the terminal SEPT2 subunits contained
two point mutations (F20D and V27D, named SEPT2_NCmut) in the NC interface that
inhibit polymerization [83, 195]. To do that, we knocked down the endogenous SEPT9
and SEPT2 and exogenously expressed SEPT9_i1-GFP and SEPT2_NCmut-mApple. In
these conditions, septin octamers did not colocalize with either microtubules or actin stress
fibers (Fig. 3.2G), indicating that septin polymerization is needed for septin-microtubule
interactions, as also shown by using tripartite split-GFP assays [144].
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3.2.4. Microtubule reconstitution assay with the septin-microtubule

hybrid buffer

To test whether septins are able to directly bind microtubules, we moved to in vitro re-
constitution experiments. As mentioned previously, microtubules grow and shrink in a
process called dynamic instability [56, 196]. To reconstitute this process, short GMPCPP-
stabilized microtubules, also called seeds, were bound to a glass surface. When GTP is
present and the environmental temperature is between 30-37°C, free tubulin dimers can
use the seed as a nucleation site to grow a microtubule. This microtubule will grow at a
certain velocity until it undergoes a sudden catastrophe, where it starts to depolymerize or
shrink. The shrinkage is usually complete, leaving only the seed. The shrinkage can also
be incomplete and end by a so-called rescue, when the microtubule starts to grow again
before it has reached the microtubule seed.

Since our experiments in cells showed that septin octamers need to be able to poly-
merize to interact with microtubules (Fig. 3.2G and [144]), we performed the in vitro
experiments in low-salt conditions, where septins are able to polymerize. As shown in
Chapter 2, septins are stored in oligomeric form in a high-salt septin buffer and are poly-
merized by rapidly diluting them 1:6 into a buffer such that the salt concentration falls
below the threshold for polymerization. Since the kinetics of microtubule dynamic insta-
bility in vitro can vary depending on the environmental conditions [64], we first tested
the effect on the microtubules of adding 1:6 Septin buffer into the standard microtubule
dynamic assay buffer MRB8O0 (see section 3.4).

Figure 3.3. MT dynamic assay in the microtubule-septin hybrid buffer. A. Example of time-lapse experi-
ment of microtubules growing and shrinking in microtubule-septin hybrid buffer. Time stamp in the upper-left
corner shows time in units of min:sec. B. Kymographs showing the dynamics of the two microtubules indicated
by the red and orange lines in A. Horizontal scale bars are 5pum. Vertical bar is 50 seconds.

As shown in Figure 3.3, microtubules started to grow from the GMPCPP-seeds around
1 minute after addition of the tubulin mix to the seeds. The microtubules behaved as
expected, presenting a stochastic switching between growth phases, catastrophes, and
shrinkage phases, with no rescues, as seen in the kymographs in Figure 3.3B. In this spe-
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cific condition, consisting of a 5:1 mixture of MRB80 buffer and septin buffer, 30°C, and
20pM tubulin, microtubules grew with a speed of 0.9+0.3 um/min (180 events measured
from 3 independent experiments), a shrinking velocity of 51.3+30 pm/min (150 events
measured), and a catastrophe rate of 0.4+0.2 min™* (114 events counted).

3.2.5. Effect of human septin hexamers on microtubule dynamics

Having established that microtubules behave normally in the microtubule-septin hybrid
buffer, the next step was to add septins. We started the series of experiments with human
septin hexamers, which do not interact with microtubules in cells [103, 192].

At 50nM, septin hexamers bound very weakly to microtubules (Fig. 3.4A). Micro-
tubules remained dynamic and septins did not accumulate over time, as revealed by kymo-
graphs (Fig. 3.4B). As the septin hexamer concentration was raised to 100nM or 200nM, the
septins were initially bound only to the microtubule seeds (Fig. 3.4A). During the first 10
minutes, the septin signal started to extend onto the lattice of the dynamic microtubules,
as revealed by kymographs (Fig. 3.4B). When visualized again between 1 and 2 hours later,
the septin signal completely decorated the microtubules and was higher than in the first
10 minutes of the assay (Fig. 3.4C). At the same time, the dynamics of the microtubules
had completely stopped and their tips were curved, forming a sort of loop (Fig. 3.4C, green
arrowheads). Finally, when the septin hexamer concentration was raised to 300nM, mi-
crotubule dynamics were stopped from the start (Fig. 3.4A); however, microtubules did
not curve the tip of microtubules 1-2h after the start of the experiment (Fig. 3.4C). These
finding indicate that the accumulation of septin hexamers on microtubules is able to halt
microtubule dynamics, consistent with previous work [148].

3.2.6. Human septin octamers with SEPT9_i3 have low binding affin-
ity to microtubules and minimal impact on microtubule dy-
namics

From our results in U20S cells, we did not expect human septin octamers containing
SEPT9_i3 (in short oct_9i3) to have any effect on the microtubules due to the lack of the
microtubule binding domain that is unique to the N terminus of SEPT9_i1. Indeed, at low
concentration (10nM), oct_9i3 did not bind microtubules at all (Fig. 3.5A). With increasing
concentration (50, 100, and 300 nM), septins started to display spotty binding to seeds and
lattices of microtubules. These spots of oct_9i3 were present only transiently on the lat-
tices, disappearing upon shrinkage of the microtubule. Oct_9i3 did remain on the seeds,
likely because the seeds are stable (Fig. 3.5B).

The microtubules in the presence of oct_9i3 behaved normally. They grew and shrunk
at similar rates as the control samples where septins were absent (Fig. 3.7B, C and D). All
microtubules dynamic parameters exhibited small variations, but these did not follow any
obvious trend.

3.2.7. Effect of human septin octamers_9i1 on microtubule dynam-
ics
Human septin octamers containing SEPT9_il (oct_9i1) do contain the MBD identified by

the bioinformatics analysis. So, we expected to observe consistent binding of the septin to
both microtubule seeds and lattices. At concentrations as low as 10nM, the oct_9i1 indeed
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Figure 3.4. Microtubule association of septin hexamers. A. Representative still images taken during time
lapse imaging of the microtubule (cyan) dynamic assay in the presence of different concentrations (50, 100, 200,
and 300nM) of septin hexamers (magenta). B. Representative kymographs showing the dynamics of the micro-
tubules and hexamers indicated by the yellow lines in A. In kymographs (left to right): microtubules, septins,
overlay. C. Representative image of the state of the microtubules and their associated septins at a time point
in the range of 1-2h after tubulin and septin hexamers were initially mixed, for different septin concentrations
marked on top of the images. Green arrowheads point to loops on the septin-microtubule structures. For all
panels, horizontal scale bars are 5pum, and vertical bars are 50 seconds.
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Oct_9i3

Microtubules

Figure 3.5. Microtubule association of septin octamers with SEPT9_i3. A. Representative still images
taken during time-lapse imaging of microtubules (cyan) in the presence of different concentrations (10, 50, 100,
and 300nM) of Oct_9i3 (magenta). B. Representative kymographs showing the dynamics of the microtubules
and Oct_9i3 indicated by the yellow lines in A. In kymographs (left to right): microtubules, septins, overlay. For
all panels, horizontal scale bars are 5um, and vertical bars are 50 seconds.
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Figure 3.6. Microtubule association of septin octamers containing SEPT9_il. A. Representative still
images taken during time-lapse imaging of microtubules (cyan) in the presence of different concentrations (10, 50,
100, and 300nM) of Oct_9i1 (magenta). B. Representative kymographs showing the dynamics of the microtubules

and Oct_9i3 indicated by the yellow lines in A. In kymographs (left to right): microtubules, septins, overlay. For
all panels, horizontal scale bars are 5um, and vertical bars are 50 seconds.

already bound the microtubules, evident from the spotty signal of septin colocalized with
microtubules (Fig. 3.6A). These clusters were able to randomly diffuse along the micro-
tubule, as seen on kymographs (Fig. 3.6B). At increasing concentration (50, 100, and 300
nM), the signal of the septin became homogeneous along the whole microtubule (Fig. 3.6A).
From the septin signal alone, we could not distinguish between the microtubule seed and
the lattice, indicating an homogeneous coverage of the microtubule by the oct_9i1. This
is in contrast with the microtubule itself, which shows a higher signal on the seed due to
an increased percentage of labeled tubulin used to identify microtubule seeds. The septin
signal also perfectly followed the dynamics of the microtubules, as seen in kymographs
(Fig. 3.6B).

We analyzed the shrinking velocities, growing velocities, and catastrophe rates of mi-
crotubules in the presence of different septin octamers from kymographs like the ones
shown in Figure 3.7A. Oct_9i1 showed, similarly to Oct_9i3, only small, likely-non mean-
ingful, variations in the growing speeds and catastrophe rates (Fig 3.7 C and D, respec-
tively). Interestingly, oct_9i1 had a strong impact on the shrinking velocities above a
threshold concentration (Fig. 3.7B). At 10 and 50nM of oct9_i1, the shrinking velocity was
the same as for the control, around 50pm/min. At 75nM, the shrinking velocity decreased
to around 35.3 +18.1um/min. This trend was maintained and at 100 and 200nM, the micro-
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tubules shrunk at a speed of 24.1 £22.6 and 16.8 £15.3um/min, respectively. The decrease
seemed to saturate, since at 300nM the shrinking velocity was 12.5 +5.4um/min (Fig. 3.7B).

We observed another interesting behavior of the microtubules in the presence of
oct_9il. Starting at around 200nM, about 10% of the microtubules showed curving of
the tips when shrinking (Fig. 3.7 E). A few moments after the catastrophe, the tip of the
microtubule was observed to curve, forming a loop that eventually disappeared upon mi-
crotubule shrinkage. This effect has previously been proposed to be indicative of protofil-
ament stabilization [197]. The septin signal co-localized with the curved depolymerizing
end throughout the shrinkage events (Fig. 3.7E).

Finally, at high enough surface densities of microtubules, we could see septin medi-
ating microtubule interactions. We could observe microtubules pushing (Fig. S3.1A) and
pulling from each other (Fig. S3.1B). We even observed microtubule seeds coming together
and binding (Fig. S3.1C) and several microtubules growing and shrinking from the same
seed (Fig. S3.1D). This indicates that oct_9i1 bound to a microtubule can still interact with
other partners (either other oct_9i1 or microtubules).

3.2.8. Effect of human septin octamers bearing mutations that in-
hibit polymerization in cells on microtubule dynamics

Experiments with non-polymerizable septin mutants (bearing SEPT9_2NCmut) in cells
showed that polymerization is needed for oct_9il to localize to microtubules (Fig. 3.2G).
In order to check if this phenotype is also present in the in vitro experiments, we purified
human septin octamers containing SEPT2_NCmut tagged with monomeric superfolder
GFP (msfGFP) at the C-terminus (Oct_9i1_2NCmut), also used in [144]. As detailed in
section 3.4, most experiments in this chapter were done with a mix of 90% unlabeled
septin complexes and 10% labeled septin complexes. Due to the lack of an unlabeled
Oct_9i1_2NCmut, we performed microtubule dynamics assays with 10, 50, 100 and 300nM
of both Oct_9i1 and Oct_9%9i1_2NCmut with 100% msfGFP tagged octamers. We checked
that Oct_9i1 with 100% msfGFP labeling gave similar results as Oct_9i with 10% msfGFP.

We observed no striking difference between Oct_9i1_2NCmut and wild type Oct_9i1l
on microtubule binding. At 10nM of Oct_9i1_2NCmut, the coverage of the microtubule
was punctate (Fig. 3.8A). At concentrations of 50nM and above, the mutant hetero-octamer
fully covered the microtubules (Fig. 3.8A). When analyzing the dynamics, we found that
Oct_9%9i1_2NCmut also had a similar, though not identical, effect on the microtubule dy-
namics as Oct_9i1. At 10 and 50nM, there was no effect on any of the analyzed param-
eters for both septin complexes (Fig. 3.8B-D). The Oct_9i1_2NCmut increased the grow-
ing speed while Oct_9%i1 did not (Fig. 3.8C). At 300nM, both types of complexes slowed
down the microtubule shrinking speed to a similar extent (Fig. 3.8B). Interestingly, at
100nM, Oct_9%i1_2NCmut slowed down the microtubule shrinking significantly less than
the Oct_9i1 (Fig. 3.8B). We conclude that while non-polymerizable Oct9_i1 does not bind
microtubules in cells, they do bind and affect microtubule dynamics in vitro, though at a
somewhat higher concentration than polymerizable Oct9_il.
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Figure 3.7. Comparison of the effect of septin octamers bearing SEPT9_i1 and i3 on microtubule dy-
namics. A. Representative kymographs of microtubules illustrating the effect of recombinant septin octamers
at different concentrations (see legend) on microtubule dynamics compared to the control case (0 nM septins,
left). Horizontal scale bar is 5 pm; vertical white scale bar is 50 sec. B, C, and D. Quantification of microtubule dy-
namic parameters (shrinking velocity (B), growing velocity (C), and catastrophe rate (D)) as a function of septin
octamer concentration. Results are presented as box and whiskers plots superposed with individual data points
including outliers (grey: no septin octamers, pink: oct_9i1, light blue: oct_9i3). Two-tailed t-test with Benjamini
& Hochberg p-value correction with R, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. E. Snapshots at indicated
times (min:sec) of a microtubule (top) and associated oct_9i1 at 200nM (bottom). Yellow arrowheads point to the
curved tip of the microtubule. Scale bar is 5 pm.
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Figure 3.8. Binding and effect of Oct_9i1_2NCmut on microtubules. A. Representative still images taken
during time lapse imaging of microtubules (cyan) in the presence of different concentrations (10, 50, 100nM) of
Oct_9i1_2NCmut (magenta). Scale bar is 5um. B, C, and D. Quantification of microtubule dynamic parameters
(shrinking velocity (B), growing velocity (C), and catastrophe rate (D)) as a function of septin octamer concentra-
tions. Results are presented as box and whiskers plots superposed with individual data points including outliers
(grey: no septin octamers, red: oct_9i1, orange: oct_9i1_2NCmut). Two-tailed t-test with Benjamini & Hochberg
p-value correction with R, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. p-value 2-tailed t-test = 4.3°10"* for the
difference between Oct_9il1 and Oct_9i1-i5 at 100nM.
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3.2.9. Effect of human septin octamers_9i1_9i5 on microtubule dy-
namics

In parallel to our experiments in cells, we next studied the effect of the SEPT9_i1-3 com-
mon N-terminus in the context of human septin octamers in vitro. To do so, we puri-
fied recombinant dark and msfGFP-tagged human septin octamers containing SEPT9_i1-i5
(Oct_9i1-i5) (Fig. 3.2A).

In contrast to Oct_9%i1 (Fig. 3.6), Oct9_i1-i5 fully covered the microtubules at 10nM
(Fig. 3.9A). Interestingly, Oct_9i1-i5 had stronger and also qualitatively different effects
on the microtubule dynamics compared to Oct_9i1. At 10nM, Oct_9i1-i5 already reduced
the shrinking velocity of the microtubules to the same level that required 75-100nM of
Oct_9i1 (Fig. 3.9B). At 50 nM, shrinkage of microtubules was frequently blocked before
the shrinking microtubule plus end reached the seed (Fig. 3.9C). This effect was never ob-
served for Oct_9i1 and indicates a much stronger stabilizing effect. At 50nM, the shrinkage
velocity was reduced by the same extent by Oct9_i1-i5 as at 10nM (Fig. 3.9B). At 100nM,
Oct_9%i1-i5 binding blocked microtubule shrinkage even more strongly (Fig. 3.9A and C),
with complete blockage of microtubule shrinkage in 50% of cases. For the microtubules
that still shortened, the shrinking velocity was unchanged with respect to the control in
the absence of septin complexes and there was low fluorescent signal of oct_9i1-i5 on the
growing plus end. For the microtubules that did not shrink, we initially observed growth
upon incubation with septin complexes, but growth eventually stopped (Fig. 3.9A and
C). At 300nM, Oct_9i1-i5 prevented microtubule growth from the start of the experiment.
Some of the microtubules showed a very short and curved lattice that had formed during
the time that it took to place the sample in position for imaging (inset in Fig. 3.9A).

Since microtubules did not shrink in the presence of Oct_9i1-i5 above 100nM, we did
not observe any curving during shrinkage. This effect, in combination with a lower mi-
crotubule seed density, also did not allow us to analyze oct_9i1-i5-mediated microtubule-
microtubule interactions. At concentrations above 100nM, some microtubules (inset in
Fig. 3.9A) grew with a curved plus end that retained it shape, not undergoing catastro-
phe. This phenotype was similar to what was observed for microtubules in the presence
of more than 100nM hexamers after 1-2h (Fig. 3.4C).
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Figure 3.9 (preceding page). Effect of Oct9_i1-i5 octamers on MT dynamics. A. Time-lapse image series
(time stamp in units of min:sec) of oct9_i1-i5 octamers (magenta) interacting with dynamic microtubules (cyan)
at different concentrations in the range of 10-300nM. Close up of loops seen at 300nM is shown in the inset.
White asterisks indicate the microtubule for which kymographs are shown in B. White arrowheads indicate
MTs with a short lattice formed in the presence of 300nM Oct9_i1-i5. Yellow arrowheads indicate curved MT
structures formed in the presence of 300 nM Oct9_i1-i5. Scale bar indicates 5um. Scale bar in close up inset
indicates 2pum. B. Quantification of microtubule dynamic parameters (growing velocity, shrinking velocity, and
catastrophe rate) as a function of septin octamer concentration. Results are presented as box and whiskers plots
superposed with individual data points including outliers (grey: no septin octamers, pink: oct_9i1-i5). Two-tailed
t-test with Benjamini & Hochberg p-value correction with R, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. C.
Representative kymographs. White arrows indicate regions where septin is accumulated, which coincided with
regions where microtubule shortening is blocked. In kymographs (left to right): microtubules, septins, overlay.
Yellow lines indicate the positions of the GMPCPP-stabilized microtubule seed. In all panels, horizontal scale bar
is 5pum, vertical scale bar is 50s.
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3.3. Discussion

In this work we found that the unique N-terminus of SEPT9_i1 is a MBD that mediates
septin-microtubule binding. A typical MBD of the MAP2/Tau family consists of tandem
repeats that mediate binding of the MAP to the interphase between « and f tubulin [198].
SEPT9_i1 lacks these repeats. We hypothesize that this is compensated by the oligomeric
and polymerizing nature of septins. First, the NC interface-mediated SEPT9-SEPT9 bind-
ing in the center of septin octamers brings together two SEPT9_i1 MBDs. This arrange-
ment may mimic a tandem repeat of other MAPs. However, other MAPs contain more than
two repeats and, typically, are smaller proteins [198]. By comparison, oct_9i1 has a lower
density of microtubule-binding repeats. This might make the septin octamer-microtubule
binding weaker. A way to compensate for this weakening may be septin’s ability to poly-
merize. On oct_9i1 filaments, two MBD repeats would be located along the filament with
a repeat distance of 32nm [102], strengthening the binding of a septin filament compared
with a single septin octamer. Our experiments in cells showed that, indeed, SEPT9_i1 con-
taining octamers need to polymerize into filaments in order to bind microtubules, as seen
by the inability of Oct_9i1_2NCmut to colocalize with microtubules. Other recent work
also confirms that microtubule-bound septins in cells are polymeric [144]. However, in
our in vitro reconstitution experiments, Oct_9i1_2NCmut did bind microtubules and affect
their dynamics similarly to Oct_9i1. We think that this discrepancy with the observation
in cells is due to the in vitro conditions. Obviously, cells have many more proteins, such
as the Borg family that may regulate septin-microtubule interactions [141], a different pH,
and crowding effects that could affect the septin-microtubule interactions more than in the
reconstituted system. We hypothesize that the recruitment of septins to the microtubule
interface could rescue the polymerization of the 2NC mutant septin complexes in the in
vitro conditions, leading to the same microtubule-stabilizing effects as the WT octamers,
though at increased concentrations (Fig. 3.8B).

The dynamic microtubule assays showed important evidence to understand how
septins interact with microtubules, specifically the role of the N-terminus of SEPT9 in
the interaction.

First, recombinant septin octamers containing SEPT9_i1, the septin complex that in-
teracts with microtubules in cells, were able to bind microtubules already at low (10nM)
concentrations and stabilize microtubules at higher (>100nM) concentrations. These oc-
tamers furthermore mediated microtubule-microtubule interactions and even microtubule
seed bundling. All these effects hint to a possible role of septins in microtubule bundling.
Septins have been found to colocalize with bundled microtubules in cells, even in the ab-
sence of microtubule acetylation [103], a bundling marker. However, it is not known if
septins preferentially recognize microtubule bundles or create these bundles, similarly to
their ability to bundle actin in vitro ([101, 102] and see Chapter 6). Septin-mediated micro-
tubule bundling could further stabilize the septin-microtubule interaction, by increasing
the number of binding points of a single septin filament or paired filament. The loss of
bundling ability could thus explain the lower colocalization on microtubules of the mu-
tants containing changes in the (K/R-R/x-x-D/E) motifs that we observed in R106W and
S111F SEPT9 i1 mutants.
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Second, both human septin hexamers and Oct_9i1-i5 showed a high microtubule sta-
bilizing ability. At low concentrations, hexamers only weakly bound microtubules while
oct_9i1-i5 bound microtubules more than oct_9i1 and even affected their dynamics. At
higher concentrations, both hexamers and oct_9i1-i5 accumulated on microtubules over
time - oct_9i1-i5 faster than hexamers likely due to the presence of the MBD - and stopped
microtubule dynamics. In contrast, oct_9i3 could not bind microtubules at low concentra-
tions and only partially colocalized with microtubules at higher concentration. Consistent
with the strong binding of Oct_9i1-i5 in vitro, in cells found that Oct9_i1-i5 completely re-
localized septins to microtubules whereas Oct_i1 left part of the septin pool on actin. The
only difference shared by hexamers and oct_9i3, and oct_9i1-i5 and oct_9i3, is the absence
of the common N-terminus shared by the long isoforms of SEPT9. These observations lead
to the conclusion that the common N-terminus of the SEPT9 long isoforms hinders the
microtubule association of septins. This hindering effect, together with other modulating
proteins such as the Borg family [141], possibly modulates the septin-binding interactions
in cells by allowing septin octamers to localize to actin filaments, to microtubules, or to
both, depending on the cell’s needs. Recent evidence already shows that septins further-
more mediate actin-microtubule crosstalk in neuronal growth cones [199], highlighting
the importance of understanding how septin binds to these two types if cytoskeleton fila-
ments and how their interaction is regulated.

Summarizing, we identified the MBD of septin octamers located in the first 25 amino
acids of SEPT9_i1 and we studied the effect of septins on microtubules in vitro. Our find-
ings revealed the need of septins to polymerize into filaments to bind microtubules, septin-
mediated microtubule stabilization, and the regulatory effect of the SEPT9 long isoform
common N-terminus. However, we could not establish the spatial arrangement of the
septin-microtubule association. Studying this arrangement using other techniques, such
as cryoEM, could give insight into how the unique SEPT9_i1 MBD and the common N-
terminal region of the long SEPT9 isoforms mediate and modulate septin-microtubule
binding. CryoEM experiments could also determine whether septins bind as single or
paired filaments to the microtubule lattice. Further research is also required to determine
whether septins associate with pre-existing microtubule bundles or mediate microtubule
bundling. We have evidence to suggest the latter, but other targeted experiments both
in vitro and in cells are needed to answer this question. Finally, despite the interesting
evidence that we found on the role of the common N-terminus of the SEPT9 long iso-
forms in microtubule binding, we still do not exactly understand how this region tunes
the binding of septin octamers to microtubules. Further studies, for instance with mutant
on the (K/R-R/x-x-D/E) motifs, are needed to better understand the interaction of septins
with microtubules and as a way to understand how this region affects HNA. Additionally,
septin [91, 94] or microtubule [200] post-translational modifications (PTM) and other ac-
cessory proteins [141] likely further tune the interaction between septin and microtubules.
Using in vitro reconstitution of septin complexes and microtubules with controlled PTMs
or accessory proteins included can help understanding the precise control of this interac-
tion.
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3.4. Materials and methods

All chemicals were obtained from Merck Sigma unless specified otherwise.

3.4.1. Human cell lines

U20S (ATCC) cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco) supplemented with 4 mM GlutaMAX (Gibco), 10% fetal bovine serum (Gibco), and
1% sodium pyruvate (Gibco) (supplemented DMEM). They were maintained in the pres-
ence of a 5% CO, humidified atmosphere at 37°C.

3.4.2. Plasmids coding for fluorescent septin constructs and trans-
fection

To drive expression of the constructs in the U20S cells, we used the immediate early en-
hancer and promoter of human cytomegalovirus (CMV promoter, 508 base pairs). Human
SEPT9_i1 cDNA was a gift from C. Montagna (Albert Einstein College of Medicine, NY,
USA). Human SEPT9_i3 ¢cDNA was a gift from W. Trimble (University of Toronto, ON,
Canada). A synthetic human SEPT2 coding sequence (Eurofins Genomics, Germany) was
generated using the codon usage of mouse SEPT2 except for the five codons that differ
between the two species, for which we used codons encoding the human residues. C-
terminal green and red fluorescent protein fusions were generated using msfGFP (Costan-
tini et al,, 2012; Cranfill et al., 2016; Pedelacq et al., 2006; Zacharias et al., 2002) and
monomeric Apple (mApple) (Cranfill et al., 2016; Shaner et al., 2008), respectively. All
constructs were generated with two-insert seamless cloning (In-Fusion HD Cloning Plus
Kit from Takara Bio, 638910) using Nhel/BamHI linearized plasmid backbones (Addgene
plasmid 54759) and the oligonucleotide primer sequences (listed inTable S3). Cloning oligo
(<60 bp) or EXTREmer (>60 bp) primers were synthesised and purified by Eurofins Ge-
nomics, Germany. The restriction enzymes used were FastDigest enzymes obtained from
Thermo Fisher Scientific. All plasmids were verified by sequencing (Eurofins Genomics,
Germany) after each cloning step, including the midipreps used for plasmid production.
Constructs (3 pg) were transiently transfected by nucleofection in cells using a Cell line
Nucleofector kit V and the Amaxa nucleofector program U20S X- 001 and T47D X-005,
following the manufacturer’s instructions (Lonza). Cells were cultured for 72 h after trans-
fection and either fixed or extracted for proteins to perform immunocytochemical or bio-
chemical analyses, respectively.

3.4.3. siRNA and transfection

The following 19-mer duplex siRNAs were purchased from LifeTechnologies:
siRNA control (siCtrl) targeting the Escherichia coli f galactosidase (LacZ) (5'-
GCGGCUGCCGGAAUUUACC-3);  SEPT9 (5-GGAUCUGAUU- GAGGAUAAA-3')
targeting the 3" untranslated region of all human SEPT9 mRNA variants; SEPT7 (5'-
CGACUACAUUGAUAGUAAA-3’) targeting the human mRNA coding region; and aTAT1
(5'-CGCACCAA- CUGGCAAUUGA-3’), the design of which was based on validated
siRNA aTAT1 #2 from Shida et al. [201]. Transfection of 200 or 134 pmol of siRNA
was performed using Lipofectamine RNAIMAX (Invitrogen, 13778075) or an Amaxa cell
line nucleofection kit V (Lonza, VCA-1003) following the manufacturer’s instructions,
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respectively. Cells were cultured for 72 h after transfection and were fixed to perform
immunostaining.

3.4.4. Antibodies

Labeling of septins on immunocytochemistry coverslips (ICCs) was achieved with the fol-
lowing antibodies: rabbit polyclonals against human SEPT2 (Sigma-Aldrich, HPA018481,
WB 1:500); human SEPT9 (Sigma-Aldrich, HPA042564 and HPA050627, WB 1:1000 and
ICC 1:1000; Proteintech, 10769-1-AP, WB1:500); SEPT7 (IBL, 18991, WB 1:500 and ICC
1:100); SEPT6 (a kind gift from Makoto Kinoshita, Nagoya University, Japan; WB 1:500);
and SEPT10 (Sigma-Aldrich, HPA047860, WB 1:500). Rat monoclonals against human
SEPT9 i1l (clone 4D2A5, WB 1:500), human SEPT9_i2 (clone 5A65F, WB 1:500) or human
SEPT9 _i3 (clone 1A6C2, WB 1:500), and human SEPT7 (clone 10A7, WB 1:250 and ICC
1:50) were also used and produced as described previously (Verdier-Pinard et al., 2017).
Antibodies against a-tubulin consisted of: mouse monoclonal (Sigma-Aldrich, DM1A, 05-
829,WB1:4000 and ICC:100); rat monoclonal (Invitrogen, YL1/2, MA1-80017, ICC 1:100);
mouse monoclonal anti-acetylated K40 (Santa Cruz Biotechnology, 6-11B1, sc- 23950, WB
1:2000 and ICC 1:250). The mouse monoclonal anti-glutamylated tubulin (Adipogen, GT-
335, AG-20B-0020-C100, and polyE, AG-25B-0030-C050,WB1:2000) was also used. Label-
ing of actin was performed using phalloidin-Atto 390 (Sigma-Aldrich, 50556, ICC1:100)
or phalloidin-tetramethylrhodamine B isothiocyanate (Sigma-Aldrich, P1951, ICC 1:100).
For ICC (1:250) the following fluorophores conjugated to secondary antibodies were used:
DYLIGHT405, Alexa Fluor 405, Alexa Fluor 488 and Alexa Fluor 594 (Jackson ImmunoRe-
search), and Alexa Fluor 647 (Invitrogen).

3.4.5. Immunocytochemistry

Multiplex immunocytochemistry was carried out on cells cultured on collagen-coated cov-
erslips followed by 4% formaldehyde fixation as described previously (Verdier-Pinard et al.,
2017). Images were acquired using a Zeiss structured light ApoTome microscope equipped
with a 63x/ 1.4 Plan Apochromat objective and an Axiocam MRc5 camera using AxioVi-
sion software, or a Zeiss LSM880 META confocal microscope equipped with a 63x/1.46
Plan Apochromat objective and a GaAsP detector using Zen software.

3.4.6. Analysis of the colocalization of septins with microtubules
and with actin stress fibers

For the assessment of SEPT9-GFP construct colocalization with microtubules and actin
fibers in individual cells, stack of images (z steps of 0.85um) were acquired using an in-
verted Zeiss LSM880 META confocal microscope and a Plan Apochromat 63x/1.4NA oil
objective. Colocalization evaluation was achieved by image analysis using Fiji Software
(Schindelin et al., 2012). z-stacks of individual cells were examined for colocalization of
septins with total a-tubulin, acetylated K40 o-tubulin, and F-actin, from top to bottom.
Cells were counted as positive for colocalization of septins with microtubules or with F-
actin when septin the fluorescence signal was co-aligned with microtubules and/or acety-
lated microtubules, or with ventral stress fibers, respectively. The percentage of cells pos-
itive for both septin-microtubule and septin-stress fiber colocalization, only positive for
septin-stress fiber colocalization, and only positive for septin-microtubule colocalization
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were designated in graphs as ‘microtubule and actin’, ’actin’, and ‘microtubule’, respec-
tively.

3.4.7. Purification of human septin complexes

All the variants of septin oligomers were purified and their quality was checked as de-
tailed in chapter 2. We used wild type hexamers and Oct_9i1, Oct_9i3, Oct_9i1_2NCmut,
and Oct_9i1-i5. In the Oct_9i1_2NCmut oligomers, SEPT2 contained two point mutations,
F20D and V27D. These mutants contain two residues of the a 0 helix changed to negatively
charged amino acids, which inhibits septin polymerization in cells [83, 195]. In Oct_9i1-
i5, SEPT9 is mutated to SEPT9_i1-i5, which consists of a deletion on SEPT9_il (A26-252).
This mutation removes the common N terminus of the long SEPT9 isoforms (i1-i3) by fus-
ing the unique N-terminus of SEPT_9i1 to SEPT9_i5, a short N-terminus SEPT9 isoform.
Septin complexes were fluorescent tagged with msfGFP on the C-terminus of SEPT2. For
purification, SEPT2 contained a hisg-tag in the N-terminus and SEPT7, for hexamers, or
SEPTY, for octamers, contained a Strep-II-tag on the C-terminus.

3.4.8. GMPCPP-stabilized microtubule seeds preparation

GMPCPP-stabilized microtubule seeds serving as a nucleation site for dynamic micro-
tubules were prepared using an established double-cycle method [202]. Briefly, a ~22
UM mixture of tubulin (~11 pM tubulin dimers) in MRB80 (80mM PIPES pH 6.8, 4mM
MgCl,, 1mM EGTA), composed of 75% unmodified tubulin dimers (Cytoskeleton, Inc.),
15% rhodamine-labeled tubulin dimers (Cytoskeleton, Inc.) and 10% biotin-modified tubu-
lin dimers (Cytoskeleton, Inc.), was spun down using an Airfuge® Air-driven ultracen-
trifuge (Beckman Coulter Inc., Brea, California, USA) for 5 minutes at 30psi with a rotor at
~4°C. Then, the mixture was complemented with 1mM guanylyl-(alpha, beta)-methylene-
diphosphonate (GMPCPP) from a 10mM stock solution in MRB80, thus diluting the tubulin
to 20uM. This mixture was incubated at 37°C for 30 minutes to polymerize tubulin, and
immediately airfuged for 5 minutes at 30psi with the rotor at room temperature to pel-
let GMPCPP-stabilized microtubules. Afterwards, the supernatant was discarded and the
pellet was resuspended in MRB80 at 37°C to a final tubulin concentration of 20puM, assum-
ing an 80% recovery of the tubulin. The mixture was incubated on ice for 20 minutes to
depolymerize the microtubules. Subsequently, it was complemented with 1mM GMPCPP,
incubated at 37°C for 30 minutes to repolymerize the microtubules, and airfuged for 5 min-
utes at 30psi with a rotor at room temperature. The pellet, containing GMPCPP-stabilized
microtubule seeds, was resuspended in MRB80 at 37°C supplemented with 10% glycerol,
snap-frozen, and stored at -80°C until use.

3.4.9. Microtubule dynamic assay

Nr. 1 Menzel coverslips (Thermo Fisher scientific, Cat. # 11961988) and glass slides
(Thermo Fisher scientific, Cat. # 11879022) were cleaned in base piranha solution (5% hy-
drogen peroxide, 5% ammonium hydroxide, both from Sigma-Aldrich with product num-
bers 31642 and 221228, respectively) at 70°C for 10 minutes in a fume hood. Using using
safety goggles, gloves, and a plastic apron, the slides and the coverslips were washed ex-
tensively by rinsing with Milli-Q water and stored in Milli-Q water for up to 5 days.

Just before use, a coverslip and a glass slide were blow dried with a stream of N,
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gas. Flow channels were prepared by placing parallel 2x20 mm parafilm strips spaced
by 2-3mm between the glass slide and the coverslip. The parafilm was melted by placing
the chambers on a hotplate at 120°C. After cooling down, the chambers were passivated
by subsequent 10 minutes incubations with 0.2mg/mL Poly(L-lysine)-graft-biotinylated
Polyethylene glycol (SuSoS, Cat. # CHF560.00) in MRB80, 0.2mg/mL neutravidin (Thermo
Fisher Scientific, Cat. # 10675574) in MRB80, 0.5mg/mL k-casein (Sigma-Aldrich, Cat. #
C0406) in MRB80, and 1wt% Pluronic F-127 (Sigma-Aldrich, Cat. # p2443) in MRB80, in
that order and without intervening washing steps. The channels were washed with three
channel volumes (~30uL) of MRB80 at the end of the passivation process.

Then the channels were incubated for 10 minutes with an aliquot of GMPCPP-
stabilized seeds that was quickly thawed at 37°C, allowing the microtubule seeds to bind to
the surface via biotin-neutravidin interactions. Microtubule polymerization was induced
by immediately flushing into the channel 20 pM tubulin (3% rhodamine-labeled tubulin)
in a 5:1 volume ratio of MRB80:septin buffer complemented with 0.5 mg/mL k-casein to
prevent unspecific interactions, 0.1% methylcellulose (Sigma-Aldrich, Cat. # M0512) as a
crowding agent, 1 mM ATP (Sigma-Aldrich, Cat. # A9187), 1 mM GTP (Sigma-Aldrich,
Cat. # G8877) and an oxygen scavenging system composed of 50 mM glucose(Sigma-
Aldrich, Cat. # G8270), 200 pg/ml catalase (Sigma-Aldrich, Cat. # C30), 400 pg/ml glucose-
oxidase(Sigma-Aldrich, Cat. # G6125), and 4 mM dithiothreitol (DTT) (Sigma-Aldrich, Cat.
# 11583786001). If needed and unless otherwise specified, a mixture of 90% unlabelled and
10% msfGFP-labeled septin hexamers or octamers (containing either SEPT9_i1, SEPT9_i3,
or SEPT9_i1-i5) was added to the previous mix at different concentrations in the range
of 10 to 300 nM. Oct_9i1_2NCmut was used 100% msfGFP-labelled. Before flushing the
solution into the channel, it was airfuged for 5 minutes at 30 psi with a rotor at ~4°C to
remove any protein aggregates.

3.4.10. TIRF microscopy imaging

The samples were immediately imaged after the addition of septin using a Nikon Ti2-E mi-
croscope complemented with a Gataca iLAS2 azimuthal TIRF illumination system heated
to 30°C using an Okolab incubator system. The sample was illuminated with 488-nm and
561-nm lasers (Gataca laser combiner iLAS2) to visualize the septin and the tubulin sig-
nals, respectively. To allow for fast imaging, the fluorescence signal was split with a Cairn
Research Optosplit II ByPass containing a Chroma ZT 543 rdc dichroic mirror and filtered
with either a 525/50 or a 600/50 chroma bandpass filter. The images were recorded with a
Andor iXon Ultra 897 EM-CCD camera using an exposure time of 75 ms, for 10-20 minutes
with a frame rate of 1 frame/second.

3.4.11. Image analysis and statistics

Microtubule dynamics were analysed by kymograph analysis [203]. Kymographs were
built with the reslice tool in FIJI [154] by reslicing a manually drawn line that went from
the beginning of the microtubule seed to the tip of the microtubule in its maximum length.
In the kymographs, we can observe the positions of the microtubule tips over time. De-
spite septins bound to both ends, the analysis was only done on the plus ends of the micro-
tubules, which can be distinguished from the minus ends via the longer final length and
higher growth velocity of the former. Growth and shortening rates were obtained as the
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slopes of manually fitted straight lines on the growing or shortening phases, determined
by manual inspection, of the microtubule plus ends. The catastrophe rate was calculated
as the inverse of the time that a microtubule spends growing.
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3.5. Supplementary information

Figure S3.1. Septin octamers with SEPT9_il mediate microtubule-microtubule interactions. A. Snap-
shots at indicated times (min:sec) of a microtubule (cyan) and associated oct_9i1 at 200nM (magenta) showing
a microtubule pushing another one. B. Snapshots at indicated times of a microtubule and associated oct_9%i1 at
200nM showing a microtubule pulling from another one. C. Snapshots at indicated times of a microtubule and
associated oct_9il at 200nM showing two microtubule seeds binding to each other. D. Representative kymo-
graph of several microtubules (cyan) and their associated oct_9i1 growing from the same seed. Scale bars are 5
um. Vertical scale bar are 50s.
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Chapter 4

Septin oligomers form
morphologically different
membrane-bound networks
depending on the oligomer species
and on the environmental
conditions

The cell membrane is a critical but mechanically fragile cellular component whose chemical
and physical properties are tightly regulated. Septins’ cortical localization and their ability
to directly bind lipid membranes in vitro is increasing their interest as a membrane regulator.
In this chapter we investigate how septins bind lipid bilayers with a special focus on the
question of whether human septin hexamers and octamers differ in their membrane-binding
behavior and how environmental conditions control this behavior. We use a multi-modal
approach consisting of quartz crystal microbalance with dissipation monitoring, atomic force
microscopy and transmission electron microscopy of septins on flat supported lipid layers.
We found that PIP2 is critical for septin binding and polymerization on lipid membranes,
while DOPS synergistically assists this process. We also show that septin oligomers form two
morphologically different types of membrane-bound films, one bundle-based and the other
filament-based, depending on the oligomer species, the type of membrane model, and the
presence or absence of GTP. Finally, we use computer simulations to find the critical processes
governing the formation of the bundle-based networks based on assumptions derived from the
experimental observations. We find that filament growth, pairing and alignment can lead to
the formation of bundle-based networks resembling the experimental observations.

This chapter is based on a manuscript [Slwith the same name by Gerard Castro-Linares*, Djim de Ridder*, Felix
Frey*, SaFyre Reese, Manos Mavrakis, Ralf Richter, Timon Idema, and Gijsje H. Koenderink, which is currently
in preparation for publication. Gerard Castro-Linares and SaFyre Reese did the QCM-D experiments. Djim de
Ridder and Gerard Castro-Linares did the TEM experiments. Djim de Ridder also did AFM experiments under
the supervision of Gerard Castro-Linares and Lucia Baldauf. Felix Frey performed the simulations with input
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4.1. Introduction

The cell membrane is a key cellular structure composed of a lipid bilayer that separates the
cell from its environment. In animal cells, which lack a cell wall to protect the fragile lipid
bilayer, the membrane needs to resist external forces while being flexible enough to allow
for movements that drive cell migration, cell division, and other important processes [204].
This remarkable mechanical behavior emerges from coupling the cell membrane to the
cytoskeleton. The cell cortex, which is thin layer of cytoskeletal proteins anchored to
the membrane, is the main cytoskeletal structure that provides rigidity and controls the
membrane shape. The filamentous proteins found in the cortex are actin [43, 204, 205],
septin [106], and spectrin [206], which together with accessory proteins that mediate
membrane-anchoring, nucleation, bundling, and motility [47] form a dynamic cortex. The
most widely studied filamentous protein in the cortex is actin. So, the relative contribu-
tions and interactions of the different filamentous components are not fully understood.

There is growing evidence that septins in the cell cortex also exert a major influence
on membrane shape and rigidity. They are a family of cytoskeletal [76] proteins con-
served in all eukaryotes except in higher plants [75]. They are involved in many cellu-
lar functions such as cell division [106], cell-cell adhesion [130], cell motility [119], mor-
phogenesis [131], bacterial and viral infection [77], and the establishment and mainte-
nance of cell polarity [132]. In most species, septins form small palindromic rod-shaped
hetero-oligomers composed of septins from different subfamilies [76, 86, 96, 102, 133]. The
length of the hetero-oligomers depends on the species. For example, Caenorhabditis ele-
gans septins form tetramers [80], Drosophila melanogaster septins form hexamers [81],
Saccharomyces cerevisiae septins form octamers [82], and human septins form both hex-
amers and octamers [85]. These hetero-oligomers are then the building blocks to form
apolar filaments [76] that are able to interact, in a species-specific manner, with the cell
membrane [96, 98, 207], actin filaments [101, 102, 130, 144], and microtubules [103]. These
apolar filaments can, in turn, interact with each other to form paired filaments and bun-
dles [82, 96, 102, 208], which according to in vitro studies promotes membrane binding [96].
This pairing interaction is proposed be mediated via the C-terminal coiled-coils (CC) of ei-
ther SEPT2, which contains a short CC that leads to ~5nm spacing between the filaments,
or SEPT6 and SEPT7, which have longer CCs that lead to ~15nm spacing [208]. The in-
teractions of septins are not limited to the plasma membrane [106, 144] but also involve
membranous organelles such mitochondria [209], lysosomes [210], macropinosomes [211],
and lipid droplets [138]. Through these interactions, septins participate in membrane
trafficking processes, such as phagocytosis, clathrin-mediated endocytosis, micropinocy-
tosis, macropinosome fusion, and degradative sorting [212]. At the plasma membrane,
septins play a role in bleb retraction in T-cells [119], tension regulation [213], cell divi-
sion [119, 120, 214], and cell migration [109, 215, 216].

It is still unclear whether septins in cells actually bind the plasma membrane directly.
Reconstitution studies have shown that septins can directly bind to lipid membranes. How-
ever, it has also been shown that septins can bind and crosslink actin, the main component

from Timon Idema. Gerard Castro-Linares, Djim de Ridder, and Felix Frey wrote the manuscript while all other
authors gave feedback.
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of the actin cortex (Chapter 6, and [101, 102]). The cortical localization of septin can there-
fore come from its interaction with actin, the cell membrane, or both. To disentangle this,
previous research has looked into the lipid specificity and binding mode between lipid
bilayers and septins. Biochemical studies have shown that septins specifically bind phos-
phatidylinositols (PI) with different phosphorylation status, specifically, PI lipids with no
phosphorylation, monophosphorylation (PI(3)P, PI(4)P, PI(5)P) (PIP), di-phosphorylation
(PI(4,5P)P, (PIP2), PI(3,4)P,), and tri-phosphorylation (PI(3,4,5)P3) [82, 95, 99, 100, 217, 218].
The most abundant and well-studied PI lipid is PIP2, which is involved in numerous cellu-
lar processes, including cytoskeletal dynamics, membrane trafficking, and ion channel
regulation [219-221]. Based on its widespread interaction with septins from multiple
species [96, 152, 222], PIP2 has been acknowledged as the canonical septin binding lipid.
However, recent studies showed that septins also bind other lipids in a species-specific
manner. For instance, fly septin hexamers bind equally well to lipid bilayers with a sim-
ilar net negative charge containing either PIP2 (-4 net charges at pH 7 [223]) or the neg-
atively charged lipid phosphatidylserine (PS) (-1 net charge [28]), indicating that binding
is electrostatically mediated [96]. Yeast septin octamers capped with Shs1 likewise do
not seem to specifically recognize PIP2, yet the same octamers but capped with Cdc11 do
exhibit specificity for PIP2 [224]. Molecular docking simulations recently provided first
insights in the determinants of PIP2 specificity of the GTPase domains of Cdc11 [224].
Septins can additionally bind to other anionic lipids, such as mammalian septins binding
to cardiolipin [225] or to LecA-activated Gb3 (globotriaosylceramide)-containing mem-
branes [226], or yeast septins binding to sterol-rich membranes [227].

The precise mechanism of binding of septins to lipid membranes is not understood.
There are up to three proposed regions that could mediate septin-membrane binding. The
first region described is a polybasic stretch of amino acids located on the N-terminus
of the SEPT2, SEPT3, and SEPT7 subfamilies, that mediates binding to PI, PIP, and
PIP2 [138, 222, 228]. The second domain is another polybasic region located in the GTP-
binding domain and conserved in all subfamilies of septin, which cooperates with the first
polybasic domain for membrane binding [139, 229]. Finally, alpha-helical domains located
close to the polybasic domains have been suggested to mediate septin binding, since they
affect SEPT9 binding to membranes [139] and direct curvature-selective binding of yeast
septins [230]. However, the fact that most of this work has been done with monomeric
septins or fragments thereof, rather than oligomers, makes it difficult to interpret these
findings, since septins need to polymerize [82, 96, 139] and to form paired filaments [96] to
bind lipid membranes, and the described regions could also affect these two septin prop-
erties. There is also evidence that GTP binding by septin and the GTP/GDP ratio may
affect membrane binding. First, tubulation of giant vesicles containing PI, PIP, or PIP2
in the presence of mammalian septins was more robust when supplemented with either
GTP or GDP [99]. Additionally, structural studies suggested that the a0 helix from SEPT3,
one of the alpha-helix domains mentioned above, is hidden when SEPT3 is bound to GDP,
and becomes exposed when bound to GTP, which could aid membrane binding [150]. Fi-
nally, septin octamers capped by Shs1 displayed different types of structures depending
on the presence or absence of excess GTP or GDP on PI-, PIP- or PIP2-containing lipid
monolayers [224].

Despite the clear evidence from cell-free studies that septins bind to lipid bilayers, the
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film structure that they form is not clear. Yeast septin octamers have been reported to
form a single-layer network of paired and single filaments stabilized by cross-bridging oc-
tamers on lipid membranes containing PIP2 [82, 98]. Fly septins were shown to form a
similar single-layer mesh of filaments and paired filaments on lipid monolayers, whereas
they formed a double-layered mesh of thin and curved septin bundles on supported lipid
bilayers [96]. The membrane interaction of human septins, which form both hexamer
and octamer complexes [83-85], has not been explored in detail in an in vitro reconstitu-
tion setting. There is a single report about the binding of recombinant septin octamers
to model membranes by Nakazawa et al. [97]. This work, similarly to their previous re-
search with yeast septins [82, 98], showed that human septin octamers bind to supported
lipid bilayers forming a a double-layered network of paired filaments and single filaments.
Within these two layers, paired filaments were found to lie parallel to each other in the
same layer, but perpendicularly to the filaments in the other layer. It is not clear yet what
controls the formation of these different structures. There could be different explanations,
related to septins from different species behaving differently when polymerized in bulk
solution (yeast [82], fly [96], human [102]), or relating to different behaviors of hexamers
and octamers.

To summarize, there is not a clear consensus on what controls septin-membrane inter-
actions or whether the rules governing these interactions are conserved between species.
To shed light on this question, in this work we studied membrane-binding of human
septins by comparing how human septin hexamers and octamers bind to model lipid
membranes under different environmental conditions (i.e. lipid layer type (monolayer or
bilayer) and presence of GTP). To do this we used a multi-modal approach. First, we em-
ployed quartz crystal microbalance with dissipation monitoring (QCM-D) to investigate
the lipid specificity of septin binding to membranes, nucleotide preference, the binding
kinetics, and the reversibility of binding. Then, we used transmission electron microscopy
(TEM) and atomic force microscopy (AFM) to study the structure of the formed network.
Finally, we brought these data together using particle-based simulations to understand
the basic mechanism by which septins bind lipid membranes.

4.2. Results

4.2.1. QCM-D experiments to test septin-membrane binding

To probe and quantify the binding of human septin complexes to SLBs, we utilized QCM-D,
which allows real-time measurement of both mass and changes in mechanical properties of
particles that adsorb to a surface using acoustic waves [231-233]. Changes in mass/thick-
ness are shown as changes in the resonance frequency (Af) of the QCM-D sensor, while
the mechanical properties can be derived from changes in the energy dissipation of the
system (AD) [231]. To probe septin binding to membranes, we followed the 4 step pro-
cedure described in Figure 4.1A, used previously also for fly septins [96]. The first step
is the formation of an SLB on the QCM-D sensor by flowing in small unilamellar vesi-
cles (SUVs) [231-234]. Depending on the charge of the SUVs, they can either rupture
immediately or accumulate and then rupture, forming the SLB [233]. For both neutral
and PS/PIP2-containing lipid mixtures, the frequency shift revealed initial SUV binding
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(observed as a decrease of Af and increase in AD) followed by SUV rupture (observed
as a peak in Af and AD, indicating the release of the SUV contents) (Fig. 4.1A). This be-
havior is consistent with prior reports [233]. As exemplified in Figure 4.1A, the final net
frequency shift (Af) was around ~-25Hz and the net dissipation change (AD) was in the
order of ~0.1*10"¢, which is characteristic of a well-formed SLB [233]. The second step was
to flush out remaining SUVs and, simultaneously, change to the buffer in which septins
are eventually added (F-buffer, see Section 4.4). Depending on how different the SUV and
septin buffers were, this produced larger or smaller changes in Af and AD. In the third step
we added 50nM septin complexes in F-buffer, which has the right ionic conditions to pro-
mote septin polymerization (see Chapter 2 and [102, 129]). Once the septins reached the
sensor, in cases where the lipid membrane triggered septin binding, there was an imme-
diate decrease in Af and an increase in AD, indicating septin adsorption (Fig. 4.1A). These
changes leveled off after ~30min, indicating that, even though free septin complexes were
still supplied through continuous flow, binding had saturated. We observed similar bind-
ing kinetics for human septin hexamers and octamers (Fig. 4.1B for Af and Fig. 4.1C for
AD). In the fourth step, to check whether septin binding was reversible, we finally washed
the system with septin buffer, a high salt buffer (300mM KCl) that promotes septin de-
polymerization. This produced an immediate and rapid change of both Af and AD, which
returned close to the values they had before septin addition, indicating that septins need
to be polymerized for membrane binding (Fig. 4.1A). This was the case for both hexamers
and octamers (Fig. 4.1B). In case of neutral SLBs, there was no change in Af (Fig. 4.1B)
nor in AD (Fig. 4.1C) after septin addition, indicating that neither septin hexamers nor
octamers bind neutral membranes. We observed a small change after the addition of high-
salt septin buffer. Since the final values after washing with high-salt septin buffer were
comparable for neutral and charged membranes and septins did not bind to neutral mem-
branes, we surmise that the septin buffer completely dissociates the bound septins from
charged membranes.
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Figure 4.1. QCM-D measurement of septin complexes binding to and unbinding from supported lipid
bilayers. A. Time-traces of frequency shift (Af) and dissipation change (AD) of SLB formation, SLB washing,
septin adsorption, and desorption. Vertical gray lines indicate at what time each component (as indicated on top:
SUVs, F-buffer, septin complexes, and high-salt septin buffer) is flown over the QCM-D sensor. The specific trace
shown is of septin hexamers in the presence of excess GTP interacting with a 20%PS+5%PIP2 SLB. We set the
zero values for Af, AD, and time as the moment where septin was first supplied to the sensor. B. Time trace of
-Af for septin hexamers and for septin octamers during binding (first 35 min) and subsequent release with high
salt septin buffer, on 20%PS+5%PIP2 versus 100%2DOPC SLBs. The hexamer trace for 20%PS+5%PIP2 is the same
as in A. C. Same as in B, but for AD.

4.2.2. Human septin complexes specifically bind PIP2-containing
lipid bilayers in a GTP-dependent manner

We previously found that Drosophila septin hexamers bind negatively charged lipids such
as DOPS and PIP2 [96]. To test whether DOPS alone is enough for human septin bind-
ing, or the physiological septin-binding lipid PIP2 is needed, we did QCM-D experiments
as described above for SLBs containing 100mol% DOPC (100%PC SLB), 80mol%DOPC
and 20mol%DOPS (20%PS SLB), 95mol%DOPC and 5mol%PIP2 (5%PIP2), or 75%DOPC,
20%DOPS, and 5%PIP2 (20%PS+5%PIP2 SLB). We additionally tested the effect of added
nucleotides, prompted by previous results suggesting that septin binding to membranes
needs a nucleotide [99] and depends on the GTP/GDP status of septins [224], especially
for SEPT9 [150]. To probe the nucleotide dependence for human septin complexes in
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our QCM-D experiments, we tested membrane binding for all lipid compositions in the
presence or absence of excess ImM GTP. The results are summarized in Figure 4.2A. As
expected, neither septin hexamers nor octamers bound to 100%PC SLB, as shown by Af
remaining close to 0Hz. The addition of GTP did not change this behavior. Neither of
the human septin complexes bound to 20%PS SLBs in the absence or presence of GTP,
in contrast to our results with fly septins [96]. Interestingly, we found different results
for septin hexamers and octamers on 5%PIP2 bilayers. In the absence of GTP, the bind-
ing of septin hexamers was poorly reproducible: sometimes we obtained high -Af values
between 30Hz and 70Hz, while other times the signal stayed close to 0Hz. This variable
behavior occurred in sam-
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Figure 4.2. Final frequency shift values characterizing the steady-state amount of binding for septin
hexamers and octamers on SLBs of different lipid compositions and in the presence or absence of
added GTP. A. Left panel shows hexamers for each of the lipid compositions tested, while right panel shows the
same for octamers. Darker blue means in the presence of added GTP, while lighter blue means absence of added
GTP. Two-tailed t-test (* p<0.05, ** p<0.001, ****p<0.0001, ns=non-significant). B. Time traces of four random
examples of -Af for septin hexamers or octamers binding to a 20%PS+5%PIP2 SLB and subsequent unbinding
prompted by flowing in high-salt septin buffer. Dark blue represents the presence of 1mM GTP while light blue
represents absence of GTP.
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ples done in parallel with the same batch of septins, same batch of SUVs to form the SLBs,
and with QCM-D sensors treated equally, therefore, we could not identify any reason for
this inconsistency. Surprisingly, adding excess GTP to the system resulted in more con-
sistent behavior, with final -Af being mostly around ~80Hz. Octamers behaved differently
than hexamers, showing a consistently weak tendency to bind the 5% PIP2 SLBs in ab-
sence of GTP, with -Af values between 5Hz and 10Hz, which is slightly but significantly
higher than for the 100%PC and 20%PS SLBs. Moreover, addition of GTP in this case did
not impact the binding behavior.

Finally, we tested the binding of both complexes on 20%PS+5%PIP2 lipid bilayers. Time
traces for four random examples of these experiments can be seen in Figure 4.2B. We
found that both complexes bound the SLBs robustly, reaching -Af values between 70Hz and
80Hz. Interestingly, adding excess GTP significantly increased this binding by ~10-20Hz
to values between 80Hz and 100Hz. Final net -Af values for septin hexamers were higher
than for septin octamers regardless of the presence of GTP (Fig. 4.2A), indicating that a
larger amount of hexameric complexes bound the lipid bilayer. This data suggests that,
while DOPS alone is not enough to trigger septin binding, it has a synergistic effect with
PIP2. This effect made membrane binding more reproducible on 20%PS+5%PIP2 bilayers
than on 5% PIP bilayers for septin hexamers and was necessary for significant membrane
binding for septin octamers. Additionally, our data reveals that, despite not being vital for
membrane binding, GTP somewhat promotes binding of septins to PIP2-containing lipid
bilayers.

4.2.3. Thickness of the membrane-bound septin film

For sufficiently dense and homogeneous protein films, QCM-D measurements can be used
to determine the film thickness. The Sauerbrey equation (Eq. 4.1) can be used to relate the
frequency shift to the areal mass density, m, of the adsorbed films [231, 235]. The mass
density is equivalent to the product of the film density (p) and the film thickness (d):

n n
Af=-—m=-—pd 4.1
f cm=-GP (4.1)

Here, n is the overtone at which the measurement is done, and C is the mass sensitivity
constant, which is 18ng/cm?®/Hz for the used QCM-D sensors [231]. Considering that the
film contains proteins with a typical density of 1.4g/cm® together with more than 50%
solvent [236], with a density of 1g/cm? we assumed an average density of ~1.1g/cm®. Since
the accuracy of the Sauerbrey equation depends on the uniformity, density, and rigidity of
the septin film, we only used it for the films on 20%PS+5%PIP2 SLBs, where binding was
highest. We obtained film thickness values between 10nm and 16nm, consistent with film
thicknesses observed for fly [96] and human [97] septins, where imaging confirmed the
presence of a double film of septins.

4.2.4. Mechanical properties of the membrane-bound septin films

In QCM-D the dissipation change is a proxy for the mechanical properties of the ad-
sorbed film [231, 233]. Upon incubation of 50nM septin complexes with 20%PS+5%PIP2
SLBs, AD increased as septin complexes bound the lipid bilayer (Fig. 4.3A). For hexam-
ers (Fig. 4.3A, left), regardless of the presence of GTP, we could observe a quick rise up
to ~710™° and a subsequent decrease that stabilized to a value around 5*107°, causing a
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prominent peak in AD. These transient dissipation peaks have been observed before for
globular proteins [237], being attributed to a weak linkage between the globular particles
and the surface or between different domains of the particle. Asthe density of the particles
increases on the surface, the particles on the surface become more highly packed, reducing
dissipation. Interestingly, such a transient peak is not observed for octamers (Fig. 4.3A,
right), which are stabilized at higher AD values between 610 and 7.5*107°, suggesting
that septin hexamers and octamers bind similarly at early stages, but that the mechanics
of the film is different in later stages.

To investigate how the mechanical properties of the membrane-bound septins compare
with those of other membrane-binding proteins, we calculated the softness parameter that
is defined as the ratio of the dissipation change over the frequency shift, AD/-Af. For thin
films, such those formed by septins, the softness parameter is a reporter of the deforma-
bility of the bound film [231]. Figure 4.3B shows the softness parameter as a function of
-Af. We can see that the AD/-Af ratio linearly decreased as more septins adsorbed to the
surface (Fig. 4.3B), consistent with previous studies for other nanosized objects, includ-
ing colloidal particles, globular proteins, virus particles, and small unilamellar vesicles
(SUVs) [237-239]. These studies showed that this linear decrease is typical of globular
objects with weak linkage regions, as mentioned above. Computer simulations explained
this tendency in terms of mechanical stabilization upon increased coverage [237, 239].
However, as seen in Figure 4.3C, the time trace looks more linear for the hexamers than
for the octamers. To check linearity, we calculated the slope of the softness against -Af
traces for two different regimes of binding, at the early stages between -Af’s of 20Hz and
50Hz, and for the later stages for -Af’s above 50Hz (Fig. 4.3D). We can see that the slope is
indeed constant for the hexamers, whereas the slope for the octamers increases between
early and late stages. Interestingly, the slope for the hexamers and octamers was the same
for the early stage, indicating that septin complexes may initially bind in a similar manner,
but later assemble in a different manner, leaving the octamer film softer than the hexamer
film. This is also indicated by the final value of the softness at the end of the binding
process (t=29 minutes), where septin hexamers in the presence of GTP have a consistently
lower value of AD/-Af of 0.06*10-°/Hz, whereas septin hexamers in the absence of GTP and
septin octamers in the presence or absence of GTP had a more variable final value between
0.15"107°/Hz and 0.06*107°/Hz (Fig. 4.3E). To compare with the softness of other proteins,
the highest AD/-Af values are close to the softness shown by the PIP2-binding domain
of ezrin (0.125*107%/Hz [240]), while the lowest are close to the pentameric B-subunit of
cholera toxin (0.05*107°/Hz [241]) and to annexin (0.01*107*/Hz [242]). This suggests that
septin hexamers in the presence of GTP may be able to form more rigid films as compared
to octamers, when binding SLBs with DOPS and PIP2.
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Figure 4.3. Dissipation and softness of septin hexamers and octamers binding 20%PS+5%PIP2 SLBs.
A. Time traces of four random examples of AD for septin hexamers or octamers binding (and unbinding from)
an SLB. Dark red represents the presence of excess GTP while light red represents absence of GTP. B. Plot of
four random examples of AD/-Af as a function of the adsorbed amount (expressed as -Af) of septin. Dark purple
represents the presence of excess GTP while light purple represents absence of GTP. C. Two traces from B for
hexamers and octamers in the presence of excess GTP in the same plot to compare their shapes. D. Boxplots of
the slopes of the AD/-Af as a function of -Af curves for low surface coverage (-20-50Hz) and for higher surface
coverage (<-50Hz) for hexamers and octamers in the presence of excess GTP. E. Boxplots of the softness at the
end of the binding process (t=29min) for septin hexamers and octamers in the presence and absence of GTP.
Two-tailed Mann-Whitney U test with p-values (ns: p < non-significant, *: 110 < p < 5107, **: 1"10® < p <
1*107%, ***: 1107 < p < 1¥107°).
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4.2.5. Septin complexes form a mesh of single and paired filaments
on lipid monolayers containing PIP2

To understand the organization of septin complexes on lipid layers, we previously used
transmission electron microscopy on lipid monolayers and atomic force microscopy on
lipid bilayers [96]. Here we use the same two approaches. We first performed TEM for
septin octamers incubated on 100%PC and 20%PS lipid monolayers and for both septin
hexamers and octamers incubated on 5%PIP2 lipid monolayers. The incubation of septin
octamers at a concentration of 50nM on both 100%PC and 20%PS monolayers resulted in
the appearance of short and scattered filaments on the lipid surface (Fig. S4.1A and D).
The PS-containing monolayer showed a higher density of adsorbed septin octamers as
compared to the 100%PC monolayer. These data indicate that neither PC or PS monolayer
can trigger septin octamer polymerization.

Similarly to the QCM-D experiments, we obtained variable results for both septin hex-
amers and octamers at a concentration of 50nM on 5%PIP2 monolayers, obtaining three
main types of results. On occasions we would observe a pattern similar to that of the
100%PC and 20%PS monolayers of short and scattered filaments (Fig. S4.1B and C), other
times only septin bundles would be seen adsorbed on the surface (Fig. S4.1E and F). The
third type of pattern observed for both septin hexamers and octamers was a pattern of sin-
gle (3-6nm width) and paired (8-12nm width) filaments adsorbed to the surface (Fig. 4.4).
The meshwork pattern formed by the octamers consisted of paired and single filaments
that ran past each other displaying a cross-hatching pattern. In this patters, filaments dis-
played multiple directions and were poorly organized. In contrast, the hexamers formed a
more ordered pattern with filaments following two main directions. A first set, of mostly
paired filaments, ran in parallel to each other and perpendicular (85.02° £13.21°) to the sec-
ond set of mostly single filaments. We then measured the distance between these paired
filaments and observed a wide peak ranging from 14nm to 29nm, with a tail extending
up to 60nm (Fig. S4.2). Additionally, a peak appeared at Onm, which can be attributed
to the merging of filaments (Fig. S4.2). The average distance between the parallel paired
filaments was 21.4nm *10.4nm, which is comparable to the length of a single hexamer
of 24nm [82, 83]. Similar single-oligomer distances have been observed for fly and yeast
septins, which were caused by single septin complexes bridging the filaments [96, 152].
In the case of the human hexamers, these bridges are not observed, but we did observe
perpendicular single filaments that might be stabilizing the paired filaments distances in
similar ways (Fig. 4.4D). We conclude that both septin hexamers and octamers form fila-
mentous meshwork on lipid monolayers containing PIP2, but these meshworks are more
ordered in case of hexamers.
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Figure 4.4. Paired and single septin filaments binding lipid monolayers containing 5% PIP2. A. Repre-
sentative image of the mix of paired and single septin octamer filaments. B. Close up to paired filaments. In the
bottom image, the paired filaments split into two thinner filaments. C. Close up to single filaments. D. Represen-
tative images of the mix of paired (magenta arrowheads) and single (green arrowheads) septin hexamer filaments.
E. Close up to paired filaments. Both images show the paired filaments splitting into thinner filaments. F. Close
up to single filaments. Scale bars for the close ups represent the length of single oligomers. Yellow bars show
the filament widths measured by manual analysis.

4.2.6. Septin hexamers and octamers assemble into morphologically
different networks on lipid bilayers containing PS and PIP2

To gain further insights into the structure of septin networks on lipid layers, we employed
atomic force microscopy (AFM) as a complementary high-resolution imaging technique
alongside TEM. AFM allowed us to visualize reconstituted septin networks on supported
lipid bilayers (SLBs) in an aqueous environment, providing a more physiological environ-
ment than the monolayer configuration and drying required for TEM experiments. Fol-
lowing a protocol similar to a previous study on fly septins with AFM [96], we conducted
AFM imaging on septin oligomers at a concentration of 60nM or 120nM fixed with 1%
glutaraldehyde (GTA) and incubated on silicon-supported lipid bilayers. For our experi-
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ments, we used SLBs consisting of 20% PS+5%PIP2, as these lipid conditions consistently
promoted septin layer formation as observed in QCM-D (Fig. 4.2A), and always included
excess ImM GTP.

AFM imaging revealed that septin hexamers organized into locally aligned filaments
and bundles on the SLB (Fig. 4.5A). The corresponding height histogram revealed that the
filaments had an average height of ~5nm above the surface (Fig.4.5A), with occasional
measurements of 8nm measured in individual bundles in line profiles drawn across them
(Fig.S4.3A), suggesting the formation of two layers of filaments. In contrast, incubating
septin hexamers in the absence of an SLB did not lead to clear filament formation (Fig. S4.4),
underscoring the influence of the SLB on septin filament organization and alignment. The
observed alignment and bundling of filaments are consistent with previous findings for
fly septins incubated on DOPS-containing SLBs [96].

Interestingly, when septin octamers were incubated on the SLBs, bundled filament net-
works did not emerge. Instead, a dense isotropic network of septin filaments with a similar
height as the septin hexamer films was observed (Fig.4.5B). While displaying some resem-
blance to the septin octamer meshworks observed on lipid monolayers in our TEM exper-
iments (Fig.4.4A) on 5%PIP2 lipid monolayers, no clear layering pattern was discernible
through AFM imaging. A possible reason for this discrepancy could be that the AFM tip
did not reach into the voids left between the filaments in these dense layers. Similarly
as for the hexamers, the height histogram revealed an average height of ~5nm (Fig.4.5A),
with occasional measurements of 8nm measured in individual filaments in line profiles
drawn across them (Fig.S4.3A). These contrasting behaviors exhibited by septin hexamers
and octamers under identical environmental conditions emphasize the significance of the
septin oligomer length in determining the resulting network architecture.

4.2.7. Computer simulation results suggest that the hexamer films
consist of paired filaments that align with each other

In order to understand the mechanism governing the formation of the SLB-bound septin
films, we implemented computer simulations allowing us to determine how nucleation,
growth and interactions of septin filaments with each other can control the global proper-
ties of the emerging network structures such as orientational order. Since the formation of
networks of single and paired septin filament networks has been more extensively stud-
ied [82, 97, 98, 218, 230], we focused on simulating the formation of the bundle-based
networks, which were also observed earlier for fly septin hexamers [96]. By deducing the
microscopic simulation assumptions directly from insights of the experiments described
in the previous sections, we connect experiments and simulations.

In the model, we represent septin filaments as chains of septin subunits, where a fila-
ment is defined as a chain of at least two concatenated subunits (Fig. 4.6A). We consider
septin hexamers to have a width of d = 4nm and a length of [ = 24nm [76]. We simulate
the assembly of septin filaments on a 2d surface that is coupled to a finite reservoir of
N; subunits, mimicking the conditions in AFM experiments. In the simulation, we con-
sider a surface of quadratic shape with length Ly = Ly = 5pm, similar to the typical field of
view (FOV) in the AFM experiments. To reflect the experimental observation of filaments
growing bound to the surface without intersecting, we prohibit intersecting filaments in
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Figure 4.5. Septin network formation on 20%PS+5%PIP2 lipid bilayers. A. Representative atomic force mi-
croscopy (AFM) images and corresponding height histograms illustrating the morphologies observed for 120 nM
septin hexamers organizing on a 20%PS+5%PIP2 SLB. B. Representative AFM images and corresponding height
histograms illustrating the morphologies observed for 60 nM septin octamers organizing on a 20%PS+5%PIP2
SLB. Inset in upper image in B shows zoom-in of the rectangular area in the white box. Color bars on the right
denote height. Zero height corresponds to the height at the gaps between filaments. Top and bottom images
corresponding to similar-looking regions of independent samples. Scale bars are 1pum.

the simulation. Instead, when filaments meet, they can either align or stop growing. More-
over, given our observation on the TEM experiments that paired filaments are typically
formed (Fig. 4.4), we assumed that filaments can pair by nucleating and growing next to
an already-grown filament on the surface. The used parameter values are summarized in
Table 4.1.

We assume that septin subunits can only assemble into filaments on the SLB, but do
not assemble into higher order structures in the bulk. Therefore, in the simulation, we
only consider the membrane surface to which the septin subunits can bind to and neglect
to simulate the bulk. In addition, we assume that subunits alone can detach from the
membrane, while septin filaments remain adhered to the membrane. In general, both
subunits and filaments are expected to diffuse on the membrane surface. However, because
of their larger size filaments should diffuse much slower compared to subunits. Therefore,
we neglect to model filament diffusion. The dynamics of septin filament assembly is driven
by septin subunits that frequently bind to, unbind from and diffuse on the membrane. In
the model, we hence track the dynamics and structure of septin filaments, but we do not
track the much faster dynamics of septin subunits.

In the simulation, septin filaments can undergo different events: nucleation, growth
with or without aligning with other filaments, paired growth, and paired nucleation
(Fig. 4.6A). In detail: during filament nucleation two septin subunits bind to each other,
which generates a membrane-bound filament of two subunits. In a growth step, a subunit
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Figure 4.6. Computational model of septin filament assembly on a flat membrane surface. A. Schemat-
ics of the different simulation events: septin filament nucleation, growth, growth without alignment, growth
with alignment, paired growth, and paired nucleation. B. Example of a simulated filament network with paired
(blue) and unpaired (red) septin filaments without filament alignment (a = 0) where N; = 3 x 10%, [, = 24nm,
ky=1s", ky=10*s™" and k, = 1s™". C. Zoom-in of the example in B. D. Example of a simulated filament net-

work with paired (blue) and unpaired (red) septin filaments with filament alignment (& = 27r) where N, = 3 x 10*,
I, =24nm, k, =157}, kg = 10*s7! and ky= 1s71. E. Zoom-in of the example in D.

binds to an available end of a membrane-bound filament. If a filament grows close to an-
other filament, it can either grow paired, align with it, or stop growing in case a filament
intersection occurs. During paired nucleation, a septin subunit is nucleated in parallel to
a subunit of a filament that was previously unpaired. All simulation events, whether nu-
cleation, growth, or paired nucleation, can only occur if they do not result in an overlap
of septin filaments. Instead, if during growth filaments got too close, growth either stops
(Fig. 4.6B and C) or filaments align with each other (Fig. 4.6D and E).

The dynamics of septin filament assembly is governed by kinetic rates for nucleation
ky, growth ky and paired nucleation k. We simulated the dynamics of the model using
the Gillespie algorithm. In all simulations, we set the nucleation rate to a fixed value of
k, = 1s7! but varied the growth rate ks and the paired nucleation rate k, from 157! to
10%s™1. Moreover, we simulated until the initial septin subunit reservoir of Ny = 3 x 10*
was completely depleted and all subunits were bound to the membrane. The details of
the implementation of the model are given in the Methods section together with the used
parameter values in Table 4.1.

By studying the structure of the emerging networks, we aim to understand the impor-
tance of the effects of filament nucleation, filament growth, and paired nucleation on the
global organization during septin assembly. Therefore, in Fig. 4.7, we set the nucleation
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rate to the value of k, = 157!, which is kept constant in all simulations. Then, to investi-
gate what are the effects of different frequencies of filament growth and paired nucleation
relative to each other on the network organization, we vary the growth rate k; on the
horizontal axis and the paired nucleation rate k;, on the vertical axis from 1571 to 10%s7!
in steps of two orders of magnitude each. Since the nucleation rate is kept constant in
Fig. 4.7, one can also interpret the vertical and horizontal axes as varying k, and k;, nor-
malized with respect to the nucleation rate. Moreover, since hexamer network in the AFM
showed bundles that were clearly thicker than individual filaments (Fig. 4.5), we include
that septin filaments are able to align with each other during growth.

When both the growth and paired nucleation rate were identical to the nucleation rate
(Fig. 4.7G), septin subunits assembled into short filaments that were only partially paired.
The overall network structure showed randomly oriented and homogeneously distributed
filaments. As the paired nucleation rate increased at constant nucleation and growth rate
to k, = 10%2s7! (Fig. 4.7D) and k, = 10*s7! (Fig. 4.7A), more and more filaments became
paired. However, septin filaments remained short and the overall network structure did
not change much. In contrast, as the growth rate increased at constant nucleation and
paired nucleation rate to ky = 10%s7! (Fig. 4.7H) and kg = 10%s7! (Fig. 4.71), filaments got
longer and less paired. Since the filaments became longer and thus came into contact
with each other, they could also align with each other during growth. Importantly, the
difference in the single filament properties led to a much more organized global network
structure. Finally, as we increased the paired nucleation rate to k;, = 102571 (Fig. 4.7F) and
k, = 10*s7! (Fig. 4.7C) at constant nucleation rate and growth rate of kg = 10*s™!, more fila-
ments paired and the network structure became more homogeneous compared to Fig. 4.7,
as we observed less space without any filaments. We concluded that filament networks
can get more organized when growth dominates filament nucleation and can keep a ho-
mogenous density if paired nucleation occurs with a similar frequency as growth rate.
We note that the networks in Fig. 4.7B and Fig. 4.7E represent mixed cases of intermediate
growth and paired nucleation rates that confirm the observed trend.

Next, we tested the impact of how individual filaments interact with each other dur-
ing growth on the global organization of the septin networks. Therefore and in contrast
to Fig. 4.7, in Fig. 4.8, we now investigated how emerging septin networks look like when
the growing filaments could not align with each other during growth but instead stopped
growing before filaments intersect. Again, we investigated the effect of different frequen-
cies of filament growth and paired nucleation relative to each other and relative to the
constant nucleation rate of k, = 1s~!. When filament nucleation, growth and paired nucle-
ation occured at the same frequency (Fig. 4.8G), as expected, we again saw networks of ho-
mogeneously distributed short filaments. The filaments become more and more paired as
the paired nucleation rate increased at constant nucleation and growth rate to k;, = 10%s7!
(Fig. 4.8D) and k;, = 10%s7! (Fig. 4.8A), but the overall network organization did not change
much. The emerging networks became more different as the growth rate increased at con-
stant nucleation and paired nucleation rate to ky = 102s7! (Fig. 4.8H) and kg = 104571
(Fig. 4.8I). With increasing growth rate, filaments get longer but the resulting networks
were not as ordered as with alignment interactions in (Fig. 4.7I), although more space
without filaments was generated. While in Fig. 4.7H and I the filaments were long and
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entangled, in Fig. 4.8H and I the filaments were considerably shorter and straighter since
no alignment occurred. Finally, Figs. 4.8B,C,E and F represent mixed cases where both
paired nucleation and filament growth contribute. However, although filaments were rel-
atively long and got paired, we did not observe networks as dense as before (Fig. 4.7). We
conclude that entangled filament networks emerge when filaments align during growth.

Ko ke=1 ky=10? ky=10*
Figure 4.7. State diagram of simulated septin filament networks with filament alignment (¢=27) where
N, =3x10%, I, = 24nm and k, = 1s-'. On the vertical axis, the pairing rate k, ranged from 157! to 10*s7! in
steps of two orders of magnitude and on the horizontal axis, the growth rate k, varies between 1 s to 10*s7! in
steps of two orders of magnitude. Single filaments are shown in red, paired filaments are shown in blue.
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Figure 4.8. State diagram of simulated septin filament networks without filament alignment (a=0)
where N, = 3x10%, I, = 24nm and k, = 1s™!. On the vertical axis, the pairing rate k, ranged from 1s7! to
10*s™! varies in steps of two orders of magnitude and on the horizontal axis, the growth rate k, ranged from

157! to 10%s7! varies in steps of two orders of magnitude. Single filaments are shown in red, paired filaments
are shown in blue.
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4.3. Discussion

In this chapter we investigated how septins interact with flat lipid layer models using a
multi-modal approach. First we looked at the lipid specificity of septin binding by QCM-D
measurements where septins were flown over lipid bilayers. Previous research found that
yeast septin octamers only bind and assemble to PIP2-containing lipid layers [82, 100, 218],
while fly hexamers are not selective for PIP2 and also bind PS [96]. This could either
be a species-dependent or oligomer size-dependent difference. To distinguish between
these options, we tested the binding of human septin hexamers and octamers to 20%PS,
5%PIP, and 20%PS+5%PIP2 SLBs. Interestingly we found that neither of the septin com-
plexes could bind to 20%PS SLBs, indicating that the difference observed between yeast
and fly septins is species dependent. Interestingly, only septin hexamers could bind to
the 5%PIP2 SLBs, although in a non-reproducible manner. The addition of PS to the SLB
made the binding of hexamers reproducible and was necessary to trigger octamer binding
to 20%PS+5%PIP2 SLBs. This shows that PS and PIP2 have a synergistic effect on binding
septins.

We then tested septin binding by TEM imaging where septins were incubated on lipid
monolayers. On 5% PIP2 lipid monolayers, we observed that both hexamers and octamers
bound and polymerized, in contrast with QCM-D assays on 5%PIP2 SLBs. This discrepancy
likely stems from the experimental design. In QCM-D, there was a flow of septin oligomers
over the SLB, while for TEM the septin incubation was done in a bulk solution without
any flow. The flow likely removes weakly bound septins that did not have the opportunity
to polymerize yet. This is further evidenced by the fact that the membrane-bound septin
is dislodged from the SLB when high-salt septin buffer is added. Upon depolymerization,
septins apparently become weakly bound to the SLBs, leading to a complete removal by
the flow. This interpretation could be further tested by repeating the QCM-D experiments
on 5% PIP2 bilayers at higher septin concentrations, so that the rate at which septins poly-
merize increases, minimizing the effect of the flow. By TEM we observed more septin
octamers binding on 20%PS lipid monolayers than on 100%PC monolayers but polymer-
ization only occurred when PIP2 was present. This observation suggests that the syner-
gistic effect between PS and PIP2 arises from the ability of PS to recruit septin oligomers,
through electrostatic interactions [96], and of PIP2 to trigger septin polymerization upon
binding. By recruiting septin oligomers, PS increases the local concentration of septin on
the membrane, increasing the effective septin polymerization rate. It would be interesting
to asses septin binding via QCM-D or spectroscopic ellipsometry in absence of flow and at
higher septin concentration [236], which is difficult in the commercial QCM-D assay with
flow due to the high sample volume demand. Combining those techniques with AFM or
TEM to check for septin polymerization at high septin concentration on 20%PS bilayers
would allow to test whether PS simply recruits septins via electrostatic interactions.

It is known that binding of septins to a guanosine nucleotide (GTP or GDP) is crucial
for septin-membrane binding [99, 224], and it has even been proposed based on structural
studies that the binding of SEPT3 subfamily members (such as SEPT9) could enhance or
permit septin binding [150]. To assess this possibility we check the effect of incubating
septin oligomers on SLBs of varied lipid composition in the presence versus absence of
excess ImM GTP. We found that on SLBs that can trigger septin polymerization, such as
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5%PIP2 and 20%PS+5%PIP2, the addition of GTP significantly enhanced the ability of septin
hexamers to reproducibly bind 5%PIP2 SLBs and slightly increased it on 20%PS+5%PIP2
SLB. From our results, we can conclude that the presence of GTP increases septin binding.
At this point we do not have a full explanation. From the knowledge that SEPT6 subfam-
ily members do not hydrolyze GTP while SEPT2, SEPT7, and SEPT3 subfamily members
do [79], we can assume that SEPT6 is bound to GTP after purification whereas SEPT2,
SEPT7 and SEPT9 are bound to GDP (Chapter 2). Therefore, septin-bound GDP caould
potentially be exchanged by freshly added GTP in SEPT2, SEPT7, and SEPT9 [167]. To
be sure that the effect of increased membrane binding comes from the addition of GTP,
future experiments are needed to characterize the nucleotide state of the septin complexes
by using spin columns with radiolabeled nucleotides [243, 244].

Then we aimed to study the structure that the septin-bound filaments formed. Using
TEM of septins on lipid monolayers and AFM of septins on lipid bilayers. On 5%PIP2
lipid monolayers, both septin hexamers and octamers formed a mesh of paired and sin-
gle filaments, but with differences in the filament distribution. For octamers, single and
paired filaments were locally parallel to each other but their distribution was otherwise
unorganized. Two layers of filaments were present, with single and paired filaments being
present in both layers. Similar two-layer septin filament formations have been observed
for human septin octamers before [97]. In contrast, the hexamers formed a much more
ordered double network with single filaments running in parallel in one layer and paired
filaments in the second layer running in perpendicular to the single filaments. Further-
more, the distances between the hexamer paired filaments were conserved at around the
length of a single hexamer (~24nm [83, 102]), showing a periodicity that suggests that a
single region of the hexamers, likely the coiled-coils as suggested before [97, 208, 236],
guides the cross-hatching patterning. We next did AFM on 20%+5%PIP2 SLBs. Septin
octamers formed a similar pattern as on the monolayers and as in previous work [97]: a
dense network of filaments with no obvious order. In contrast, hexamers formed a bundle-
based meshwork with an apparent local order. A similar bundles-based network has been
observed before for fly septin hexamers [96]. However, the human hexamer bundles were
more curved and the surface was more densely packed than for fly hexamers at similar
septin hexamer concentrations. To test whether two layers were present, as suggested
by the cross-hatched patterns seen in TEM, we measured the height of the septin film
for both hexamers and octamers. We did this using three methods. First, if all the septin
filaments form two layers, we would expect two types of pixel values in the AFM, one
for the background and one for the two-layered septin. Indeed, the distribution of pixel
values showed a bimodal distribution (Fig. 4.5). Assuming the first peak to correspond to
the background and setting its center height to Onm, the second peak showed values be-
tween 5 and 10nm. Since human septin hexamers and octamers both formed very densely
packed films the size of the background peak was quite small, making it more difficult to
detect. The 5-10nm height of the second peak therefore likely represents an underestimate.
Still, the height appears higher than the 4nm height of single septin filaments, consistent
with more than a monolayer. Given the inaccuracy of the height histogram, we manu-
ally searched for regions with lower septin surface density, and measured the height of
individual filaments. For both hexamers and octamers, single bundles/filaments had an
approximate height of ~8-10nm, indeed suggesting the formation of a two layer network.
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Finally, we used the Sauerbrey equation as a last check to find the height of the septin
film from the final frequency shift from the QCM-D experiments, and found heights of
10-16nm, suggesting again the presence of two layers. However, these values should be
carefully interpreted, because the Sauerbrey equation is only applicable to uniform, dense,
and rigid films.

TEM and AFM results both indicated that septin hexamers and octamers form mor-
phologically different films on lipid layers (Fig. 4.9). This finding is independently corrob-
orated by the mechanics of the adsorbed film, as measured by QCM-D. The rate of decrease
of the softness of the films as a function of surface coverage during the initial steps of the
binding process was equal for septin hexamers and octamers. However, once the negative
frequency shift -Af, a proxy for the surface coverage, increased above 50Hz, the rate of
decrease of softness decreased for the octamers while it remained constant for the hex-
amers, leading the hexamers to form a stiffer film than the octamers. The bundle-based
network of hexamers observed by AFM is indeed probably stiffer than the filament-based
network of the septin octamers. Interestingly, this final stiffer network for the hexamers
was only observed in the presence of GTP and on SLBs, since in the TEM experiments
on monolayers we observed a filament-based network. In agreement with these findings,
earlier work showed that fly septin hexamers also formed a filament-based network on
lipid monolayers and a bundle-based network on lipid bilayers [96]. All this suggests
that septin filaments may form two morphologically different membrane-bound films: a
bundle-based and a filament-based one. But since septin hexamers can form both types,
bundle-based and filament-based films, the oligomer type is not the only controlling mech-
anism. It is therefore important to further explore how other environmental conditions,
such as the presence of GTP or the type and composition of the lipid layer control the film
formation.

Finally, we used particle-based simulations to study what factors govern the formation
of the bundle-based hexamer films. In the simulations we considered four main parame-
ters, nucleation rate, elongation rate, paired nucleation rate, and alignment of adjacent
filaments. We considered filament pairing because of two main reasons. First, Szuba et
al. [96] found that coiled-coils, which govern septin pairing, are important for the for-
mation of a bundle-based network in case of fly septin hexamers. Second, the QCM-D
results suggest that the first steps of the formation of bundle-based and filament-based
networks are the same. Since TEM imaging showed that hexamers on lipid monolayers
form filament-based networks containing paired filaments, we think it is likely that paired
filaments are also important for the bundle-based network. The simulation revealed that
to form networks of long paired filaments, growth and paired nucleation rates needed to
be much higher than the nucleation rate, which seems to be consistent with a nucleation-
elongation polymerization model. Comparing the AFM results with the results from the
simulations with alignment, high elongation rate, and high paired nucleation rate, we can
see how the formed networks are similar (Fig. 4.10). In both images we find abundant long
and curved and locally aligned fibers. However the AFM images show bundles while the
simulations clearly show single and paired filaments. This difference could stem from tip
convolution during AFM imaging, which would make single, paired, and aligned filaments
appear thicker than they are and not differentiable when they are too close.
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Figure 4.9. Morphologies of membrane-bound septin networks. Diagram showing the different types of
morphologies that septin networks can acquire depending on the oligomer length (vertical axis), the type of
membrane (horizontal axis), and the presence or absence of GTP (arrow). Octamers only form filament-based
networks consisting of unordered single and paired filaments. Hexamers on monolayers form filament-based
networks ordered into a cross-hatching pattern with paired filaments in one direction and single filaments in
the other. Hexamers on bilayers in the absence of GTP likely form a filament-based network (only indirectly
observed by QCM-D, not yet confirmed by AFM). Hexamers on bilayers in the presence of GTP form bundle-
based networks.

Despite the interesting results coming from these simulations, we think that there is
still room for improvement. First, the simulations consider that only one layer is formed,
while we show that the septin films consist of two layers. Second, many of the filaments in
the simulations are partially paired, which does not seem to be the case for septin paired
filaments observed by TEM imaging here nor in previous literature [82, 96, 208]. Likely
the simultaneous binding of septin oligomers to the lipid membrane and to a membrane-
bound septin filament would make the rate of paired nucleation even higher than the rate
of growth, leading to a more complete pairing. Finally, in the simulations septin filaments
are not allowed to cross each other. This is likely the case when membrane binding is
strong, and this condition favors the alignment needed to form the bundle-based network.
However, testing the option of allowing septin filaments to cross each other could lead to
the formation of the filament-based network. Identifying if this is is the case and what are
the parameters that govern when filaments align or cross each other is vital to understand
when each type of network forms.
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Figure 4.10. Comparison of the networks obtained by AFM and the simulations. A. Representative
atomic force microscopy (AFM) images illustrating the network morphology observed for 120 nM septin hex-
amers organizing on a 20%PS+5%PIP2 SLB. Scale bar is 2um. B. Example result of the simulation with k, = 1s™,
k, = 10%s71, kg = 10*s71, considering alignment (¢=27). Red shows single filaments while blue shows paired
filaments. Inset shows a close up. Fields of view between A and B are of the same size.

4.4. Materials and methods

All chemicals unless specified otherwise were obtained from Merck KGaA.

4.4.1. Purification of human septin complexes

Human septin oligomers were purified and their quality was checked as detailed in chap-
ter 2. We used septin hexamers with a subunit order of SEPT2-SEPT6-SEPT7-SEPT7-
SEPT6-SEPT2 and septin octamers with a subunit order of SEPT2-SEPT6-SEPT7-SEPT9 _il-
SEPT9_i1-SEPT7-SEPT6-SEPT2. Septins were fluorescently tagged with msfGFP on the
C-terminus of SEPT2. For purification, SEPT2 contained a his¢-tag at its N-terminus, and
SEPT7, for hexamers, or SEPT9, for octamers, contained a Strep-II-tag at its C-terminus.

4.4.2. Small unilamellar vesicles preparation

The first step to prepare SLBs is to make small unilamellar vesicles (SUVs) that will rup-
ture on a surface, forming a surface-adsorbed unilamellar lipid bilayer [232]. We used
three types of lipids to prepare the SUVs, namely 1,2-dioleoyl-sn-glycero-3-phospho-(1’-
myo-inositol-4’,5’-bisphosphate) (ammonium salt) (PIP2) (Merck KGaA, #850155P), 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) (Merck KGaA, #850375C), and 1,2-dioleoyl-
sn-glycero-3-phospho-L-serine (sodium salt) (DOPS) (Merck KGaA, #840035C), all from
Avanti Polar Lipids.

Following earlier methods [96], lipids were mixed in a glass vial in the specified
mole proportions in either chloroform, when PIP2 was absent, or in a 20:9:1 chloro-
form:methanol:water mixture, when PIP2 was present. The solvent was evaporated using
a stream of N, followed by overnight incubation in a desiccator. The dried lipid film was
dissolved in buffer to give a total lipid concentration of 0.25mM. The SUV buffer was either
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F-buffer pH 7.4 (20mM Tris HCl, 2mM MgCl,, 50mM KCl, 1mM DTT) or, if PIP2 was in
the mixture, NaCi buffer pH 4.8 (50mM citrate, made of equal molarity trisodium citrate
and citric acid mixed in a 2:3 volume ratio, 50mM KCl, 0.1mM ethylenediaminetetraacetic
acid). The acidic citrate buffer was used to reduce the charge on the PIP2 head groups, thus
promoting SLB formation [245]. The lipids were resuspended by four cycles of 1 min vor-
texing and 5 min incubation at room temperature. For AFM only, the solution underwent
12 freeze-thaw cycles to promote vesicle rupture.

Finally, SUVs were obtained by sonicating the lipid solution at room temperature using
an Ultrasonic homogenizer series HD 2000.2 sonicator equipped with a BR30 cup resonator
(Bandelin) at 10% amplitude for 30 minutes (total sonication time) with pulses of 5s on and
5s off to avoid excessive heating.

4.4.3. Sample preparation

We polymerized septin on SLBs by rapidly diluting them 6-fold from the high (300mM)
KClI storage buffer that prevents polymerization into the same same buffer, but without
KCI. The reduced salt concentration induces polymerization [83]. In preparation, we first
diluted the septin complexes to a concentration 6 times higher than the desired final con-
centration in septin buffer. In parallel, we prepared a 5x pre-mix of septin polymerization
buffer (58.25mM Tris-HCI pH 7.4, 5.83mM MgCl,, and 5mM DTT). Just before the septin
addition onto the SLB, the 5x pre-mix septin polymerization buffer was diluted 5 times and
the septin was diluted 6 times in the same solution to give septins in F-buffer. When used,
GTP (Merck KGaA, #10106399001) dissolved in F-buffer pH 7.4 at a stock concentration of
100mM was added in this final dilution step to reach a final concentration of 1ImM.

4.4.4. QCM-D experiments

Silicon-coated QCM-D sensors (Quantum design, Q sensor QSX-303) were cleaned in a
UV/ozone cleaner (Ossila, Cat. # L2002A3) for 20 minutes. After, the sensors were im-
mediately mounted in the flow module (Quantum design, QFM 401) of the Q-Sense E4
system. Then, the resonance frequencies and dissipation constants for overtones 5 to 11
were calibrated as per the manufacturer’s instructions and SLB buffer was added to the
flow system. The steps from removing the sensors from the UV/ozone cleaner to buffer ar-
riving on the sensor were done within 15 minutes to maintain surface hydrophilicity. The
SLB buffer (NaCi-SLB for SLBs containing PIP2 or F-SLB buffer in absence of PIP2) was
identical to the SUV buffer, but with a higher KCI concentration (150 mM) to promote SUV
rupture and SLB formation. We kept adding SLB buffer at 20uL/min until the frequency
and dissipation shift signals stabilized, which usually took ~20 minutes. Next, we immedi-
ately formed the SLB. To do so, we first diluted the pre-formed SUVs 4-fold in SUV buffer,
but with a KCI concentration of 183.33 mM, to give a final buffer composition matching
that of the NaCi-SLB or F-SLB buffer. Since the experiment works in continuous 20pl/min
flow conditions, we recommend to prepare at least 700pL of diluted SUVs. Once the SLB
was formed [232, 233], as can be noted by the stabilization of the frequency change at
around -25Hz, and the dissipation at around 0.1*10"° after an initial peak in both signals,
we washed the SLB with F-buffer until ~2min later we noted a change in both frequency
and dissipation due to the change in buffer composition.

Then, we diluted the septins as described above to give 1mL of 50nM final septin com-
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plex concentration and immediately added them to the flow system at 20pL/min. Once the
septin solution was finished, we added septin buffer to the system to induce septin depoly-
merization (due to the presence of 300mM KCl) to test for the reversibility of membrane
binding.

After finishing the experiment, the system was thoroughly washed by sequentially
running 2% Sodium dodecyl sulfate (SDS), Milli-Q water, ethanol, and Milli-Q water, each
for 5 minutes at 300pl/min. Then, the system was dried by keeping the flow at 300pl/min
without adding any solution. Finally, to allow reuse of the sensors, they were washed for
at least 30 minutes by submerging them in 2% SDS, thoroughly rinsed with Milli-Q water
and blow-dried with N, gas.

4.4.5. TEM experiments

We produced septin-coated supported lipid monolayers on EM grids by forming a lipid
monolayer at the air-water interface of a solution of 50nM septin complexes inside a well
and then transferring it onto a transmission electron microscopy grid [246, 247]. To do
so, we first prepared 100uL or 30pL-wells. The 100pL-wells consisted of lids of 0.5mL
Eppendorf tubes. The 30pL-wells are the wells in the Microwell Staining Mold (Ted Pella,
Cat. # 103), which we cleaned between uses by sonicating for 5 minutes in ethanol, and
subsequently in MilliQ water in a bath sonicator (Branson Ultrasonic Bath). At room
temperature, we dissolved the lipids with the desired species composition in chloroform.
We used a total lipid concentration of either 0.005mM or 0.01mM, with comparable results.
Next, we added 100uL or 30pL of septins in polymerization buffer, prepared as explained
above, to the well. To form the monolayer, we then dropped 2uL of the lipid mixture on
the well using a 5uL Hamilton syringe. The well is then incubated at room temperature
for at least one hour to bind the proteins to the lipid monolayer. Subsequently, an EM-grid
(QuantiFoil, QF300 R1.2/R1.3 or C support Cu400) is placed with a crossover tweezer on
top of the well for 2 seconds. The monolayer with attached proteins will adhere to the
grid [247]. Finally, the grids were fixed and stained by adding 3pL of 2% uranyl acetate
in water and blotting after 30-60 seconds with filter paper. We used either EM-grids with
the standard carbon layer on a copper support (QuantiFoil, C support Cu400) or EM-grids
designed for cryo-EM (QuantiFoil, QF300 R1.2/R1.3). The latter were used to increase the
contrast, since the lipid monolayer spans over the holes in the carbon [247]. Then, the
electron beam strikes only the lipids and proteins stained with uranyl acetate within the
holes. However, the monolayers over the holes are fragile since they lack support. For
this reason, when using the Cryo-EM grids, we did not wash the sample before staining.

4.4.6. TEM image analysis

We manually detected the filaments for the septin hexamers incubated on 5% PIP2
lipid monolayers. We did this by tracing the filament by eye with a linear spline in
FIJI [154]. Unfortunately, we only could trace paired filaments, since single filaments
showed too low contrast. We manually identified the paired filaments by their thick-
ness. Next, we calculated the closest distance, from edge of one filament to edge of the
adjacent filament, between each filament and its adjacent filaments along the filament
length. The code for calculating this closest distance between filaments can be found at
https://github.com/djimderidder/2021imageAnalysisMEP. For the angle measurements for




90 4. Septin oligomers form morphologically different membrane-bound networks

the septin hexamer meshworks, we used the angle tool from FIJI to manually calculate the
acute angle between crossing single and paired filaments.

4.4.7. AFM experiments and image analysis

Silicon wafers (BT-electronics, Silicon Wafer 4” N(Arsenic) Prime ) were cut into 10x10cm
squares, rinsed with Milli-Q water, ethanol, and Milli-Q water, and dried with N, gas. Af-
ter, the substrate was glued with two-component epoxy glue (Bison Kombi Snel-Rapide)
to a microscope slide (Menzel Glédser). Next, we rendered the silicon wafer surface hy-
drophilic and removed any organic contaminants by treating with UV/ozone at 75 Watt
100 mTorr O, for 5 minutes (Plasma Prep III, SPI). Within 5 minutes of treating the wafers,
we drew a ring with grease (Sigma Aldrich, Z273554) on the treated silicon wafer surface,
wherein we immediately added 100 pL of the pre-formed SUVs dissolved in NaCi-buffer.
Incubating the SUVs for 30 minutes resulted in the formation of an SLB on the silicon
wafer through vesicle rupture. Remaining vesicles were washed out by replacing 50uL of
solution with 50 pL of F-buffer six times. Next, we polymerized 60nM or 120nM septin
complexes for at least 20 minutes at room temperature on the SLB in 100 pL F-buffer. This
step was followed by washing out unbound septin by replacing 50pL of solution with 50
pL of F-buffer six times and leaving 100 pL. Finally, to reduce septin interactions with the
AFM tip, we fixated the sample with 1 wt% glutaraldehyde (Sigma Aldrich, #G7651) and
similarly washed six times with F-buffer. Earlier work [96] with fly septins showed that
GTA fixation does not change the structure of the membrane-bound septin meshwork.

AFM images were acquired using a Nanowizard 4 XP Bioscience (Bruker) with a sil-
icon cantilever (ScanAsyst-Fluid+; Bruker) with a nominal spring constant of 0.35N/m
and sharp tips with a nominal radius of 2nm. using the JPK Fast Scanner cantilever holder
(Bruker). We used quantitative imaging mode (QI mode) with a maximum applied force of
1.5pN, an amplitude of 50-100nm, a scan rate of 3-5ms/pixel (depending on the amplitude),
and a resolution of either 512x512px or 1024x1024px.

The AFM images were processed using Gwyddion [248]. We first corrected for sample
tilt by second-order flattening the images. Next, we corrected for scan line artifacts by
aligning the rows and correcting for scars. Finally, we exported the processed AFM data
to an Excel file and performed the additional analysis with custom-written code in Python,
which can be found at https://github.com/djimderidder/2021imageAnalysisMEP. First, we
manually sorted the images based on morphology to find artifact-free (protein aggregates
and imaging artifacts) images containing filaments. To analyse the height profiles, we did
a non-linear least-squares fit (SciPy package) of a bimodal distribution to the histogram of
the height for each image. For the analysis of the height of single bundles/filaments, we
did plot profiles of manually drawn lines crossing a bundle/filament between voids in the
image.

4.4.8. General simulation setup

Below we outline our approach to model the assembly of septin filaments on supported
lipid bilayers (SLBs). During the simulation, septin filaments can nucleate, grow and pair,
following rules described below. Importantly, all simulation events, whether nucleation,
growth, or paired nucleation, can only occur if they do not result in an overlap or inter-
section of septin subunits. Otherwise, the corresponding simulation events are discarded.
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The parameter values are summarized in Table 4.1.

Table 4.1. Model parameters.

Parameter Used value Reference value

Persistence length I, 1pum 1.08 - 1.38pum
(A. gossypii) [249]

Simulated box (2d) Ly = Ly 5um 5um; FOV in AFM exp.

Subunit length hexamers g 24nm 25nm [76]

Subunit length octamers [ 32nm

Subunit width d 4nm 5nm [76]

Subunit reservoir Npeg 3x10% -

Alignment angle « 0-2r -

Nucleation rate k 1-10%s71 -

Growth rate ky 1-10%s7! -

Paired nucleation rate k, 1-10%s7! -

First simulation event: filament nucleation

A nucleation event is characterized as the mutual binding of two subunits on the mem-
brane. This event generates a membrane-bound filament, consisting of two septin sub-
units (cf. Fig. 4.6A). To simulate this process, we begin by setting the positional angle of
the first septin subunit that we draw from a uniform distribution ranging between |-, 7).
Next, we generate an orientational offset, denoted as (5¢, between the two subunits. This
offset is generated from a normal distribution with a mean of 0 and a standard deviation of
\2ls/L,, where [ is the subunit length and [, = 1pm [249] is the persistence length of the
filament. We also assign growth directions to the two subunits so that further septin sub-
units extend the filament nucleus in opposite directions. Importantly, during nucleation,
we also determine randomly to which side paired nucleation will possibly occur. In this
way, paired nucleation events can only happen on the same side over the whole length of
the filament.

Second simulation event: filament growth

A growth event is characterized by the binding of a subunit to one of the available ends of
a membrane-bound filament. The number of available filament ends a equals the number
of all unconnected filament ends where the binding of a subunit does not lead to the inter-
section of the subunit with another filament. In a growth event, we first randomly select
one available filament end that is going to be extended by an additional subunit. Secondly,
we determine the orientation of the newly added subunit. To represent the orientation de-
viation, we generate a random value from a normal distribution with a mean of 0 and a
standard deviation of /2l/l,. We add the orientation deviation to the orientation of the
preceding subunit to obtain the orientation of the newly added subunit (cf. Fig. 4.6A). In
this way, we simulate the growth of semiflexible septin filaments as a persistent random
walk with persistence length [, [250].

Filament alignment vs growth inhibition: To reflect the experimental observation of
filaments growing bound to the surface without intersecting, we prohibit intersecting fil-
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aments in the simulation. Instead, when filaments meet, they can either align or stop
growing (cf. Fig. 4.6A). A contact region is defined between a growing and non-growing
filament if the centers of their subunits are closer than the subunit length . If there are
more than two subunits within the contact region, we assume that the closest subunit is
triggering alignment. Alignment occurs when the angle under which the filaments meet
is smaller than the alignment angle a, otherwise growth stops. If alignment occurs, the
orientation of the nearest subunit is adopted and an offset is added to it, drawn from a
normal distribution with a mean of 0 and a standard deviation of |/2L/1,.

Paired filament growth: During a growth step, if the center of the newly added sub-
unit is closer to the center of an adjacent subunit compared to the center of the growing
subunit, paired filament growth can happen. In this context, the growing subunit is de-
fined as the subunit to which the new subunit is to be added. Paired growth will happen
if the growing subunit is paired and the adjacent subunit is unpaired. Moreover, to avoid
overlaps, the newly added subunit has to be at least 5nm apart from the growing subunit.
In this case, instead of freely extending the growing subunit by one subunit, as described
previously, the adjacent unpaired subunit is then paired. In this way, filaments can grow
paired (cf. Fig. 4.6A).

Third simulation event: filament paired nucleation

Paired nucleation involves the binding of a subunit to an unpaired subunit of a membrane-
bound filament. However, in contrast to growth events, the added subunit does not bind
longitudinally but instead in parallel to the target subunit (cf. Fig. 4.6A). To initiate a paired
nucleation event, we randomly select a subunit from the pool of unpaired subunits p, in-
cluding all subunits that have not been paired with another subunit yet. It is important
to note that each subunit can be paired with at most one other subunit. The side of the
filament to which paired nucleation occurs is the side that was already determined for the
entire filament during nucleation. The newly added subunit is positioned at a distance of
2nm of the target subunit with the same orientation. Additional subunits can bind to this
subunit from both ends.

Dynamics of filament growth

In order to simulate the dynamics of septin filament growth, we make use of the Gille-
spie algorithm [251]. We implement three different reaction rates for the three simulation
events that can occur: the nucleation rate k,, the growth rate kg and the paired nucle-
ation rate k;,. The typical parameter values are summarized in Table 4.1. We define the
propensities f; of the three possible simulation events that drive the dynamics of filament
assembly [252] as follows:

Br=kn-s-(s-1), (4.2)
Po=kgs-a, (4.3)
ﬂ3:kp'3'p. (44)

P defines the propensity for nucleation, 3, the propensity for growth and S5 the propen-
sity for paired nucleation, where s is the number of free subunits in the bulk that can
potentially bind to the membrane, a is the number of available filament ends to which
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free subunits can bind to and p is the number of unpaired filament subunits with which
free subunits can be paired.

In order to determine the time 7 until the next simulation event occurs, we draw a ran-
dom number r; from a uniform distribution between 0 and 1 and calculate 7 = In(1/r;)/fs,
where fs, = ), f; is the sum of all propensities. After the time 7 the simulation event i
occurs if B;_1/Ps < ry < Bi/Ps is fulfilled, where ) = 0 and r, is a random number drawn
from a uniform distribution between 0 and 1.

During the simulation, we track the time, the number of free subunits, the number of
filament ends and the number of unpaired filaments. We simulate the assembly of septin
filaments with a finite reservoir of subunits N, until the reservoir is completely empty
and the simulation stops.
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4.5. Supplementary information

ctamiers o 100%PC

Figure $4.1. TEM images of septin complexes on lipid monolayers of different lipid composition. A.
50nM septin octamers incubated on 100%PC lipid monolayer. B. Corresponding image for 5%PIP2 lipid mono-
layer. C. 50nM septin hexamers incubated on 5%PIP2 lipid monolayer. D. 50nM septin octamers incubated on
20%PC lipid monolayer. In all panels A-D, we observe a few short and scattered filaments on the monolayer.
E. Same as B, but showing a sample region with monolayer-anchored septin bundle. F. Example of monolayer-
anchored bundles for septin hexamers.
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Figure S4.2. Measurement of the distances between paired filaments in septin hexamer meshworks
formed on 5%PIP2 monolayers. A. Representative TEM image of a septin hexamer meshwork on a 5%PIP2
monolayer with the manually detected paired filaments as yellow lines. The pink arrows point to a single fil-
ament recognizable by its ~4nm width. B. Histogram (N= 9 images from 3 samples. # bins=100) showing the
measured distance between neighbouring detected paired filaments. Note the peak at Onm and the peak at 24nm,
representing the filaments coming together and the typical distance between the paired filaments, respectively.
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Figure S4.3. Examples of 8nm high bundles and filaments in the septin networks on 20%PS+5%PIP2
SLBs. Representative images and plot profiles along the blue lines for two independent samples of 120nM septin
hexamers (A) and 60nM septin octamers (B) binding to 20%PS+5%PIP2 SLBs. Individual bundles (in A) and
filaments (in B) show a height between 8 and 12nm.
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Figure S4.4. AFM of septin hexamers in the absence of an SLB. Representative atomic force microscopy
(AFM) images and corresponding height histogram showing 120 nM septin hexamer organization on a bare
silicon substrate. Since we could not observe two peaks, we used the minimum height value as 0.
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Chapter 5

Human septins exhibit lipid and
curvature sensitivity in binding to
cell-sized vesicles

Recent evidence suggests that septin cortical networks may play a direct structural and me-
chanical role in the cell cortex. To explore this possibility, we utilized emulsion Droplet In-
terface Crossing Encapsulation (eDICE) to form Giant Unilamellar Vesicles (GUVs) where we
either encapsulate septin complexes inside or add them to the outside of the vesicles. We then
used confocal imaging to determine the effect of lipid composition and membrane curvature
on septin-membrane binding and to test whether septins can reshape free-standing lipid mem-
branes. We show that human septin octamers and hexamers subtly differ in their ability to
bind negatively charged membranes. We also observed a synergistic effect in septin recruit-
ment for DOPS and PIP2 lipids, and found that PIP2 is absolutely required for septin binding.
Interestingly, septin binding on the vesicle inside was independent of vesicle diameter (4 to
10 um), suggesting binding is curvature-insensitive in cell-sized vesicles, but septins bound
on the outside generated periodically spaced membrane spikes or bumps. We conclude that,
while at the cell scale septins are insensitive to the size of the membrane curvature, they can
still distinguish between positive and negative curvatures.

This chapter is based on a manuscript [Blwith the same name by Gerard Castro-Linares, Katerina Kourkolou,
Elise Perton, Marcos Arribas Pérez, and Gijsje H. Koenderink which is currently in preparation for publication.
Experiments were designed in collaboration by Gerard Castro-Linares and Marcos Arribas Pérez. Experiments
were performed by Katerina Kourkoulou, Elise Perton, Gerard Castro-Linares and Marcos Arribas Pérez. Kate-
rina Kourkoulou wrote the membrane localization analysis script and did the analysis under the supervision of
Gerard Castro-Linares and Marcos Arribas Pérez. Gerard Castro-Linares and Katerina Kourkoulou wrote the
manuscript while all other authors gave feedback.
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5.1. Introduction

The shape of mammalian cells is defined by the cytoskeletal networks that are associ-
ated with the cell surface. The actin cortex, which is a thin network of actin filaments
located beneath the plasma membrane, plays a central role in shaping the cell surface
and determining its mechanical properties [253]. In addition to actin filaments, the actin
cortex also contains molecular motors, membrane-actin anchoring proteins, actin nucle-
ators, crosslinkers, and other regulatory proteins [47]. Together, these components make
the shape of animal cells highly dynamic and adaptable to external stimuli in a variety of
physiological contexts, such as cell migration and tissue morphogenesis.

The mammalian cell cortex contains a second group of cytoskeletal proteins known
as septins [76]. Septins contribute to many vital functions in the cell, such as cell divi-
sion [106], cell-cell adhesion [130], cell motility [119], tissue morphogenesis [131], and
protection against bacterial infection [77]. These proteins form small hetero-oligomers
composed of septins from different subfamilies [76, 86, 96, 102, 133], which vary in
length depending on the species. For instance, human septins form both hexamers
and octamers [85]. These hetero-oligomers serve as the basic building block for apo-
lar filaments [254] that interact with the cell membrane [96, 98, 207], actin filaments
[101, 102, 130, 144], and microtubules [103]. The presence of septin on the cortex has been
found to be important for membrane integrity and mechanical stability [98, 119, 255]. For
example, septins are vital for reinforcement of cell-matrix adhesions during Drosophila
development [256] and for cell rounding during cell division [120]. However, the fact that
septins can bundle and crosslink actin filaments (Chapter 6 and [101, 102]), and anchor
actin to reconstituted model biomembranes (Chapter 7 and [144]) has made it difficult
to determine whether these membrane strengthening functions come from a direct bind-
ing of septins to the membrane, by anchoring the actin to the membrane, or by simply
strengthening the actin cortex. A recent study by Laplaud et al. [257] used an external
magnetic field to pinch the cortex of dendritic cells between two beads. Intriguingly, they
found that when actin polymerization was impeded, the measured thickness of the cortex
remained higher ( 5 nm) than expected for a naked membrane (~92nm). This observation
suggests that proteins present in the cell cortex, other than actin itself, may have a more di-
rect influence on the membrane than previously thought. We hypothesize that, thanks to
their polymerizing and membrane-binding abilities, septins are good candidates to fulfill
this role.

Cell-free studies have shown that septins have the ability to directly bind lipid mem-
branes, which is conserved from yeast to mammals (Chapter 4 and [82, 96, 97]). Yeast
septins have been shown to recognize phosphatidylinositols (PI) lipids with different phos-
phorylation states [82, 95, 99, 100, 217, 218]. In case of fly septins, electrostatic interactions
were shown to be sufficient to drive membrane binding and polymerization, as shown by
their ability to bind not only phosphatidylinositol 4,5-biphosphate (PIP2), an important
signaling lipid in animal cells [219-221], but also phosphatidylserine (PS), a negatively
charged lipid that makes up about ~20% of the inner leaflet of the plasma membrane [25].
In contrast, as described in chapter 4, we found that human septin complexes can only
polymerize on membranes containing PIP2, although PS synergistically reinforces this

binding.
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Interestingly, septins are one of the few proteins that are able to sense micrometric cur-
vature of membranes [95, 108], with other curvature-sensitive proteins being sensitive at
the nanometer scale. Bridges et al. [95] found that yeast septins localize preferably to the
site with highest curvature of branching yeast Ashbya gossypii, while human septins local-
ize preferentially to the base of protrusions in mammalian cells [95, 127, 128]. Bridges et
al. [95] also found that both yeast and human septins could bind to differently sized beads
coated with a supported lipid bilayer (SLB), with maximal binding to beads of ~ 1um in ra-
dius. Later, they also found that membrane binding causes yeast septins to form filaments
that orient in a curvature-dependent manner [230]. Yeast septins bound along the long axis
of SLB-coated cylinders of a small (100-400nm) radius, while increasing the cylinder radius
(600-2000nm) allowed the septins to turn and align with the axis of principal curvature.
Beber et al. [98] performed related studies with yeast septin complexes, but using SLB-
coated wavy substrates to study selectivity for positive and negative curvatures. When
encountering regions of positive curvature, such as the crests or hills of the waves, yeast
septins formed filaments bound preferentially along the long axis of the substrate, avoid-
ing the curvature. Conversely, when encountering regions of negative curvature, such as
the valleys or troughs of the waves, the septins formed filaments bound perpendicularly
to the long axis of the substrate, favoring the curvature. This indicates that septins avoid
positive curvatures and prefer to bind to negative curvatures. When these experiments
were repeated with human septin octamers [97], these were also found to prefer negative
curvatures. At low concentrations (8.7nM), human septin octamers formed filaments pref-
erentially bound to the valleys of the wavy pattern, and as the concentration increased
(>26nM) they started to form filaments bound to the hills of the SLB. Interestingly, when
the concentration increased even more (87nM), a second layer of septin filaments, placed
perpendicularly to the first layer, appeared. At the highest concentration tested, filaments
of the lower layer (directly bound to the membrane) were distanced around ~30nm while
the distances between filaments of the upper layer was ~20nm. This is in contrast with
yeast septins, which formed a single layer at high (100 nM) concentration [98].

Interestingly, septins not only sense membrane curvature, but also generate curvature.
The research described above used SLBs on silicon surfaces, which hamper membrane
deformation. Lipid vesicles instead provide a free-standing model bilayer, which permits
to investigate the effect of septin binding on membrane shape. When yeast or human
septin octamers were incubated on the outside of giant unilamellar vesicles (GUVs), they
deformed the vesicle [97, 100]. Yeast septins formed membrane spikes when bound to
the outside of GUVs [98], while human septin octamers formed regularly spaced bumpy
membrane deformations on the GUV, making the vesicles wavy [97].

The fact that septins bind directly to lipid bilayers forming either a filamentous ([82,
96, 97, 100] and Chapter 4) or bundle-based ([96] and Chapter 4) meshwork together with
the observations described above that septins can reshape GUV membranes suggests that
they could directly bind and reinforce the cell membrane. Despite the fact that septins
localize to the cell membrane being confined to the interior of the cell (except when they
bind to infecting bacteria [77]), no in vitro reconstitution research has been done with
septins encapsulated inside GUVs. Therefore, in this chapter we encapsulate septins inside
GUVs and compare how they interact with the membrane in comparison with the situation
where septins are added outside the GUVs. First, we encapsulated septin complexes inside
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GUVs with varying lipid compositions to examine if the lipid specificity demonstrated
on SLBs in Chapter 4 is the same for free-standing membranes. Then, we examined the
curvature sensitivity of septins from two points of view. First, we compared whether
GUV-encapsulating septins bind differently to GUV membranes of different size, to check
whether septins are sensitive to curvature at smaller scales (0.04-0.33um ™) than previously
examined (0.31-6.67um™) [95, 97, 98, 230]. Secondly, we examined whether septins can
differentiate curvature sense by either encapsulating the septins inside of the GUVs or
incubating them on the outside of the vesicles.

5.2. Results

5.2.1. GUV production with eDICE

In this work we aimed to encapsulate septins inside GUVs. Two main classes of techniques
exist for protein encapsulation, namely swelling-based methods and emulsion-based ap-
proaches. Here we decided to use the emulsion-based eDICE approach, which was re-
cently shown to be highly efficient at generating high yields of GUVs with encapsulated
cytoskeletal proteins [258]. We specifically used emulsion droplet interphase crossing en-
capsulation, or eDICE [258]. This technique is a variation from the most classically used
continuous droplet interphase crossing encapsulation, or cDICE [259]. eDICE is based on
transforming water-in-oil emulsion droplets stabilized by a lipid monolayer into vesicles
by centrifugally driving the droplets across a lipid-stabilized oil-water interphase where
they acquire a second lipid monolayer and hence transform into GUVs (Fig. 5.1). This
procedure allows for a quick encapsulation, useful for time sensitive experiments, since it
only takes around 30sec to make the emulsion. It is also useful for temperature sensitive
experiments because the solutions can be kept at a specific temperature in the tubes and
then the GUVs are formed quickly. This is especially useful for cytoskeletal proteins like
septins, where long incubation in the final buffer at physiological temperatures will cause
premature polymerization in solution before GUV formation is complete.
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Figure 5.1. eDICE schematic. After addition of the inner aqueous solution (IAS) in a lipid-in-oil solution, rapid
rubbing on a rough surface leads to the formation of an emulsion (left-middle). The pre-formed droplets are then
added in a spinning chamber where a lipid monolayer has previously formed between the lipid-in-oil solution
and the outer aqueous solution (OAS). The centrifugal forces push the droplets to cross the interface, leading to
the formation of GUVs (right).
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Using eDICE, we were able to generate both empty GUVs, which we used for testing
binding of septin complexes to the outer surface, and GUVs encapsulating septin com-
plexes. In both cases, the quality of GUVs was assessed through confocal microscopy,
where the GUV yield, size, and membrane quality were examined. An example image is
shown in Fig. 5.2A. Despite batch-dependent variations in sample quality and density,
eDICE almost always produced a high yield of GUVs with a wide but consistent vesicle
radius distribution (4-20pum, with an average of ~7um, Fig. 5.2B). However, other lipid
structures and objects were commonly observed.

In all samples several types of artifacts were observed. First, we could see dust parti-
cles (Fig. 5.2C). Free-floating lipid aggregates, seen as bright fluorescent specks (Fig. 5.2D)
or oil droplets (Fig. 5.2E), were also observed. Often, large immobile lipid aggregates of
different sizes were attached to the vesicles (Fig. 5.2F). Multilamellar structures were of-
ten encountered among the GUVs (Fig. 5.2G), or long lipid tubes (Fig. 5.2H). Often, small
bright lipid aggregates diffused around within the GUVs’ lumen (Fig. 5.2I) or smaller vesi-
cles were encapsulated within the GUVs (Fig. 5.2L). On occasion, the membranes of the
GUVs were attached to neighboring vesicles and lipid aggregates, forming large clusters
(Fig. 5.2F), or they presented lipid pockets (Fig. 5.2K) or other secondary membrane struc-
tures observed as bright spots (Fig. 5.2]). In the latter case, septin often localized in these
regions independent of membrane composition, possibly trapped within the formed lipid
structures (Fig. 5.2], inset). The percentage of these artifacts varied per sample, indicating
that eDICE is highly sensitive to environmental conditions and manual handling during
preparation. To overcome this issue, at least 3 independent samples were prepared for
each membrane composition of interest, and, if an automatic analysis was needed, rigor-
ous filtering was implemented to isolate only clean-looking vesicles.

5.2.2. Septin encapsulation efficiency

To assess the efficiency of eDICE in encapsulating septins within GUVs, we used quan-
titative fluorescence microscopy. Specifically, we encapsulated 800nM of 15% msfGFP-
labeled septin hexamers in high-salt septin buffer, to prevent septin polymerization ([102]
and Chapter 2), within GUVs composed of a neutral lipid bilayer, to prevent septin bind-
ing ([96] and Chapter 4). We calibrated the septin signal by measuring the fluorescence
intensity for a series of 15% msfGFP-labeled septin hexamer solutions at different concen-
trations (0, 200nM, 400nM, 600nM, 800nM, 1000nM) (Fig. 5.3). Septin has a high affinity
for glass surfaces (see Chapter 4). Therefore, to prevent septin sticking while imaging the
septin bulk solutions (Fig. 5.3A), we passivated the surface with an SLB made of neutral
lipids. Nevertheless, we could see some clusters of septin bound to the surface of the glass.
This was probably due to bilayer defects too small to resolve with confocal microscopy.
Despite these small defects, we obtained a good linear relation (R*=0.97) between fluores-
cence intensity (in a.u.) and concentration, with a proportionality constant of 0.0018nM™
(Fig. 5.3B).

The GUVs formed by eDICE qualitatively showed a good encapsulation of the septin
hexamers (Fig. 5.3C). Occasionally, we could see some GUVs that had septin accumulated
to lipid clusters on the membrane. Since this accumulation could deplete the septin signal
within the GUV’s lumen, we manually excluded those vesicles from the analysis. Then we
measured the septin signal intensity within the GUVs by averaging the pixel intensities in
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Figure 5.2. Septin-encapsulating GUVs produced by eDICE. A. Typical confocal region of a GUV sam-
ple prepared with eDICE. Overlay of the lipid (cyan) and the septin channel (magenta). The GUV membrane
composition is 79.75:20:0.2:0.05 PC:PS:Biotin-PE:Rhodamine-PE weight fractions and the inner aqueous solution
contains a nominal concentration of 800nM of human septin octamers. Scale bar is 25um. B. Cumulative (from
39 samples) radius distribution of ~3000 GUVs of different lipid compositions with either hexamers of octamers
encapsulated. C-L. Examples of artifacts found together with vesicles in the samples. Different images come
from different samples with different membrane compositions and encapsulated content. C. Un-encapsulated
septin bundles or septin aggregation on dust particles. D. Small lipid aggregates (yellow arrows). E. Oil droplets.
F. Large lipid aggregates attached to vesicles. G. Multilamellar structures. H. Lipid tubes. I. Small free-floating
lipids inside GUVs. J. Lipid clusters on the membrane. In this case, septin signal is also present in the same
location, as shown in the inset image. K. Lipid pockets. L. Encapsulated smaller vesicles. Scale bars for C-L are
10pum.

the lumen of the GUVs within 90% of their radius. These mean intensities were converted
into concentrations using the proportionality constant determined from the bulk samples.
The distribution revealed an average internal septin hexamer concentration of 1000nM,
which is unexpectedly high given that the nominal concentration in the IAS before encap-
sulation was 800nM. (Fig. 5.3D). This discrepancy is likely due to an underestimation of the
proportionality constant caused by the presence of the surface-bound aggregates in the
bulk solutions. The calculated distribution was found to be broad, with approximately 14%
of the vesicles encapsulating more than double the nominal concentration. Furthermore,
the distribution was asymmetrical, with 63% of vesicles containing septin concentrations
higher than the peak value. A similar phenomenon has been previously observed for the
encapsulation of actin using eDICE [258], indicating that this apparent supersaturation is
a characteristic feature of this GUV production method.
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Figure 5.3. Encapsulation efficiency of septin hexamers in GUVs formed by eDICE. A. Example regions
of each septin (magenta) solution used for the conversion of pixel intensities to septin concentration. Scale bars
are 10 pm. B. Calibration curve (dashed line) obtained after linear fit of the average pixel intensities per septin
solution versus the corresponding nominal septin concentration (magenta points), yielding a proportionality
constant A = 0.0018nM™ (R?=0.97). Standard deviations (two repeats) of the mean intensities are in most cases
smaller than the point size. C. Confocal image of the membrane (cyan) and septin, showing septin hexamers
encapsulated inside GUVs in a high salt buffer that inhibits septin polymerization. Membrane composition was
99.75:0.2:0.05 DOPC:Biotin-PE:Rhodamine-PE. Scale bar is 20pum. D. Histogram and corresponding kernel den-
sity estimation (KDE) fit of the septin concentration found per GUV normalized by the nominal encapsulated
concentration (Chominat = 800nM), marked by the dashed line. Nyesicies = 244.
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5.2.3. DOPS and PIP2 synergistically promote binding of septins to
the inner leaflet of GUVs

In order to understand the affinity and lipid specificity of human septin complexes to
free-standing membranes, we next studied the localization of septins to the membrane
inside GUVs for different lipid compositions. We based the membranes on the neutral
phosphatidylcholine (PC) lipids DOPC or POPC (see methods), and included the nega-
tively charged phosphatidylserine (PS) lipid DOPS, and/or PIP2. We tested membrane
binding of 15%msfGFP-labeled septin hexamers and octamers at a nominal concentration
of 800nM for neutral membranes (100%PC), and for negatively charged membranes con-
taining either 20wt%DOPS (20%PS), 5wt%PIP2 (5%PIP2), or a combination of 20wt%DOPS
with 1wt%, 3wt%, or 5wt%PIP2 (20%PS+1%PIP2, 20%PS+3%PIP2, 20%PS+5%PIP2, respec-
tively). These lipid proportions are comparable to concentrations found in the plasma
membrane of cells [260, 261] and were similar to the ones tested on SLBs in Chapter 4.

For neutral 100%PC GUVs, an homogeneous septin hexamer and octamer intensity
was observed inside the vesicle’s lumen (Fig. 5.4A and B, respectively, top panels). This
finding is consistent with our observations on neutral SLBs in Chapter 4, where septins
likewise did not bind. In a large proportion of the GUVs, however, septin was found clus-
tered together with lipid clusters (Fig. 5.5A). This effect was also observed in the presence
of PS and/or PIP2, as shown in Figure 5.4A (hexamers) and Figure 5.4B (octamers), indicat-
ing that either septin is accumulated in these lipid pockets or that bundled septin is able
to make small deformations of the membrane. In case such clusters were observed, the
vesicle was removed from further analysis (see Section 5.4.9). Unlike the 100%PC GUV
samples, GUVs with negatively charged membranes showed two types of vesicles. One
type was enriched with septin signal along the membrane, while a second type resem-
bled the GUVs in 100%PC samples with an homogeneous signal within the lumen. For
GUVs having septin on the membrane, z-stacks demonstrated that septin was uniformly
distributed across the entire membrane surface, with occasional septin-lipid clusters found
at specific segments (Fig. 5.5B), similarly to some of the clusters observed in the 100%PC
samples (Fig. 5.5A). To prevent false positives in the localization analysis due to the septin-
lipid clustering, vesicles with increased angular profile variance were discarded and the
membrane-bound septin signal was taken as the median value (see section 5.4.9).

To analyze the localization of septin in the GUVs, we computed radial profiles obtained
by averaging over 360° (see Fig. 5.12A for a schematic). The radial profiles of the mem-
brane and septin signals for a typical 100%PC vesicle with encapsulated septin complexes
are shown in Figure 5.5D. The membrane profiles clearly showed a single major peak rep-
resenting the membrane location. The septin radial profile showed a high and constant
intensity of septin from the center of the GUYV, reflecting the presence of septin in the
lumen of the vesicle. Closer to the membrane, this intensity decreased (Fig. 5.5D) until it
approached zero outside of the GUV. As clearly seen when comparing the membrane and
septin profiles, the septin intensity decreased at the location of the GUV membrane itself.
This effect reflects the spherical shape of the vesicles: because the GUV surface is curved,
septin complexes near the membrane are not present throughout the whole confocal slice,
causing a decrease in intensity at the membrane (Fig. S5.1). Thus our findings show that in
100%PC GUVs, septin complexes are homogeneously distributed within the lumen of the
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Figure 5.4. Overview of GUVs with encapsulated septin. Representative confocal images of GUVs (cyan) of
different lipid compositions encapsulating 800nM human septin (magenta) hexamers (A) or octamers (B). From
top to bottom: 100%PC, 20%PS, 5%PIP2, 20%PS+1%PIP2, 20%PS+3%PIP2, and 20%PS+5%PIP2. Scale bars are 25um.
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Figure 5.5. Septin localization in 100%PC and 20%+5%PIP2 GUVs. A. Confocal z-stack of a 100%2PC GUV
displaying septin localization only to lipid clusters. Scale bar is 5um. B. Confocal z-stack of a 20%PS+5%PIP2 GUV
displaying largely homogeneous localization on the membrane for all heights, with only occasional localization
in lipid clusters. Scale bars are 10pm. C. Representative confocal image of a 100%PC GUV (cyan) encapsulating
human septin complexes (octamers, in the specific example, in magenta). Scale bars are 10um. D. 360° aver-
aged radial profile of the lipid and the septin channel for the GUV in C. E. Representative confocal image of a
20%PS+5%PIP2 GUV encapsulating human septin complexes (octamers, in the specific example). Scale bars are
5um. F. 360° averaged radial profile of the lipid and the septin channel for the GUV in E.
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GUV. By contrast, the radial profile of septins in GUVs with septin localization at the mem-
brane indeed consistently showed a peak that colocalized with the membrane (Fig. 5.5F).

In order to test whether the lipid composition influenced membrane binding, we quan-
titatively analyzed the septin localization. For that, we used a combination of the GUV
analysis toolbox, DisGUVery [262], which we used to detect the GUVs, and a home-written
software, that we used for further analysis. Details of the analysis can be found in section
5.4.9 and in Figure 5.12. After detection of the GUVs, we thoroughly checked the cor-
rectness of the detection, the radial profiles, and the angular profiles of each detection
in order to remove from the analysis any oil droplet, GUVs with artifacts, incorrectly de-
tected GUVs, empty GUVs, and out of focus GUVs. After this, we calculated a localization
parameter, L (defined in Eq. 5.1), which compares the signals at the membrane versus
the lumen. A value below 0 indicates that the lumen has a higher septin intensity than
the membrane. A value of 0 indicates equal septin intensity at the membrane and at the
lumen, while a value of 1 indicates that all septin intensity is on the membrane.

The distribution of L values for each condition is shown in Figure 5.6 A. As expected, the
L values for septin localization for 100%PC GUVs were negative, confirming that septins
do not bind neutral membranes. This situation changed when the membrane contained
negatively charged lipids, in which case some GUVs had L values below 0, meaning no
septin on the membrane, and other GUVs had L values above 0, meaning membrane local-
ization. From the values of L, we estimated the percentage of GUVs with septin localized
to the membrane. In principle, choosing a threshold value for L of 0 should be enough to
detect membrane localization given that the septin signal decreases near the membrane
whenever it does not bind. However, the fact that the septin’s fluorescent signal is low
and that small septin-lipid clusters might not be properly detected, makes this threshold
value impractical. To avoid false positives, we visually inspected randomly selected GUVs
to decide on the threshold value of L>0.16 for membrane localization of septins. This value
corresponds to the situation where the septin signal at the membrane is 20% higher than
in the lumen.

The data revealed a clear similarity between septin hexamers and octamers: both were
unable to bind 100%PC GUVs, but displayed lipid composition-dependent levels of bind-
ing to GUVs containing negatively charged lipids (Fig. 5.6B). When GUVs contained a
single negatively charged lipid species, only a small fraction of GUVs had septin localized
to the membrane (~10-25%). When both PS and PIP2 lipids were present, the fraction of
GUVs having membrane-bound septins increased to around ~50%. This demonstrates that
there is a synergistic effect between DOPS and PIP2 on the binding of septins to GUV
membranes. We also observed some notable distinctions between septin hexamers and
octamers. Septin hexamers bound to only about a quarter of the 5%PIP2 GUVs and ~10%
of the 20%PS GUVs (Fig. 5.6B). In contrast, septin octamers bound to ~15% of the 5%PIP2
GUVs and ~24% of the 20%PS GUVs, showing a similar or even higher binding for PS alone
than for PIP2 alone. Furthermore, adding just 1%PIP2 to the GUV membrane had drasti-
cally opposite effects on hexamers and octamers: hexamers showed low (~2%) binding to
20%PS+1%PIP2 GUVs whereas octamers exhibited a major increase in binding to around
~50%, reaching a similar level as observed in 20%PS+3%PIP2 and 20%PS+5%PIP2. It seems
counterintuitive that hexamers would bind more to 20%PS bilayers than to 20%+1%PIP2
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Figure 5.6. Analysis of the localization of encapsulated septin complexes on the membrane of GUVs.
A. Distribution of the localization parameter L calculated with Eq. 5.1 for GUVs of different lipid compositions,
for septin hexamers and octamers. Dashed horizontal line at 0.16 indicates the threshold chosen to decide if
septin is localized to the membrane of GUV. Values below -1 have been removed from the analysis. Results
are presented as box and whiskers plots, where the box represents the 25th and 75th percentiles, and the line
inside the box indicates the median; the whiskers indicate the 5th and 95th percentiles. B. Classification of GUVs
based on the analysis in panel A. All vesicles with L values above the dashed line in A are categorized as having
membrane-localized septins.
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bilayers. Looking at the L-distribution in Figure 5.6A, we can see that the 20%PS condi-
tion has a limited size (N=42) and only 4 of the GUVs showed membrane-binding, sug-
gesting that this throws off the average. We think that in both conditions, 20%PS and
20%PS+1%PIP2, the hexamers did not significantly bind to the membrane. Notably, hexam-
ers required the addition of >3wt% PIP2 in conjunction with 20%PS to generate a binding
as strong as octamers. These findings suggest that, while there is a synergistic effect be-
tween PIP2 and PS for both septin hexamers and octamers, octamers have a higher binding
affinity for negatively charged lipid membranes.

5.2.4. Septin binding to the inner leaflet of GUVs is size-independent

Since yeast septins were previously shown to exhibit curvature-specific binding to mem-
branes with positive curvatures, with preferential binding to SLB-coated spherical beads
of 0.5-1.5um in radius [95], we tested whether we could detect any difference in the bind-
ing of septins to the inside of differently sized GUVs. We looked at the percentage of
GUVs with septin localized on the membrane for lipid compositions with maximal mem-
brane localization (20%PS+3%PIP2 and 20%PS+5%PIP2) for different vesicle radii (Fig. 5.7).
We observed vesicles exhibiting a localized signal for both septin hexamers and octamers
across all produced radii. Focusing on the range of 4 to 10pm radius, which encompasses
the majority of the vesicles, and utilizing a binsize of 0.5um, the percentage of vesicles with
localized septin remained constant at 20-60% (Fig. 5.7B). The limited number of vesicles
outside this radius range made reliable analysis unfeasible. Hence, we could not observe
any correlation between localization and vesicle size from our data.

5.2.5. Septins reshape the GUV membrane when binding to the outer
leaflet of GUVs

Previous research found that yeast [98] and human octamers [97] reshape the membrane
of GUVs by creating spikes or bumps, respectively, when binding from the outside. How-
ever, when we encapsulate human septin complexes inside GUVs, the membrane remains
spherical and no such deformations can be observed. One important factor for membrane
deformations is likely the amount of excess membrane, which depends on the osmolar-
ity difference between the inner and outer solution. Both in the previous experiments
with septins added outside [97, 98] (~5mOsm/kg) and in our experiments with septins
inside (~16mOsm/kg), the osmolarity difference was small. Therefore, the lack of defor-
mations with septins encapsulated inside GUVs cannot be explained by the difference in
osmolarity between the experiments. Alternative explanations for the different outcome
of septins being inside versus outside could be either because eDICE forms GUVs with
membrane impurities that inhibit reshaping, since previous work used gel swelling or
electroformation [97, 98], or because the septin complexes are able to distinguish positive
from negative curvature, and only deform membranes exhibiting their unpreferred posi-
tive curvature [97, 100]. To distinguish between these two possibilities, we formed GUVs
with eDICE and added septin complexes to the outer solution at the same nominal concen-
tration (800nM) as in the experiments with the septins inside. We found that if the GUV
membrane contained 100%PC, both septin hexamers (Fig. 5.8A) and octamers (Fig. 5.8B)
polymerized in solution, and did not show any interaction with the membrane. Instead,
if the membrane composition was 20%PS+5%PIP2, both hexamers and octamers bound
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Figure 5.7. Analysis of the localization of encapsulated septin on the membrane of differently sized
GUVs. A. Accumulated radius distribution of all the vesicles of compositions 20%PS+3%PIP2 and 20%PS+5%PIP2
(cyan) along with the radius distribution of only the vesicles with membrane-localized septin (magenta). B.
Percentage of 20%PS+3%PIP2 and 20%PS+5%PIP2 GUVs with membrane-localized septins for different radius
between 4 and 10pm.
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to the GUV (bottom panels of Fig. 5.8A and B, respectively) within the first few minutes
(Fig. S5.2).

In the 20%PS+5%PIP2 samples, we could see intriguing dotted patterns forming on the
membrane of the GUVs (insets on the far right in Fig. 5.8) in ~60-90% of the GUVs, de-
pending on the sample. Maximum Z-projections of these GUVs revealed that these dotted
pattern were present in both the septin and the lipid images for both hexamers and oc-
tamers (Fig. 5.9A and B, respectively). These dotted patterns were also clearly observed
both at the top and bottom surfaces of the GUVs for both hexamers and octamers (Fig. 5.9C
and D, left). Interestingly, focusing on the equator of the GUV revealed that these dotted
patterns were actually deformations in the form of either sharp ~1 um long spikes towards
the lumen of the GUV (Fig. 5.9C and D, top) or smaller ~0.5pum long bumps (Fig. 5.9C and
D, bottom). Both types of deformations were observed in GUVs in the same sample, but
each single GUV contained either spikes or bumps. We did not observe any difference in
the frequency of appearance of spikes versus bumps between hexamers and octamers. By
visual inspection, we observed a periodicity in distances between the dots (in the dotted
pattern of the surface) as well as in the distances between the spikes/bumps (on the equa-
tor). To check this quantitatively, we manually measured these distances (Fig. S5.3) and
found that they were around ~1pm with a wide distribution between 0.5um and 1.7um
(N=10 GUVs, 5 for hexamers and 5 for octamers, from two experiments for each septin
complex). Interestingly, the distances between these deformations on smaller GUVs were
slightly smaller (~0.2pm smaller) than in larger GUVs, but the small number of analyzed
GUVs did not allow for a systematic analysis. This shows that both septin hexamers and
octamers are able to reshape GUVs when binding from the outside, similarly as reported
recently for human septin octamers [97]. We note that the osmotic mismatch in our ex-
periments was much larger (~111mOsm/kg, corresponding to a theoretical excess area of
~33%) than in previous reports [97, 98] (~5mOsm/kg). This suggests that the excess area
is not a major factor in the vesicle reshaping.

Finally, on rare occasions we observed septin complexes, especially octamers, forming
or localizing to other deformations on GUVs. First, both septin hexamers and octamers
formed bumps with a larger ~0.9pm amplitude and irregular spacing on some GUVs when
compared to the pattern described above (Fig. S5.4A and B). Septin octamers were able
to bind or generate lipid tubes from the surface of some GUVs (Fig. S5.4C and D). Rarely,
septin octamers deformed the GUVs into non-spherical shapes, while also maintaining
the bumpy deformations (Fig. S5.4E and F). However, due to the small amount of data that
we acquired for these experiments, we cannot conclude whether octamers differ from
hexamers in this respect.
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Figure 5.8. Septin localization on the outside of 100%PC and 20%PS+5%PIP2 GUVs. A. Representative
confocal image of septin (magenta) hexamers interacting with GUVs (cyan) from the outside. Septin hexam-
ers bundled in solution when exposed to 100%PC GUVs (top) but bound to the membrane when exposed to
20%PS+5%PIP2 GUVs (bottom). Inset shows a dotted pattern on the septin image only for 20%PS+5%PIP2 GUVs,
both on the surface at the pole and at the equator of GUVs. Yellow or green squares around the inset images
represent their location in the overview image. B. Corresponding images for septin octamers. Scale bars are
25um.
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Figure 5.9. Septin complexes reshape the membrane of GUVs composed of 20%PS+5%PIP2. A. Maximum
confocal Z-projections of septin hexamers (right, magenta) binding to the outside of GUVs (left, cyan) showing
a dotted pattern. B. Corresponding projections for octamers. C. Single confocal images of the surface (top or
bottom) and the equator of GUVs reshaped with either spikes (top) or bumps (bottom). D. Corresponding images
for octamers. Scale bars are 5pm.
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5.3. Discussion

In this chapter we explored how human septin hexamers and octamers interact with uni-
lamellar lipid vesicles formed by eDICE. We were able to encapsulate septins inside GUVs,
which, to our knowledge, has never been reported before. We found that eDICE produces
vesicles with high yield, but with variable amounts of other lipid structures that need to
be carefully excluded from analyses. The GUVs produced with eDICE had a reproducible
but polydisperse size distribution, with a radius ranging from 4-20um. This size range can
be interesting to investigate how encapsulated content affects differently sized vesicles.
Additionally the GUVs are polydisperse in terms of septin content, corroborating recent
work with actin actin [258]. We found that encapsulating 800nM human septin hexamers
resulted in GUVs having a spread of concentrations between 400 and 2000nM, peaking at
around 1000nM. The explanation for the shift of the peak concentration as compared to the
nominal concentration is likely that our calibration using a series of septin solutions was
offset by septin aggregation. However, if we assume the peak is centered around 800nM,
we would still have a broad spread between 200nM and 1800nM. This broad distribution
can be useful to explore how proteins at different concentrations affect the membrane.
However, careful concentration control does not seem possible with the current eDICE
method and requires other protein encapsulating methods, such as OLA [263, 264].

To understand how septin-membrane binding might differ between supported and
free-standing lipid bilayer, we then encapsulated septins in GUVs of different membrane
compositions. We found that human septin octamers only bound to the membrane of
GUVs in the presence of negatively charged lipids, and that they were able to bind both
PS and PIP2 membranes, similar to what was previously reported for fly septins [96]. In
contrast, we found that septin hexamers could only bind to the GUV membrane when PIP2
was present. Apparently, septin hexamers and octamers bind differently to lipid bilayers.
Our findings with GUVs showing that septin octamers can bind PS are in apparent con-
trast with our Quartz Crystal Microbalance with Dissipation monitoring (QCM-D) results
for SLBs from Chapter 4. On SLBs, neither octamers nor hexamers could bind when only
20mol%DOPS was present, although PS did synergistically promote membrane binding
together with PIP2. We see three possible explanations for this discrepancy.

First, the experimental design is different in the two assays. On SLBs, we used septins
at concentrations between 60nM and 120nM. From TEM experiments, we concluded that
PIP2 is necessary for septins to polymerize on a lipid layer. Likely, septins only weakly
bind to DOPS by electrostatic interactions because binding is not strengthened by poly-
merization. The QCM-D measurements of septin binding to SLBs are done in flow and
with a much lower (50nM) concentration of septin complexes than in the GUV assays to
avoid bundling in solution before septins reach the SLB-coated QCM-D sensor. The flow
in the QCM-D experiments could remove any weakly bound septins from the 20mol%PS
SLBs, so binding cannot be detected. By contrast, in the GUV assays, septins are present
at high (~800nM) concentration and without flow, potentially allowing us to observe an
equilibrium membrane-bound septin pool. The higher septin concentration inside GUVs
may potentially also enhance the septin concentration at the membrane enough to pro-
mote septin polymerization. This idea has some precedence in our own observations that
microtubule-binding allows polymerization-incompetent septin mutants to bind and affect
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microtubules (Chapter 3), and in prior studies showing that membrane-binding promotes
polymerization of polymerization-incompetent yeast septins [152] and that high septin
concentrations promote polymerization of human septins in high salt buffer [89].

A second possible explanation for the PS-dependent binding of octamers being differ-
ent for SLBs versus GUVs could be the physical differences between these two types of
bilayers. Having a support slows down lateral diffusion of lipids in SLB membranes and
can affect lipid phase behavior as compared to free-standing GUV membranes [265-267],
which could affect septin binding. Furthermore, septin binding could be dependent on
membrane tension. This is an effect that could be investigated in GUVs by varying the
osmotic mismatch between the inner and outer solution.

Finally, a third possible explanation is that septin hexamers and octamers could ac-
tually differ in their ability to bind lipid membranes. Recent evidence shows that septin
octamers are the ones binding to actin stress fibers [103] and microtubules [103] in cells,
and we show in this thesis that septin octamers bundle actin (Chapter 6) and bind mi-
crotubules (Chapter 3) at much lower concentrations than hexamers. The presence of
SEPT?9 in octamers could improve membrane binding over that of hexamers, as suggested
before [150], but this would only have an impact at higher concentrations. Since the fluo-
rescent signal of septin in fluorescence microscopy tends to be low, a technique that does
not rely on fluorescence is needed to systematically check the effect of septin concentra-
tion on membrane binding. For instance, using QCM-D under no-flow conditions, would
allow us to increase the septin concentration. If under these conditions, septins can still
not bind 20%PS SLBs, the different type of bilayer (supported versus free-standing) is ap-
parently important. Instead, if now septins do bind to 20%PS SLBs, septin hexamers and
octamers apparently behave differently.

Having established the lipid specificity of septin binding, we examined how septin
binding depends on the curvature of the GUVs. First, we examined if the size of the cur-
vature itself could affect the membrane binding. We were able to obtain GUVs with radii
ranging from 3 to 25um (Fig. 5.2B). We found that the percentage of vesicles exhibit-
ing septin localization at the membrane remained constant (40-60%) for GUVs containing
20%PS+3%PIP2 and 20%PS+5%PIP2, indicating that there was no preference for curvature
in our samples. Our system’s curvatures (0.33um™ to 0.04pm™) were lower than those
that have been shown to be detectable by septins (0.31-6.67pum™ [95, 97, 98, 230]), even
in the case of our smallest vesicles. This suggests that septins may lose their sensitivity
to curvature in this size range. Another explanation could be that the high concentra-
tion of septins that we used (800nM) may have obscured any preference for curvature.
This concentration is much higher than the 90nM septin octamer concentration required
for the formation of a saturated double-layered meshwork on SLBs on wavy solid sub-
strates [97, 98]. Therefore, our vesicle membranes may have been saturated, making it
difficult to detect any preferred curvature.

Despite this lack of curvature-size sensitivity, we found that human septin hexamers
and octamers are able to detect the sense of the curvature. When septins bind to the in-
side of the vesicles, they experience a concave, or negative, curvature; whereas binding
to the outside gives a convex, or positive, curvature. We found a striking difference be-
tween binding inside and outside. When binding from the inside, we could see a round
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membrane without obvious membrane deformations. We did observe lipid clumps colocal-
ized with septin, which could either represent septin-driven deformations or septin-driven
aggregation of lipid clumps that were often present in the GUV interior. When septin com-
plexes bound to the outside of the GUVs, they showed a striking pattern of ~1pm spaced
spiky/bumpy deformations, which resembled deformations observed before for yeast oc-
tamers [98] (Fig.5.10B) and human octamers [97] (Fig.5.10D).

Both Nakazawa et al. [97] and we find that human septins form deformations towards
the lumen of the GUVs. In contrast, yeast septins formed ~1um long spikes towards the
outside of the GUV (Fig.5.10B) that were irregularly spaced at an average distance of 4pm
but with a wide distribution between 2 and 6pm. This distinctive behavior is probably
due to the distinct organization of yeast and human septins on lipid bilayers. As shown
in Nakazawa et al. [97] and in Chapter 4, human septins (hexamers and octamers) tend
to form a 2-layered mesh of single and paired filaments, while yeast octamers form a
single layer of paired filaments cross-bridged by single octamers [98, 152]. However, we
also see a small difference between the deformations reported here and the ones reported
by Nakazawa et al. [97]. In our study we find either spikes or bumps (Fig.5.10A and B,
respectively) at a distance of ~1pm, while Nakazawa et al. found only bumps (Fig.5.10D)
at a distance of around 3pm. We see three possible reasons.

First, Nakazawa et al. [97] worked with an osmolarity mismatch of only ~5mOsm/kg.
This mismatch is similar to that in our experiments with the septins inside, where the
mismatch was ~16mOsm/kg. In contrast, in our experiments with the septins outside, we
had a larger mismatch of around ~111mOsm/kg, which gives a larger membrane excess
area [268] (~5.5% for the septins inside versus ~33.8% for the septins outside) that could fa-
cilitate more abundant and larger-amplitude deformations, in the case of the spikes. This
larger mismatch in osmolarity could have also led to the formation of non-spherical GUVs
and the lipid tubes (Fig. S5.4C-F) and perhaps even the smaller vesicles inside the GUV’s lu-
men seen in (Figs. 5.8 and 5.9), considering that upon shrinkage GUVs can lose membrane
by creating smaller GUVs inside [268]. Second, we used a lipid composition consisting
of 74.95%DOPC, 20%PS, 5%PIP2, and 0.05% Rhodamine-PE, while Nakazawa et al. used
56.5% EggPC, 15% Cholesterol, 10% DOPE, 10% DOPS, 8%PIP2 and 0.5% Bodipy TR ce-
ramide. The use of 15% cholesterol, which is known to increase the bending rigidity of
POPC membranes [269], could lead to smaller and less abundant deformations. Third, the
GUV formation technique could also have a big impact. Nakazawa et al. used electrofor-
mation or gel-assisted swelling to produce GUVs [270], methods that do not require any
oil. In contrast, in order to be able to directly compare results with septins inside versus
outside the GUVs, we used eDICE. It is currently unknown whether the oil used during
eDICE ends up in the GUV membrane, but if present, it could affect the mechanical proper-
ties of the membrane [271, 272]. To distinguish between these three possibilities it would
be interesting to repeat our experiments with septins outside with a smaller osmolarity
mismatch, and, conversely, to increase the osmolarity mismatch when the septins are in-
side. In addition, using electroformation and/or gel swelling with our lipid composition,
osmolarity mismatch, and buffer compositions, could help to test the influence of the GUV
formation technique.
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Figure 5.10. Comparison of the membrane deformations produced by yeast and human septin oc-
tamers. A. Representative single confocal image of the equator of a GUV showing spikes towards the lumen
in the presence of 800nM human septin octamers. Experiment from this study. Only septin (magenta) image
shown. B. 3D reconstructions of confocal images of a GUV showing spikes outwards in the presence of 600nM
yeast septins octamers. Image extracted from [98]. Red shows the GUV membrane while green shows the septin.
C. Representative single confocal image of the equator of a GUV showing bumps in the presence of 800nM human
septin octamers. Experiment from this study. Only septin (magenta) image shown. D. Representative confocal
microscopy image of the equator of a GUV showing bumps in the presence of 176nM human septin octamers.
Image extracted from [97]. Red shows the GUV membrane while green shows the septin. For A, C, and D scale
bars are 5um. In B, scale bar is 10pm.

In addition to GUV experiments, both Beber et al. [98] and Nakazawa et al. [97] also
did experiments with yeast or human octamers, respectively, on SLBs supported by a
wavy surface. They found that both types of septin species prefer binding to negative
curvatures. Thus when septins bind to the outside of GUVs, they may potentially deform
the membrane in order to bind to their preferred negative curvature. However, septin
complexes are small rods with 4nm in width and 24nm or 32nm in length for hexamers
or octamers, respectively. Such small complexes are unlikely to detect the small curva-
ture of vesicles with more than 2pm in radius, although single-molecule imaging suggests
that yeast septin octamers bind with curvature-specific kinetics [230, 273]. However, we
and others have shown that septins polymerize on lipid layers (Chapter 4, and [82, 96—
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98, 152, 230]). Longer micron-long filaments such as the ones septins form on membranes
are apparently able to detect the sense of curvature on giant vesicles, as it seems to give
them their curvature sensitivity when binding SLB-coated beads, cylinders, and wavy sur-
faces with smaller curvatures than GUVs [97, 98, 106, 230]. Furthermore, rigid septin
meshworks [96, 97] could be strong enough to reshape free-standing lipid membranes.
Therefore, we think the ability of septins to polymerize on lipid bilayers gives them the
ability to detect the sense of membrane curvature and to reshape the membrane to locally
generate regions with their preferred negative curvature, forming the observed spikes and
bumps.

It will be interesting to explain these fascinating findings by theoretical modeling, us-
ing continuum modeling of membrane-bound liquid crystals (as in [97]) or using molecular
dynamic simulations (as in [274]) for a more microscopic modeling. Modeling could pro-
vide insight in the interplay of septin curvature sensing, membrane mechanics, and septin
meshwork mechanics in the shape and amplitude of septin-driven membrane deforma-
tions. Finally, septin’s ability to maintain their preferred curvature on membranes could
explain how they might mechanically support lipid bilayers, but this remains to be tested
by measuring the mechanical properties of septin-encapsulating-GUVs (see Chapter 8).

5.4. Materials and methods

All chemicals were obtained from Merck Sigma unless specified otherwise.

5.4.1. Purification of human septin complexes

Human septin oligomers were purified and their quality was checked as detailed in chap-
ter 2. We used septin hexamers with a subunit order of SEPT2-SEPT6-SEPT7-SEPT7-
SEPT6-SEPT2 and septin octamers with a subunit order of SEPT2-SEPT6-SEPT7-SEPT9_i1-
SEPT9_i1-SEPT7-SEPT6-SEPT2. Septins were fluorescently tagged with msfGFP on the
C-terminus of SEPT2. For purification, SEPT2 contained a his¢-tag at its N-terminus, and
SEPT7, for hexamers, or SEPT9, for octamers, contained a Strep-II-tag at its C-terminus.

5.4.2. Lipid preparation for eDICE

We used several types of lipids to prepare the GUVs, all from Avanti Polar Lipids.
First, the basic component for the membranes was either 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) (Merck KGaA, Cat. #850375C) or 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) (Merck KGaA, Cat. #850457C). DOPC and POPC were
used interchangeably as they only differ in the saturation of the alkyl chains that are within
the hydrophobic core of the GUV bilayer, while the same headgroup is exposed to the aque-
ous solutions. Second, we used the anionic lipids 1,2-dioleoyl-sn-glycero-3-phospho-(1’-
myo-inositol-4’,5’-bisphosphate) (ammonium salt, and purified from brain) (PIP2) (Merck
KGaA, Cat. #840046X), and 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (sodium salt)
(DOPS) (Merck KGaA, Cat. #840035C). To visualize the membrane we used 1,2-dioleoyl-sn-
glycero-3-phosphoethano-lamine-N-(lissa-mine rhodamine B sulfonyl) (Rhodamine-PE)
(Merck KGaA, Cat. #810150C). Finally, to bind the GUVs to the surface of the imaging
chamber, we used 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(biotinyl) (sodium
salt) (Biotin-PE) (Merck KGaA, Cat. #870282C).
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We used different lipid compositions to probe lipid specificity of septin binding (see
Table 5.1). To promote septin binding, we added 20wt% DOPS and/or PIP2 at 1wt%, 3wt%
or 5wt%. We always included 0.05wt% Rhodamine-PE to image the GUV membrane. In
case GUVs were attached to the surface, we added 0.2wt% Biotin-PE. Finally, the rest of the
membrane was composed of DOPC. Note that the lipid percentages are expressed in terms
of weight%. In contrast, in Chapter 4, we used mole%. This leads to the use of different
ratios, where 5wt%PIP2 is ~3.6mole%, 3wt%PIP2 is ~2.2mole%, 1wt%PIP2 is ~0.7mole%, and
finally 20wt%PS is ~19mole%.

Table 5.1. Lipid compositions. Left column displays the abbreviation for the corresponding lipid composition.
Percentages are expressed as weight%. If Biotin-PE was used, 0.2% of DOPC was removed to accommodate the
addition of 0.2% Biotin-PE.

Abbreviation DOPC DOPS PIP2 Rho-PE

100%PC 99.95 0 0 0.05
20%PS 79.95 20 0 0.05
5%PIP2 89.95 5 5 0.05
20%PS+1%PIP2  78.95 20 1 0.05
20%PS+3%PIP2  76.95 20 3 0.05
20%PS+5%PIP2  74.95 20 5 0.05

To prepare the lipid-in-oil solution for eDICE, first, enough lipids to give 0.2mg/mL
total lipid concentration in 7mL of final solution were dried in a glass vial under a stream
of N, gas, and incubated o/n in a dessicator. Since the presence of moisture in the lipid
solution is known to be detrimental for the quality of GUVs formed with droplet interphase
crossing encapsulation methods [259], we took several precautionary measures. First, we
always wrapped Teflon tape around the screw of the glass vials to tighten the sealing once
the cap is on. Second, the following day, the lipid vial was placed inside a glovebox with
an ambient humidity of ~0.5-2%. Inside the glovebox, we prepared a 5.3:1.2 volumetric
ratio mix of silicone oil (Merck KGaA, Cat. #) and mineral oil (Merck KGaA, Cat. #),
respectively. We then dissolved the dried lipid films in 50pL of chloroform and diluted
them with 400uL of decane. Next, we added 6.5mL of the oil mix to each lipid vial while
continuously mixing by vortexing. Finally, we removed the vials containing the lipid-in-
oil solution from the glovebox, sealed them with parafilm, and sonicated them in an ice
bath for 15 minutes using a bath sonicator (Branson 2510 Ultrasonic Cleaner, Marshall
Scientific) to break down any remaining lipid clumps.

5.4.3. eDICE

In order to produce GUVs, we used emulsion droplet interphase crossing encapsulation, or
eDICE [258]. To generate the vesicles, we need the lipid-in-oil solution described above,
and three aqueous buffers. First, the inner aqueous solution (IAS) was the buffer to be
encapsulated into the GUVs. The IAS contained either 6.5% optiprep or 200mM sucrose to
increase the density of the solution, necessary for the GUV formation [259]. No apparent
difference was observed between the use of either of the chemicals. The outer aqueous
solution (OAS) was a glucose solution designed to keep a close osmolarity to the IAS to
avoid osmotic shock, so its concentration depended on the osmolarity of the IAS (see each
type of experiment below). Finally, the vesicle buffer (VB) stabilized the OAS pH at a value
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of 7.4 after GUV formation.

The GUV preparation was conducted at room temperature (24°C+1°C) using a spin-
ning chamber setup as described in [259]. We first set the spinning chamber to rotate at
2000rpm (corresponding to a motor voltage of 14.5V on our device), added 700pL of OAS,
and carefully added 5mL of the oil solution. Next, 1 mL of lipid-in-oil solution was set
aside in a 2mL Eppendorf tube. Droplets of IAS with a monolayer of lipids were created in
the 1mL lipid-in-oil solution through manual emulsification, which involved adding the
IAS and scratching the Eppendorf tube vigorously over an Eppendorf holder 10-15 times.
Next, we pipetted 1mL of the emulsion into the spinning disc and centrifuged it for 3 min-
utes to allow the droplets to cross the lipid monolayer formed at the oil-water interface
and transform into GUVs.

After GUV formation, the spinning chamber was stopped by gradually reducing the
motor voltage and we carefully removed most of the oil phase from the edge of the cham-
ber’s opening while gradually tilting the disc. Then, we added 233 pL of VB to the aqueous
phase. We concentrated the GUVs by resting the spinning chamber at a 45° angle for at
least 15 minutes so the GUVs sunk. To pick up the GUVs, we cut a 200pL pipette tip to
minimize shear forces and pipetted the solution from the corner of the tilted spinning disk,
cleaned the pipette tip of residual oil, and transferred the GUV-containing solution into
an Eppendorf tube. After a 5 minute incubation, we pipetted the GUVs from the bottom
of the tube and transferred them into the imaging chambers with a cut pipette tip, as spec-
ified in later sections. We did this 5 minute incubation in a tube since we found this helps
decreasing the amount of lipid clusters in the sample.

5.4.4. Septin encapsulation efficiency

We first prepared a 800nM septin hexamers containing 15% msfGFP-labeled solution in
septin buffer (20mM Tris pH 7.4, 2mM MgCl,, 300mM KCIl, 1mM DTT) to prevent poly-
merization (see Chapter 2). We complemented this buffer with complemented with 1ImM
6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (TROLOX) to prevent blinking,
1mM Protocatechuic acid (PCA) and 0.05mM Protocatechuate 3,4-dioxygenase (PCD) as a
photobleaching protective mix, and 6.5% optiprep. We encapsulated the septin solution in
100%DOPC GUVs with biotin-PE. Since the IAS had an osmolarity of 604 + 3 mOsm/kg, as
measured by a freezing point osmometer (Osmomat 3000, Gonotec), we prepared an OAS
of 625mM glucose and a vesicle buffer of 475mM glucose and 80mM Tris pH 7.4, which
had osmolarities of 628 + 3 mOsm/kg and 651+ 2 mOsm/kg osmolarity, respectively.

To provide a calibration curve, we prepared septin hexamer bulk solutions of six dif-
ferent septin concentrations (0, 200, 400, 600, 800, 1000nM) in the same buffer composition
as the encapsulated septins. The septin bulk solutions were initially prepared with double
concentrations and were diluted two-fold when added to the imaging chambers (see be-
low). Prior to the preparation of the solutions, septin stocks were airfuged for 15 minutes
at 149000 g (Air-driven Ultracentrifuged, Beckman Coulter) to remove any septin aggre-
gates.

To prevent septin from binding the surface of the imaging chamber, the samples were

placed in custom-made wells on glass slides (#1 Cover Glass, Corning) passivated with
100% DOPC SLBs (see 4.4). Initially, the glass slides were cleaned for 10 minutes in a
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base piranha solution (5% hydrogen peroxide, 5% ammonium hydroxide) (see Chapter 3).
The slides were then washed with MilliQ water and dried with a nitrogen gun. The wells
were prepared by cutting the bottom of PCR tubes and gluing them top-down on the glass
slides. Once the glue was set, we added the small unilamellar vesicle solution, prepared as
in Chapter 4, to form the SLB, adding 5mM MgCl, to facilitate SLB formation. The wells
were covered with lids of 500puL eppendorf tubes and kept in a humid box at all times prior
to imaging to prevent evaporation. After an incubation of at least 30 minutes, the wells
were washed twice with 100pL of septin buffer and twice more with 3:1 OAS:VB in the case
of the wells meant for the GUV sample. The buffers were then partly removed, leaving
20pL to prevent the SLBs from drying. 20pL of the septin bulk solutions were added for
two-fold dilution in the well. Similarly, 20pL of the GUV sample were pipetted in the well
containing the 3:1 OAS:VB.

5.4.5. Membrane localization

For the membrane localization experiments, we prepared GUVs with the lipid composi-
tions listed in Table 5.1 encapsulating 800nM septin hexamers or octamers in buffer con-
ditions that permit polymerization (50mM KCl, see Chapter 2). To avoid polymerization
of septin before they were inside the GUVs, we prepared a septin mix composed of 85%
dark septin complexes and 15% msfGFP-labeled septin complexes at a total septin con-
centration of 4800nM in septin buffer. Then we prepared a 5x septin polymerization
buffer (5xSPB) made of 83.33mM Tris-HCI at 7.4 pH, 8.33mM MgCl,, 5mM DTT, 5mM
GTP, 2.5mM MgATP, 5mM TROLOX and 5mM PCA.

Once the spinning disk was ready with the OAS and the lipid-in-oil solution, we fin-
ished preparing the IAS, to ensure that the septins only started polymerizing once encapsu-
lated inside the GUVs. The IAS was prepared by mixing, in this specific order: MilliQ water
(enough to top up to the final desired volume, usually 25pL, so 6.08uL), 20% 5xSPB (1:5 di-
lution, 5.4pL), 0.05pM PCD (0.27puL), 6.5% optiprep (1.75uL), 33.3% G-buffer (5mM Tris-HCl
7.8 pH, 0.2mM CaCl,; 9uL) and 16.67% Septin mix (1:6 dilution, 4.5uL). This yielded a final
composition of IAS of 20mM Tris pH 7.4, 1.66mM Tris pH 7.8, 2mM MgCl,, 50mM KCI,
1mM DTT, 1mM GTP, 0.5mM MgATP, 1mM PCA, 1mM TROLOX, 0.05uM PCD, 6.5v%
optiprep, 0.067mM CaCl,, and 800nM total septin concentration (15% msfGFP-labelled).
After the IAS was prepared, we emulsified it into the lipid-in-oil solution as fast as possi-
ble and pipetted it into the spinning disk, which took around 10-20 seconds.

Since the IAS had an osmolarity of 176 + 5mOsm/kg, we prepared the OAS and the
VB to have a slightly higher osmolarity. The OAS, made of a solution of 190mM glucose,
had an osmolarity of 188+2mOsm/kg. The VB was made of 20mM glucose and 80mM Tris
pH 7.4 and had an osmolarity of 199+3mOsm/kg, which gave an osmolarity mismatch of
~16mOsm/kg, leading to a final excess area of ~5.6% [268].

The samples were placed in ibidi 18-well p-slides. For GUV immobilization on the
imaging surface, the wells were previously passivated by incubation with 1mg/ml of a 1:1
BSA:BSA-biotin solution in Milli-Q for at least 15 minutes at room temperature, followed
by incubation with 1mg/ml of Neutravidin in 3:1 OAS:VB for at least 5 minutes. Subse-
quently, the wells were washed with 3:1 OAS:VB twice. 40pL of the prepared GUV samples
were pipetted in each well that already contained 40pL 3:1 OAS:VB for 1:2 dilution. Al-
ternatively, the wells could also be passivated with f-casein. For this, we incubated the
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wells with 50pL 1mg/mL f-casein for at least 30 minutes, and directly dried the wells with
a nitrogen gun. This passivation, however, does not allow for the immobilization of the
GUVs since the GUVs could not bind to the casein.

5.4.6. Adding septins to the outside of GUVs

We first prepared empty GUVs, containing only IAS buffer. The IAS was composed of
20mM Tris pH 7.4, 50mM sucrose, 6.5%optiprep and had an osmolarity of 129+1mOsm/kg.
The OAS was a 150mM glucose solution with an osmolarity of 156+2mOsm/kg. The VB
contained 67mM Tris pH 7.4, and 6.7mM MgCl,, and had an osmolarity of 128+1mOsm/kg.
After sinking, 45pL of GUVs were added into f-casein passivated wells.

Prior to adding the septins to the imaging wells with the GUVs, we complemented
the outer solution by adding 5pL of 10x extra mix (9.8mM Tris pH 7.4, 0.98mM MgClL,
24.5mM Tris pH 7.4, 10mM DTT, 10mM GTP, 10mM TROLOX, 10mM PCA, 0.5mM PCD).
To avoid osmotically shocking the GUVs and to ensure proper mixing, we added this mix
slowly across the whole well and incubated it for 5 minutes. Then, we slowly added 8.3uL
of a septin mix made of 15% msfGPF-labelled 4800nM septin complexes in septin buffer.
This yielded a final osmolaity of the outside solution of ~240+3mOsm/kg, which gave an
osmolarity mismatch of ~111mOsm/kg, leading to a final excess area of ~34% [268]. After
this, we started imaging as soon as possible.

5.4.7. Confocal imaging

The samples were imaged on an inverted Leica Stellaris 8 point scanning confocal micro-
scope using a 63x glycerol immersion objective, a white light laser, and HyD detectors
operated in analog mode. Rhodamine and msfGFP were excited sequentially at 573nm
(1.5% intensity and 2% gain) and 489nm (23% laser intensity and 80% gain), respectively.
Images were acquired with line accumulation set to 2.

To obtain calibration data for the septin encapsulation efficiency experiment, 5 images
of 2048x2048px were collected for each septin bulk solution. The images were all taken
at approximately 7um height from the imaging surface, determined using the reflection
observed in an xzy mode. Then, at the same height from the surface and using the same
imaging settings, multiple regions of the GUV sample were collected.

For the assessment of septin localization on the membrane at either the inside or the
outside of the GUVs, a series of two-dimensional image regions were collected for each
sample. The regions were all taken at approximately 7um height from the imaging well
surface. This height corresponds approximately to the average vesicle radius, so that the
majority of vesicles are at their equatorial plane. Additionally, z-stacks with a Z-distance
of either 0.5 or 1um were also collected.

5.4.8. Septin encapsulation efficiency analysis

For each septin bulk solution, the average signal of the 5 collected regions was calculated
and, assuming a linear relation between pixel intensity values and septin concentration
of the form: I;o;;(cseps) = A Csepr, the proportionality constant A was determined using
a code written in Python using the numpy least square fitting to obtain the calibration
curve.

The positions and radii of the GUVs were detected using DisGUVery [262], an open-
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A Composite image —> Detection —>  Pre-processing
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Figure 5.11. Analysis workflow of GUV samples for the quantification of septin encapsulation. A. A
two-channel confocal image (membrane: cyan, septin: magenta) was acquired at 7 pm height from the coverslip.
The image was pre-processed with Gaussian smoothing and edge enhancement. The vesicle positions and radii
were obtained with DisGUVery [262]. Scale bar: 20 ym. B. The average intensity of the septin signal was
calculated within a circular ROI with a radius equal to 90% of the vesicle radius (yellow dashed line) and converted
to concentration using the calibration curve obtained from the septin bulk solutions (Fig. 5.3B). Scale bar: 5 pm.
C. Examples of rejected GUVs due to erroneous GUV detection (left) or the presence of septin aggregation (right).

source software specialized in the analysis of GUVs. The collected raw images were im-
ported in the DisGUVery software and pre-processed with a 2D Gaussian smoothing of
kernel size 15 and edge enhancement of a kernel size of 30. Subsequently, the Circular
Hough Transform detection method [275] was implemented for the detection of the vesi-
cles (Fig. 5.11A). The parameters selected for the detection were Edge threshold: 30, Hough
threshold: 30, Min. vesicle distance: adjusted per image based on the vesicle density, Min.
radius: 10, Max radius: 200.

Then, the detected vesicle positions were imported in a custom Python script, where
circular ROIs were created, concentric to each GUV and with radii of 90% of the respective
vesicle radius (Fig. 5.11B), to avoid underestimation of the septin signal due to misaligned
GUV detection. After visual inspection of the drawn ROIs, false detections and GUVs
that included large septin aggregates of the membrane were rejected, as in these cases
the homogeneous septin signal in the lumen does not correspond to all the encapsulated
content (Fig. 5.11C). For the remaining vesicles, the pixel intensities within the ROI ar-
eas were then averaged for each vesicle, providing a distribution of encapsulated septin
concentration after conversion using the determined proportionality constant A.

5.4.9. Membrane localization analysis

A custom-written Python script was developed (available at the repository https://
github.com/kkourkoulou/membrane-localization-quantification), aiming to quantify
the localization of encapsulated septin on the GUV membranes, allowing for comparisons
between different membrane compositions.

Initially, the raw confocal images corresponding to the membrane channel were im-
ported in the DisGUVery software [262] for vesicle detection. After a pre-processing step
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of image smoothing by convolution of the original image with a 2D Gaussian function of
kernel size 3, the Circular Hough Transform detection method [275] was implemented for
the detection of the vesicles. The parameters selected for the vast majority of the images
were: Edge threshold: 35, Hough threshold: 35, Min. vesicle distance: 30, Min. radius: 10,
Max radius: 80, with slight modifications for improved detection based on the density and
clarity of each sample.

The raw confocal images corresponding to the membrane and the septin channel were
then imported in the Python script together with the information of the vesicle positions
and radii found by DisGUVery. Subsequently, for each vesicle, 360 equally-spaced radial
paths were created starting from the detected vesicle centre. The path length was 1.5 times
the length of the detected vesicle radius to account for possible membrane deformations
and detection misjudgments in the placement or size of the vesicles by DisGUVery. Along
each radial path, the signal intensity of both the membrane and the septin channel were
measured with a one-pixel step size. The individual radial intensity profiles calculated in
this manner were then averaged for all angles to obtain a collective radial profile for the
vesicle while at the same time reducing the effect of noise (Fig. 5.12A). The background
signal was subtracted from the collective radial profile to obtain the corrected mean radial
profile of the vesicle. For the calculation of the background signal, a mask was created
locally using the Li threshold [276] in a square of sides equal to 3 times the vesicle diameter
centered on the vesicle under study. The threshold was applied locally to account for
variations in the background signal over the wide region of the considered image. Closed
contours of the mask were then filled in to efficiently avoid the signal of the vesicle lumen
and of possible surrounding lipid aggregates or segments of other vesicles found in this
area. The background signal for each of the channels was then calculated as the average of
the corresponding signal intensity in the remaining area (Fig. 5.12B). The Li threshold was
chosen after visual inspection of the performance of seven different options available in
the filters module of the scikit-image Python package (Isodata, Li, Mean, Minimum, Otsu,
Triangle and Yen) for a subset of randomly chosen sample images.

From the calculated radial intensity profile, the position of the membrane borders was
re-defined using the peak detection function find_peaks of the scipy Python package, re-
quiring a minimum height of 10units, a minimum distance from other peaks of 5units, and
a prominence of 1. These parameters were chosen after trials and visual inspection of ran-
domly chosen sample images. The membrane’s position was considered to be the position
of the detected peak. However, in dense samples the membranes of neighboring vesicles
or lipid aggregates could result in the detection of multiple peaks in that region. To ac-
count for that possibility and avoid overestimation of the size of the vesicle, the heights of
the last two or three (if present) peaks detected outside the vesicle radius found in DisGU-
Very were compared and the tallest peak was considered to correspond to the membrane
position. The width of the membrane area was then taken as the chosen peak’s width at
half-maximum and the inner and outer borders of the membrane were thus determined
(Fig. 5.12A). Subsequently, the angular profile of the vesicle along the membrane contour
was calculated by averaging the pixel intensities within the detected membrane ring for
each angle.

In order to study the localization of septin on the membrane, it was necessary that
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the vesicles were in focus and did not include lipid pockets, significant deformations, or
other artifacts that could interact and interfere with the protein, such as encapsulated
lipid aggregates, clusters of small vesicles on the membrane, multilamellar structures or
lipid tubes. However, the sample quality varied significantly and such artifacts were often
encountered, as well as other objects present in the outer buffer such as lipid aggregates, oil
droplets, or crowded clusters of vesicles. Consequently, as the Circular Hough Transform
method is based on edge and circularity detection, such unwanted objects were also falsely
detected.

To ease the process of eliminating these undesired detected structures in the large
collected datasets, an automatic rejection process was incorporated in the script. With it,
individual vesicles were marked with appropriate comments based on the related type of
artifacts reflected in the behaviour of the radial and/or the angular profile. The marked
objects were subsequently removed and the remaining GUVs were isolated and analyzed.
Detected objects were rejected if any of the following criteria was satisfied:

« Vesicles were crossing the image borders or some of the radial paths for the calcula-
tion of the intensity profiles extended further than the image margins (Fig. 5.12C.a).

« No septin signal was present inside the vesicle or septin signal was too low and
dominated by noise. Condition chosen after visual inspection: Maximum of the
septin signal inside the vesicle was lower than 5 a.u.

« No membrane peaks were detected with the chosen parameters. Intended to reject
lipid aggregates, oil droplets and dense lipid clusters that present a rather uniform
signal rather than a peak corresponding to clear circular membrane border as in the
case of GUVs (Fig. 5.12C.b).

« The detected membrane was wider than at least 1/4 of the vesicle radius. Intended
to reject the vesicles that are out of focus (Fig. 5.12C.c).

+ Peaks were detected inside the GUV lumen. Intended to disregard vesicles with
encapsulated lipid aggregates that might interact with the encapsulated septin and
interfere with septin localization (Fig. 5.12C.d).

+ The average lipid signal from the centre to the inner membrane border was larger
than 1/3 of the signal at the membrane peak. Intended to avoid vesicles that contain
large lipid aggregates or that encapsulate smaller vesicles (Fig. 5.12C.e).

« The average lipid signal outside the outer membrane border was larger than 40% of
the signal at the membrane peak. Intended to reject vesicles that are part of large
vesicle/lipid clusters (Fig. 5.12C.f-g).

« The relative standard deviation (RSD) of the septin angular intensity profile was
higher than 0.8. Intended to avoid vesicles with significant deformations, lipid pock-
ets or large aggregates on the membrane, where it is unclear whether septin is local-
ized due to binding or trapped in lipid compartments (Fig. 5.12C.h). The threshold
value of the RSD was chosen through visual inspection, aiming to be able to detect
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such scenarios but avoid simultaneous rejection of vesicles with no clusters but with
high variations in the angular profile due to noise.

After the rejection of unwanted objects and prior to the quantification of localization, an
additional correction was necessary to avoid any effects of noise magnification due to
multiple counting of the central pixels. From manual observation of the data, the removal
of the two central pixels in the radial profile seemed sufficient (Fig. 5.12D).

To assess whether septin localizes at the membrane and quantify the localization, we
formulated a definition that considers the normalized difference between the septin signal
at the membrane and the septin signal in the lumen:

INm_fc
L=— 5.1
7 (5.1)

m

where I, corresponds to the median of the septin intensity signal within the width of the

detected membrane and I, corresponds to the average septin signal of a central area of
radius equal to 1/4 of the detected vesicle radius (Fig. 5.12E).

We calculated the median of the fluorescent intensity within the detected membrane
width, instead of the average, because the mean is sensitive to overestimation if there are
small septin clusters on the membrane. In such regions, since the septin colocalized with a
membrane cluster, it is unknown whether septin localized due to lipid affinity or physical
entrapment. Thus, calculation of the median provides us with a value that is representative
of the homogeneous septin signal observed for the majority of the membrane segments.
In contrast, as the septin signal away from the membrane is uniform, taking the average
value within a concentric central segment is sufficient.

To accommodate for comparisons between different vesicles of the same or different
samples, the calculated I, -1, difference needed to be normalized. As overall the septin
signal was low and variable among GUVs, we chose to normalize by the median signal at
the membrane so that L is bounded, in practice (see section 5.2.3), between any negative
value and 1. This normalization additionally facilitates a convenient qualitative classifica-
tion of the vesicles, based on whether septin localization is present or absent. Specifically,
when I, < I, or equivalently L < 0, it is obvious that there is no septin localization on the
membrane, while for 0 < L < 1 some septin localization is detected. In order to avoid mis-
judgement and to only include vesicles with clear homogeneous localization, the threshold
value L = 0.16 was chosen. This value corresponds to I, = 1.2, and was chosen after vi-
sual inspection of randomly chosen vesicles in order to avoid false assessments due to
the signal present in the lumen area of the radial intensity profiles (Fig. 5.12F). The calcu-
lated distributions of L values for each composition were statistically compared using the
Mann-Whitney U test.

5.4.10. Measurement of the distances between deformations

The distances between the deformations on the GUVs with septins incubated outside and
the vesicle radii were measured with FIJI. We manually draw lines between the centers of
adjacent dots on the surface (top or bottom) of the GUVs or between the tip of adjacent
spikes/bumps on the equator of the GUV. We then measured the distance of each line.
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Figure 5.12. Analysis for the quantification of septin localization inside GUVs. A. After detection of the
vesicle positions (yellow line), 360 equally spaced radial intensity profiles were calculated (red lines), and then
averaged to obtain a collective radial intensity profile for each vesicle. The borders of the membrane (vertical
red and blue lines) were identified as the width at half maximum of the detected peak. B. A mask (white on the
right image) was created locally for the calculation of the background noise using the Li threshold [276]. The
background of each channel (membrane: cyan, septin: magenta) was calculated by averaging in the unmasked
region. C. Example images of rejected DisGUVery detections. D. The pixel grid centered at the vesicle center is
depicted, with the 1st (red), 2nd (orange), 3rd (yellow), 4th (light yellow) initial pixels. As all radial profiles (blue)
originate from the centre, the initial pixels are multi-counted. The effect reduces as the lines grow further from
the center and as the number of pixels averaged for a specific radius increases. In the zoomed-in image of the
radial profile of A., the bias from the multi-counting is visible (red rectangle). E. Visualization of Eq. 5.1. L was
defined as the ratio of the blue over the red height. F. Three different vesicles displaying no localization, signs of
localization and clear localization, respectively. Scale bar are 10 pm.




130 5. Human septins exhibit lipid and curvature sensitivity in binding to GUVs

Examples of this can be seen in Figure S5.3B. The radius was measured as half the manually
measured diameter.
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5.5. Supplementary information

Intensity

Distance from center

Figure S5.1. Decrease of the septin intensity close-by the GUV membrane when septin does not lo-
calize to the membrane. A. Representation of a GUV (cyan) with septin (magenta) encapsulated, as seen by
confocal microscopy. B. Representation of the confocal slice taken along the black line in A. C. Representation of
the radial profile produced by the confocal slice in B. As there is less septin per unit of distance on the Z direction
close to the GUV membrane, the measured confocoal fluorescence intensity decreases.
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A Hexamers

Octamers

Figure $5.2. Timelapse confocal image series of septin complexes binding to the outside of GUVs. A.
Septin hexamers (magenta) binding to GUVs (cyan) with a lipid composition of 20%PS+5%PIP2. Time is denoted
in the top left corner of each image as min:sec. B. Same for septin octamers. Scale bars are 25pm.
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Figure S5.3. Distance between the septin-mediated deformations o the GUV membrane. A. Scatter
plot showing distances between the dots on the surface (top or bottom, darker color) or between the tip of
the spikes/bumps on the equator (lighter color) against the radius of the GUV these distances were measured
from, for both hexamers (pink) and octamers (purple). Single dots represent single distances between dot-
s/spikes/bumps and horizontal lines represent the average of the distances for each given radius (N = 10 GUVs, 5
for hexamers and 5 for octamers; from 2 independent experiments). Due to to the small amount of GUVs counted,
each single radius represents a single GUV (with some overlap between 3.5 and 4pum). B. Example images show-
ing the manually drawn lines used to measure the distance between the dots on the surface (left, bottom surface
in the shown example) or between the spikes/bumps observed in equatorial confocal slices (right).
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Figure S5.4. Alternative, more rare structures formed when septin complexes bound to the outside of
GUVs. A and B. Representative single confocal images of bumps with larger amplitude than typically (~0.9um)
and irregular spacing formed on GUVs (cyan) by both septin (magenta) hexamers (A) and octamers (B). C. and
D. Maximum confocal Z-projections of septin octamers localizing to membrane tubes. E and F. Representative
single confocal images octamers localizing to GUVs that are non-spherical while also displaying bumps. Scale
bars are 5pum.
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Chapter 6

Septin octamers regulate
myosin-driven contraction by
modulating actin bundling and
crosslinking in a
concentration-dependent manner

Dynamic cellular processes such as cell division and migration critically depend on contractile
actin-myosin networks. Septins are gaining recognition as a protein family that regulates the
contractility of these networks. Observations in cells showed that septins regulate the contrac-
tility of actin-based structures by direct interactions with actin and myosin, with potential
involvement of accessory proteins, and through crosstalk with signaling factors. It is challeng-
ing to disentangle these different regulatory roles of septins in the full complexity of the cell.
Here we test how septins may regulate actomyosin contraction in the absence of any accessory
proteins, by reconstituting a minimal cell-free model system combining human septins, actin
filaments and muscle myosin-2 thick filaments. We show that septin hexamers and octamers
both are able to tightly bundle actin filaments, forming interconnected networks of composite
septin/actin bundles. High septin concentrations hamper myosin-driven contraction because
the actin-bound septins immobilize the myosin filaments. By contrast, low septin concentra-
tions promote long-range myosin-driven contraction by crosslinking the actin network. Our
findings show that septin can inhibit or permit myosin activity depending on the extent of
septin-mediated crosslinking of the actin network.

The experiments for this chapter were designed by Gerard Castro-Linares with the help of Lucia Baldauf, who
also provided the myosin TEM images in Figure S6.2. Experiments, analysis, and writing were performed by
Gerard Castro-Linares.
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6.1. Introduction

The actin cytoskeleton plays a fundamental role in powering cell and whole-body move-
ments in animals. This movement is essential for embryo development, proper functioning
of the immune system, tissue repair, and more, making it essential for the overall health
and survival of cells and organisms [277]. The basis of this movement is the interaction
of myosin, specifically myosin-2, with diverse filamentous actin structures, such as the
cell cortex, stress fibers, or sarcomeres [278, 279]. Myosin-2 is a molecular motor pro-
tein that uses the hydrolysis of ATP to generate a powerstroke that moves the myosin
head domain towards the plus end of the actin filament it binds to [280]. Since myosins
self-organize into bipolar filaments, this movement can slide pairs of actin filaments past
one another to drive contraction. Despite myosin’s ability to generate movement, there
is a need for other actin binding proteins (ABP) to translate this movement to the scale
of the cell and the body. ABPs can modulate the contractility of the actin network by
affecting the crosslinking, polymerization, and turnover of actin filaments, as well as the
recruitment and activity of myosin-2 motors [47].

One such ABP is septin, a cytoskeletal GTP-binding protein. In mammalian cells,
septins are part of actin stress fibers [105, 144, 281], contractile actin rings [119, 281, 282],
and the cell cortex [120, 142]. In human cells, septins are present in the form of hexameric
and octameric complexes [83-85]. It was recently shown that specifically the octamers
are responsible for actin stress fiber stabilization [144]. These stress-fiber localized septin
octamers are involved in the reinforcement of stress fiber organization [105, 109, 283], the
maturation of focal adhesions [109], and the anchoring of the stress fibers to the mem-
brane [144]. The proper septin-mediated crosslinking of the stress fibers is important for
stress fiber contractility and cell migration [109]. On the cell cortex, septins bind prefer-
entially to branched actin networks such as lamellipodia [127] and phagocytic cups [128].
Cortical septins serve different cell-dependent roles related to the contractility of the cor-
tex [119, 284], via the cross-linking of the cortical network [284] and the stabilization of
cell junctions [285, 286]. Through these roles, septins participate in single- and collective-
cell migration [215, 216] of fibroblasts and endothelial cells as well as in collective cell
movements in developing embryos [213, 287, 288]. Cortical septins also contribute to cell
division [119, 120, 214] via distinct mechanisms [282]. Specifically, septins play important
roles during cell rounding [119, 120], constriction of the actomyosin ring [121-124], and
midbody abscission [125, 126]. It has been observed that knockdown of SEPT7, which is re-
quired for forming septin complexes, leads to incomplete cleavage furrow ingression [119].
Knockdown of SEPT9, which is required for forming octamers, can slow or stop cell di-
vision, or even kill dividing cells [119]. Septins are recruited to the cytokinetic furrow
during early stages of cytokinesis by anillin [124]. Once on the ring, they participate in
the activation of non-muscle myosin II [121] to drive contractile ring contraction. Remov-
ing septins from the contractile ring, by either sequestering it [121] or not allowing anillin
to recruit it [122], still allows for the formation and constriction of the ring. However,
without septin, once constriction has finished, the cleavage furrow retracts before the in-
tercellular bridge stabilizes, showing septin’s importance for midbody formation. In the
midbody, septins form a double ring that organizes the ESCRT system for midbody ab-
scission [125, 126]. Despite this evidence that septins do not participate in the contractile
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ring formation, during cellularization of Drosophila melanogaster embryos, a process very
similar to cell division [289], septins are crucial for the correct formation and compaction
of the contractile rings [101]. In the absence of septin hexamers, actin formed polygonal
arrays of loosely packed bundles of poorly oriented actin filaments, indicating that septins
serve a crosslinking role [101].

Cell-based studies have provided evidence that septins participate in actin crosslink-
ing [101, 102, 105, 109, 283, 284], but there is not much research on the mechanism of the
septin-actomyosin interaction. Indeed, the mechanisms of action of septins in cells have
been difficult to decipher due to the diversity of septin complexes with distinct roles in
different cell types [75, 282], and the interaction of septin complexes with other cell com-
ponents, such as the cell membrane [95, 96, 98], microtubules [103, 148], signaling proteins
such as myosin kinases [121], and the presence of accessory septin-binding proteins such
as the Borg family [104, 141, 164]. In vitro reconstitution has been successfully used as a
tool to dissect some of these interactions thanks to the use of a simplified environment
with a controlled protein composition. Several studies showed that purified septins can
bind and crosslink actin filaments [101, 102]. Kinoshita at al. [133] first reported that re-
combinant mammalian septin hexamers (composed of SEPT2, SEPT6, and SEPT7) show
no detectable affinity for F-actin in cosedimentation and fluorescence imaging. They pro-
posed that anillin is needed to mediate actin and septin interactions. Two later studies,
however, reported that both fly hexamers [101] and human hexamers and octamers [102]
bind actin filaments and bundle them into curved fibers [101, 102]. By crosslinking actin,
septins may potentially regulate actomyosin contractility since higher crosslink densities
promote longer-ranged contraction [290, 291]. One study showed that purified SEPT2
directly binds myosin, suggesting that septins may regulate contractility by recruiting
myosin to actin structures [121]. So far, there are no in vitro studies testing the combined
effect of septin-actin and septin-myosin interactions on actomyosin network contraction.

Prompted by the evidence that septins can crosslink actin, here we aim to understand
how human septin hexamers and octamers are able to bundle actin and how this crosslink-
ing activity impacts myosin-based contraction of actin. To do so, we used contraction as-
says where preformed myosin-2 filaments were incubated with actin bundled made in the
presence of different amounts of recombinant septin complexes. We used muscle myosin
2 for experimental convenience, since it can can be readily isolated in large quantities from
rabbit skeletal muscle. The majority of in vitro contraction assays have similarly used mus-
cle myosin 2 [291-294]. General principles should be the same as for nonmuscle myosin
filaments. However, exact details may differ, because of differences in myosin bipolar
filament length (~300nm in case of nonmuscle myosin-2 [295] versus ~1.5um for muscle
myosin [296]), motor processivity (with a duty ratio of ~0.05 for single skeletal muscle
myosins versus ~0.8 for nonmuscle myosin-2, depending on the isoform [297-299]), and
speed (~7um/s for skeletal muscle myosins versus ~0.3um/s for nonmuscle myosin-2, de-
pending on the isoform [297]). Our findings establish a possible direct role of septins in
myosin-based contraction of tight actin bundles even in absence of regulatory proteins.
This mechanism may play a role in bundled actin structures such as stress fibers and con-
tractile rings and in crosslinked structures such as the actin cortex.
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6.2. Results

6.2.1. Septin oligomers tightly bundle and curve actin

Prior biochemical reconstitution studies have demonstrated the ability of fly and human
septins to bind and bundle actin filaments [101, 102]. In this study, we investigated the
ability of human septin hexamers and octamers to bundle actin filaments. To accomplish
this, we copolymerized 1pM actin with different concentrations of septin hexamers and
octamers ranging from 10nM to 800nM on a neutral lipid bilayer-coated surface that pre-
vents septin binding. Subsequently, we visualized the samples using TIRF microscopy
(Fig. 6.1A).

We saw that at the highest concentrations (800nM and 500nM), both septin hexamers
(Fig. 6.1C) and octamers (Fig. 6.1D) completely converted the actin filaments to bundles.
The signal of the actin (top row, yellow) clearly showed thicker filaments in the presence
of septin than in its absence (Fig. 6.1B). Additionally, these bundles were highly curved,
as observed before [101, 102], even forming loops and rings. The septin image (bottom
row, magenta) showed exactly the same structures as the actin image and, in addition, a
dotted pattern characteristic of septin bundles or complexes bound to defects in the lipid
bilayer (see section 6.4) that are too small to show up by fluorescence microscopy in the
lipid bilayer channel. The septin-actin bundles were connected, forming a meshwork. Our
findings demonstrate that septin oligomers bundle and crosslink actin filaments.

At low concentrations (300nM and lower), septin octamers could bundle actin more
efficiently than septin hexamers. At 300nM, the septin-actin bundles formed by septin hex-
amers (Fig. 6.1C) were short and isolated, unlike the connected networks seen at higher
septin concentrations. In contrast, the bundles in the presence of septin octamers were in-
distinguishable from the 800nM condition (Fig. 6.1D). Human octamers could completely
bundle actin down to a septin complex concentration of 100nM, while in the presence of
100nM hexamers, actin filaments looked the same as in the absence of septin (Fig. 6.1B).
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Figure 6.1. Bundling of actin filaments by human septin hexamers and octamers at different concen-
trations. A. Schematic representation of the experiment. Septin oligomers and actin monomers are mixed and
immediately added into a passivated flow channel. There they co-polymerize and methylcellulose crowds them
to the surface for visualization by TIRF microscopy. B. Representative images of actin (yellow) polymerized in
the absence of septin complexes. C. Representative images of actin co-polymerized with the specified concen-
trations of human septin hexamers. D. Corresponding images with human septin octamers. For C and D, red
arrowhead with dashed line indicates the transition point from which we can clearly start to observe septin-actin
bundles. Scale bar is 10pum.

To visualize the bundle ultrastructure and test if there is any observable difference be-
tween bundles formed with septin hexamers versus octamers, we used TEM. We imaged
bundles formed at 800nM, because both septin complexes completely bundle the actin fil-
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aments at this concentration, and also at 300nM, because at this concentration octamers
completely bundle actin while hexamers cannot. A first obvious observation is that the
network of septin-actin bundles observed with TIRF microscopy (Fig 6.1) is not seen by
TEM (Fig. 6.2). We believe that this difference originates from the differences in sample
handling. The bundles imaged by TIRF form undisturbed within the flow channel upon
insertion of G-actin and septin oligomers. In contrast, the bundles imaged by TEM needed
to be similarly formed in an Eppendorf tube but then extensively handled, first by pipet-
ting them onto the TEM grid followed by repeated washing and fixation steps. This extra
handling likely disrupts the network, separating and isolating the connected fibers into
single bundles. Nevertheless, we could clearly observe the septin-actin bundles by TEM
under the same conditions where we also observed them by TIRF. At 800nM, both hex-
amers and octamers bundled most of the actin, as shown by the high density of bundles
observed at low magnification for both septin complexes (left panels in Fig. 6.2A,C) of a
fairly uniform width of 128+17nm (Fig. S6.1A). Occasionally, we observed thicker bundles
(200-350nm in width). These bundles usually split into several bundles of the more com-
monly observed smaller width (Fig. 6.2A and C, right), explaining the network formation
seen in the fluorescence imaging (Fig. 6.1). At 300nM, septin octamers bundled the actin to
form extensive and curved fibers (left panel in Fig. 6.2B) with a similar width as at 800nM
(119£11nm, Fig. S6.1A). As seen in the right panel of Figure 6.2B, we also encountered
more loosely bundled or even completely unbundled actin filaments, indicating that insuf-
ficient septin was present to bundle all the actin. By contrast, septin hexamers at 300nM
rarely formed tight bundles. Most of the actin was unbundled or loosely bundled (Fig. 6.2D,
left and right). On the rare occasion where we found a bundle, these had a thickness of
89+26nm (Fig. S6.1A). For both septin complexes at 300nM, we observed a common struc-
ture where the end of some bundles opened up and freed single actin filaments, as seen
in the center images of Figure 6.2B and D. This suggests that, when insufficient septin is
present to bundle all the available actin, septin accumulates at the middle of the bundles.

The images of tight bundles formed with 800nM septin complexes had enough quality
to distinguish single filaments running in parallel (Fig. 6.2). To test whether we could dis-
tinguish septins from actin filaments and whether septins form filaments, we measured
filament widths and compared them with the width of septin filaments in bundles formed
solely of septin (as described in Chapter 2) and with the width of single actin filaments
(Fig. S6.2A and C). Septin and actin filaments have rather distinct widths. Septin filaments
have an expected width of 4nm (see chapter 4 and also [83, 102] and can form paired fil-
aments having a width of ~10nm (see chapter 4 and also [82, 99]) and a height of ~4nm.
Actin filaments have an expected width of 7nm [300]. The results of our width measure-
ments are summarized in Figure S6.1B and Table S6.1. The filaments in the septin-actin
bundles were all thinner (on average 4.4+0.8nm for hexamers and 5.7+0.5nm for octamers)
than actin filaments (9.3£0.7nm in our TEM images). The average filament width of the
hexamer-actin bundles is close to that of single septin hexamer filaments (~4.5), suggest-
ing that the filaments that we observe are predominantly septin hexamer filaments. This
observation implies that the actin filaments that, according to the TIRF results, are also
part of the bundle are buried underneath either alone or with more septin filaments. Our
observations furthermore suggest that the septin hexamers form filaments because the
4nm filaments run along the length of bundles are clearly longer than single hexamers
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(~24nm [83, 102]). In case of the octamer-actin bundles, we observed a broader distribution
of filaments widths (Fig. S6.1B), with some having a similar thickness as actin filaments
(~9nm), others having a similar thickness as octamer filaments (~4nm), and the majority in
between (~5-7nm). The thinner filaments are likely septin filaments that, similarly to the
hexamer-actin bundles, are also polymerized since they are longer than single octamers
( ~32nm [82]). The other filaments can either be actin filaments with a smaller apparent
width than isolated actin filaments due to the tightness of the bundle, or paired septin
octamer filaments that are rotated towards the center of the bundle, exhibiting a lower
width than expected (~13nm [208]).
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Figure 6.2. High resolution imaging of septin-actin bundles by TEM. Left panels show an overview of the
sample, center panels show a detailed close up of a single bundle where single filaments can be observed, and
right panels show a close up of the sample to reveal the details of the formed structures. A and B. Representative
images of actin polymerized together with 800nM (A) or 300nM (B) human septin octamers. C and D. Represen-
tative images of actin polymerized together with 800nM (C) or 300nM human (D) septin hexamers.
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6.2.2. Septin octamers induce rapid actin bundling

To study how septins bundle actin filaments, we next performed time-lapse imaging of the
bundling process. For this, we first polymerized 1pM of actin inside an imaging chamber
and then added the septin oligomers (Fig. 6.3A). Since we observed that octamers bundle
actin more efficiently than hexamers and given the evidence that octamers play a domi-
nant role in cell division [119] and stabilization and anchoring of stress fibers [144], we
continued the experiments with just octamers.

Figure 6.3B shows a time-lapse imaging series of 300nM septin octamers bundling actin.
We see that, as expected from the previous results, all the actin in the TIRF field is bundled,
forming a network of septin-actin bundles. This bundling occurred surprisingly fast, since
in less than 30 seconds after the addition of septin octamers, we already see bundles in the
actin image. At ~15 sec after septin addition, small dots of octamers can be observed in re-
gions where several actin filaments were close to each other. Instead of binding randomly
across the yet-to-form bundle, the septin-covered region elongated from the spot where
it initially localized (Fig. 6.3B and C). This phenomenon is readily apparent in the septin
kymograph (Fig. 6.3C), where the septin signal exhibits a clear pattern of growth from the
points of initial binding, rather than appearing randomly. This observation is consistent
with the TEM images showing that actin-septin bundles are tight in the middle but often
splay out with single actin filaments at the ends. The presence of a hazy/blurry region
at the early times in the actin kymograph (Fig. 6.3C) indicates that actin filaments were
initially free to move around. Binding of octamers immediately stopped the filaments’
movement, as shown by the disappearance of the blurry pixels upon appearance of septin.
This indicates that the persistence length of the bundle is much larger than that a single
actin filament. Additionally, the binding of octamers also increased the signal of actin,
indicating that several actin filaments came together to bundle (Fig. 6.3D). Finally, the in-
crease of the septin signal on the kymographs (Fig. 6.3C and D) shows an accumulation of
septin on the bundles after their initial formation. This accumulation is, however, limited
and appeared to saturate at 5-fold the initial septin signal after ~4min. This accumulation
of septin, but not of actin, is in agreement with the observation that only septin filaments
are present on the outside of bundles from our TEM imaging.

When we repeated the experiment with a lower septin octamer concentration of
100nM, we again observed complete bundling of actin and accumulation of septin oc-
tamers (Fig. S6.3), similar to the 300nM condition and consistent with the results of Figure
6.1. The process, however, took longer, since it did not start until ~40sec and end until
~2min. This is probably due to the fact that a lower concentration of septin decreases the
probability of oligomers finding the actin filaments.

When we reduced the octamer concentration further to 10nM (Fig. 6.4), the septins
partially bundled the pre-polymerized actin filaments. This is an interesting observa-
tion, since septin octamers at 10nM were unable to bundle actin during co-polymerization
(Fig. 6.1). As shown in figure 6.4A, ~1min after the octamers were added, some spots of
septin started to appear in regions with a high density of actin filaments, similarly to the
300nM condition. Over time, more spots appeared and elongated (Fig. 6.4B), leading to the
bundling of actin filaments along the regions with high actin filament density. Towards the
end of the bundling process, the situation differed from the 300nM condition. Sparse actin-
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septin bundles of limited length connected by unbundled actin filaments free of septin (or
with a small amount of septin not visible under these imaging conditions) were present.
The presence of this unbundled actin is also shown in the kymograph (Fig. 6.4B), which
clearly shows actin signal in a region completely free of septin signal. We initially see a
cloud of signal, concurrent with the haziness in the kymograph from the actin filaments
moving, and as septin binds, there is a step where the actin signal slightly increases and
stays constant. Meanwhile, the septin signal increased without ever reaching a plateau
during the imaging time. This shows that septin octamers at 10nM can bundle pre-formed
actin filaments in a similar manner as at 300nM, but to a lesser extent due to a sparsity of
septin octamers.

6.2.3. Septin octamers tune myosin-2 activity on actin filaments in
a concentration-dependent manner

In order to test how septin-mediated actin bundling impacts myosin-driven contraction,
we moved to contraction assays with skeletal muscle myosin-2. For comparison, we first
performed control experiments with septin-free actin bundles created by crowding with
methylcellulose [301]. We polymerized actin in the imaging chamber, added 0.3% methyl-
cellulose, and then waited 5 minutes so the actin could bundle (Fig. 6.5A). After adding
25nM preformed myosin-2 thick filaments, we observed a remodeling of the bundles
(Fig. 6.5). The myosin-2 thick filaments moved along the actin bundles, as seen in time-
projections (Fig. 6.5C), and in kymographs (Fig. 6.5D,E). Myosin motility remodeled the
actin network into asters (Fig. 6.5F), radial arrays of actin filaments. A similar aster forma-
tion process has been observed in several prior studies [291, 302-304] and was explained
by plus-end directed motility and end-dwelling of myosin motors on actin filaments [291].

To study the effect of septin octamers on the contraction of actin bundles, we per-
formed contractile assays with actin bundled by 300, 100, and 10nM septin octamers. For
this, we built upon the experiments shown in section 6.2.2 and, after the bundling process
was finished, added preformed muscle myosin-2 filaments. In strong contrast with the
assay using methylcellulose-bundled actin, myosin had no effect on the septin-actin bun-
dles formed with 300 nM septin octamers for more than 20 minutes (Fig. 6.6). Moreover,
myosin, although it bound to septin-actin bundles, did not move or unbind (Fig. 6.6B).

To understand this surprising behavior, we obtained higher resolution images by TEM
(Fig. 6.6C). We first examined the interaction of myosin filaments with actin filaments
alone or with septin octamer bundles alone (Fig. S6.2B). This is motivated by evidence
that nonmuscle myosin II can directly interact with SEPT2 and septin hexamers [121].
Figure S6.2D shows the interaction of unbundled actin filaments with myosin filaments.
We observe large radial structures reminescent of the asters observed by TIRF imaging.
This shows that in our system myosin filaments can remodel actin filaments into asters
despite the lack of crosslinkers, which are known to promote aster formation [290, 305].
Figure S6.2E shows the combination of septin octamer bundles and myosin filaments. We
can clearly distinguish septin bundles from myosin filaments, since the latter are thin-
ner, shorter and less curved. Strikingly, the septin octamer bundles displayed a pattern
of darkened regions (cyan arrowheads in Fig. S6.2E). Such a periodic pattern is absent in
EM images of septin octamer bundles (Fig. 6.2 and Chapter 2). Therefore, the darkened
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regions, which looked like spherical clumps of protein, must be myosin filaments that,
when binding to the bundle, bent or otherwise lost their typically elongated shape. Unfor-
tunately, we could not distinguish if the darkened regions are formed of myosin filaments
with the current resolution. In some instances (green arrowheads in Fig. S6.2E), we can
observe some myosin filaments overlapping with the septin bundle.

We next combined actin, myosin and septins. Similarly to the sample preparation for
TIRF imaging, we prepolymerized actin, added the septin octamers to bundle the actin and
incubated for ~30min, and finally added the myosin filaments and incubated for ~3min. We
then adsorbed the sample onto a TEM grid and stained with uranyl acetate. Figure 6.6C re-
veals the co-existence of septin-actin bundles, septin complexes not binding to actin, and
myosin filaments. Interestingly, all of the septin-actin bundles showed a periodic pattern
of unidentified darkened regions, similarly to the septin-myosin samples in absence of
actin (Fig. S6.2C). In some regions (Fig. 6.6D, right side, second and third images), we ob-
served elongated structures reminiscent of muscle myosin-2 filaments, buried in-between
some of the bundle-forming filaments of the septin-actin bundle, supporting our hypothe-
sis that the darkened regions are myosin filaments. Our observations suggest that myosins
may bind to actin-bound septins rather than to the actin directly. We hypothesize that the
septins on the surface of the actin bundles prevent myosins from moving along the actin.

To test this hypothesis, we lowered the septin concentration to produce actin bundles
that are connected by septin-free actin filaments. For actin-septin bundles produced by 100
nM septin octamers, we observed a similar behavior as with 300nM. The myosin filaments
progressively accumulated on the bundles and did not move along the bundles, and did
not remodel them (Fig. S6.3). When we reduced the concentration of septin octamers
further to 10nM, the situation changed. After around 8min, the network of bundles formed
by the septin and the actin started to move. Soon after, an out of focus cloud made of
septin-actin bundles moved across the imaged region; in less than 2 minutes the septin-
actin bundles were completely moved out of the field of view, indicative of contraction
(Fig. 6.7A and C). In this whole process, the myosin was difficult to see, either because
not much myosin bound to the bundles or because myosin quickly unbound (Fig. 6.7B).
The top kymograph in figure 6.7B shows moving myosin particles (red arrowhead), and
immobile ones (purple arrowheads). The time that it took for the myosin filaments to start
remodeling the network was much longer (~6min) than in the control in the absence of
septin complexes (<1.5min). Thus at low concentration, septins crosslink the actin network
without completely covering the actin filaments, permitting contraction.

When we observed similarly prepared samples by TEM, but mixed and incubated in
solution before depositing on an EM grid, we observed asters (Fig. 6.7C), resembling those
observed in the absence of septin complexes (Fig. S6.2D). The filaments emanating from the
asters (Fig. 6.7D) also resembled those seen in the absence of septin complexes (Fig. S6.2D).
In regions where the myosin did not form asters, we could see single actin filaments that,
in some occasions, came together forming a short and thin bundle (Fig. 6.7E and F). In
these regions, myosin filaments could be observed between bundles and actin filaments.
In some regions (Fig. 6.7E and F), we saw bundles with darkened regions similarly to the
300nM condition (Fig. 6.6C). These observations confirm that at low (10nM) septin octamer
concentration, myosin is able to interact with actin filaments and contract them into asters.
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Figure 6.3. Bundling of pre-formed actin filaments by 300nM human septin octamers. A. Schematic
representation of the experiment. First, actin is polymerized in a passivated imaging chamber. Then, unpoly-
merized septin octamers are added. Methylcellulose crowds the actin filaments and the septin-actin bundles to
the surface so we can image the bundling process using TIRF microscopy. B. Representative time-lapse imaging
series of 300nM septin octamers (magenta) bundling F-actin (yellow). Scale bar is 10pm. C. Kymograph of the
red line in B, showing the formation of a single septin-actin bundle. Horizontal scale bar is 4pm. Vertical bar is
25 seconds. D. Fluorescence intensity profiles along the vertical blue lines in the septin kymographs in B, show-
ing how septin accumulates on the bundles over time (left), while actin signal is constant as soon as a bundle is
formed at t>50s (right). "Bundle’ represents the light blue line, while background’ represents the dark blue line
drawn outside of the bundle region of the kymograph.
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Figure 6.4. Bundling of pre-formed actin filaments by 10nM human septin octamers. A. Representative
time lapse image series of 10nM septin octamers (magenta) bundling F-actin (yellow). Scale bar is 10pm. B.
Kymograph of the red line in A, showing the formation of a single septin-actin bundle. Horizontal scale bar
is 4pm. Vertical bar is 25 seconds. D. Fluorescence intensity profiles along the vertical blue lines in the septin
kymograph in B, showing how septin accumulates on the bundles over time, while actin does not. ’Bundle’
represents the light blue line, while ’background’ represents the dark blue line drawn outside of the bundle
region of the kymograph.
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Figure 6.5. Activity of preformed muscle myosin-2 filaments on methylcellulose-bundled actin fila-
ments. A. Representative time-lapse images series of actin bundles (yellow) after adding 25 nM myosin at t=0. B.
Corresponding time lapse images of myosin (gray, inverted for improved contrast). Time is denoted as min:sec
in the top left of each actin image. Scale bar is 5um. Cyan line in the 0:00 min actin image represents the line
used to make the kymograph in D. C. Time-colored projection of the timelapse from B showing how the actin
bundles moved and deformed (top); and the regions in which myosin moved (bottom). Green line shows the line
used to build the kymograph in E. D. Kymographs of the cyan line in B showing how the bundle observed at
time 0:00 moves due to the myosin activity. E. Kymograph of the green line showing how the myosin moved
along the actin bundles. Horizontal scale bar is 5um. Vertical bar is 25 seconds. F. Asters formed by the activity
of the myosin, 10 minutes after. The inset in the bottom left is a contrast-enhanced part of the image to show
myosin on the actin bundles moving towards the center of the aster.
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Figure 6.6. Activity of preformed muscle myosin-2 filaments on actin filaments bundled by 300nM
septin octamers. A and B. Representative time-lapse image series of assembled myosin (gray, inverted for
enhanced contrast) interacting with actin (yellow) bundled by 300nM septin octamers (magenta). Time is denoted
as min:sec in the top left of each actin image. Panel A shows same region as in Figure 6.3, while panel B shows a
different field of view for the same sample. Scale bar is 10pm. Cyan and orange lines in the 00:00 and the 16:00
images of A and B, respectively, represent the lines used for the kymographs in panel C. C. Kymographs showing
myosin binding to septin-actin bundles and not moving for the cyan line in A (top) and orange line in B (bottom).
Horizontal scale bar is 5um. Vertical bars are 40sec. D. TEM images of preformed myosin filaments interacting
with septin-actin bundles. Top-left: overview. Top-right and bottom:close ups. Top-right shows a close up of the
boxed region on the top-left image. Septin-actin bundles present darkened regions as indicated with the cyan
arrowheads. Some myosin filaments can also be seen on top of the bundles, as indicated with green arrowheads.
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Figure 6.7. Activity of preformed muscle myosin-2 filaments on actin filaments bundled by 10nM
septin octamers. A. Representative time-lapse image series of myosin filaments (gray, inverted for enhanced
contrast) interacting with actin (yellow) bundled by 10nM septin octamers (magenta). Time is denoted as min:sec
in the top left of each actin image. Scale bar is 10um. Cyan and orange lines in the 00:00 and the 9:00 images
represent the lines used for the kymographs in B. B. Kymographs of the cyan (top) and orange (bottom) lines in A.
Red arrowhead indicates mobile myosin, while purple arrowheads indicate immobile myosin. Horizontal scale
bars are 5pm. Vertical bars are 40sec. C. Overview of the TEM grid showing the formation of asters. D. Close
up of filaments emanating from the asters. E. Overview image of a different region of the same TEM grid as in
panel C, where myosin did not form asters. F. Close up of a thin bundle (top) and of unbundled actin filaments
(bottom), showing darkened regions (cyan arrowheads) and myosin filaments (green arrowheads) on top of the
actin structures, in a aster-free region.
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6.3. Discussion

In this chapter we aimed at using a minimal cell-free system to study how septins may
regulate actomyosin contraction in absence of regulatory accessory proteins. We first
investigated the actin bundling ability of human septin hexamers and octamers. We used
TIRF microscopy and TEM to image co-polymerized septin/actin bundles. We found that
both septin hexamers and octamers bind and bundle actin filaments. These bundles were
often curved, as described before for fly septin hexamers [101] and human septins [102].
TIRF images showed that the bundles formed an interconnected network. TEM images
mostly showed isolated bundles, consisting of closely spaced parallel filaments. Bundles
formed at high (800nM) concentrations of septin complexes frequently split into thinner
septin-actin bundles at their ends, explaining the interconnectivity of the network seen by
TIRF. The extensive sample handling required for TEM sample preparation likely disrupted
these connections, resulting in isolated bundles in TEM images

Interestingly, septin octamers displayed a higher bundling ability than hexamers. With
TIRF microscopy, we observed septin-actin bundling and the formation of interconnected
networks starting at a concentration of 100nM for octamers, compared to 500nM for hex-
amers. With TEM, only the octamers could make long-interconnected bundles at 300nM,
while hexamers at the same (oligomer) concentration rarely formed bundles. One poten-
tial explanation could be that septin octamers, being longer (32nm [149]) than hexamers
(24nm [82, 83]), could potentially bind more stably to actin filaments. In case all septin
subunits contribute equally to actin binding, the bundling capacity should be equal for
octamers and hexamers for an equal total concentration of septin subunits. However, we
observe that septin octamers at 100nM, corresponding to 800nM monomers, can bundle
actin better than 300nM hexamers, corresponding to 1800nM monomers. Therefore, the
different lengths of the two types of septin complexes alone cannot explain the observed
difference in bundling ability. This suggests that, SEPT9, a SEPT3 subfamily member
unique to the octamers, enhances the bundling capacity of octamers by either bringing
a unique actin binding sequence or by changing the physico-chemical properties of the
complex. This idea is consistent with previous research that showed that the N-terminus
of SEPT9 can bind and bundle F-actin [130], although we note that this research was car-
ried out with SEPT9 monomers and fragments thereof. We found by TEM that actin/septin
bundles contained ~4nm wide filaments consistent with the expected width of septin fil-
aments, that were clearly longer than single septin complexes. Silva Martins et al. [144]
showed that on actin stress fibers, septin octamers likewise form filaments. Future work
will need to reveal the actin binding domain of septin. Currently, only the microtubule
binding site (in Chapter 3 and [103]) and the Borg3 binding site [89] of septin oligomers
are known.

Time-lapse imaging revealed that septins nucleate bundles at places where actin fil-
aments are in close proximity, and the bundles then elongate from this point by further
recruitment of septins. At highest septin concentrations tested (300 and 100nM), bundling
was complete, while at low septin concentration (10nM), free actin filaments were left
between the septin-actin bundles. This result was again recapitulated by TEM imaging,
since at 300nM, all hexamer-actin bundles and some octamer-actin bundles opened up
and split into single actin filaments at their ends. We could observe this splitting even
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at concentrations where the bundling was complete according by TIRF (300nM octamers).
This is probably due to the handling process that leads to the breakage of the network, as
described above.

Interestingly, TIRF imaging revealed that after the bundles are formed, the signal of
actin remains constant while the signal of septin increases, indicating that septin is ac-
cumulating on the bundles. We examined the width of the filaments within the septin-
actin bundles imaged by TEM. We found that, on average, all filaments were thinner than
actin filaments and closer in width to septin filaments. For bundles formed in presence
of hexamers, we only detected filaments with a width of 4 nm, corresponding to the ex-
pected width of septin oligomers [83, 102]. In contrast, the width of the filaments in the
octamer-actin bundles had a broader distribution composed of some filaments with a simi-
lar width as septin filaments, a few filaments with a width similar as actin filaments (~9nm),
and a majority of the filaments with an intermediate width (~5-7nm). This intermediate
width is in between the width of a single septin filament and that of an actin filament
or a SEPT2-SEPT2-mediated paired filament (~13nm [208]). This wider distribution can
be explained by the presence of actin filaments or septin paired filaments on the exterior
of the octamer-actin bundles together with single octamer filaments. An actin filament
is a double helix [306] of ~10nm in diameter, whereas an octamer paired filament has a
cross-section of ~13nm and measures only ~4nm in thickness, forming a flat structure. We
speculate that the rotation of the paired filaments towards the center of the bundle hides
part of the paired filament, showing a thinner apparent width on TEM images, which
would not be the case for the more symmetric actin filaments. Due to the time-dependent
accumulation of septin octamers observed in our timelapse experiments, and the fact that
only septins appear to be present on the exterior of the hexamer-actin bundles, we think
that it is more likely that single and paired octameric filaments, and not actin filaments,
are found on the exterior of the octamer-actin bundles. However, we have no direct proof.
To test whether actin filaments and septin filaments are indeed segregated in this way, cry-
oEM together with tomography is needed to resolve the 3D structure of the septin-actin
bundles. To definitively distinguish septin from actin in the bundles, chemically specific
labeling is needed, either by immunolabeling on EM or or by superresolution fluorescence
microscopy with septin and actin tagged with distinct dyes.

In order to understand the impact of septin-mediated bundling on myosin-driven con-
traction, we next performed contraction assays. For this, we added preformed muscle
myosin-2 thick filaments to preformed F-actin filaments that had been previously incu-
bated with septin octamers at a high (300nM), intermediate (100nM), or low (10nM) con-
centration, and imaged them with TIRF microscopy and TEM. At high and intermediate
septin octamer concentration, we observed that myosin filaments did bind to the septin-
actin bundles, but did not move along them. The TEM imaging showed a unique pat-
tern of darkened regions on both septin-actin bundles and septin-only bundles, only ob-
served when myosin filaments were present. Occasionally, myosin filaments were found
buried in-between bundle-forming filaments. All this evidence, together with previous
work showing that SEPT2 can directly bind myosin [121], strongly suggests that septin is
indeed able to interact with myosin. The use of a lower concentration of septin (10nM)
leaded to a much lower density of septin-actin bundles. In this case, myosin did move
along actin filaments and remodeled the network into asters, suggesting that in this case
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myosin can directly bind actin. However, this contraction occurred at a lower speed than
for the septin-free control.

Overall, we observe a non-monotonic effect of septins on the contractility of actin
networks. A similar non-monotonic effect has also been observed for actin crosslinker
proteins. There is a region of optimal crosslinker concentrations where myosin can con-
tract actin in vitro [290, 304, 307-311] and in cells [312]. Thus, if septins primarily acty as
crosslinkers, at high and intermediate septin octamer concentrations (300nM and 100nM),
the network may be too stiff for myosin to contract it, whereas lower septin octamer con-
centration (10nM) may be more optimal for contraction. However, septins introduce addi-
tional complexities. First, they form filaments that co-assemble with actin filaments, un-
like conventional actin crosslinker proteins. Second, they have the ability to bind myosin
filaments. Thus we envision a scenario where septins modulate contraction by different
mechanisms depending on their concentration, as illustrated by Figure 6.8. In the absence
of septin-mediated crosslinking, myosin filaments are able to bind and move along actin
filaments, resulting in local formation of asters [290] (Fig. 6.8A). When septins are added
at low concentration, they crosslink the actin network and thus increase network connec-
tivity (Fig. 6.8B). This function resembles that reported for conventional actin crosslinkers,
except that in this case, myosins will be immobilized in case they bind to a septin-covered
actin bundle. Septin-mediated crosslinking causes the resulting forces to be transmitted
over long distances, promoting long-range contraction. In contrast, when septins are
present at high concentration, they will bundle the actin filaments, creating septin-covered
bundles that immobile myosin (Fig. 6.8C).
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Figure 6.8. Proposed mechanism to explain how septin octamer-mediated actin crosslinking can tune
the activity of myosin in a concentration-dependent manner. A. In the absence of septin, myosin can
bind and move along actin filaments, causing local contraction at high enough myosin concentration. B. At
low concentration, septin can act as a crosslinker that promotes myosin-driven actin contraction by enhancing
network connectivity. On septin-covered actin bundles, myosins are immobilized. C. At high concentrations,
septin completely bundles the actin and immobilizes the myosin on the bundles, inhibiting contraction.

In this chapter, we found that septin directly bind and polymerize on septin-actin bun-
dles. This has been also observed in cells [144], but in that case it was unclear whether
they bind directly or require an accessory protein. We also found that septins have a non-
monotonic effect on myosin activity, permitting contraction at low concentration, while
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inhibiting contraction at higher concentrations. This is in contrast with previous research
in cells that found that septins promote myosin activity, although these studies did not
systematically titrate the septin concentration but compared wild type and septin knock-
down situations [109, 121-124]. Most of the research on the interplay of septin on acto-
myosin structures has been done in non-muscle cells. As their own name describes, non-
muscle cells use non-muscle myosin-2 instead of muscle myosin-2. Non-muscle myosin-2
molecules form minifilaments composed of tens of myosin motors [295] whereas muscle
myosin molecules form thick filaments consisting of hundreds of motors [296]). The fact
that these myosins have different properties might contribute to the contradiction between
our in vitro work versus work on in cells. Another factor different from our in vitro assays
is that septins may exert additional contraction-promoting effects, for instance by scaf-
folding kinases [121] and recruiting other accessory proteins. To resolve how septin-actin
and septin-myosin interactions play out in cells, the in vitro experiments should hence be
repeated in the future with non-muscle myosin-2.

6.4. Materials and methods

6.4.1. Proteins

All chemicals were obtained from Sigma Aldrich unless specified otherwise.

Septin

Human septin oligomers were purified and their quality was checked as detailed in chap-
ter 2. We used septin hexamers with a subunit order of SEPT2-SEPT6-SEPT7-SEPT7-
SEPT6-SEPT?2 and septin octamers with a subunit order of SEPT2-SEPT6-SEPT7-SEPT9_i1-
SEPT9_i1-SEPT7-SEPT6-SEPT2. Septins were fluorescently tagged with msfGFP on the
C-terminus of SEPT2. For purification, SEPT2 contained a his¢-tag at its N-terminus, and
SEPT7, for hexamers, or SEPT9, for octamers, contained a Strep-II-tag at its C-terminus.

Actin

Unlabeled and Atto-647 labeled rabbit skeletal muscle actin were purchased from Hyper-
mol (Cat. # 8101-03 and 8158-02, respectively). Following the supplier instructions, we
dissolved the lyophilized actin to a final concentration of 23.8uM in MilliQ water, resulting
in a final buffer composed of 2mM Tris pH 7.8, 0.4mM ATP, 0.1mM Dithiothreitol (DTT),
0.08mM CaCl, and 0.2% unspecified disaccharides. After a 2h incubation on ice, the so-
lution was cleared by centrifuging at 148,000g for 1h. The actin concentration remaining
after clarification was checked by UV absorption measurements at 290nm using a Nan-
odrop 2000c spectophotometer (actin’s extinction coefficient €,00=0.617 Lmg'em™! [313]).
The G-actin solution was aliquoted, snap-frozen and stored at -80°C until use. Before use,
actin aliquots were quickly thawed and stored on ice for up to two weeks. Aliquots were
incubated for at least 2h on ice to depolymerize any F-actin [314].

Muscle Myosin-2

Skeletal muscle myosin-2 was purified in house from psoas rabbit muscle tissue following
a previously described protocol [315]. The entire procedure was done either in a cold room,
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on ice, or in a fridge, to prevent protein degradation. Briefly, after removing residues of
connective tissue, muscle tissue was minced using a meat grinder. Myosin was then ex-
tracted by mechanically agitating the mince for 15min in a high ionic strength phosphate
buffer (150mM KH,PO, pH 6.5, 300mM KCl, 20mM EDTA, 5mM MgCl,, ImM ATP) and
subsequent filtering of the mince through a cheese cloth. Myosin, actin, and actin binding
proteins were precipitated by slowly diluting the eluate with MilliQ water until a concen-
tration of ~30mM KCI was obtained. Removal of contaminant proteins was achieved by
two sequential dialysis steps against buffers of decreasing KCl concentration (from 1M
to 600mM on the first step and from 3M to 600mM in the second step), alternating with
precipitation in MilliQ water and following resuspension. Finally, myosin was stored at
-20°C in a buffer containing 25mM KH,PO, pH 6.5, 300mM KCI, 0.5mM DTT, and 50v/v%
glycerol.

Myosin was fluorescently labeled using N-hydroxysuccinimide (NHS) ester amide re-
active DyLight550 (ThermoFischer Scientific, Cat. # 10387779) following the supplier’s
protocol with typical labeling ratios (determined by UV/vis spectroscopy) of 1-2 dyes per
protein. Labeled myosin was stored in the same buffer and at the same temperature as
unlabeled myosin. Just before use, 50uL of a mixture of 95mole% unlabeled and 5mole%
labeled myosin was dialyzed for at least 2h at 4°C against myosin buffer (20mM Tris pH
7.4, 300mM KCl, 4mM MgCl,, and 1mM DTT) using a 20kDa cutoff 0.5mL slide-A-lyzer
dialysis cup (Thermo Fisher scientific, Cat. # 88402) to remove the glycerol. The protein
was then centrifuged for 20min at 148,000g to pellet any aggregated protein. The pro-
tein concentration was then measured by UV absorption at 280nm (extinction coefficient
myosin €,5,=0.249pM-1cm-1 [315]).

6.4.2. Preparation of passivated flow channels

Flow channels were prepared as detailed in chapter 3. Briefly, 2x20mm parafilm strips
were sandwiched, separated by ~3mm, between a base piranha cleaned glass slide and
coverslide. The parafilm was then melted at 120°C to fix the flow channel. Once the chan-
nels had cooled down, as shown by the parafilm turning opaque again, we passivated the
surface. We either formed an inert Supported Lipid Bilayer (SLB) composed of 100% DOPC
lipids (see Cchapter 4) or performed subsequent incubations with PLL-PEG-biotin and «-
casein (see Chapter 3). As soon as liquid were introduced into the flow channels, these
were left in a humid chamber to avoid drying. We used a 100-eppendorf tube -20 freezer
box where the holes were filled with water and the devices were placed on top of small
PDMS squares to avoid direct contact of the device with the water.

6.4.3. Preparation of passivated imaging chambers

Passivated chambers for fluorescence micoscopy were prepared by sticking a pre-cut ep-
pendorf tube to a coverslide. First, we cut the lid and the bottom of a 500uL eppendorf.
We then used 2-component epoxy glue (Bison, Cat. # 6305950) to stick the eppendorf
tube, from the side where the lid was attached, to a base piranha cleaned (see chapter 3.4)
coverslide. Once the glue was set, we immediately passivated the surface by subsequent
incubations with PLL-PEG-biotin and k-casein (see chapter 3.4). To do so, we first incu-
bated the channels with 40pL of 0.2 mg/mL Poly(L-lysine)-graft-biotinylated PEG (SuSoS,
Cat. # CHF560.00) in MRB80 buffer for 10 minutes, and next washed the chambers with
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200pL of F-buffer (20mM Tris pH 7.4, 2mM MgClL,), 50mM KCl, and 1mM DTT). After the
final wash, 20 pL of the remaining solution were removed and 1mg/mL k-casein (Sigma-
Aldrich, Cat. # C0406) in F-buffer was added. After incubation for at least 10 minutes, we
washed twice with 200puL F-buffer. Just before loading the samples, 20uL of solution was
removed. We then added the sample in F-buffer to the pre-existing volume of F-buffer,
diluting the sample. We therefore prepared the sample stock solution at double the con-
centration of all components not present in F-buffer. The imaging chambers were stored
at all times in the same type of box as the flow channels.

6.4.4. Septin-actin bundle formation for TIRF microscopy

Septin-actin bundles were formed by either co-polymerizing septin oligomers and G-actin
or by polymerizing septin oligomers in the presence of pre-polymerized F-actin, as de-
scribed in each individual subsection of the results.

For all experiments, we first prepared a mix of labeled and unlabeled protein. For
actin, we mixed 90% unlabeled skeletal muscle rabbit actin with 10% ATTO-647 skeletal
muscle rabbit actin in G-buffer (2mM Tris pH 7.8, 0.2mM CaCl,, and 1mM DTT) to a to-
tal G-actin concentration of either 5uM (for experiments with flow channels) or 10pM
(for experiments with passivated imaging chambers). For septin, we mixed 90% unlabeled
septin complexes with 10% msfGFP septin complexes in septin buffer (20mM Tris pH 7.4,
2mM MgCl,, 300mM KCl, and 1mM DTT) to a concentration of either 6 times (for experi-
ments with flow channels) or 12 times (for experiments with passivated imaging chambers)
higher than the desired final concentration.

To co-polymerize septin oligomers with G-actin, we followed a process similar to
the one described in chapter 2.2. Briefly, we prepared a 5x septin polymerization
buffer (5xSPB) containing all the necessary components except the proteins. This
5xSPB contains (83.3mM Tris-HCI pH 7.4, 8.3mM MgClL,, 5mM DTT, 5mM GTP, 5mM
ATP, 0.75w/v% Methylcellulose, 5mM Protocatechuic acid (PCA), 5mM 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (TROLOX)) for the flow channels and (83.3mM
Tris-HCI pH 7.4, 8.3mM MgCl,, 10mM DTT, 10mM GTP, 10mM ATP, 10mM PCA, and
10mM TROLOX) for the imaging chambers. Note that for the imaging chambers, the
methylcellulose was not included in the 5xSPB. Then, in this specific order, we mixed
MilliQ water (enough to top up to the final desired volume), 20% 5xfluoSPB (1:5 dilu-
tion), 0.05uM (for flow channels) or 0.1uM (for imaging chambers) Protocatechuate 3,4-
Dioxygenase (PDC, sigma-Aldrich, Cat. # P8279), 0.3% methylcellulose (only for the imag-
ing chambers), 20% Actin mix, and 16.67% Septin mix (1:6 dilution). This mix was immedi-
ately inserted into the flow channels or 1:1 diluted into the imaging chambers containing
F-buffer (see above). This gives a final buffer composition of 20mM Tris pH 7.4, 2mM
MgCl,, 50mM KCl, 1mM DTT, 1mM GTP, 1mM ATP, 0.15% methylcellulose, 1mM PCA,
0.05pM PCD, 1mM TROLOX, 1pM actin and a final concentration of septin complexes in
the range of 10nM to 800nM, as specified in the Results. We typically prepared 10pL for the
flow channels and 20pL for the imaging chambers. PCA and PCD are oxygen scavengers
used to protect the sample from bleaching and from photodamage [316, 317]. TROLOX
inhibits blinking [318]. Methycellulose is a crowding agent that crowds the actin fila-
ments/bundles to the surface for TIRF imaging. The final mixture was then immediately
added into the flow channels or the imaging chambers to avoid disrupting the bundled net-
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work. The flow channels were sealed with Dow Corning® high-vacuum silicone grease
(Sigma-Aldrich, Cat. # Z273554), while the imaging chambers were closed with their cut
lids to avoid drying.

To pre-polymerize actin and then add the septin oligomers, we followed a similar ap-
proach. We mixed the volumes specified above of MilliQ water, 5x master buffer, PCD,
methylcellulose, and the actin mix. We incubated this mixture for at least 1h to allow the
actin to polymerize and then added the septin mix. Following this process, the final buffer
specified above is only completed after adding the septin. Therefore, the actin is polymer-
ized in a slightly different buffer composed of 20mM Tris pH 7.4, 2mM MgCl2,, 0.72mM
DTT, 1.2mM GTP, 1.2mM ATP, 0.18% Methycellulose, 1.2mM PCA, 0.06uM PCD, 1.2mM
TROLOX, and 1.2uM actin.

6.4.5. Septin-actin bundle formation for TEM

To prepare septin-actin bundles for TEM imaging, we prepared the samples in the same
way as for the TIRF flow channels but did not include PCA, PCD, TROLOX and methyl-
cellulose. In this case, before adsorbing the protein onto the TEM grid, the samples were
mixed and incubated in an eppendorf tube. To prepare the sample, a TEM grid (Quan-
tiFoil, C support Cu400) was first glow discharged (GloQube, Quorum Technologies Ltd.).
During the glow discharging, a parafilm strip was first laid out on a clean surface. Next,
two 20pL drops of F-buffer, one 10uL drop of MilliQ water, and one 4puL drop of 2%uranyl
acetate were carefully pipetted onto the parafilm strip, one on top of the other, creating
a column of drops. This process was repeated in parallel to create multiple columns of
drops. After the glow discharging, 5uL of sample was pipetted onto the glow discharged
TEM grid and incubated for 1min. After the incubation, we blotted the sample drop (avoid-
ing complete drying) by carefully absorbing the liquid with a filter paper from the side,
washed twice with F-buffer by placing the EM grid on one of the F-buffer drops and blot-
ting, washed once with the MilliQ) water drop, and stained by picking up the 4pL drop of
2% uranyl acetate. The drop of uranyl acetate was incubated on the grid 30-45 seconds
and the sample was blotted to dryness. This sample was then ready to image.

6.4.6. Timelapse bundling assays

To image how septin bundled actin, we polymerized actin alone in an imaging chamber
as described above. We then imaged the actin to check that it had properly polymerized,
crowded to the surface, and not bundled by methylcellulose [301]. Next, we added the
septin oligomers and started imaging as soon as possible. We imaged as fast as the mi-
croscope allowed (1frame/sec) until the septin completely bundled the actin or for at least
15min. Microscope settings for TIRF imaging are described in section 6.4.8.

6.4.7. Myosin contraction assays

Before use, we first assembled myosin thick filaments. We made a 6-fold dilution of the di-
alyzed myosin monomers into F-buffer, while considering the contributions of the myosin
buffer (see above), which with a 6x dilution adds 3.33mM Tris pH 7.4, 0.67mM MgCl,,
0.17mM DTT and 50mM KClI to the final solution. We prepared the myosin dilution by
first pre-mixing Tris pH 7.4, MgCl,, DTT and MQ and then adding the myosin that came
out of the dialysis. The resulting solution was incubated at room temperature for at least
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30min to allow the myosin to form filaments. The final concentration of myosin in this
mix is different in every experiment, due to the different concentrations coming out of
the dialysis. The concentration is thus calculated by UV absorption as described in sec-
tion 6.4.1.

For the myosin contraction assays, we first imaged septin-mediated actin bundling, as
described before, and then added the myosin filaments. To do so, we prepared a mix of
assembled myosin, ATP, creatine kinase, and creatin phosphate. This mix was prepared
aiming to the addition of 50nM assembled myosin, ImM ATP, 0.2mM creatine kinase, and
10mM creatine phosphate to volume of sample already present in the imaging chamber.
We then immediately started imaging at 0.66frames/sec. Microscope settings for TIRF
imaging are described in section 6.4.8.

For imaging myosin-actin samples with TEM, the samples were prepared in the same
way as for TIRF imaging, but in an eppendorf tube. After incubating the myosin with the
septin-actin bundles for ~3min, we deposited the samples onto TEM grids as described in
section 6.4.5. TEM imaging settings are described in section 6.4.9.

6.4.8. TIRF imaging, processing, and analysis

Imaging was done using an inverted Nikon Eclipse Ti-E microscope with perfect focus
system, equipped with a FRAP/TIRF Ilas ? system (Gataca Systems), an oil immersion ob-
jective (Nikon Plan Apo A 100x NA 1.45), and a EMCCD camera (Photometrics). Image
acquisition was controlled using MetaMorph (Molecular Devices). We used lasers (all from
Cobolt) with wavelengths of 488nm (~15% intensity, 50-100ms exposure time), 56 1nm (~2%
intensity, 10-30ms exposure time), and 642nm (~15% intensity, 50-100ms exposure time),
which were set to an angle yielding a penetration depth of ~100nm. Images were processed
with FIJI [154]. The time-colored projection was made using the temporal-color code plu-
gin of FIJI. Kymographs were built using the reslice tool of FIJI over the lines manually
drawn shown in the corresponding figures.

6.4.9. TEM imaging, processing, and analysis

Imaging was done using a JEM-1400plus microscope (JOEL) equipped with a 4k X 4k F416
CMOS camera (TVIPS) and operated at an acceleration voltage of 120kV with magnifi-
cations between 100x and 60000x. Images were processed with FIJI. First, images were
denoised using the "smooth” tool of FIJI, which applies a 3x3 average filter. Width mea-
surements were taken from the non-smoothed image by manually drawing a line perpen-
dicular to the long axis of the bundle or the filament, from the start to start of the darkened
pixels in each side generated by the defocus halo on each side of the bundle or filament
(Fig. S6.1C and D). If the borders were not clear, the bundle/filament was skipped.



6.5 Supplementary information

161

6.5. Supplementary information

Table $6.1. Widths of filaments within septin bundles and septin-actin bundles measured in TEM images. The
table shows the mean, standard deviation, and 95% confidence interval for single actin filaments, filaments within
septin hexamer or octamer bundles, and filaments within septin-actin bundles with either hexamers or octamers.

Actin
Mean (nm) 9.279
Standard deviation (nm)  1.628
Confidence interval (nm) 0.658

Hexamers
4.436
0.576
0.238

Octamers
3.959
0.504
0.195

Hexamers+actin
4.437
2.040
0.824

Octamers+actin
5.668
1.858
0.534
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Figure $6.1. Width of septin-actin bundles and width of filaments within these bundles. A. Width of
septin-actin bundles imaged with TEM as in panel C and D. The number of bundles for the 300nM hexamers
condition is low due to the scarcity of bundles in the sample. Results are presented as box and whiskers plots
superposed with individual data points including outliers (red: actin co-polymerized with 800nM septin complex,
light blue: actin co-polymerized with 300nM septin complex). Two-tailed t-test with p-values adapted to use the
Bonferroni correction (* p<0.0083, ** p<0.00083, ns=non-significant). Clearly defined bundles from 5-8 images
taken at 1,000-30,000x were measured per condition from at least 2 independent replicates. B. Width of single
actin filaments (formed in the absence of any other protein), of filaments in either hexamers-only or octamers-
only bundles, and of filaments in copolymerized septin and actin. Results are presented as box and whiskers plots
superposed with individual data points including outliers (yellow: actin filaments, purple: hexamers bundles,
light blue: actin-hexamers bundles, pink: octamer bundles, red: actin-octamers bundles). Two-tailed t-test with
p-values adapted to use the Bonferroni correction (* p<0.005, ** p<0.0005, ns=non-significant). Clearly defined
filaments from 5-8 images taken at >30,000x were measured per condition from at least 2 independent replicates.
C. Representative image of a bundle (actin and 800nM septin octamers) with yellow lines displaying examples of
measured bundle widths. D. Representative image of a septin-actin bundle (300nM septin octamers) with yellow
lines displaying examples of measured filament widths.
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Figure S6.2. TEM images of actin filaments, preformed muscle myosin-2 filaments, septin bundles,
and combinations of the myosin filaments with either actin or septin bundles. A. Representative images
of 1uM F-actin. The top image shows an overview, while the bottom image shows a magnified region with a
lower density of filaments. B. Representative images of preformed muscle myosin-2 filaments. The top image
shows an overview, while the bottom image shows a magnified view of a single filament. C. Representative
images of polymerized septin octamers at 300nM. The top image shows an overview of the sample with many
septin octamer bundles, as highlighted by the pink arrowheads. The bottom image shows a magnified view of the
bundle indicated by the purple arrowhead. The large dark structure in the top-right is a uranyl acetate crystal.
D. Representative images of a sample of F-actin incubated for 15min with muscle myosin filaments. The left
image shows an overview of the sample. In the two squares on the left, radial structures resembling asters can
be seen. On the left, actin filaments not forming a radial structure can be seen. Right image shows a magnified
view of actin filaments on the periphery of the radial structure. D. Representative images of a sample of septin
bundles incubated for 3min with muscle myosin filaments. The left image shows several septin bundles (magenta
arrowheads) coexisting with myosin filaments (green arrowheads). The image on the right shows a magnified
view of a single septin bundle that contains several darkened regions (cyan arrowheads).
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Figure S6.3. Bundling of pre-formed actin filaments by 100nM human septin octamers and further
activity of myosin filaments on them. A. Representative time lapse image series of 100nM septin octamers
(magenta) bundling F-actin (yellow). Time is denoted as min:sec in the top left of each actin image. Scale bar is
10um. B. Representative time lapse image series of myosin filaments (gray scale, inverted to increase contrast)
interacting with actin (yellow) bundled by 100nM septin octamers (magenta). C. Kymograph of the cyan line in
B, showing the accumulation of immobile myosin filaments on the septin-actin bundle. Horizontal scale bar is
5pm. Vertical bar is 25 seconds.
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Chapter 7

Septins anchor actin filaments and
bundles to lipid membranes

Building a synthetic cell is becoming not only an interesting engineering challenge, but also
a toolbox to understand the basic mechanisms that govern the cell’s functioning. One im-
portant aspect is the support of the cell membrane, which needs to withstand internal and
external mechanical stresses, while also needing to undergo regulated shape changes during
cell division and migration. In animal cells, mechanical support and cell reshaping are partly
controlled by the cell cortex, a network based on actin filaments organized by actin-binding
proteins that reinforces the membrane but can also actively drive changes in membrane shape.
In this context, building a synthetic actin cortex can contribute to understanding the minimal
components needed for its functions in cell membrane support. In this Chapter, we explore
the possibility of building a synthetic actin cortex via the interaction of septins with both lipid
bilayers and actin. We found that septin is indeed able to anchor actin filaments and bundles
thereof to supported lipid bilayers and giant vesicles, forming a cortex-like structure. Adding
the actin nucleator protein Arp2/3 led to the formation of membrane-bound asters.

This study was designed in close collaboration between Gerard Castro-Linares and Marcos Arribas Pérez. Exper-
iments and analysis were performed by Gerard Castro-Linares and Elise Perton. Elise Perton worked under the
joint supervision of Gerard Castro-Linares and Marcos Arribas Pérez. The supported bilayer part of this Chapter
has been partly (Fig. 7.1) published in [2) Martins et al. Human septins organize as octamer-based filaments and
mediate actin-membrane anchoring in cells, JCB, 2023
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7.1. Introduction

Building a synthetic cell from the bottom-up has emerged as a powerful approach to inves-
tigate the fundamental principles underlying cellular life. By deconstructing the complex-
ity of real cells into a minimal set of components, this approach enables the systematic dis-
section of the roles of individual components and their interactions in cell function [10, 11].
This reductionist approach allows researchers to uncover new principles of cell organiza-
tion, regulation, and behavior, and to test hypotheses that are difficult to address in real
cells due to their complexity and heterogeneity. The basic toolbox for synthetic biology
is to develop cell-inspired modules that drive different functions of the cell [319], that are
later combined to build a fully functional synthetic cell.

One important function of cells that must be mimicked in synthetic cells is their ability
to control their shape and mechanical stability, and to engineer morphogenetic processes
such as cell division [23, 32,320]. The shape and mechanical properties of cells are essential
for their proper function, since they allow cells to perform division, migration, phagocyto-
sis, and many other crucial functions. Bacterial and plant cells are characterized by their
rigid and defined shapes, which are maintained by a cell wall [18-20]. In contrast, animal
cells lack a cell wall and instead rely on the cytoskeleton, a dynamic network of filaments
that determines cell shape and provides mechanical support [22, 23, 321]. The cytoskeleton
is composed of four types of filament-forming proteins: actin, microtubules, intermediate
filaments, and septins [76, 322]. In particular, the cell cortex is a specialized cytoskeleton-
based structure which is responsible for maintaining cell shape and mechanical stability
by actively reshaping and mechanically supporting the fragile cell membrane [47, 321].
The cortex is composed mainly of actin filaments, which are crosslinked and organized by
a variety of actin-binding proteins (ABP). Important ABPs for cell shape control and me-
chanical stability are actin crosslinkers, that make a cohesive network of actin filaments,
actin anchors, that couple the cortex to the cell membrane, actin nucleators, that define the
architecture and density of the actin meshwork, and motor proteins, that actively reshape
the cortex [43, 47, 323-325].

In order to build a synthetic cell with an actin-inspired actin network, we must select a
minimum set of cortex components to be expressed from a synthetic genome inside giant
unilamellar vesicles (GUV), that are cell-sized liposomes. However, the expression of mul-
tiple proteins using in vitro transcription-translation systems is still a challenge [326, 327].
Additionally, the fact that actin requires posttranslational modifications [328], which are
present in low amounts in bacteria [329], that it is poorly soluble in bacterial lysate [330],
and that it is prone to degradation by bacterial proteases [330], has made it impossible to ex-
press actin in the commonly used bacterial-based transcription-translation systems [326].
Therefore, synthetic actin cortices have instead been studied by encapsulating purified
actin and ABPs inside GUVs [259, 331-338]. Different methods of actin-membrane anchor-
ing have been pursued, including direct binding by electrostatic interactions [339, 340] or
biotin-streptavidin [337, 341, 342], or indirect binding via the His-tagged actin-binding
domain of anillin [334] or via integral membrane proteins coupled to ankyrin and spec-
trin [343]. Interestingly, two recent studies by Baldauf et al. [258, 344] used a more phys-
iological approach where they selectively nucleated actin at the membrane using Arp2/3,
which generates branched actin networks, together with a membrane-bound activator.
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Compared to the physiological situation, some important simplifications were made: as
activator they used VCA, a fragment of N-WASP, and for membrane binding of VCA, they
tagged VCA with a His-tag that recognizes Ni-NTA lipids in the membrane. They found
that these synthetic actin cortices were dynamic and able to detect membrane curvature,
form membrane protrusions, and stabilize the shape of the GUV. However, anchoring
via the artificial His-Ni interaction makes the system non-physiological by immobilizing
the cortex anchors to the membrane, so they can move in plane, but cannot bind and
unbind [345, 346].

We aim to build upon the Arp2/3-mediated actin cortex system by anchoring the
actin cortex via the physiological interaction between septin, actin, and the membrane.
Septins are a recently acknowledged family of cytoskeletal proteins that form nonpo-
lar filaments via the interaction of rod-shaped septin hetero-oligomers [76]. In human
cells, septins form hexamers, composed of SEPT2-SEP6-SEPT7-SEPT7-SEPT6-SEPT2, and
octamers composed of SEPT2-SEP6-SEPT7-SEPT9-SEPT9-SEPT7-SEPT6-SEPT2 [87, 88].
As described in Chapter 2 and in previous literature [102, 147], we are able to purify
these pre-formed oligomers by recombinant expression in Escherichia coli. As shown in
Chapters 4 and 5, septins are able to polymerize and bind to phosphatidylserine (PS) and
phosphatidylinositol 4,5-biphosphate (PIP2)-containing supported lipid bilayers (SLB) and
GUVs. Chapter 6 and previous work [102] showed that septin complexes are also able to
bind actin filaments, crosslinking them at low concentrations (~10nM septin octamers),
and bundling them at higher concentrations (>100nM septin octamers or >500nM septin
hexamers). If septins are able to mediate actin and membrane interactions at once, they
could act simultaneously as a membrane-actin anchor and an actin crosslinker, fulfilling
two important cortical functions. Recent work showed that septins anchor actin stress
fibers to the plasma membrane in adherent cells [144], strengthening our hypothesis that
septins may act as a membrane-actin anchor. Additionally, the formation of a membrane-
bound septin network could provide additional mechanical support to the GUV membrane,
while their ability to curve membranes might also contribute to cell shape control.

In this chapter, we explore the possibility to form a septin-mediated actin cortex for
synthetic cells by bringing together our work on septin-membrane binding (Chapters 4
and 5) and septin-actin binding (Chapter 6). First, we explored whether septin is able
to anchor actin to a model lipid membrane by copolymerizing septin and actin on top
of SLBs and inside GUVs. We show that in both systems, a meshwork of septin-actin
bundles is anchored to the biomimetic membrane systems. Then, with the aim to tune
the architecture of this cortex, we add the actin nucleator Arp2/3 and its activator VCA,
showing the formation of membrane-bound cortices comprised of actin asters.

7.2. Results

7.2.1. Septin complexes anchor actin filaments to flat membranes

In Chapter 6 we investigated how septin complexes crosslink and bundle actin at differ-
ent concentrations on top of inert SLBs composed of 100mol% DOPC (100%PC SLB). Since
these inert membranes do not interact with septins, we crowded the resulting structures
to the surface with methylcellulose to enable visualization by TIRF microscopy. To inves-
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tigate whether septins can anchor actin to lipid bilayers, we replicated these experiments,
but now using negatively charged SLBs containing 5mol% of the septin-binding lipid PIP2
(5%PIP2 SLB) (Chapter 4 and 5, and [96]) and removing the methylcellulose to avoid crowd-
ing (Fig. 7.1A). We performed these experiments with human septin octamers at a concen-
tration of 300 nM. Figure S7.1 shows representative images of the SLBs generated in this
chapter. The small lipid clusters observed did not show any systematic effect on septin
localization, as judged from comparing signal co-localization. By using TIRF, which only
illuminates a shallow (~100nm) region close to the surface, we expect to observe actin only
if septin is anchoring it to the surface (Fig. S7.2). Figure 7.1C clearly shows that septin and
actin were bound and immobilized on top of the 5%PIP2 SLBs, while only out of focus mov-
ing structures were seen on the 100%PC SLB. This shows that septin octamers are indeed
able to interact simultaneously with actin and PIP2-containing SLBs, anchoring the actin
to the membrane. Additionally, to check whether septins need to polymerize on the mem-
brane before anchoring actin, we pre-polymerized septin octamers with actin the mixture
abulk solution, and then incubated it on top of the SLBs (Fig. 7.1B). On the 5%PIP2 SLBs, we
could again observe the actin on the surface while only out-of-focus bundles were seen on
the 100%PC SLB (Fig. 7.1D). This finding shows that septins do not need to polymerize on
the membrane first. Interestingly, though, we could observe clear differences between the
two types of experiments. When septin octamers and actin were co-polymerized on the
5%PIP2 SLB, we observed a network of thinner filaments than when the septin complexes
and the actin were pre-polymerized. Additionally, in the co-polymerization experiments
we observed a uniform septin signal along the whole membrane surface (with occasional
smaller clusters), reminiscent of human and fly septins binding SLBs (Fig. S7.2B and C,
and [96] for fly septins). In contrast, in the pre-polymerization experiments, all the septin
octamers were sequestered in the septin-actin bundles, indicating that once bound to the
actin, the septin do not unbind and relocalize to the lipid bilayer.

To further investigate how septins anchor actin to PIP2-containing bilayers, we con-
ducted a series of experiments where we co-polymerized 1pM actin with varying septin
concentrations (10nM, 100nM, 300nM, 500nM, 800nM), now comparing septin hexamers
and octamers. To promote septin-membrane binding, we included 20mol%PS in the SLBs
(20%PS+5%PIP2 SLBs) (Fig. 7.2A), which enhances binding to PIP2-containing SLBs as
shown in Chapter 4 and 5. At the highest septin concentration of 800nM, both hexamers
and octamers bound a mesh of septin-actin bundles to the membrane (Fig. 7.2B and C,
respectively). As the septin concentration decreased, we observed distinct differences be-
tween hexamers and octamers. Septin hexamers (Fig. 7.2B) could still anchor actin bundles
to the membrane at 500nM, but no septin could be observed on these bundles. At 300nM,
only a few actin filaments were observed on the SLB. At even lower concentrations of
100nM and 10nM, we could not observe any surface-bound actin within the TIRF field,
indicating that these concentrations are insufficient for membrane anchoring (Fig. 7.2B).
Septins hexamers could still be seen bound to the surface, as illustrated by the homoge-
neous septin signal with dotted signal. In contrast, septin octamers were able to anchor
a network of septin-actin bundles to the surface at all concentrations tested (Fig. 7.2C).
We could only see a qualitative difference for the 10nM septin octamer sample, where we
were unable to distinguish a septin signal on the surface-bound actin. Interestingly, this
concentration-dependent difference between hexamers and octamers is consistent with
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Figure 7.1. Septin octamer-mediated actin anchoring to 5%PIP2-containing supported lipid bilayers.
A. Schematic representation of the experiments in panel C where actin and septin octamers are co-polymerized
on an SLB. B. Schematic representation of the experiment in panel D where pre-formed actin-septin bundles
are placed in contact with the SLB. C. Representative TIRF images of actin (yellow) and 300nM septin octamers
(magenta) co-polymerized on top of 5%PIP (left) or 100%PC (right) SLBs. D. Corresponding images for pre-
polymerized actin-septin bundles. Scale bar is 10pm.

the concentration-dependence of actin bundling in solution. As shown in Chapter 6, hex-
amers required concentrations above 300nM to bundle actin in solution, whereas octamers
could bundle actin from 100nM when co-polymerizing with actin and even from 10nM if
actin was pre-polymerized. Therefore, we cannot determine whether septin hexamers and
octamers have different actin-anchorage ability or simply have a different actin-bundling
strength.

7.2.2. Septin complexes anchor actin bundles to the inside of GUVs

Towards the aim of building a vesicle-based synthetic cell, we encapsulated 4puM actin to-
gether with different concentrations (OnM, 50nM, 100nM, 300nM, 500nM, and 800nM) of
septin complexes inside cell-sized GUVs composed of 75wt%PC, 20wt%PS, and 5wt%PIP2
(20%PS+5%PIP2 GUVs) using the eDICE method, as described in Chapter 5. As shown in
Fig. 7.3, confocal imaging revealed a strong effect of septin concentration on the localiza-
tion and organization of actin inside the GUVs. In the absence of septins, actin displayed
an homogeneous signal throughout the lumen that decreased close to the membrane, rep-
resenting the curvature of the GUV (left-most column of Fig. 7.3). Sometimes, especially
for GUVs smaller than 6pm in radius, we observed a shell of enhanced actin intensity at the
periphery of the GUV (Fig 7.3). This type of spontaneous peripheral localization has been
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observed before [347, 348] and is a known consequence of confinement. Entropy favors a
homogeneous distribution, but when the vesicle size is smaller than the persistence length
of actin filaments (~10pm [349]) and their contour length, the enthalpic cost of filament
bending forces the filaments to the periphery [348]. When actin was co-encapsulated
with septin complexes at a low septin concentration (50nM or 100nM), we could again
observe vesicles with either an homogeneous or a peripheral shell of the actin with oc-
casional septin dots. When the septin complex concentration was raised to 300nM, we
started to observe (rare) instances of GUVs harboring septin-actin bundles. At the highest
concentrations of 500nM and 800nM of septin complexes, we frequently observed septin-
actin bundles inside the GUVs. Interestingly, septin octamers (Fig. 7.3B) made thinner and
more interconnected septin-actin bundles than septin hexamers (Fig. 7.3A).

Then, to understand whether septins were anchoring the septin-actin bundles to the
GUV membrane, we classified the GUVs depending on whether or not the bundles lo-
calized on the GUV membrane. To do so, we visually inspected z-stacks of GUVs en-
capsulating actin together with the highest concentrations (500nM and 800nM) of septin
complexes (N=90 for hexamers in Fig. 7.4A, and N=93 for octamers in Fig. 7.4B). We classi-
fied the GUVs in 3 groups: the network of bundles (1) completely colocalized, (2) partially
colocalized, or (3) not localized with the GUV membrane. We found complete bundle local-
ization to the membrane in the majority of the GUVs (62% for septin hexamers and 74% for
septin octamers) (Fig. 7.4A and C). Most other GUVs showed partial colocalization (35%
for septin hexamers and 26% for septin octamers), while only a small fraction of GUVs
contained bundles that were completely detached from the membrane (2% for septin hex-
amers and 1% for septin octamers) (Fig. 7.4A and C, respectively). From the GUVs with
partial bundle/membrane co-localization, for a high fraction (94% for septin hexamers and
96% for septin octamers) the bundles not localizing on the membrane were co-localized
with small lipid aggregates (Fig. 7.4A and C, central column). Additionally, we noticed
that bundles frequently localized to lipid clusters in the membrane. Indeed, in 97% of the
GUVs with septin-actin bundles localized to the membrane, these bundles were localizing
to regions with membrane clusters (Fig. S7.3). It is unclear whether these clusters are part
of the GUV membrane or whether they are small lipid aggregates that are recruited to the
membrane by septin. We also do not know if septin-actin bundles preferred to bind to
pre-existing membrane clusters, or if they caused the clustering. Interestingly, we noticed
that 20%PS+5%PIP2 GUVs tended to have fewer small lipid aggregates in the lumen if they
had septin and actin inside than when septin was not present (Fig. 7.3), suggesting that
septin-actin bundles could recruit the aggregates to the GUV membrane.

To test whether this septin-actin bundle localization at the membrane is due to septin
anchoring, we performed the same manual analysis on inert 100%PC GUVs. To do so,
we co-encapsulated 800nM septin hexamers or octamers and 4pM actin in GUVs com-
posed of 99.75wt% PC, 0.05wt% rhodamine PE, and 0.2wt% biotin PE and took confocal
z-stacks of 119 GUVs with septin-actin bundles (N=76 for hexamers in Fig. 7.4B, and N=43
for octamers in Fig. 7.4D), and classified these GUVs into the same three groups. In the
majority of GUVs (97% for septin hexamers and 93% for septin octamers), the bundles
partly localized to the membrane. In 5% of the GUVs with octamers, the bundles com-
pletely colocalized with the membrane, and in the rest (3% for septin hexamers and 2% for
septin octamers), the bundles were completely detached from the membrane. Thus, septin-
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actin bundles rarely localize completely to the membranes of 100% GUVs, whereas they
frequently localize completely to the membrane of 20%PS+5%PIP GUVs, suggesting that
septins bundle and anchor actin to the membrane of GUVs in a PIP2 and PS-dependent
manner.

7.2.3. Septin octamers anchor actin asters to lipid bilayers in the
presence of the actin nucleator Arp2/3

We found that septin by itself is able to anchor actin bundles to a PIP2 and PS-containing
lipid bilayer. We next wondered whether we could tune the architecture of the cortex-like
structure by adding other ABPs, generating a more cell-like cortex. We chose to include
the actin nucleator Arp2/3 and the Arp2/3-activating domain of murine N-WASP, VCA.

We again first tested this possibility on 100%PC and 20%PS+5%PIP2 SLBs imaged with
TIRF microscopy. To do so, we mixed 5.5nM Arp2/3, 0.55pM VCA (based on previous
literature [258, 344]), 0.9uM actin, and 700nM septin octamers. In these experiments we
fluorescently labeled the SLB, to check its quality, actin, and either septin octamers or VCA,
which were tagged with fluorophores excited at the same wavelength (msfGFP for septin
and AlexaFluor 488 for VCA). We did all the experiments in the absence and presence of
0.15wt% methycellulose (MC), but here we only show the experiments in the presence
of MC for cases where the actin structures were not anchored to the SLB. To check the
effect of adding Arp2/3 and VCA on septin and actin separately, we first incubated actin
and septin separately on a 20%PS and 5%PIP2 SLB with Arp2/3 and VCA. We observed no
particular change in the septin signal on SLBs when Arp2/3 was added (Fig. 7.5A). The
septin signal was homogeneous along the surface with occasional brighter spots. With
actin, we observed an intricate network of filaments, with varying densities at distinct
regions (Fig. 7.5B). We did not observe any indication of branching, but the higher densities
made the network look differently than actin alone (see Chapter 6). The actin network was
only seen in the presence of methylcellulose, indicating it was not membrane-bound.

Surprisingly, when the four components were all combined, we could see membrane-
bound radial arrays of actin filaments of a radius of ~10um (Fig. 7.5C). At the center of these
asters, there was always a small dot of VCA, indicating that Arp2/3 might be nucleating
the actin from the center of these arrays. The septin signal was higher on the aster than
on the rest of the SLB, particularly on the center, but we could not observe any indication
of the septin following the actin filaments going outwards. Similar actin asters have been
observed before in the presence of Arp2/3 and fascin [350].

We then repeated this experiment on a 100%PC SLB and in the presence of MC, since
in this case septin does not anchor the structures to the SLB (Fig. 7.5D). We could again
see radial arrays of actin, but in this case there were fewer and thicker filaments emerg-
ing from the VCA-rich center, resembling stars. Septin was again enriched at the center,
but we could now see it also enriched on the thicker arms. To test whether the lack of
septin-mediated anchoring is what differentiates the asters from the stars, we designed an
intermediate situation in which we polymerized all proteins in solution and in the absence
of MC, and afterwards added them on the 20%PS+5%PIP2 SLB. In this situation, we could
see a phenotype similar to the one observed in the absence of Arp2/3 and VCA, namely
a mesh of anchored septin-actin bundles (Fig. 7.5E). We could, however, see that many
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more of the bundles crossed, or emerged, from a single point, reminiscent of the stars ob-
served on the 100%PC SLB, indicating that the formation of asters is indeed dependent on
membrane binding during actin and septin polymerization.

To understand more about the mechanism of formation of the membrane-bound asters,
we performed two more experiments on 20%PS+5%PIP2 SLBs. In these experiments, we
first pre-incubated the nucleator, Arp2/3, its activator, VCA, and one of the cytoskeletal
proteins for 30 minutes in solution and in absence of MC. After the incubation, we added
the other cytoskeletal protein and immediately flushed the mixture onto the SLB. When
we incubated first septin octamers with Arp2/3 and VCA, we could again see membrane-
bound asters with a ~10 um radius(Fig. 7.6A). In this case, however, we could see septin
signal localized to most of the actin filaments moving outwards from the aster. This in-
dicates that septin may have interacted with Arp2/3 and VCA during the incubation in
solution, so, enhancing its binding to the polymerizing actin arms. When actin was added
first, we could still see membrane-bound circular arrays, but the structures were double
in size as compared to the previously described situation, had no obvious center, and
septin could not be observed on the actin filaments, indicating that if septin is not present
from the start of the polymerization process, the asters formed are more loosely packed
(Fig. 7.6B).

Finally, we wondered if we could form these membrane-bound asters inside GUVs. To
test this, we used eDICE to make GUVs with membrane compositions of either 100%PC
or 20%PS+5%PIP2 encapsulating the four proteins. In the 20%PC+5%PIP2 GUVs we could
see a variety of phenotypes (Fig. 7.7A and B). We could see that some of the GUVs con-
tained a single clump of protein. These clumps contained actin and septin or VCA. Since
septin octamers and VCA were labeled with fluorophores excited at the same wavelengths,
we could not check if both proteins were present in the protein clump simultaneously.
Other GUVs contained membrane-bound septin-actin bundles, a phenotype similar to the
bundles formed in absence of Arp2/3 and VCA. Finally, we could see GUVs containing
structures reminiscent of the asters seen in the SLB experiments, where bundles of actin
(and septin, observed in experiments where we labeled it) emerged from a protein clump
with either septin or VCA (we could not image both simultaneously). To further check
if septin octamers interacted with Arp2/3 or VCA, we also encapsulated all the proteins
except actin. In this case, we could only see clumps of proteins with no septin localizing
to the membrane (as in Chapter 5), suggesting that Arp2/3 or VCA could be inhibiting
septin-membrane interactions by binding septin. In contrast, in the 100%PC GUVs, we
could only observe clumps of protein in most of the GUVs, indicating that the addition
Arp2/3 and VCA lead to the polymerization of a single septin structure that could not be
resolved by confocal microscopy.
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Figure 7.2. Anchoring of actin filaments to SLBs by human septin hexamers and octamers at different
concentrations. A. Schematic representation of the experiments. Septin complexes are co-polymerized with
actin on top of 20%PS+5%PIP2 SLBs. B. Representative TIRF images of actin (yellow) co-polymerized with the
specified concentrations of human septin hexamers (magenta) on top of 20%PS+5%PIP2 SLBs. D. Corresponding
images with human septin octamers. Scale bar is 10pm.
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Figure 7.3. Anchoring of actin filaments to the inner surface of GUVs containing 20%PS+5%PIP2 by
human septin hexamers and octamers at different concentrations. A. Maximum intensity z-projections
of representative confocal Z-stacks of 4uM actin (yellow) co-polymerized with the specified concentrations of
human septin hexamers (magenta) inside 20%PS+5%PIP2 GUVs (cyan). B. Corresponding images with human
septin octamers. Note that bright and amorphous lipid structures are contaminating structures such as lipid
droplets introduced by the eDICE method. Scale bar is 10pm.
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Figure 7.4. Localization analysis of the septin-actin bundles inside GUVs. A. Maximum intensity projec-
tions of the central 10 confocal slices (0.5 or 1um step size) of representative z-stacks for each category of the
classification of the localization of septin (magenta) hexamers-actin(yellow) bundles inside 20%PS+5%PIP2 GUVs
(cyan). B. Corresponding images of the classification for 100%PC GUVs. C. Maximum intensity projections of
the central 10 confocal slices of representative z-stacks for each category of the classification of the localization
of septin octamers-actin bundles inside 20%PS+5%PIP2 GUVs. Corresponding images of the classification for
100%PC GUVs. Note that GUVs composed of 100%PC in B and D, have fewer small lipid aggregates in the lumen
than those composed of 20%PS+5%PIP2 SLB in A and C. Scale bars are 10um.



178 7. Septins anchor actin filaments and bundles to lipid membranes

A B C
Arp2/3, VCA, Arp2/3, VCA, Arp2/3, VCA, Arp2/3, VCA,
and septin and , and septin , and septin
-MC + MC - MC - MC

o~
o
a
X
LN
+
N
a
X
o
~

D
Arp2/3, VCA, Arp2/3, , Arp2/3, VCA,
, and septin , and septin , and septin
+ MC + MC - MC, 1h in tube

100%PC

Figure 7.5. Formation of a septin octamer-anchored actin network on SLBs in the presence of Arp2/3
and VCA. A. Representative TIRF images of septin octamers (magenta) incubated with Arp2/3 and VCA on a
20%PS+5%PIP2 SLB in the absence of methylcellulose (-MC). B. Representative image of actin (yellow) incubated
with Arp2/3 and VCA (orange) on a 20%PS+5%PIP2 SLB in the presence of 0.15wt% methylcellulose (+MC). C.
Representative images of the incubation of the four proteins at once on a 20%PS+5%PIP SLB in the absence of
methylcellulose. On the left septin is labeled, while on the right VCA is labeled. D. Representative images of the
incubation of the four proteins on a 100%PC SLB in the presence of 0.15wt% methylcellulose. On the left septin
is labeled, while on the right VCA is labeled. E. Representative image of the four proteins incubated together
in solution for 1h and afterwards added to a 20%PS+5%PIP2 SLB in the absence of methylcellulose. The white
arrowheads in E show the presence of aster-like structures. The experiments in D were done twice while the
experiment in E was done only once. Scale bars are 10um.
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Figure 7.6. Pre-incubation of Arp2/3 and VCA with either actin or septin gives different aster mor-
phologies. A. Representative TIRF image of the asters formed when septin octamers (magenta) are incubated
for 30min with Arp2/3 and VCA before the addition of actin (yellow). B. Representative image of the asters
formed when actin is incubated for 30min with Arp2/3 and VCA before the addition of septin octamers. Both
experiments were done only once. Scale bars are 10pm.
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Figure 7.7. Encapsulation of actin, septin octamers, Arp2/3, and VCA in GUVs. A. Representative confo-
cal images of 20%PS+5%PIP2 GUVs (cyan) encapsulating actin (yellow), fluorescent septin octamers (magenta),
Arp2/3, and VCA. B. Corresponding images using unlabeled septin and fluorescent VCA (orange). C. Representa-
tive confocal images of 20%PS+5%PIP2 GUVs encapsulating fluorescent septin octamers (magenta), Arp2/3, and
VCA. D. Representative confocal images of 100%PC GUVs encapsulating the same proteins as in A. Scale bars
are 10pm.
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7.3. Discussion

In this chapter we have explored the possibility to anchor an actin-based cortex-like
structure to the membrane of a synthetic cell via simultaneous septin-actin and septin-
membrane interactions. Elsewhere in this thesis, we found that septins bind to membranes
containing PIP2, and they bind better if PS is also present (Chapters 4 and 5). From Chap-
ter 6, we know that septin complexes can bundle actin at high concentrations (>500nM),
while octamers start bundling actin already from lower (~10nM) concentrations. There-
fore, in this chapter we first compared the actin-anchorage ability of septin octamers to
5%PIP2 SLBs and to 100%PC SLBs using TIRF microscopy. We found that septin-actin
bundles were only observed on the 5%PIP2 SLBs. This shows that septins can indeed an-
chor actin filaments to a lipid bilayer, indicating that with septins alone, we can build a
bundle-based cortex-like structure to mechanically support the synthetic cell membrane.
Our findings also show that (1) the lipid- and actin-binding domains of septins are indepen-
dent and (2) far enough from each other on the septin oligomer to permit both interactions
at once. When septin octamer-actin bundles were first pre-formed in solution before incu-
bation on SLBs, we found very similar results: the bundles were bound to the membrane
only when PIP2 was present. Since we know that septins form filaments on the surface
of septin-actin bundles (Chapter 6), this indicates that polymerization on the SLB is not
critical for septin binding. Comparing the two experiments, we found that actin-septin
bundles were more abundant and thinner when formed on the membrane instead of in
solution. This is likely due to the formation process. In solution, polymerizing septin and
actin filaments are able to move in 3D, leading to more interactions with other septin and
actin filaments. On the SLBs, the septin filaments and associated actin filaments are im-
mobilized, drastically decreasing the amount of potential interactions with other actin or
septin filaments.

We next compared at what concentrations hexamers and octamers were able to anchor
actin filaments on SLBs, using 20%PS+5%PIP2 SLBs to strengthen the septin-membrane in-
teractions. We saw that septin hexamers were also able to anchor actin to the SLB, forming
a similar bundle-based cortex-like structure as septin octamers. The octamer-mediated an-
choring, however, led to a thinner and more interconnected network of bundles. When
decreasing the septin concentration, we found that hexamers stopped anchoring actin at
concentrations below 500nM, while octamers could anchor actin at all tested concentra-
tions. However, at the lowest concentration of octamers tested (10nM), the surface-bound
actin was thinner and no septin was seen colocalizing with it. These results are consis-
tent with those of the actin bundling assay from Chapter 6, were we found that septin
hexamers could bundle actin in solution only above 500nM, whereas septin octamers bun-
dled actin from 10nM (if the actin was pre-polymerized). Therefore, we cannot at this
stage conclude whether septin hexamers have different actin-anchorage ability or simply
have a higher critical concentration for actin bundling. Interestingly, we see that at 10nM,
septin octamers can anchor many actin filaments to the membrane, although only par-
tially bundling them in solution. This may indicate that septin octamers have a stronger
affinity for the 20%PS+5%PIP2 SLBs than for actin, forming first a network on the SLB to
which actin filaments can later anchor. We could test this hypothesis by tuning the SLB
composition to lower the percentages of PS and/or PIP2 and see whether this arrangement
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is replicated or whether septin would switch from being more an anchor to being more an
actin bundler

Despite the ability of septin to anchor actin to lipid bilayers, by itself septin simply
anchors a network of bundles. With the aim to tune this architecture and move to a more
realistic cortex-like arrangement with shorter and more interconnected actin filaments [41,
123, 253, 351], we decided to use Arp2/3 and its activator VCA to nucleate branched actin
networks. When we co-polymerized actin with Arp2/3, VCA and septin octamers on a
20%PS+5%PIP2 SLB, to our surprise, we found that septin now anchored actin asters to
the SLBs. These asters had many thin actin filaments coming out of their center. On
the 100%PC SLB, when crowding the bundles to the surface, we could see asters with
only a few thicker actin bundles, which we termed stars. On the samples with asters,
the septin signal was higher on the asters, especially in the center, but this signal did
not show a well-defined structure and we could not see a clear colocalization with the
actin filaments. On the samples with stars, however, we did observe septin decorating the
actin arms, in addition to a high signal in the star center. VCA signal was high only in
the center of both asters and stars. To learn about the mechanism of formation of these
structures we varied the experimental process in three ways. First we copolymerized
the actin and septin in the presence of Arp2/3 and VCA in bulk before adding onto the
20%PS+5%PIP2 SLB, and found that a network of septin-actin bundles was formed, with
some bundles emanating from stars. This suggests that septin-membrane interactions are
vital for the formation of asters. We then incubated Arp2/3 and VCA in bulk with either
septin or actin for 30min, and then added the other cytoskeletal protein and incubated the
mixture on the 20%PS+5%PIP2 SLB. We found that if septin was incubated with Arp2/3 and
VCA first, asters were formed with the septin now clearly localizing to the actin filaments
coming out of the center. This suggests that septin might interact with Arp2/3 and/or
VCA, forming a cluster of the three proteins that can then interact with actin. This could
lead to a higher local concentration of septin that helps it bind the actin filaments, giving
a clear (instead of not well-cloudy) localization with the asters arms. Instead, if actin was
co-polymerized with Arp2/3 and VCA first, we observed larger and less tightly packed
structures, suggesting that to form proper asters (with filaments emanating from a center),
septin is needed during actin polymerization.

Our observations are reminescent of earlier work of Haviv et al. [350], who found sim-
ilar asters and stars when polymerizing actin in the presence of Arp2/3, VCA and the actin
bundling protein fascin. They proposed that during the initial stages of polymerization,
Arp2/3 and VCA start nucleating a seed of a branched actin network that will form the
centre of the aster, and fascin then binds to allow formation of aster arms. Similarly, we
propose that septins bind to the nascent aster centre thanks to its interaction with actin,
and, as suggested by our observation of septin localizing better to the arms if previously
incubated with VCA and Arp2/3, also to Arp2/3 and/or VCA. During aster nucleation, the
Arp2/3 concentration is still high, favoring the formation of branched actin filaments. As
the actin filaments grow, the available Arp2/3 pool in solution is depleted, favoring the
formation of straighter filaments forming the aster arms (Fig. 7.8A). The actin bundler
(septin for us, and fascin in [350]) then starts bundling the actin filaments. Since the actin
in the aster center has more branched actin networks, which are more difficult to bend
to promote bundling, only the straighter actin filaments coming out of the seeds are bun-
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dled, leading to the formation of the arms of the aster. To understand when we get asters
versus stars depending on the lipid composition, we can use the same explanation as de-
tailed above for the formation of septin-actin bundles that are thinner if they polymerize
on the 20%PS+5%PIP2 SLB. Briefly, as the actin and septin filaments are immobilized due
to their septin-mediated anchorage, they can only interact with a few filaments and would
form thin bundles or remain as filaments (Fig. 7.8B), leading to aster formation (Fig. 7.8C).
When polymerized on a membrane that does not bind septin or in the bulk, the actin and
septin filaments can now freely move in 3D leading to more septin-mediated actin-actin
interactions and therefore to the formation of thicker arms (Fig. 7.8D), leading to star
formation (Fig. 7.8E). We should caution that this interpretation is speculative, since the
experiments where we varied the timing and incubation conditions were only done once
or twice.
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Figure 7.8. Proposed mechanism to explain how septin octamers mediate aster versus star formation.
A.Nascent aster composed of actin (yellow), septin octamers (magenta), and Arp2/3+VCA (orange), consisting of
short, branched actin filaments. B. If the nascent aster grows on a septin-binding lipid bilayer, it will be anchored
by the septin octamers. In this case the actin filaments are immobilized by their anchorage to the surface and
will only bundle by septin if two filaments grow together from the center of the aster. Top represents a lateral
view, bottom represents a bird’s eye view. C. The lack of lateral interaction and bundling will generate an aster,
with many actin filaments coming out of the center. D. If the nascent aster grows in solution, the actin and
septin filaments can move, leading to septin-mediated bundling by different filaments coming together. E. As a
consequence of the bundling, the septin octamers bundle most of the actin filaments in a few arms, generating
a star.
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With the aim of building a synthetic cell, we finally encapsulated the septin and actin
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with and without Arp2/3 and VCA inside cell-sized vesicles using the eDICe method. We
found very similar results compared to the SLBs experiments. When septin and actin were
encapsulated together, we found bundle formation only above a nominal septin concen-
tration of 500nM, in this case for both septin hexamers and octamers. These bundles were
completely membrane-localized inside 60-70% of the 20%PS+5%PIP2 GUVs, but in only one
of the 100%PC GUVs. This again shows that both septin hexamers and octamers can anchor
a cortex-like structure to PIP2- and PS- containing lipid bilayers, and they can also do so
inside cell-sized vesicles. However, since we used confocal microscopy to image the GUVs,
we cannot be sure whether the bundles that we observe represent all the septin-anchored
actin, or whether additional thinner filaments or bundles are also present but not seen due
to the lower sensitivity of confocal microscopy as compared to TIRF microscopy. Using
higher resolution techniques, such as electron microscopy or high resolution fluoresce
microscopy (such as STED or STORM) would be useful to characterize the actin-septin
networks more fully. When we encapsulated actin and septins together with Arp2/3 and
VCA, we obtained some GUVs with aster-like structures attached to the membrane. At
the same time we also observed GUVs containing either small clumps containing all the
proteins or membrane-anchored septin-actin bundles, similarly to when Arp2/3 and VCA
are not present. The variability in phenotypes across all the GUV experiments probably
originates from variations in protein encapsulation efficiency. As reported by Baldauf et
al. [258] and by us in Chapter 5, eDICE produces GUVs having a wide range of protein con-
centrations. Therefore, the phenotype observed when co-encapsulating multiple proteins
likely depends on the stoichiometric ratios of these proteins.

Finally, the lack of septin on the membrane of 20%PS+5%PIP2 when encapsulating it
with Arp2/3 and VCA, and the better localization of septin to actin filaments after pre-
incubating it with Arp2/3 and VCA is initial indirect proof that septins might directly
interact with Arp2/3. This could be very relevant for cells, since septins have been found
to localize to regions of the cortex with branched actin networks [127, 128], and to actin
regions nucleated with Arp2/3 [352, 353]. Further studying whether septins directly in-
teract with Arp2/3 would give a deeper understanding of how septins could participate in
forming structures such as lamellipodia [127] and phagocytic cups [128]. In particular, co-
sedimentation assays and higher resolution imaging of septin complexes incubated with
Arp2/3 can give more insights into this possibility.

In summary, we have been able to use septin to build a cortex-like membrane-anchored
actin structure. However, the architecture of the network does not resemble a real cor-
tex. The cell cortex has several co-existing morphologies, ranging from disordered net-
works [41, 253, 351] to tightly packed bundles such as the contractile ring [123]. We do
obtain anchored septin-actin bundles, but these are often curved and disorganized, unlike
the contractile ring. Therefore more work is needed to tune the architecture of the septin-
mediated actin cortex, and in particular to order the bundles into a ring and to form a
network of shorter and crosslinked actin filaments that are uniformly distributed along
the GUV membrane, which would potentially further reinforce the synthetic cell mem-
brane. This could be done by playing with the timing at which the proteins are added,
or by incorporating other ABPs that would further tune the architecture. Furthermore,
having less thick bundles of actin and septin or single crosslinked actin filaments could
make it possible for myosin to contract the actin network, since septin inhibits contrac-
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tion of bundles (as shown in Chapter 6). Finally, to test whether actin-septin bundles can
indeed reinforce the synthetic cell membrane, it will be interesting to perform mechanical
measurements by fluctuation analysis or micropipette aspiration (see Chapter 8).

7.4. Materials and methods

All chemicals were obtained from Sigma Aldrich unless specified otherwise.

7.4.1. Proteins

Septin

Human septin oligomers were purified and their quality was checked as detailed in chap-
ter 2. We used septin hexamers with a subunit order of SEPT2-SEPT6-SEPT7-SEPT7-
SEPT6-SEPT2 and septin octamers with a subunit order of SEPT2-SEPT6-SEPT7-SEPT9_i1-
SEPT9_i1-SEPT7-SEPT6-SEPT2. Septins were fluorescently tagged with msfGFP on the

C-terminus of SEPT2. For purification, SEPT2 contained a hisg-tag at its N-terminus, and
SEPT7, for hexamers, or SEPT9, for octamers, contained a Strep-II-tag at its C-terminus.

Actin

Unlabeled and Atto-647 labeled rabbit skeletal muscle actin were purchased from Hyper-
mol (Cat. # 8101-03 and 8158-02, respectively). Following the supplier instructions, we
dissolved the lyophilized actin to a final concentration of 23.8uM in MilliQ water, resulting
in a final buffer composed of 2mM Tris pH 7.8, 0.4mM ATP, 0.1mM Dithiothreitol (DTT),
0.08mM CaCl, and 0.2% unspecified disaccharides. After a 2h incubation on ice, the solu-
tion was cleared by centrifuging at 148,000g for 1h. The actin concentration remaining af-
ter clarification was checked by UV absorption measurements at 290nm using a Nanodrop
2000c spectrophotometer (actin’s extinction coefficient €,0,=0.617 Lmg~'em™! [313]). The
G-actin solution was aliquoted, snap-frozen and stored at -80°C until use. Before use, actin
aliquots were quickly thawed and stored on ice for up to two weeks. Aliquots were incu-
bated for at least 2h on ice to depolymerize any F-actin [314].

Arp2/3

Porcine brain Arp2/3 complex was ordered from Hypermol (Cat. # 8413-01) and stored
in a buffer containing 20 mM Tris, 150 mM KCl, 1 mM MgCl,, 1 mM DTT, and 0.2 mM
Na,ATP at -80°C.

VCA-domain

A 10xHis-tagged VCA-domain of murine N-WASP was purified in-house from Escherichia
coli BI21 (DE3) following a described protocol [354]. The plasmid was a kind gift from
Kristina Ganzinger (AMOLF). VCA was fluorescently labeled with AlexaFluor 488 C5
maleimide (Molecular Probes) following the retailer’s protocol.

7.4.2. Reconstituting actin cortices on SLBs

In order to reconstitute septin-actin cortices on SLBs, we used small unilamellar vesicle
(SUV) rupture to form SLBs inside custom-made glass flow channels as described in Chap-
ters 4 and 6. Then we incubated the specified proteins on top of the SLBs.
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SUV preparation

To make SLBs, we used the lipids 1,2-dioleoyl-sn-glycero-3-phospho-(1’-myo-inositol-
4’ 5’-bisphosphate) (ammonium salt) (PIP2) (Merck KGaA, #850155P), 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) (Merck KGaA, #850375C), 1,2-dioleoyl-sn-glycero-3-
phospho-L-serine (sodium salt) (DOPS) (Merck KGaA, #840035C), and to visualize the
membrane we used 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rho-
damine B sulfonyl) (Rhodamine-PE) (Merck KGaA, Cat. #810150C); all from Avanti Polar
Lipids.

To prepare the SUVs, a lipid mixture in 20:9:1 chloroform:methanol:water containing
74.9mol% PC, 20mol% PS, 5mol% PIP2, and 0.1mol% rhodamine-PE (20%PS+5%PIP2) or
a mixture in chloroform of 99.9mol% PC and 0.1mol% rhodamine-PE (100%PC) was dried
under nitrogen in a glass tube. After an overnight incubation in a dessicator to remove any
remaining solvents, we resuspended the lipid film in either F-buffer of pH 7.4 (20mM Tris
HCl pH 7.4, 2mM MgCl,, 50mM KCI, 1mM DTT) or, if PIP2 was in the mixture, NaCi buffer
of pH 4.8 (50mM citrate, made of equal molarity trisodium citrate and citric acid mixed in a
2:3 volume ratio, 50mM KCl, 0.1mM ethylenediaminetetraacetic acid). The lipids were then
resuspended by four cycles of 1 min vortexing and 5 min incubation at room temperature.
Then, we transferred the lipid solution to an eppendorf tube and subjected the solution
to ten freeze-thaw cycles. Finally, SUVs were obtained by sonicating the lipid solution at
room temperature using an Ultrasonic homogenizer series HD 2000.2 sonicator equipped
with a BR30 cup resonator (Bandelin) at 10% amplitude for 30 minutes (total sonication
time) with pulses of 5s on and 5s off to avoid excessive heating.

SLB formation

Flow channels were prepared as detailed in chapter 3.4. Briefly, 2x20mm parafilm strips
were sandwiched, separated by ~3mm, between a base piranha cleaned glass slide and
coverslide (5% hydrogen peroxide and 5% ammonium hydroxide solution heated at 70°C
for 10 minutes). The parafilm was then melted at 120°C to fix the flow channel. Once the
channels had cooled down, as shown by the parafilm turning opaque again, we immedi-
ately formed the SLB by adding 10pL of SUV solution supplemented with 5mM MgCl,, to
promote vesicle rupture. As soon as solution was introduced into the flow channels, these
were left in a humid chamber to avoid drying. After at least 30 minutes incubation, the
channels were washed with 3 channel volumes (~30uL) of F-buffer.

Septin-actin cortex formation

We first prepared a mix of labeled and unlabeled protein. For actin, we mixed 90% un-
labeled skeletal muscle rabbit actin with 10% ATTO-647 skeletal muscle rabbit actin in
G-buffer (2mM Tris pH 7.8, 0.2mM CaCl,, and 1mM DTT) to a total G-actin concentration
of 5uM. For septin, we mixed 90% unlabeled septin complexes with 10% msfGFP septin
complexes in septin buffer (20mM Tris pH 7.4, 2mM MgCl,, 300mM KCl, and 1mM DTT)
to a concentration 6 times higher than the desired final concentration.

We then followed a process similar to the one described in chapter 6. Briefly, we
prepared a 5x septin polymerization buffer (5xSPB) containing all the necessary compo-
nents except the proteins. This 5xSPB contains (83.3mM Tris-HCI pH 7.4, 8.3mM MgCl,,
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5mM DTT, 5mM GTP, 5mM ATP, 5mM Protocatechuic acid (PCA), 5mM 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (TROLOX)). Then we mixed MilliQ water (enough
to top up to the final desired volume), 20% 5xfluoSPB (1:5 dilution), 0.05uM (for flow
channels) or 0.1uM (for imaging chambers) Protocatechuate 3,4-Dioxygenase (PDC, sigma-
Aldrich, Cat. # P8279), 20% Actin mix, and 16.67% Septin mix (1:6 dilution), in this specific
order. This gave a mix composed of 21.66mM Tris pH 7.4, 2mM MgCl,, 50mM KCI, 1mM
DTT, 1mM GTP, 0.5mM MgATP, 1mM PCA, 1mM TROLOX, 0.05uM PCD, 0.067mM CaCl,,
1uM total actin concentration, and the septin concentrations specified in the Results sec-
tion. This mix was immediately inserted into the flow channels. PCA and PCD are oxygen
scavengers used to protect the sample from bleaching and from photodamage [316, 317].
TROLOX inhibits blinking [318]. The final mixture was then immediately added into the
flow channels, and incubated for at least 1h at room temperature (~21°C). The flow chan-
nels were sealed with Dow Corning® high-vacuum silicone grease (Sigma-Aldrich, Cat. #
Z273554).

Septin-actin-Arp2/3 cortex formation

As above, we first prepared the protein mixes. For actin, we mixed 90% unlabeled skeletal
muscle rabbit actin with 10% ATTO-647 skeletal muscle rabbit actin in G-buffer to a total
G-actin concentration of 5pM. For septin, we mixed 85% unlabeled septin octamers with
10% msfGFP septin octamers in septin buffer to a 6uM concentration. Then we diluted
unlabelled VCA to 21.6pM and Arp2/3 to 0.22uM. Since septin and VCA were stained with
fluorophores that are excited at the same wavelength, to image fluorescent VCA, we pre-
pared the 6uM septin with only dark octamers (septin dilution), and the 70uM VCA with
20% AlexaFluor C5-VCA (VCA mix).

Then, we first prepared the perishable mix containing 5mM DTT, 5mM Trolox, 5mM
PCA, 0.25uM PCD, 5mM GTP, and 2.5mM ATP in G-buffer. To prepare the sample, we
subsequently mixed, in this specific order, MilliQ, 11.2 mM Tris-HCl pH 7.4, 1.2 mM MgCl,,
17.6v% perishable mix, 2.5v% diluted Arp2/3, 2.5v% VCA (dilution or mix), 18v% actin mix,
and 11.8v% septin octamers (dilution or mix), respectively. Unless specified otherwise, we
waited 15 seconds between adding the actin and the septin. For experiments on 100% PC
SLBs, we added methylcellulose at a final concentration of 0.13wt% (2wt% stock) just before
the perishables mix. This resulted in a mix composed of 14.1mM Tris pH 7.4, 1.41mM
MgCl;, 44.1mM KCl, 1.32mM DTT, 0.88mM GTP, 0.44mM MgATP, 0.044mM PCA, 0.88mM
TROLOX, 0.044uM PCD, 0.03mM CaCl,, 0.88uM total actin concentration, 0.55pM VCA,
5.5nM Arp2/3, and 706nM total septin concentration. This mix was then, unless otherwise
specified, immediately added to the SLB-coated flow channels, sealed with Dow Corning®
high-vacuum grease, and incubated for at least 1h at room temperature.

TIRF imaging

Imaging was done using an inverted Nikon Eclipse Ti-E microscope with perfect focus
system, equipped with a FRAP/TIRF Ilas® system (Gataca Systems), an oil immersion ob-
jective (Nikon Plan Apo A 100x NA 1.45). Image acquisition was controlled using Meta-
Morph (Molecular Devices). We used lasers (all from Cobolt) with wavelengths of 491nm
(~15% intensity, 50-100ms exposure time), 561nm (~2% intensity, 10-30ms exposure time),
and 642nm (~15% intensity, 50-100ms exposure time), which were set to an angle yield-
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ing a penetration depth of ~100nm. Images were processed with FIJI [154] to tune the
brightness and contrast for optimal visualization.

7.4.3. Reconstituting actin cortices inside GUVs

To make GUVs containing a septin-anchored actin cortex, we used eDICE, similarly as
explained in Chapter 5.

eDICE

We used several types of lipids to prepare the GUVs, all from Avanti Polar Lipids. First, the
basic component for the membranes was either DOPC or 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC) (Merck KGaA, Cat. #850457C). DOPC and POPC were used
interchangeably as they only differ in the saturation of the alkyl chains that are within
the hydrophobic core of the GUV bilayer, while the same headgroup is exposed to the
aqueous solutions. Second, we used the anionic lipids PIP2 (purified from brain) (Merck
KGaA, Cat. #840046X), and DOPS. To visualize the membrane we used Rhodamine-PE.
Finally, to bind the GUVs to the surface of the imaging chamber, we used 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine-N-(biotinyl) (sodium salt) (Biotin-PE) (Merck KGaA,
Cat. #870282C). We used two lipid compositions, 74.95wt% PC, 20wt% PS, 5wt% PIP2, and
0.05wt% rhodamine-PE (20%PS+5%PIP2) or 99.95wt% PC and 0.05wt% (100%PC). To anchor
GUVs to the imaging surface, we added 0.2wt% Biotin-PE in the place of PC.

First, we prepared the lipid-in-oil solution. To do so, we mixed enough lipids to give
0.2mg/mL total lipid concentration in 7mL of final solution, dried them in a glass vial
with the screw wrapped with teflon tape under a stream of N, gas, and incubated o/n
in a dessicator. Then, the vial was introduced into a glovebox. Inside the glovebox, we
prepared a 5.3:1.2 volumetric ratio mix of silicone oil and mineral oil, respectively. We
then dissolved the dried lipid films in 50uL of chloroform and diluted them with 400pL
of decane. Next, we added 6.5mL of the oil mix to each lipid vial while continuously
mixing by vortexing. Finally, we removed the vials containing the lipid-in-oil solution
from the glovebox, sealed them with parafilm, and sonicated them in an ice bath for 15
minutes using a bath sonicator (Branson 2510 Ultrasonic Cleaner, Marshall Scientific) to
break down any remaining lipid clumps.

The GUV preparation was conducted at room temperature (~21°C) using a custom-built
spinning chamber setup as described in [259]. We first set the spinning chamber to rotate
at 2000rpm (corresponding to a motor voltage of 14.5V on our device), added 700pL of
outer aqueous solution (OAS), and carefully added 5mL of the lipid-in-oil solution. Next,
1 mL of lipid-in-oil solution was set aside in a 2mL Eppendorf tube. Droplets of inner
aqueous solution (IAS) with a monolayer of lipids were created in the 1mL lipid-in-oil
solution through manual emulsification, which involved adding the IAS and scratching
the Eppendorf tube vigorously over an Eppendorf holder 10-15 times. Next, we pipetted
1mL of the emulsion into the spinning disc and centrifuged it for 3 minutes. After GUV
formation, the spinning chamber was stopped by gradually reducing the motor voltage and
we carefully removed most of the oil phase from the edge of the chamber’s opening while
gradually tilting the disc. Then, we added 233uL of vesicle buffer (VB) to the aqueous phase.
We concentrated the GUVs by resting the spinning chamber at a 45° angle for at least 15
minutes so the GUVs sunk. To pick up the GUVs, we cut a 200puL pipette tip and pipetted
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the solution from the corner of the tilted spinning disk, cleaned the pipette tip of residual
oil, and transferred the GUV-containing solution into an Eppendorf tube. After a 5 minute
incubation, we pipetted the GUVs from the bottom of the tube and transferred them into
the imaging chambers with a cut pipette tip. The imaging chambers were ibidi 18-well
p-slides with glass bottom. For GUV immobilization on the imaging surface, the wells
were previously passivated by incubation with 1mg/ml of a 1:1 BSA:BSA-biotin solution
in Milli-Q for atleast 15 minutes at room temperature, followed by incubation with 1mg/ml
of Neutravidin in 3:1 OAS:VB for at least 5 minutes. Subsequently, the wells were washed
with 3:1 OAS:VB twice. 40pL of the prepared GUV samples were pipetted in each well that
already contained 40uL 3:1 OAS:VB for two-fold dilution. Alternatively, the wells could
also be passivated with f-casein. For this, we incubated the wells with 50uL 1mg/mL
f-casein for at least 30 minutes, and directly dried the wells with a nitrogen gun.

Septin-actin cortex formation

For the experiments where septin and actin were the only encapsulated proteins, we pre-
pared GUVs encapsulating 800nM septin hexamers or octamers and 4uM actin in condi-
tions that permit polymerization (50mM KCl). To avoid polymerization of proteins be-
fore they were inside the GUVs, we prepared a protein mix composed of 85% dark septin
complexes and 15% msfGFP-labeled septin complexes at a total septin concentration of
4800nM in septin buffer (septin mix) and a mix of 10% ATTO647-actin at a total concen-
tration of 12uM (actin mix) in G-buffer. Then we prepared a 5x septin polymerization
buffer (5xSPB) made of 83.33mM Tris-HCI at 7.4 pH, 8.33mM MgCl,, 5mM DTT, 5mM
GTP, 2.5mM MgATP, 5mM TROLOX and 5mM PCA.

Once the spinning disk was ready with the OAS and the lipid-in-oil solution, we fin-
ished preparing the IAS by mixing, in this specific order: MilliQ water (enough to top
up to the final desired volume, usually 25uL, so 6.08uL), 20% 5xSPB (1:5 dilution, 5.4puL),
0.05uM PCD (0.27uL), 6.5% optiprep (1.75uL), 33.3% actin mix (9puL) and 16.67% Septin mix
(1:6 dilution, 4.5uL). This yielded a final composition of IAS of 20mM Tris pH 7.4, 1.66mM
Tris pH 7.8, 2mM MgCl,, 50mM KCI, 1mM DTT, 1mM GTP, 0.5mM MgATP, 1mM PCA,
1mM TROLOX, 0.05uM PCD, 6.5v% optiprep, 0.067mM CaCl,, 4uM total actin concentra-
tion, and 800nM total septin concentration. After the IAS was prepared, we emulsified it
into the lipid-in-oil solution as fast as possible and pipetted it into the spinning disk.

Since the IAS had an osmolarity of ~177mOsm/kg, if optiprep was used, and
~330mOsm/kg, if sucrose was used, we prepared the OAS and the VB to have a slightly
higher osmolarity. The OAS was made of a glucose solution with an osmolarity of
~189mOsm/kg (if the IAS had optiprep) or ~370mOsm/kg (if the IAS had sucrose). The VB
was made of sucrose solution supplemented with 80mM Tris pH 7.4 and had an osmolarity
of ~199mOsm/kg (if the IAS had optiprep) or ~380mOsm/kg (if the IAS had sucrose). The
osmolarity mismatch lead to a theoretical excess membrane area of ~5% for the samples
with optiprep and ~8% for the samples with sucrose [268]. We could observe no difference
between the use of optiprep or sucrose.
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Septin-actin-Arp2/3 cortex formation

We prepared the [AS similarly as for the TIRF samples, but with higher actin concentration.
We used the same OAS and VB as for the eDICE experiments in the absence of VCA and
Arp2/3. Briefly, we prepared the same perishables mix as for the TIRF experiments. Then
we prepared the protein mixes: 10pM 10% ATTO-647 actin mix, 6uM 15% msfGFP-labelled
septin octamer mix, 70uM unlabeled VCA dilution, and 1.31 uM unlabeled Arp2/3 dilution.

Once the spinning disk was ready with the OAS and the lipid-in-oil solution, we fin-
ished preparing the IAS by mixing, in this specific order: MilliQ water (enough to top
up to the final desired volume, usually 25uL, so 4.56pL), 9 mM Tris-HCI pH 7.4 (1.38uL
of a 200mM stock), 1 mM MgCl, (1.58uL of a 20mM stock), 176.5mM sucrose (1.8uL of
a 3M stock), 17.6v% perishable mix (5.4pL), 1.7v% diluted Arp2/3 (0.96pL), 3.1v% diluted
VCA (0.53pL), 35v% actin mix (10.8 pL), and 11.8v% septin mix (3.6pL). This yielded a fi-
nal IAS containing 14.1mM Tris pH 7.4, 1.41mM MgCl,, 176.5mM sucrose, 44.1mM KCl,
1.32mM DTT, 0.88mM GTP, 0.44mM MgATP, 0.044mM PCA, 0.88mM TROLOX, 0.044pM
PCD, 0.03mM CaCl,, 3.53uM total actin concentration, 2.21pM VCA, 22nM Arp2/3, and
706nM total septin octamer concentration. After the IAS was prepared, we emulsified it
into the lipid-in-oil solution as fast as possible and pipetted it into the spinning disk.

Confocal imaging

The samples were imaged on an inverted Leica Stellaris 8 point scanning confocal micro-
scope using a 63x glycerol immersion objective, a white light laser, and HyD detectors
operated in analog mode. Rhodamine and msfGFP were excited sequentially at 573nm
(1.5% intensity and 2% gain) and 489nm (23% laser intensity and 80% gain), respectively.
Images were acquired with line accumulation set to 2.

We first took large two-dimensional image regions made of the combination of multi-
ple 512x512px images for each sample to screen the GUV population. Then, we focused
on imaging z-stacks with a Z-distance of either 0.5pum or 1pm to analyze the 3D structures
formed inside the vesicles.
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7.5. Supplementary information

Figure S7.1. Representative examples of SLBs. A. Two examples of 20%PS+5%PIP2 SLBs imaged by TIRF
microscopy. B. Corresponding image for a 5%PIP2 SLB. Brighter regions with more labeled lipid are likely due
to the presence of lipid aggregates or multiple SLB layers. Scale bars are 10um.

Actin Hexamers Octamers

Figure S§7.2. Actin and septin complexes alone polymerized on top of 5%PIP2 SLBs. A. representative
TIRF image of 1uM actin polymerized on a 5%PIP2 SLB in the absence of a crowding agent. No actin is seen
in the TIRF field, indicating that actin does not interact with the bilayer. B. Corresponding image of 250nM
septin hexamers, demonstrating membrane binding. C. Corresponding image for 300nM septin octamers, again
demonstrating membrane binding. Scale bars are 10pum.
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Figure $7.3. Septin-actin bundles in GUVs frequently localize to lipid clusters. A. Representative image of
bundles of 800nM septin (magenta) octamer and 1uM actin (yellow) localizing to lipid clusters on the membrane
of 20%PS+5%PIP2 GUVs (cyan). B. Corresponding images for 500nM septin hexamers. White boxes encircle lipid
clusters co-localized with septin-actin bundles. Scale bars are 10pm.
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Chapter 8

Outlook

8.1. Introduction

Cells are the minimal living unit. Past research has shed light on the molecular building
blocks that constitute a cell and on how their interactions drive the emergence of specific
cell functions. However, we are still far from understanding the basic and minimal prop-
erties of life. The use of in vitro reconstitution emerged in the last century as a very useful
tool to understand how cells function [7]. First, combining purified components can be
used as a model of cellular functions, explaining their basic mechanisms. But secondly,
new emergent properties that do not occur in cells can be discovered in reconstituted
systems that have lower molecular complexity. These new properties can be useful to de-
sign modules for synthetic cells, which are emerging as a great tool to not only discover
the minimal prerequisites and properties of cells, but also as a sandbox for fundamental
research.

Motivated by these developments, in this thesis we investigated the interactions of
septins with microtubules (Chapter 3), lipid membranes (Chapter 4 and 5), and actin and
myosin (Chapter 6) using in vitro reconstitution. We focused on two aims: to understand
the functions of septins in cells and to find emergent properties that can be used for the
design of a cell shape control mechanism in synthetic cells. In this chapter, we discuss four
further research directions to better understand the roles of septins in biological and syn-
thetic cells. These research lines are: finding binding domains on septins, septin-mediated
crosstalk, studying the mechanical properties of septin-bound membranes, and express-
ing septins from a synthetic genome in synthetic cells. In two of these particular research
lines, we delve a bit deeper by explaining initial experiments that we have done, which
can help guide future research.

8.2. In search of septin’s binding domains

In Chapter 3 and [103], we have explored the interactions of septins with microtubules
with a special focus on finding the microtubule binding domain (MBD) in septin com-
plexes. We found that the unique N-terminus of SEPT9 is the MBD, while the common

Gerard Castro-Linares designed and performed the septin-action-microtubule crosstalk experiments. Katerina
Kourkoulou performed the vesicle fluctuation analysis of GUVs encapsulating septin under the supervsion of
Gerard Castro-Linares and Marcos Arribas Pérez.
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N-terminus shared by SEPT9_i1 and SEPT9_i3 modulates this interaction by stopping un-
specific interactions. These findings can be useful for cell and molecular biology by giving
targets that can be mutated in septins to understand the role of the septin interaction in
cells. But it can also be useful for the design of a synthetic cell. For example, by regulating
the expression of SEPT9, we can control the effect of septin on microtubules: expressing
septin hexamers can lead to microtubule dynamic arrest, expressing septin octamers with
SEPT9_i1 can stabilize microtubules by reducing their shrinking speed, while expressing
septin octamers with SEPT9_i3 can stop septin-microtubule interactions.

This illustrates how finding the specific domains of septins that interact with other
components of the cell is of vital importance in the septin field. In the context of septin
interactions with the membrane, there are three regions that have been proposed to medi-
ate septin-membrane binding: a polybasic stretch of amino acids on the N-terminus of the
SEPT2, SEPT3, and SEPT7 subfamilies [138, 222, 228], another polybasic region located in
the GTP-binding domain and conserved in all subfamilies of septin [139, 229], and an alpha-
helical domain located close to the polybasic domains [230]. However, these regions have
been proposed based on experiments with monomeric septins or fragments thereof rather
than intact oligomers. Since septins need to polymerize(Chapter 4, and [82, 96, 139]) and to
form paired filaments [96] to bind lipid membranes, past results with monomers still need
to be validated with oligomers, where the membrane-binding domain could be located else-
where. Knowing that septins bind phosphatidylinositol 4,5-biphosphate (PIP2), a similar
approach as used for microtubules can be used: bioinformatic analysis of the septin se-
quence in comparison with other PIP2-binding proteins such as ezrin or anillin [240, 355].
Using septin mutagenesis for in vitro reconstitution and in vivo experiments can then
prove whether these domains are important for septin-membrane binding. Finally, as men-
tioned above, septin polymerization and pairing are critical for septin-membrane binding.
Therefore, using high resolution imaging is crucial to check whether septins polymerize/-
pair by themselves and on membranes depending on the domain under study.

Similarly, there is one report indicating that SEPT9 mediates septin-actin interac-
tions [130]. This report points to the N-terminal region of SEPT9 (from amino acids 1-
143), which also contains the MBD, as the actin binding domain. However, this study was
based on SEPT9 alone, and we show that septin hexamers are also able to bind and bun-
dle (Chapter 6 and [102]) actin, and even anchor (Chapter 7) it to membranes. Although,
septin hexamers bundle actin less efficiently than octamers, it is clear that septin oligomers
lacking SEPT9 can still bind actin. Therefore, more research is necessary to identify why
septin oligomers bind and bundle actin filaments. We propose a similar approach of us-
ing bioinformatics to compare septins with other actin binding proteins (ABP), and then
validating the hits with in vitro and in vivo experiments including high resolution imaging.

8.3. Septin-mediated crosstalk

Cytoskeletal crosstalk is recently gaining attention as a key player in many important
cellular processes such as mechanical stability and cell shape control [69, 174, 175]. This
crosstalk is mediated by molecules, called cytolinkers, that can bind simultaneously to
two distinct types of cytoskeletal filaments [175]. Additionally, the crosstalk between
the membrane and actin and microtubules is also important, not only to reshape the cell
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but also to control where this reshaping occurs, such as in cell division [174, 356, 357].
Septin, as a protein with the ability to directly interact with lipid bilayers, actin filaments,
and microtubules, could potentially be an important cytolinker. Therefore, it is of the
utmost importance to explore whether and how septin mediates crosstalk between impor-
tant cellular components. Additionally, understanding how septins interact with multiple
cell constituents at once is vital in order to use septin for synthetic biology since (1) the
knowledge can be used for the design of synthetic cell modules and (2) to avoid septins
having unspecific and unwanted interactions with other cell modules.

With this in mind, we have explored in Chapter 7 how septins mediate crosstalk be-
tween model lipid bilayers and actin filaments, and found that septins are able to anchor
actin filaments and bundles to lipid membranes. This is a first step to build a synthetic
cell cortex that can be tuned by changing the septin species, the septin concentration and
adding other proteins, such as the actin nucleator Arp2/3.

In an animal cell-inspired cell division module, microtubules must separate the syn-
thetic chromosomes and indicate where the midplane of the cell is, so the actin cortex can
form a contractile ring to divide the cell. Therefore, is is vital to understand how septins
could participate in this process. With this in mind, we performed initial experiments to
study how septin octamers containing SEPT9_i1 (Oct_9i1) mediate crosstalk between actin
filaments and microtubules. To do so, we grew microtubules from stable seeds attached
to a coverslide, and then added a mix of Oct_9i1, tubulin, and G-actin (Fig. 8.1). As ex-
pected, septins quickly bound microtubules and started to follow their dynamics. Around
~10 minutes after adding the mix, the first actin bundles started to appear on top of the
microtubules, and microtubules grew, so did the actin bundles (Fig. 8.1A and B). Around
~30 minutes later, septin and actin had formed a network of bundles. Colocalized with
these bundles, we could observe microtubules that had stopped their dynamics (Fig. 8.1C
and D).
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Figure 8.1. MT dynamic assay in the presence of Oct_9iland actin. A. TIRF microscopy image showing
microtubules (cyan), Oct_9i1 (magenta), and actin (yellow) in a septin-mediated microtubule-actin crosstalk ex-
periment ~10min after the three components were combined. B. Representative kymograph (of the orange line
in A) showing a microtubule, Oct_9i1 and actin growing in the same region ~10min after the three components
were combined. C and D. Corresponding images and kymographs of the same sample ~30 minutes later. Hori-
zontal scale bars are 10um. Vertical bar is 25 seconds.

These results indicate that septin, specifically Oct_9i1, can indeed mediate actin-
microtubule crosstalk, as found before for septin hexamers binding stable microtubule
with stable or dynamic actin filaments [199]. However, these experiments have only been
repeated twice, and there are multiple open questions. For instance, we do not know
how the concentration of septin will affect this process by modulating the strength of
the actin-microtubule binding. Additionally, it would be also be interesting to see how
other types of septin oligomers affect this crosstalk. For instance, septin hexamers that
stop microtubule dynamics by themselves, or septin octamers containing SEPT9_i3, that
do not interact with microtubules. Exploring these possibilities could give ideas on how
to tune actin-microtubule crosstalk in synthetic cells by controlling the amount and the
type of septin expressed. Finally, these experiments were done in 2D, with microtubules
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anchored to the surface by the seed, and actin and septin crowded to the surface by methyl-
cellulose. Moving these systems to 3D chambers imaged with confocal microscopy would
provide a more physiological environment. Finally, moving this system to supported lipid
bilayers (SLBs) or giant unilamellar vesicles (GUV) would be interesting to explore how
septins mediate crosstalk between a lipid bilayer, that needs to be reshaped or mechani-
cally stabilized, and actin or microtubules, with need to drive this reshaping or mechanical
stabilization.

8.4. Mechanical properties of septin-bound membranes

As shown in Chapter 4, septins are able to directly bind lipid membranes forming either a
filament-based or a bundle-based network. together with the ability of septins to reshape
GUVs to bind to their preferred curvature (Chapter 5), this provides evidence that septins
might reinforce a model lipid bilayer by themselves. This is important for the design of a
synthetic cell, but also to study cell mechanics. In a recent study by Laplaud et al. [257] it
was found that the stiffness and thickness of a cell membrane with impaired actin polymer-
ization remained higher than what is expected for a naked membrane. This suggests that
proteins other than actin could be forming a membrane-bound structure that reinforces
the cell membrane. We think, and hope, that septins are a likely candidate to do so due
to their ability to bind membranes and form a meshwork in vitro. To test this possibility,
one would need to measure the mechanical properties of GUVs [358].

In our case, we used vesicle fluctuation analysis (VFA), which is a non-invasive ap-
proach to calculate the bending rigidity (x) and tension (o) of GUVs. Since the free-
standing bilayer of a GUV is just a few nanometers thick, it is highly deformable and
prone to thermally induced bending fluctuations known as undulations. Under low ten-
sion conditions, these fluctuations can be observed using light microscopy. This allows
for the experimental determination of x and o, which set the amplitude of the fluctua-
tions [269, 359-361]. We have performed initial VFA trials for GUVs encapsulating septin
complexes, such as the ones prepared in Chapter 5. However, we encountered several
problems. First, as detailed in Chapter 5, eDICE-produced GUVs encapsulate and are sur-
rounded by several artifacts, such as lipid aggregates, membrane tubes and vesicle aggrega-
tion (Fig. 8.2A). We could thus only obtain a small set of GUVs for which we could measure
the bending rigidity. And second, the setup required for imaging the septin-encapsulating
GUVs at a framerate high enough for VFA presented spectral crosstalk between the lipid
bilayer and the septin fluorophore, leading to an inability to distinguish between GUVs
with and without septin on the membrane (Fig. 8.2B). Nevertheless, we managed to image
and analyze between 6 and 9 GUVs per condition. We found that GUVs composed of 100%
phosphatidylcholine (DOPC), which do not recruit septin, consistently had x values from 8
to 14kgT. In contrast, GUVs with membranes containing 20% phosphatidylserine (DOPS)
and 5% PIP2 encapsulating either septin hexamers or octamers, had a wider distribution
of x values ranging from 10 to 35kgT (Fig. 8.2C). This suggests membrane-bound septins
increase the bending rigidity of the membranes.

However, we also found that many of the GUVs in all the samples displayed no fluc-
tuations, which is indicative of stiffer or more tense membranes. Therefore, we sug-
gest that future research in this direction should use active mechanical manipulation
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of GUVs [358], for instance by micropipette aspiration [362], acoustophoresis [363], or
nanoindentation [333].

A
B
X
-

Figure 8.2. Measuring bending rigidity with VFA. A. Representative image of the septin-encapsulating GUVs
showing several artifacts that hamper VFA. B. Representative image of a couple of septin-encapsulating GUVs
illustrating the inability to distinguish between GUVs with or without membrane-bound septins due to spectral
crosstalk in the VFA setup. C. Bending rigidities obtained for 100% DOPC GUVs encapsulating septin octamers
(blue, N = 8 GUVs), and 20% DOPS + 5% PIP2 GUVs encapsulating either septin hexamers (orange, N = 9) or
septin octamers (green, N = 6). Circles correspond to individual vesicles, while the gray area represents their
distribution.
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8.5. Expressing septins in synthetic cells

In order to use septins in synthetic cells it is of vital importance to express all the pro-
teins and RNAs needed from a synthetic genome. In our systems we have used purified
hexamers and octamers, as described in Chapter 2. During the purification process, we
remove all the septin complexes that do not contain SEPT2 and SEPT7 (for hexamers) or
SEPT?9 (for octamers), yielding hexamers (mostly) and trimers or octamers (mostly) and
tetramers. Therefore, we do not know what is the effect of having differently sized septin
oligomers in the mixture. Purifying all septin oligomers produced in Escherichia coli is
challenging because adding an affinity tag to a single septin subunit biases the purified
oligomers towards containing that specific subunit. Therefore we propose to tackle two
tasks at once by doing experiments in which septins are expressed in an in vitro transcrip-
tion/translation system, preferably the well-defined PURE systems [364]. It is clear that
PURE does not affect model lipid bilayers, since there is extensive research on encapsulat-
ing it in GUVs [327, 365, 366], even with cDICE [259]. However, it is not clear what is the
effect of the PURE environment on other components, such as actin, microtubules (which
cannot be expressed in current PURE systems) and septins. First, we should check the
activity of these proteins in the PURE environment, to assess whether they can function
properly. This can be done by simply polymerizing the purified proteins in PURE buffer.
If polymerization is possible, two directions open. First, we can combine the purified pro-
teins in the PURE environment to check whether the interactions described in the thesis
are conserved. Second, the protein expression levels should be optimized in PURE. For



8.6 Materials and methods 201

septins, we can use the current bacterial-inspired PURE system. After expression, their
oligomeric state and functional ability need to be assessed using the strategy detailed in
Chapter 2. Future research could even explore how to build genetic networks that control
the expression of septins to tune the oligomeric state and the subunit composition.

8.6. Materials and methods

All chemicals were obtained from Merck Sigma unless specified otherwise.

8.6.1. Purification of human septin complexes

Human septin oligomers were purified and their quality was checked as detailed in chap-
ter 2. We used septin hexamers with a subunit order of SEPT2-SEPT6-SEPT7-SEPT7-
SEPT6-SEPT2 and septin octamers with a subunit order of SEPT2-SEPT6-SEPT7-SEPT9_il-
SEPT9_i1-SEPT7-SEPT6-SEPT2. Septins were fluorescently tagged with msfGFP on the
C-terminus of SEPT2. For purification, SEPT2 contained a hisg-tag at its N-terminus, and
SEPT7, for hexamers, or SEPT9, for octamers, contained a Strep-II-tag at its C-terminus.

8.6.2. Dynamic microtubule assay with septin and actin

The dynamic microtubule assays were done similarly as in Chapter 3. Briefly, GMPCPP-
stabilized microtubule seeds serving as a nucleation site for dynamic microtubules were
prepared using an established double-cycle method [202]. Microtubule seeds were stored
in MRB80 (80mM PIPES pH 6.8, 4mM MgCl,, imM EGTA) supplemented with 10% glycerol,
snap-frozen, and stored at -80°C until use.

Before the experiment, we prepared flow channels by melting parafilm strips between
base piranha-cleaned glass slides. After, we passivated the flow channels by subsequent
10 minutes incubations with 0.2mg/mL Poly(L-lysine)-graft-biotinylated Polyethylene gly-
col (SuSoS, Cat. # CHF560.00) in MRB80, 0.2mg/mL neutravidin (Thermo Fisher Scientific,
Cat. # 10675574) in MRB80, 0.5mg/mL k-casein (Sigma-Aldrich, Cat. # C0406) in MRBS0,
1wt% Pluronic F-127 (Sigma-Aldrich, Cat. # p2443) in MRB80, and MRB80, in that or-
der and without intervening washing steps. We then quickly thawed microtubule seeds,
and incubated them for 5 minutes on the channel to anchor them to the surface. Mi-
crotubule polymerization was then induced by immediately flushing into the channel 20
pM tubulin (3% rhodamine-labeled tubulin) in a 5:1 volume ratio of MRB80:septin buffer
(septin buffer: 20mM Tris pH 7.4, 2mM MgCl,, 300mM KCl, and 1mM DTT) complemented
with 0.5 mg/mL x-casein to prevent unspecific interactions, 0.1% methylcellulose (Sigma-
Aldrich, Cat. # M0512) as a crowding agent, 1 mM ATP (Sigma-Aldrich, Cat. # A9187), 1
mM GTP (Sigma-Aldrich, Cat. # G8877) and an oxygen scavenging system composed of 50
mM glucose(Sigma-Aldrich, Cat. # G8270), 200 pg/ml catalase (Sigma-Aldrich, Cat. # C30),
400 pg/ml glucose-oxidase(Sigma-Aldrich, Cat. # G6125), and 4 mM dithiothreitol (DTT)
(Sigma-Aldrich, Cat. # 11583786001). After a 5 minute incubation, we added the same mix
complemented with 100nM 10% msfGFP-labeled Oct_9%i1 and with 1puM 10% ATTO-647
skeletal muscle rabbit actin in G-buffer (2mM Tris pH 7.8, 0.2mM CaCl,, and 1mM DTT).
Before flushing the solutions into the channel, they were airfuged for 5 minutes at 30 psi
with a rotor at ~4°C to remove any protein aggregates.

Imaging was done using an inverted Nikon Eclipse Ti-E microscope with perfect fo-
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cus system, equipped with a FRAP/TIRF Ilas ? system (Gataca Systems), an oil immersion
objective (Nikon Plan Apo A 100x NA 1.45), and a EMCCD camera (Photometrics). Im-
age acquisition was controlled using MetaMorph (Molecular Devices). We used lasers (all
from Cobolt) with wavelengths of 488nm (~15% intensity, 50-100ms exposure time), 561nm
(~15% intensity, 50-100ms exposure time), and 642nm (~15% intensity, 50-100ms exposure
time), which were set to an angle yielding a penetration depth of ~100nm. Images were
processed to set brightness and contrast for optimal visualization with FIJI [154]. Kymo-
graphs were built with the reslice tool in FIJI by reslicing a manually drawn line that went
from the beginning of the microtubule seed to the tip of the microtubule in its maximum
length.

8.6.3. Vesicle fluctuation analysis

GUVs encapsulating septin complexes were prepared exactly as in Chapter 5. In order to
prevent the formation of lipid tubes by solvent evaporation, GUVs were only placed in
the imaging chamber ~15 minutes before imaging. Vesicles were imaged with a Nikon
Eclipse Ti microscope equipped with a digital camera (Orca-Flash 4.0, Hamamatsu) and
monochromatic illumination with a LED light source (Spectra X, Lumencor), using a 100x
oil immersion objective (Nikon, N.A. 1.40). In epifluorescence mode, time-lapse movies
of 2000 frames were recorded at the equator of vesicles at an excitation wavelength of
555 nm (or 640 nm for the experiments with ATTO 655 DOPE) for the membrane channel
and 470 nm for the septin channel with 50% and 75% LED intensities, respectively, with
exposure times of 5 ms, 10 ms, 20 ms and 50 ms. To increase the number of fluctuating
vesicles, the lid of the imaging chamber was removed for approximately 15-20 minutes to
gradually increase the osmolarity of the sample’s buffer through evaporation.

After acquisition of the time-lapse movies at the equatorial plane of the fluctuat-
ing vesicles, we employed a custom-written Python script made by Lennard van Bu-
ren [367] for the calculation of the bending rigidity and the membrane tension of
each vesicle. The analysis of the data was based on five main steps: pre-processing
to accommodate for membrane detection [262], tracking of the vesicle contour in
time [262], calculating the corresponding fluctuation spectrum [368], selecting the
appropriate mode regime for fitting to the theoretical spectrum [361, 368] and, fi-
nally, implementing the fitting for the acquisition of the membrane properties [368].
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Epilogue - The circus

Come one, come all! To the smallest circus of all!

This sentence has been typically used to announce the performance of a circus but I
have changed the word “greatest” to “smallest” to adapt it to the topic discussed in this
thesis, the interaction of septins with the cell membrane or other cytoskeletal proteins.
But, many could wonder why I did this? This is a dissertation describing the work done in
scientific project during my PhD. It is common in scientific literature to use titles that very
precisely describe, like I did for the titles of the chapters, the work done. In this epilogue
I want to explain why I chose "the circus” not only to be part of the title, but also a theme
in my thesis. But before explaining these reasons, let’s look at some relevant definitions
of circus that I found on the collins dictionary (in British English):

1. a traveling company of entertainers such as acrobats, clowns, trapeze artistes, and
trained animals

2. a public performance given by such a company

3. an oval or circular arena, usually tented and surrounded by tiers of seats, in which
such a performance is held

8. (informal) a person or group of people whose behaviour is wild, disorganized, or
(especially unintentionally) comic

The entries 1-3 obviously refer to the typical circus company that travels from town to
town performing entertaining events with a vast array of seemingly unconnected activi-
ties. While entry 8 refers to the usage of the word circus as an adjective that usually gives
a negative connotation of something wild an uncontrolled, done without much thought.
Below I will give my reasons why I chose this theme for the thesis. While reading the
following paragraphs, one should consider that both of these definitions or meanings of
circus apply to each of the reasons.

The first comes from mixing proposition number 11 with my own personality. I per-
sonally feel that not only scientific writing, but scientific communication, is usually boring.
The work that scientists do is very important and can contribute to many aspects of our
life: curing or preventing diseases, developing new and useful technologies, help feed-
ing the our growing population with limited space and resources, solving the increasingly
worrying climate crisis, etc. Therefore, we have the duty to work seriously and objectively.
However, do we have to do the same when we communicate? Despite scientific writing
does not reach the dullness level of legal writing, sometimes scientific writing reminds
me of it. And that also happens during scientific talks. In my opinion, scientific commu-
nication should include a comical and/or personal touch. I really think this would make
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reading papers or listening to talks related to topics that we do not directly work with
more engaging and attractive. Sadly, I did not have the time to practice it, and I could
not incorporate this "personal scientific writing” into the writing of my scientific chapters
(1-8). However, due to my clownish personalty I wanted to have a different, more comical,
and entertaining theme for the rest of the thesis, what led me to this theme and to include
a Gallery.

"But why a circus?” you could ask. There are 4 reasons that made me resonate with
that idea. The first reason originates from the beginning of my PhD, when our lab tech-
nician, Jeff, and I were trying to purify the human septin complexes from the plasmids
that our collaborator Manos sent. But it did not work, we had strangely massive yields
that gave septins that did not polymerize into needle-like bundles and could not bind
DOPS-containing SLBs, like the fly septins did. We spent months doing purification after
purification with rounds of functional testing to check where the issue was coming from.
In short, we were trying to make the septins work. At some point it felt like I was doing
random things, like preparing the flow channels in an excessively clean way for no obvi-
ous reason. During that time, I had to present in group meeting and I titled it "Taming
septins”. The next time I had to present, we were still having issues and I changed the
title to Taming septins (again...)”. Because of the word “taming” I added an image of me
taming a lion, the septins, as in a circus. This idea of adding an image that represents the
results and my feelings towards the subproject kept growing and I added one as the first
slide of each group meeting presentation, which I have included at the end of each chapter.
This word “taming” led me to use animals to represent each protein and even gave me the
title of “septin tamer”. And that is the first reason for choosing a circus as a theme. Oh, in
case you were wondering, the purification was not working because we did not read ”50%
buffer B” in the protocol, so we were adding much more imidazole than needed.

The second reason comes from the nature of my project: septin, microtubules, lipid
bilayers, actin, myosin, TIRF, confocal, QCM-D, iSCAT, TEM, AFM... That is similar to a
circus: clowns, animal acts (tamers), acrobats, jugglers, tigthrope walkers, magicians, con-
tortionists, aerial performances, fire-eaters...  have had many different subprojects where
I had to apply many different techniques. One day I could do QCM-D of septins binding
lipids bilayers and the next I could go to the TEM to image septin-actin bundles. And this
is without counting group meetings, conferences, seminars, BaSyC meetings, discussions
with collaborators, supervising students, meeting with Gijsje. Organizing these array of
activities within days, weeks and months made me feel like the ringmaster of a circus: it
was quite hectic, but honestly quite fun (most of the times).

The third and fourth reasons are a bit more delicate: the BaSyC consortium and
academia. They both include a lot of variety of activities, and sometimes feel wild and
disorganized. However, the reasons why I think BaSyC and academia are circus-like have
been thoroughly discussed with whoever I think should know or written in my proposi-
tions. In here, I would like to focus on the positives: I see that BaSyC is slowly starting
to change with the future spring meeting of 2023 avoiding presentations and focusing on
discussions, which can help boost natural collaboration - the only way in which science
will be able to build a synthetic cell. T hope these and more changes are applied for the
future of BaSyC and for any other project like this. On the side of academia, I am happy
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to see a focus on increasing diversity, to stimulate open science, and avoid predatory jour-
nals. I think there are still many things to change (see my propositions), but I think it will
slowly improve.

In sum, ’the circus’ metaphor, with its variety of performers, unpredictable twists, and
lively spirit, mirrors the essence of my PhD journey. I chose these theme to try to inject
some humor and personality into my work, aiming to make my” science more engaging
and entertaining. As I wrap up this journey, I look to the future, where I hope science will
continue to evolve - much like a circus - adapting to changing times.
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