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SUMMARY
It all started with the Big Bang, the birth of the universe. Life eventually emerged,
somewhere along the way. Yet we still do not fully understand how, let alone why
it continues to sustain. For instance, how does a cell, the fundamental unit of life,
known so far to be composed of basic biomolecules, carry out several complex cel-
lular processes? Cells may take different sizes, shapes, forms, functions, and times-
cales, but they all generate energy, grow and divide. They even adapt when needed
be, to keep propagating life.
This brings us to several questions. Do we understand the basics of life yet? How

can we know more? Assuming we know enough, can we build life again? If we were
to do so, building it as per our will this time would still seem like a remote possibility.
In Chapter 1, we take a closer look at these questions. We know that a cell needs
to maintain metabolism, grow its membrane, replicate its genetic information and
separate it into two equal halves, and divide. We know most of the key components
involved by now. Several of these processes involve the cytoskeleton in some form
or the other. The constant turnover and remodelling of the cytoskeleton contributes
to the mechanisms underlying these processes. Here, we choose to focus on the
DNA segregation machinery. Microtubules, a key player of the cytoskeleton, does
most of the heavy lifting, literally and figuratively. It helps assemble the spindle, with
the help of which the DNA is aligned and later segregated. Microtubules provide
the framework for other proteins to interact, while generating force to position the
spindle and pull the DNA apart. This phenomenon serves as our motivation to in-
vestigate further about the microtubules and their role in DNA segregation.
There are two ways to study these processes currently, you either dismantle the

components out one by one, also known as the ‘top-down’ approach, or you as-
semble the components one by one, also known as the ‘bottom-up’ approach. The
aim is to check how the behaviour of the system changes in response to the addition
or deletion of these components. We picked the latter, where you create a container
and encapsulate these components together to see if they work as expected. So, in
Chapter 2, we explored different ways to make multiple types of containers that re-
semble a cell, and multiple ways to modify them. No one method fits all the required
criteria to make a membrane similar to the cellular membrane, but each method has
its own strengths and limitations. While droplets are the easiest to work with, the
emulsion transfer based methods are most compatible with cellular conditions.
So, in Chapter 3, we first focused on understandingmore about continuous droplet

interface crossing encapsulation (cDICE), one of the methods used for forming con-
tainers. We built a high-speed imaging setup to see how vesicles are formed. We
saw that vesicle-sized droplets are rarely formed at the initial step, and at the last
step, there appears to be a size-selective crossing at the interface to transform

xi



xii Summary

droplets into vesicles. Furthermore, the prospective contents of the vesicles poten-
tially affect the formation of membrane.
In Chapter 4, we attempted to encapsulate tubulin within the vesicles, as a first

step towards rebuilding a mitotic spindle, a part of the cell. However, given that the
tubulin is a challenging protein to work with, and requires very specific conditions,
we had limited success in our attempt despite previous reports that encapsulation
is possible under very specific conditions. We used cDICE as well as other meth-
ods to encapsulate tubulin within vesicles, but with little positive outcomes. Direct
observations of tubulin interacting with the membrane revealed, that it disrupts the
membrane. Although we are yet to gain sufficient clarity, we know that this interac-
tion hindered our efforts at assembling the spindle in a 3D cell-like confinement.
So, we switched containers and moved to emulsion droplets. In Chapter 5, we

focused on reconstituting basic components inside the droplets. The idea was to
first characterize the encapsulation of individual components and later increase the
complexity of the reconstitution by adding more components one after another. We
characterized parts of cellular processes involving singular components, including
aster formation, nucleus positioning and actin cortex formation. Later, we combined
them to see how they influence each other in a confinement. We also explored
ways to externally regulate them. Next, in Chapter 6, we reattempted to build the
spindle, but this time in a droplet. We first rebuilt a basic mitotic spindle inside a
droplet by combining different components like multiple asters, motor proteins, and
crosslinkers, as described earlier. With the aim of increasing the complexity of our
reconstitution, we then decided to mimic the asymmetric positioning of the spindle
observed in the first cell division of the Caenorhabditis elegans embryo. For this,
we introduced an optogenetic tool, iLID, to modulate dynein, the motor component
present on the cell membrane. While we found iLID to work on bilayer membranes, it
had photo-activation issues inside the droplets. This limited our efforts to reposition
the minimally reconstituted spindle asymmetrically in the confinement. Assembling
a mitotic spindle is a pretty challenging task.
Having faced difficulties trying to build a complex eukaryotic spindle, we thought

of taking a step back, looking at the bigger picture and using our learnings into build-
ing something simpler. We asked, knowing the basics of individual components, can
we not just build the whole cell, but only withminimal components, and from scratch?
Already, efforts are made towards building a minimal synthetic cell. In Chapter 7,
we contribute to the synthetic cell with our understanding of the cytoskeleton, and
designed a minimal spindle for DNA segregation. First, we reconstituted ParMRC,
a bacterial DNA partitioning system in vitro. It is a simpler system, with only three
components. Next, we attempted to externally regulate it using iLID. We modified
the adaptor protein, ParR to make it photoactivatable. While individual components
functioned normally, the system as a whole is not functional yet. The design needs
further fine-tuning.
Lastly, in Chapter 8, we summarise and discuss our findings and the challenges

we faced during the assembly of the two different DNA segregation machineries, at
different levels of complexity, and potential ways to try to mitigate them. Attempting
to build a part of the cell or even the synthetic cell in a minimal form from scratch,
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seems like an ambitious goal. Even though such a reconstituted system may only
mimic some properties of the natural cell, it helps in gaining new fundamental in-
sights. My work improves our understanding about how lipids form membranes,
how this may be disrupted by membrane-tubulin interactions, and how to keep in-
teracting cytoskeletal proteins functional while maintaining lipid membranes, the
component that separates living from non-living.





SAMENVATTING
Het begon allemaal met de oerknal, de geboorte van het universum. Uiteindelijk
ontstond ergens ook het leven. Nog steeds weten we niet precies hoe, laat staan
waarom het blijft overleven. Bijvoorbeeld, hoe voert een cel, de fundamentele een-
heid van het leven — bestaand slechts uit eenvoudige biomoleculen — verschillen-
de complexe cellulaire processen uit? Cellen komen voor in verschillende maten,
vormen, functies en leven op verschillende tijdschalen, maar ze hebben altijd het
volgende gemeen: ze groeien, ze genereren energie en ze delen. Ze passen zich
zelfs aan de omgeving aan, indien nodig, om zo het leven te blijven voortzetten.
Dit roept verschillende vragen op: Begrijpen we ondertussen de basisprincipes

van het leven? Hoe kunnen we er meer over te weten komen? In de veronderstel-
ling dat we het leven goed genoeg begrijpen, kunnen we het dan ook maken? Op
dit moment lijkt het bouwen van leven naar ons eigen ontwerp nog een verre mo-
gelijkheid. In hoofdstuk 1 gaan we dieper in op deze vragen. We weten dat een cel
zijn metabolisme in stand moet houden, zijn membraan moet groeien, zijn geneti-
sche informatie moet dupliceren, in twee gelijke delen moet splitsen en uiteindelijk
zichzelf moet delen. We kennen inmiddels de meeste componenten die hierbij be-
trokken zijn, en veel van deze processen omvatten in de een of andere vorm het
cytoskelet. Er vindt een constante omzetting en her-modellering plaats van het cy-
toskelet, dat onderliggend is aan deze processen. In dit hoofdstuk leggen we de
focus op DNA-segregatie machinerie. Microtubuli, een van de belangrijkste spelers
van het cytoskelet, doen letterlijk en figuurlijk het zwaarste werk, en helpen bij het
samenstellen van de spoelfiguur waarop het DNA wordt uitgelijnd en later wordt
gescheiden. Microtubuli vormen het cellulaire skelet waaraan vele andere eiwitten
binden, en het genereert zelf krachten om de spoelfiguur te positioneren en om
aan het DNA te trekken. Deze centrale rol is de basis voor onze motivatie om de
mechanistische rol van microtubuli in DNA segregatie nader te onderzoeken.
Er zijn twee benadering om deze processen te onderzoeken: ofwel haalt men de

componenten van de cel één voor één uit het complete systeem (bekend als de ‘top-
down’ methode), of men bouwt het systeem op door componenten één voor één toe
te voegen (bekend als de ‘bottom-up’ methode). Het doel is het bestuderen hoe
het gedrag van het systeem veranderd door het toevoegen of verwijderen van de-
ze individuele componenten. Wij kozen voor de laatste benadering, waarbij men de
verschillende componenten inkapselt in een begrensd volume om te zien of ze zich
gedragen zoals men verwacht. Aldus onderzochten we in hoofdstuk 2 verschillende
manieren om diverse soorten containers te maken die lijken op een cel en verschil-
lende methodes om deze containers te modificeren. Er niet één enkele methode die
voldoet aan alle vereiste criteria om een membraan te maken dat precies lijkt op
het celmembraan, maar elke methode heeft zo zijn eigen sterke en zwakke punten.

xv



xvi Samenvatting

Hoewel druppeltjes (‘droplets’ in het hoofdstuk) het gemakkelijkst zijn om mee te
werken, zijn de op emulsie-overdracht gebaseerde methoden het meest compatibel
met cellulaire omstandigheden.
Dus in hoofdstuk 3 richten we ons eerst op het beter begrijpen van een derge-

lijke methode van containervorming, namelijk continue druppelinterface-kruising-
encapsulatie (cDICE). We bouwden een high-speed imaging-opstelling om te zien
hoe vesikels worden gevormd. Daarmee zagen we dat druppeltjes ter grootte van
een vesikel maar zelden worden gevormd in de eerste stap, en dat er in de laat-
ste stap op de interface een grootte-selectieve kruising lijkt te zijn om druppeltjes
om te zetten in vesikels. Daarnaast beïnvloedt ook de inhoud van het vesikel de
membraanvorming.
In hoofdstuk 4 probeerdenwe tubuline eiwitten in vesikels te encapsuleren, als

een eerste stap naar het herbouwen van een spoelfiguur, een cruciaal deel van de
cel. We werden er snel aan herinnerd dat tubuline een uitdagend eiwit is om mee te
werken en dat het zeer specifieke omstandigheden vereist. Ondanks het feit dat de
literatuur stelt dat encapsulatiemogelijk is onder specifieke omstandigheden, zagen
we zeer beperkt succes met tubuline-encapsulatie in vesikels. We probeerden niet
alleen de cDICE, maar verschillende andere methoden om tubuline in vesikels te
encapsuleren, maar zonder succesvolle resultaten. Directe observaties van tubuline-
interacties met membranen onthulden dat tubuline het membraan verstoort. We
weten nog niet precies hoe, maar dit belemmerde onze pogingen om de spoelfiguur
in 3D cel-achtige opsluiting te assembleren.
Dus we pauzeerden het werk aan de containers, en gingen over op emulsiedrup-

pels. In hoofdstuk 5, concentreerden we ons op het reconstrueren van basiscompo-
nenten in de druppels. Het idee was om eerst de inkapseling van individuele (losse)
componenten te karakteriseren, en om later de complexiteit van de reconstitutie te
vergroten door meer componenten één voor één toe te voegen. We karakteriseerden
eerst (delen van) cellulaire processen waarbij enkelvoudige componenten betrokken
waren, zoals astervorming, positionering van de kern en vorming van de actinecor-
tex. Later combineerden we ze om te zien hoe ze elkaar beïnvloeden tijdens opslui-
ting, en onderzochten we ook manieren om ze extern te reguleren. Vervolgens, in
hoofdstuk 6, probeerden we opnieuw de spoelfiguur te bouwen, maar dit keer in een
druppel. We slaagden er in om een minimalistische spoelfiguur in een druppel te re-
construeren door verschillende componenten te combineren, zoals meerdere asters,
motor-eiwitten en cross-linkers, zoals eerder beschreven. Vervolgens wilden we de
complexiteit van onze reconstitutie verder vergroten, dus besloten we om de asym-
metrische positionering van de spoel na te bootsen die werd waargenomen in de
eerste celdeling van het Caenorhabditis elegans embryo. Hiervoor introduceerden
we een optogenetisch hulpmiddel, de zogenaamde “improved light-induced dimer
(iLID)”, om het motor-eiwit dat dat aanwezig is op de celmembraan (dyneïne) te
moduleren. De iLID had echter problemen met licht-activatie in de druppels, terwijl
het wel werkte op de dubbellaagse membranen. Dit beperkte onze inspanningen
om de minimale spoelfiguur asymmetrisch te herpositioneren in de opsluiting. Het
reconstitueren van een mitotische spoel blijkt dus een behoorlijk uitdagende taak.
Omdat we problemen hadden met het bouwen van een complexe eukaryotische
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spoelfiguur, besloten we om een stap terug te doen, naar het grotere geheel te kij-
ken en onze kennis te gebruiken om iets eenvoudigers te bouwen. Zouden we, met
de basisprincipes van individuele componenten, niet gewoon een hele cel vanaf
nul kunnen opbouwen met alleen de minimale vereiste componenten? Al geruime
tijd worden er pogingen gedaan om een minimale synthetische cel te bouwen. In
hoofdstuk 7 besloten we om met onze expertise van het cytoskelet bij te dragen
aan een dergelijke synthetische cel, door een minimale spoelfiguur te ontwerpen
voor DNA-segregatie. We hebben eerst in vitro het bacteriële DNA-partitiesysteem
‘ParMRC’ gereconstitueerd. Het ‘ParMRC’ is een van de eenvoudigste systemen voor
DNA-partitie en heeft slechts drie componenten. Later probeerden we externe con-
trole erover te krijgen met behulp van de hierboven genoemde optogenetische tool
iLID, door het adaptor-eiwit ParR licht-activeerbaar te maken. Hoewel wildtype com-
ponenten normaal functioneren, is de licht-activeerbare variant als geheel nog niet
functioneel. Het ontwerp moet dus nog verder worden verfijnd.
Ten slotte vatten we in hoofdstuk 8 de uitdagingen samen die we tegenkwamen tij-

dens de assemblage van twee verschillende DNA-segregatiemachines, op verschil-
lende complexiteit-niveaus, en bespreken we mogelijke manieren om deze uitdagin-
gen aan te pakken. De poging om een deel van de cel of zelfs de synthetische cel in
een minimale vorm vanaf nul te bouwen, lijkt een vergezochte taak. Hoewel een der-
gelijk gereconstitueerd systeem slechts enkele eigenschappen van een natuurlijk
cel zal kunnen nabootsen, zal het ons toch helpen om tot nieuwe fundamentele in-
zichten te komen. Mijn werk draagt bij aan ons begrip van de manier waarop lipiden
membranen vormen, hoe deze formatie verstoord wordt door membraan-tubuline
interacties, en hoe men interacterende cytoskelet-eiwitten functioneel kan houden
in de aanwezigheid van lipidemembranen — het component wat het leven van het
niet-leven scheidt.





सारांश
ब्रम्हांडाची उत्पत्ती ही महास्फोटापासून (बीग बगँ) सुरू झाली. या सवर् कालक्रमणामध्ये कुठे तरी कसे
तरी जीवन उदयास आले. तरीही आपल्याला अजून पयर्ंत पूणर्पणे समजलेले नाही की ते कसे झाले
आिण ते सतत कायम का िटकून आहे? उदाहरणाथर् जीवनाचे मूलभूत एकक पेशी जे मूलभूत जैवरेणुंनी
(बायोमॉिलक्युल्स) बनलेले असल्याचे आतापयर्ंत ज्ञात आहे, ती अनेक िकचकट गुंतागुंतीच्या पेशीय
प्रिक्रया कशा पार पाडते? पेशींचे आकार, स्वरूप, कायेर् आिण कालमयार्दा िभन्न असू शकतात, परंतू
त्या सवर् उजार् िनमार्ण करतात, वाढतात आिण िवभािजत होतात. जीवनाचा प्रसार चालू ठेवण्यासाठी
आवश्यकते नुसार त्या पिरिस्थतीशी जुळवून घेतात.

यामुळे आपल्याला अनेक प्रश्न पडतात. आपल्याला अजूनही जीवनाची मूलभूत तत्वे समजली आहेत
का? आपण अिधक कसे जाणून घेऊ शकतो? आपल्याला पुरेशे ज्ञान आहे असे गृिहत धरले तर आपण
पुन्हा जीवन िनमार्ण करू शकतो का? जर आपल्याला यावेळी असे िनमार्ण करायचे असेल तेही आप-
ल्या इर्चे्छनुसार तर त्याची अजूनही दुगर्म शक्यता वाटते. अध्याय १ मध्ये आपण या प्रश्नांचा बारकाइर्ने
अभ्यास करू. आपल्याला मािहत आहे की पेशीला चयापचय राखणे, तीचे पेशी पटल वाढवणे, ती-
ची अनुवंिशक मािहती प्रितकृती करणे ती दोन समान भागांमध्ये वेगळी करणे आिण िवभाजीत होणे
आवश्यक आहे. आतापयर्ंत आपल्याला त्यात समािवष्ट असलेले बहुतेक प्रमुख घटक मािहत आहे. या
अनेक प्रिक्रयांमध्ये पेशीकंकाळ (सायटोस्केलेटन) कोणत्या ना कोणत्या स्वरूपात सामील आहे. पेशी-
कंकाळची सतत उलाढाल आिण पुनरर्चना या प्रिक्रयांच्या अंतगर्त असलेल्या यंत्रणेत योगदान देते. येथे
आपण डी.एन.ए. िवलगीकरण यंत्रणेवर लक्ष कें िद्रत करण्याचे िनवडले आहे. सूक्ष्मनिलका (मायक्रोट्यु-
ब्यूल) पेशीकंकाळचा एक मुख्य घटक, शािब्दक आिण लाक्षिणक रीत्या सवार्त मोठा भार उचलते व
तकुर् तंतु (स्पींडल) जुळणी करण्यास मदत करते. ज्याच्या मदतीने डी.एन.ए. संरेिखत होतो आिण नंतर
िवलगीकृत होतो. सूक्ष्मनिलका इतर प्रिथनांच्या परस्पर िक्रयेसाठी आधारभुत संरचना प्रदान करतात,
तसेच तकुर् तंतुला िस्थती देण्यासाठी आिण डी.एन.ए. ला वेगळे खेचण्यासाठी शिक्त प्रदान करतात. हा
घटनाक्रम सूक्ष्मनिलका आिण डी.एन.ए. िवलगीकरणा मधील त्यांची भूिमका याबद्दल पुढील संशोधन
करण्यासाठी आमची प्रेरणा म्हणून काम करतो.

सध्या या प्रिकयांवर अभ्यास करण्याचे दोन मागर् आहेत, एक तर घटकांना एक-एक करून काढून
टाकणे ज्याला ‘टॉप-डाऊन’ (top-down) दृष्टीकोन म्हणतात, िंक˷वा घटक एक-एक करून एकत्र
करता, ज्याला ‘बॉटम-अप’ (bottom-up) दृष्टीकोन म्हणतात. या घटकांच्या जोडणी िंक˷वा काढ-
णीच्या प्रितसादात प्रणालीचे वतर्न कसे बदलते हे तपासणे हा यामागचा उद्दशे आहे. आम्ही दुसरा मागर्
िनवडला, िजथे तुम्ही एक पात्र तयार करता आिण त्यात हे घटक एकत्र आवरणीकृत (एन्कॅप्सुलेट) करता
हे पाहण्यासाठी की ते अपेिक्षत कायर् करतात की नाही म्हणून अध्याय २ मध्ये आम्ही पेशी सारखे िदस-
णारे अनेक प्रकारचे पात्र बनवण्याचे िविवध मागर् आिण त्यांच्या पिरवतर्नाचे अनेक मागर् शोधले पेशींच्या
पेशीपटला सारखे पेशीपटल बनवण्यासाठी कोणतीही एक पध्दत सवर् आवश्यक िनकषांना पूणर् करत
नाही, परंतू प्रत्येक पद्धतीची स्वतःची बलस्थाने आिण मयार्दा आहेत. थेंबांसह (ड्रॉपलेट) काम करणे
सवार्त सोपे असले तरी, इमल्शन ट्रान्सफर आधारीत पद्धती पेशींच्या परीिस्थतीशी सवार्िधक सुसंगत
आहेत.

म्हणून अध्याय ३ मध्ये आम्ही प्रथम पात्र तयार करण्यासाठी वापरल्या जाणा-या पद्धतींमध्ये एक
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असलेल्या कंटीन्युअस ड्रॉपलेट इटंरफेस क्रॉिंस˷ग एन्कॅप्सुलेशन (cDICE) बद्दल अिधक समजून घेण्यावर
लक्ष कें िद्रत केल. पुिटका कशा तयार होतात हे पाहण्यासाठी आम्ही एक उच्चगती िचत्रीकरणाची मांडणी
तयार केली. आम्ही पािहले की पुिटकांच्या आकाराचे थेंब सुरूवातीच्या टप्प्यात थेंबांना पुिटकांमध्ये
रूपांतरीत करण्यासाठी इटंरफेसवर आकार िनवडक क्रॉिंस˷ग असल्याचे िदसून येते. या व्यितिरक्त
पुिटकांमधील अपेिक्षत घटक पेशीपटलाच्या िनिर्म˷तीवर संभाव्य पिरणाम करू शकतात.

अध्याय ४ मध्ये आम्ही पेशीचा एक भाग असलेल्या माइटोिटक िंस्प˷डलची पुनबार्ंधणी करण्याच्या िद-
शेने पिहले पाऊल म्हणून, पुिटकांमध्ये ट्युब्युिलन आवरणीकृत करण्याचा प्रयत्न केला. तथािप ट्युब्यु-
िलन हे काम करण्यासाठी एक आव्हानात्मक प्रिथन आहे आिण त्यासाठी अितशय िविशष्ट पिरिस्थतीची
आवश्यकता असते हे लक्षात घेता, पूवीर्च्या अहवालानुसार, अितशय िविशष्ट पिरिस्थतीत आवरणीकरण
शक्य आहे, तरीही आम्हाला आमच्या प्रयत्नात मयार्िदत यश िमळाले. पुिटकांमध्ये ट्युब्युिलन आवरणी-
कृत करण्यासाठी आम्ही cDICE तसेच इतर पद्धती वापरल्या, परंतु त्याचे सकारात्मक पिरणाम कमी
िमळाले. ट्युब्युिलनच्या पेशी पटलासह परस्पर िक्रयांचे थेट िनिरक्षण दशर्िवते की ते पेशीपटलाला िव-
स्किळत करते. जरी आम्हाला अद्याप पुरेशी स्पष्टता िमळाली नसली तरी, आम्हाला मािहत आहे की या
परस्पर िक्रयांमुळे त्री आयामी (थ्री डी) पेशी सारख्या बंिदस्त पिरिस्थतीत तकुर् तंतुंना एकत्र जोडण्याच्या
आमच्या प्रयत्नांना अडथळा िनमार्ण झाला.

म्हणून आम्ही पात्र बदलले आिण इमल्शन थेंबांकडे वळलो. अध्याय ५ मध्ये आम्ही थेंबांच्या आत
मूलभूत घटकांची पुनरर्चना करण्यावर लक्ष कें िद्रत केले. प्रथम वैयिक्तक घटकांच्या आवरणीकरणाचे
वैिशष््टयीकरण करणे आिण नंतर एका मागून एक अिधक घटक जोडून पुनरर्चनेची गुंतागुंती वाढवणे
ही कल्पना होती. आम्ही एकल घटकांशी संबंिधत पेशीय प्रिक्रयांचे भाग वैिशष््टयीकृत केले, ज्यात
अ ॅस्टर िनिर्म˷ती कें द्रकाची (न्युिक्लअस) िस्थती आिण अ ॅिक्टन कॉटेर्क्सची िनिर्म˷ती यांचा समावेश आहे.
नंतर आम्ही त्यांना एकत्र केले जेणे करून बंिदस्त पिरिस्थतीत ते एकमेकांवर कसे प्रभाव टाकतात ते
पाहता येइर्ल. आम्ही त्यांना बाह्ययरीत्या िनयंित्रत करण्याचे मागर् देखील शोधले. पुढील अध्याय ६ मध्ये
आम्ही तकुर् तंतू बांधण्याचा पुन्हा प्रयत्न केला, पण यावेळी थेंबांमध्ये आम्ही आधी वणर्न केल्याप्रमाणे
अनेक अ ॅस्टर, मोटर प्रिथने आिण क्रॉसिंल˷कर सारख्या वेगवेगळया घटकांना एकत्र थेंबाच्या आत एक
मूलभूत माइटोिटक तकुर् तंतू पुन्हा तयार केला. आमच्या पुनरर्चनेची गुंतागुंती वाढवण्याच्या उद्दशेाने
आम्ही नंतर कॅनोरहबॅ्डायिटस एिलगन्स गभार्च्या पिहल्या पेशी िवभाजनात आढळलेल्या तकुर् तंतूच्या
असमिमत िस्थतीची नक्कल करण्याचा िनणर्य घेतला. आम्ही पेशीपटलावर उपिस्थत असलेल्या डायनेन,
मोटर घटकांमध्ये िनयंित्रत करण्यासाठी प्रकाश जैवीक साधन, इम्प्रूव्ह्ड लाइर्ट-इडं्यूस्ड डाइमर (iLID)
सादर केले. आम्हाला आढळले की िव्दस्तरीय पेशी पटलावर iLID काम करते. परंतु थेंबांच्या आत
प्रकाश िक्रयाशीलतेच्या समस्यांचा सामना करावा लागला. यामुळे कमीत कमी पुनरर्िचत तकुर् तंतुला
असमिमतपणे बंिदस्त पिरिस्थतीत पुनरर्िस्थत करण्याचे आमचे प्रयत्न मयार्िदत झाले. माइटोिटक तकुर् तंतू
एकत्र करणे हे एक अत्यंत आव्हानात्मक कायर् आहे.

गुंतागुंतीचे युकॅिरयोिटक तकुर् तंतू तयार करण्याच्या प्रयत्नात अडचणींचा सामना केल्यानंतर, आम्ही
एक पाऊल मागे घेण्याचा िवचार केला, व्यापक दृिष्टकोन ठेवला आिण आमच्या िशकलेल्या गोष्टींना
वापरून काही सोपे तयार करण्याचा िवचार केला. आम्ही िवचारले, वैयिक्तक घटकांच्या मूलभूत गोष्टी
समजून घेतल्यास, आपण संपूणर् पेशी केवळ िकमान घटकांसह आिण अगदी सुरूवातीपासूनच तयार
करू शकतो का? या पूवीर्च िकमान कृित्रम पेशी तयार करण्यासाठी प्रयत्न केले जात आहेत. अध्याय ७
मध्ये आम्ही पेशी कंकालच्या आमच्या समजूतीसह कृित्रम पेशींमध्ये योगदान देतो आिण डी.एन.ए. पृ-
थक्करणासाठी िकमान तकुर् तंतूची योजना करतो. प्रथम आम्ही ParMRC, एक जीवाणु डी.एन.ए.
िवभाजन प्रणालीची इन िवट्रो पुनरर्चना केली ही एक सोपी प्रणाली आहे. ज्यामध्ये फक्त तीन घटक
आहेत. पुढे आम्ही iLID वापरून बाह्यिरत्या त्याचे िनयमन करण्याचा प्रयत्न केला. आम्ही जुळणी कर-
णारा प्रिथन, ParR मध्ये सुधारणा करून ते प्रकाश सिक्रयक्षम बनवले. वैयिक्तक घटक सामान्यपणे
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कायर् करत असले तरी संपूणर् प्रणाली अद्याप कायर्रत नाही. सदर योजनेला आणखी बारीक सारीक
समायोजनाची आवश्यकता आहे.

शेवटी अध्याय ८ मध्ये आम्ही आमच्या िनष्कषार्ंचा सारांश आिण दोन वेगवेगळया डी.एन.ए. पृथक्क-
रण यंत्रांच्या जोडणी दरम्यान आम्हाला आलेल्या आव्हानांचा, गुंतागुंतीच्या वेगवेगळया स्तरांवर आिण
त्यांना कमी करण्याचा प्रयत्न करण्याचे संभाव्य मागर् यांचा सारांश व चचार् करतो. िकमान स्वरूपात
पेशीचा एक भाग िंक˷वा कृित्रम पेशी अगदी सुरूवातीपासुन तयार करण्याचा प्रयत्न करणे हे एक महत्वा-
कांक्षी ध्येय वाटते. जरी अशी पुनरर्िचत प्रणाली नैसिर्ग˷क पेशींच्या फक्त काही गुणधमार्ची नक्कल करू
शकते. तरीही ती नवीन मूलभूत अंतदृर्ष्टी िमळिवण्यास मदत करते. माझे काम मेदापासून पेशीपटल
कसे बनते, हे पेशीपटल ट्युब्युिलनच्या परस्पर िक्रयांमुळे कसे िवस्किळत होऊ शकते, आिण मेद पेशीप-
टल — सजीवांना िनजीर्वांपासून वेगळा करणारा घटक, ला िटकवून ठेवण्यासाठी परस्पर िक्रयांन्वयीत
पेशीकंकालीय प्रिथनांना कायर्शील कसे ठेवायचे या बद्दल आपल्या समजुतीमध्ये सुधारणा करते.
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INTRODUCTION

Ship of theseus.
Reap what you sow.

The cell is the fundamental unit of life, which performs various processes essential to
growth, division and survival. Despite being the foundation of life, a cell is composed
of smaller, non-living components. This brings us to a question: What truly gives
rise to life? Here, we provide a general overview of the cytoskeletal components,
their properties, and their role in cytoskeleton remodelling during cellular processes,
with a focus on microtubule and aster-based nuclear and spindle positioning. We
describe the two strategies, top-down and bottom-up, used to study these cellular
processes and lay the foundations of this work, explaining our overall motivation
for investigating asymmetric spindle positioning. We also discuss the motivation for
creating a synthetic cell and a synthetic spindle. Finally, a chapter-wise outline of
this thesis is provided.

1



Aster
(Centrosome)

LUCA
Prebiotic chemistry

Earth
Pre-RNA Vesicles Protocells

RNA world DNA / Protein

BacteriaDPANNEuryarchaeotaTACKAsgard

Eukarya

1 1

2 1 Introduction

THE CELL
Life and the universe are unarguably the two most complex mysteries for humans to
solve. Despite major scientific advancements, open questions remains on the origin
of the universe and that of life. What is so unique about life form on earth? Are they
the only ones in the universe? “Where is everybody?” asks the Fermi paradox [1].
Attempts have been made to potentially explain the paradox [2, 3], but what is life?
While there is precise definition, there exist several debatable ones1 [5]. “Life is a
self-sustained chemical system capable of undergoing Darwinian evolution”2 is one
of the examples. The fundamental unit of life is a cell (Fig. 1.1). A biologist’s view
on a cell can be something that grows, divides and responds to its environment [7].
While a physicist would like to say, it’s a only bag of proteins that keeps evading
thermodynamic decay and remains out of equilibrium [8, 9].

1.1 CELLULAR PROCESSES

Figure 1.1: What is a cell? A
eukaryotic cell with a collec-
tion/organization of proteins in
a lipid bilayer membrane (ad-
apted from SwissBioPics [10]).
[  ]

Life at the cellular level is quite robust. Cells pass on
genetic information to daughter cells, maintain cellu-
lar metabolism and replicate to ensure their survival.
Cells perform several processes like transport, signal-
ing, migration and division [11]. They adapt to their
environment and evolve over time. This resilience
emerges from a complex, interconnected network of
biochemical signaling pathways. These pathways are
a part of different cellular processes. The interconnec-
ted pathways provide for redundancy in the system.
At the mechanical core of this signaling network lies
the cytoskeleton, that plays an important role in cel-
lular function. Alterations in the interaction between
signaling pathways and the cytoskeleton are known to
disrupt cellular function, potentially leading to various
disease states [12].

1.1.1 THE CYTOSKELETON
The cytoskeleton is a complex and dynamic network of protein filaments that extend
across the cytoplasm of eukaryotic cells [13, §16]. This network helps cells to main-
tain their structural integrity, drives cellular mobility, and allows for cell polarization
and differentiation. It’s ability to rapidly remodel itself enables cells to respond to
stimuli and maintain homeostasis. The cytoskeleton consists of three main types
of filaments: actin filaments (AFs) (review [14, 15]), intermediate filaments (IFs) (re-
view [16, 17]), and microtubules (MTs) (review [18, 19]). Each filament-type has its
own set of binding and crosslinking proteins. These components play an important
role in various critical cellular processes.

1The 132 definitions of life [4].
2Definitions by Horowitz & Miller [6], frequently used by NASA.

https://astrobiology.nasa.gov/research/life-detection/about/
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MICROTUBULES
MTs are composed of heterodimers of α- and β- tubulin (55 kDa each) [20] (Fig. 1.2).
These heterodimers assemble head-to-tail into slightly curved protofilaments. Pre-
dominantly in vivo, thirteen such protofilaments associate laterally, straightening to
form a hollow cylinder, a ‘tubule’, with diameter� 25nm (inner diameter 14 nm) and
length ranging from ∼1µm to ∼100µm [21]. In an MT lattice3, typically the distance
between heterodimers within the protofilament (height) is ∼81.7 Å (81.2–84.5Å), the
distance between protofilaments (width) is ∼53.1 Å, and the depth is ∼47.4Å [22–
24]. MTs are rigid polymers with persistence lengths of 4.2 ± 0.3–6.6 ± 0.9mm [25–
27]. The number of protofilaments in MTs spontaneously assembled in vitro vary
between 9 and 16, with majority having 14 protofilaments [28, 29]. A 13 protofila-
ment MT forms a B-type lattice with a left-handed 3-start helix seam. The protofil-
aments are straight, with no helical pitch and the monomers in the protofilaments
have α to α and β to β lateral interactions, except at the seam [30, 31].
Tubulins need cytosolic chaperonin CCT (TriC, TCP1, or Ct-cpn60) for its proper

folding [32] along with other cofactors (see review [33])4,5. This results in formation
of α/β-tubulin heterodimer, with GDP bound β-tubulin (at exchangeable or E-site)
[36] and GTP bound α-tubulin (at non-exchangeable or N-site), which remains non-
hydrolyzable [37]. Hence, tubulin is purified as α/β-tubulin heterodimer [38].
The protofilaments are polar due to the asymmetry of the tubulin heterodimer,

which exposes β-tubulin (with a hydrolyzable nucleotide) at one end of the protofil-
ament creating a fast-growing plus end and α-tubulin at the other end creating a
slow-growing minus end. MTs show ‘dynamic instability’ [40, 41], wherein they
stochastically switch between phases of growth and shrinkage. The change from
growing state to shrinking state is called a ‘catastrophe’ and that from shrinking
state to growing state is called a ‘rescue’. A third state, called a ‘pause’, is rarely
observed and not fully understood. Dynamic instability is characterized by rates of
growth and shrinkage, and frequencies of catastrophe6 and rescue7.
GTP-tubulin association rate depends on tubulin concentration and temperature8

[44], and is constant during growth and shrinkage, being greater at the plus end of
an MT than at the minus end. This GTP is hydrolysed soon after polymerization into
GDP·Pi and subsequently, the Pi is released. On the other hand, the GDP-tubulin
disassociation rate differs vastly (∼500x) during growth and shrinkage and is not
concentration-dependent [45]. Upon GTP hydrolysis, tubulin undergoes a change
in conformation, straight (0–5° bend) to curved (10–12° bend) [46, 47], and expanded

3Dimensions of tubulin heterodimer have variations based to the tubulin nucleotide-state, tubulin iso-
types, lattice type, and interactions with MAPs. Furthermore, the structural data lacks the information
about the disordered surface loops and tails. Mentioned dimensions are based of the PDB 6DPV, a
13-3 undecorated GDP MT from wild boar.

4Therefore, bacterial expression of tubulin is not possible and tubulin is purified from brain. Recently,
protocols for insect-cell expression of genetically modified tubulin have been developed [34, 35]

5Chaperones and cofactors interact with tubulin with its hydrophobic patches during heterodimer form-
ation and ensure structural integrity in an aqueous environment.

6The rate of switching from a growing to a shrinking state.
7The rate of switching from a shrinking to a growing state.
8Tubulin adapts according to the organism’s body temperature or
environment to optimize the polymerization rate [42, 43].

https://www.rcsb.org/structure/6DPV
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Figure 1.2: Cytoskeleton and its dynamics. (Top) Actin filament treadmilling, actin
monomers added at barbed (plus) end and removed from pointed (minus) end at same rate.
(Left) MT dynamic instability. MTs grow with the addition of GTP dimers. The GTP dimer-
rich region at plus end is called a ‘GTP cap’, which prevents catastrophe. GTP in β-tubulin
hydrolyses slowly. The polymerizing MT undergoes catastrophe and starts depolymerizing
and during a rescue, the shrinking MT starts growing again. The helical pitch of protofila-
ments creates a mis-match of 1.5 dimers, called a ‘seam’. (Right middle) Structure of actin
monomer (PDB 5MVY) and tubulin heterodimer (a modified PDB 3J6E) with α- and β-tubulin.
(Right bottom) Cross-section view of MT (� 25nm, 13 protofilaments) and actin (� 8nm).
Image rendered in Blender [39]. [  ]

((4.210 ± 0.012) nm) to compact ((4.100 ± 0.002) nm) [48, 49]. This leads to lateral
weakening and longitudinal reinforcement, which creates strain in MT lattice, as it
is energetically unfavourable. This explains the crown, sheets, tapered, or zipping
appearance of protofilaments in a polymerizing state and the horns, peeling, unzip-
ping, or blunt ends in a depolymerizing state [50, 51]. The depolymerized curved
oligomers of GDP-tubulin tend to form rings [47, 50, 52]. GTP hydrolysis is required
for dynamic instability [53] but not for MT polymerization.
The delay between the GTP hydrolysis after addition of the tubulin dimer leads to

the formation of so-calledGTP cap at the growing end [54]. The cap is hypothesized
to stabilize the growing end and prevent catastrophe. The quantitative evidence of

https://www.rcsb.org/structure/5MVY
https://www.rcsb.org/structure/3J6E
http://www.blender.org
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the long postulated GTP cap have been recently demonstrated [55], with the end-
binding (EB) protein’s ability to bind GTP-tubulin [56, 57]. While GTP cap can be
long, but the minimum size of cap at the MT end required for stabilization is still
not clear, ranges from monolayer cap (i.e. one GTP-tubulin per protofilament) [58–
60], <40 subunits [61] to 700–750 subunits [62, 63]. The MT length distributions
also become linearly dependent on tubulin concentration. In bulk, they show steady
state, but individual MTs exhibit constant fluctuation as a result of dynamic instabil-
ity. MTs can be stabilized with a GTP analog (GTPγS, non-hydrolyzable) [64], a
GTP mimic (GMPCPP, very slowly hydrolyzable) [65], chemicals (such as taxol) [66],
mutant tubulin (E254D, non-catalysing) [55] or with stabilizer MAPs (TOG-domain)
[67]. Certain drugs also affect MT dynamics: Paclitaxel (binds taxane site9; e.g. do-
cetaxel) to stabilize polymerized MTs, Colchicine (binds to colchicine domain), and
Vinca alkaloids (binds to vinca domain; e.g. vinblastine) suppress MT dynamics at
low concentrations and depolymerize MT at high concentrations [70].
There are five main families, the α-, β-, γ-, δ-, and ε-tubulins [71]. Tubulins have

differential expression of alternative genes and different functional roles [72, 73].
α/β-tubulin heterodimer polymerizes into MTs, γ-tubulin helps nucleate MTs, and δ-
, and ε-tubulins are associated with centrioles and have diverse organisms specific
roles. Human genome contains nine genes (isotypes) each for α- and β-tubulins
[74]. These tubulin isotypes are highly conserved across most eukaryotes. The ζ-
tubulin, the sixth tubulin family, lost in evolution, found in very few eukaryotes (not
present in humans), and thought to have a similar role to that of a δ-tubulin [75].
The C-terminal of α- (10–12 a a ) and β-tubulin (16–22 a a ) is negatively charged,

very acidic and highly disordered [76, 77]. These tails (E-hooks) are located on the
outer surface of MTs (every 4 nm longitudinally, and 5 nm laterally)10 and act as key
regulators for interaction of many MT-binding proteins (MTBPs) or MT-associated
proteins (MAPs)s. As opposed to the conserved amino acid sequence of the tubulin
body (80–95%), the tails have sequence variations (∼50%). Another level of vari-
ety comes from the posttranslational modifications (PTMs) of tubulin, mostly on
the tails. The tail is subjected to PTMs like phosphorylation, detyrosination (/re-
tyrosination), glutamylation, and glycylation11, and the tubulin body to additional
PTMs like acetylation, methylation, palmitoylation, ubiquitylation, phosphorylation,
and polyamination (see reviews [78, 79]). Tyrosination, glutamylation and glycyla-
tion are performed by a family of enzymes, tubulin tyrosine ligase (TTL) and similar
tubulin tyrosine ligase-like (TTLL). And the modifications from TTL and TTLLs are
removed by carboxypeptidases (CCPs). Detyrosination is performed by vasohibin
(VASH), and acetylation12 by acetyltransferase (TAT). PTMs have shown to affect the
biochemical, physical, mechanical, polymerization (nucleation, dynamics, and stabil-
ity), and MAP-related properties of MTs. The combination of differential expression
of tubulin isotypes together with an extensive number of possible combinations of

9Paclitaxel drugs bind at a site on microtubule inner wall [68] and prevent conformational changes
arising due to GTP hydrolysis [69].

10The tails when fully straight can extend up to 4.5 nm radially outwards.
11The polyglutamylation and polyglycylation proceeds on the branched amino acid chain,

formed through a γ-branched isopeptide bond on internal glutamates.
12Only PTM on the tubulin body, that occurs on the inner lumen of the MT
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PTMs reconstitutes the tubulin code [80]. Even slight perturbations to PTMs on
MTs affects cell physiology and lead to various motility and neuronal diseases.
Critical to the polymerization dynamics is the nucleation of the MTs. Nucleation

from pure tubulin is an energetically unfavourable and highly cooperative process. It
is nucleation rate (τ) limiting and depends on tubulin concentration (C), 1τ ∝ C12±2
[81–83]. Basics of MT nucleation and polymerization can be explained even with
a simple model for single polymer [84, §4][85]. The model explains, critical con-
centration for polymerization (C∗poy) — at which the rate of association and disso-

ciation are the same, and critical nucleus size (N) — subunits required to assemble
stable nucleus, but fails to explain, critical concentration for nucleation (C∗nc) — at
which nucleus is likely to be formed. Spontaneous formation of MT is rare unless
tubulin concentration is very high. Typically C∗nc is ∼20µM for de novo spontan-
eous nucleation, but C∗poy is only ∼1µM for the elongation from existing MT seed
(for mammalian tubulin [83, 86]). Following complex models explore MT properties,
like multistep nucleation [87], accretion-based nucleation [88], and bound-unbound
growth [89, 90], and simulations (molecular dynamics, Brownian, Monte-Carlo) for
individual MT dynamics [91–93]. The nucleation barrier can be lowered with use
of chemicals (e.g. GMPCPP [65]), small molecule crowding (e.g. glycerol [94]) and
stabilizing drugs (e.g. Taxol [66]).
MT assembly can be aided with a template (a stable scaffold for assembly) or a

non-template (facilitate longitudinal or lateral subunit interactions with MAPs) based
nucleation (see [95]). Centrosomes are themicrotubule organising centres (MTOCs),
the primary source of MTs, in the cells. Majority of MTs emerging from the centro-
somes originate from several γ-tubulin ring complexes (γTuRC), each of which has
a lock-washer-shaped structure, and is present in the pericentriolar material (PCM)
[96, 97]. γTuRC, an asymmetric left-handed spiral, is composed of 14 γ-tubulin small
complex (γTuSC or spokes). Each γTuSC contains a copy of γ-tubulin and one of five
γ-tubulin complex proteins (GCP, GCP2–6). α-tubulin has more affinity for γ-tubulin
than β-tubulin. This helps in MT nucleation by favouring dimer assembly on the
template. These γTuSCs assemble on γTuSC receptors (e.g. CDK5RAP2) complex
(see [98]). The γTuRC also has luminal MOZART13 (Mzt1), for targeting γTuRC at
MTOC, and actin, for positioning γTuRC on MTs, and NEDD1 on the outside, which
acts as an adaptor for the Augmin complex (HAUS). Augmin complex recruits γTuRC
on sides of preformed MTs, and creates branch nucleation point [99]. γTuRC is a
14-subunit complex, but interestingly nucleates 13 protofilament MTs. Recently, the
γTuRC conformational change from open to closed state, where the first and the last
γTuSC in the helix overlaps and create a 13 γ-tubulin template with 3-start seam, was
discovered, explaining the high nucleation efficiency of 13 protofilament MTs from
γTuRC [100–102]. CAMSAP14, in absence of CDK5RAP2, can bind to partially close
γTuRC and facilitate the release of γTuRC capped MTs [103]. The critical concen-
tration for nucleation from a template is lowed, C∗tempte >∼6µM [86]. Nucleus
assembly is still unfavourable on a template but less than spontaneous.

13Mitotic spindle organizing protein associated with a ring of γ-tubulin
14Calmodulin-regulated spectrin-associated protein
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Non-templated pathways include MAPs like MT polymerases of XMAP215 fam-
ily proteins (with TOG15 domains) which promote longitudinal elongation, promot-
ing spontaneous nucleation, accelerating growth, while synergizing with γTuRC [86,
104–106], MT suppressors such as TPX216, which stabilize MT ends and aid nucle-
ation by stabilizing nucleus intermediates [107], and CLASP17 and CAMSAP which
also work together or independent of γTuRC (see [67]).
In conclusion, the dynamic nature of microtubules is central to their function in

the cell. Understanding the mechanisms underlying microtubule dynamics provides
insights into various cellular processes.

ACTIN FILAMENTS
AFs also known as microfilaments or F-actin (filamentous-actin), are polymers made
of G-actin (monomeric-/globular-actin) monomers (55Å×55Å×35Å, 42 kDa) (Fig. 1.2).
Actin is the most abundant protein in a eukaryotic cell. G-actin polymerizes into a
5–9nm wide thread, consisting of a single left-handed helical strand with a pitch of
13 G-actin subunits, repeating every six turns. However, AF structure was previously
interpreted as two right-handed helices staggered by half the length of an actin
monomer18 [108–110]. AFs are flexible, with persistence lengths 10–20µm [25].
There are three main isoforms of actin, α-actin (3 genes, one each for skeletal,

cardiac, and smooth muscle cells), β-actin (one gene, non-muscle cells), and γ-actin
(2 genes, one each for smooth and non-muscle cells). Actin is highly conserved
(375 a a ), and the isoforms only differ in a few amino acids at the N-terminus [111,
112]. Actin undergoes PTMs likes methylation (skeletal α-actin), N-terminus acet-
ylation, cleavage and re-acetylation.
Actin19 is a globular protein, with a deep medial cleft, and is classified into sub-

domains 1–4. ATP binds in the cleft. Upon incorporation of actin monomers in the
filament, G-actin (globular) transition into F-actin (flat) [114]. The actin domains, sub-
units 1 and 2, undergo a propeller-twist (12–13°) that stimulates the ATPase activity
of F-actin. After the hydrolysis and Pi release, the link between domains weakens,
making ADP F-actin less stable than ADP G-actin20. Thus, the actin filament is
readily disassembled.
Actin polymerizes spontaneously in the presence of monovalent or divalent ions.

Polymerization can be explained with simple model. Although the polymerization
process is nucleation-rate limited (as that of tubulin), the actin nucleus size (N) 3–4
is much smaller compared to tubulin [84, 85]. AFs are polar, with a fast-growing
barbed end, and a slow-growing pointed end due to the structure of the G-actin
monomer subunit. Above a critical concentration (C∗poy), AFs grow at both the
barbed end (0.12µM) and the pointed end (0.62µM), maintaining sufficient ATP-

15Tumor overexpressed gene
16TPX2 (Targeting protein for Xklp2); kinesin-like protein
17CLIP-associated protein; Clip-like proteins
18The −166.6° twist per molecule being close to 180°, the structure

appears like two slowly turning right-handed strands.
19Actin is purified from rabbit skeletal muscle acetone powder [113].
20F-actin is flatter than G-actin.
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bound G-actin monomers at both ends [115]. While below that concentration, ATP
to ADP hydrolysis catches with new monomer addition at the slow-growing pointed
end, causing the actin to depolymerize. Interestingly, at the ‘critical concentration’,
the barbed end grows at the same speed at which the pointed end is shrinking. This
is known as treadmilling of filaments21.
Actin dynamics is influenced by small molecules, such as phalloidin (stabilizes by

preventing depolymerization [117]), cytochalasin D (inhibits both further association
and dissociation of monomers by binding to the barbed end), and latrunculin A and
B (inhibit polymerization by binding in the cleft [118]).
Actin polymerization is aided by nucleation proteins. Arp222/3 complex blocks the

pointed end of actin filament and nucleates filaments that elongate from barbed
ends. Nucleation is facilitated by stabilizing polymerization intermediates. The
newly branched actin is rigid and stable, and at a relatively constant (70 ± 7)° angle
[119]. The Arp2/3 complex is recruited by verprolin-cofilin-acidic (VCA) and needs
activation by cofactors (such as WAVE23), while formins create unbranched actin fila-
ments, by stabilizing actin dimers. Further, α-actinin cross-links two actin filaments.

INTERMEDIATE FILAMENTS
IFs are double-helical filaments with diameter ∼10nm, and as their name suggests,
have a size intermediate to that of MTs and AFs. IFs form 58nm long and 16 nmwide
unit-length filaments (ULFs). Each ULF is composed of eight tetramers, and each
tetramer is composed of two antiparallel dimers. IFs are apolar or nonpolar, due to
the antiparallel tetramers. Unlike AFs and MTs, which are composed of a few iso-
forms, the IFs have a large genetic variation (67 human genes) [120]. However, the
basic subunit of IFs has conserved length and hydrophobic patches. The monomer
follows a tripartite organization with a central α-helical rod domain flanked by non-
α-helical domains on either ends. They are classified into five major classes - I
(e.g. keratins a), II (e.g. keratins b), III (e.g. vimentin), IV (e.g. neuro filaments),
and V (e.g. lamins) and an orphan class (see review [17]). IFs also undergo PTMs,
particularly phosphorylation, glycosylation, sumoylation, and acetylation.
IFs are nucleotide independent and undergo self-assembly. Their growth rate is

limited by slow longitudinal association24 of ULFs. IFs subunits are in equilibrium
with the polymer25. They are flexible, extremely stable, and form a mesh network.
This gives rise to viscoelastic properties, which provides cells and nuclei with mech-
anical support, and resistance to extracellular stress. Different IFs have cell-specific
roles, organelle (e.g. nucleus, mitochondria) positioning and membrane trafficking.
In case of external stress, they also regulate a cell’s ability to grow, divide, migrate
or apoptosis (see review [16]).

21Slow turnover <1 subunit/s in cells [116].
22actin-related protein
23WASp family verprolin homologous protein; Wiskott-Aldrich syndrome protein
24Order of magnitude of days.
25Rate of one out of 200 tetramers per hour
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MOTORS AND ASSOCIATED PROTEINS
Many proteins bind cytoskeleton filaments and are associated with them, and are
therefore called MT-associated proteins/MT-binding proteins (MAPs/MTBPs), actin-
related proteins/actin-binding proteins (ARPs/ABPs) and associated proteins (APs)
for respective IFs. These proteins regulate filament dynamics and organization, and
even have certain cell-specific roles, thus playing an important role in cellular func-
tioning. Imbalances in the levels of these proteins disrupt the physiological state
and cause pathologies (see [121]).
MAPs are broadly classified as stabilizers, destabilizers, capping, and cross-linkers

[18]. Stabilizers promote polymerization and some examples are EB1–3, CLIPs,
NDC80 (also grouped as MT plus end tracking proteins (+TIPs)), and XMAP215,
CLASP, STOP, and doublecortin (see [122]). Destabilizers increase overall dimer
dissociation, and stathmin is one such MAP. These also include severing proteins
such as, katanin, spastin, fidgetin, which cut MTs (see [123]). Capping MAPs are
usually associated with minus ends and include γTuRC and CAMSAPs, while MAP65
(Ase1/PRC1) is an example of bundler or cross-linker [124]. Integrators like Tau,
MAP2, MAP4 coat MT lattice [125].
ABPs include the following classes: Profilin family proteins (bind and cap G-actin

and prevent assembly), cofilin family proteins (induce depolymerization), gelsolin
family proteins (sever actin filaments), and cross-linkers like fimbrin and filamin
(see [14]).
Motors are the other interesting class of APs. Three superfamilies of motor pro-

teins can enable directed movement and generate forces: Kinesin and dynein mo-
tors on MTs and myosin motors on AFs. Kinesin and myosin are ATPases26, whereas
dynein is an AAA ATPase (see [126]).
Different cytoskeletal filaments often interact and work together in various cellular

processes, and their dynamics and function is tightly integrated. This is known as
cytoskeletal crosstalk, and is facilitated by a set of associated proteins (mostly +TIP
MAPs and capping ABPs), which are specialized and cell-specific. This crosstalk
coordinates actin-MT crosslinking, MT guidance, MT stabilization, MT anchoring,
MT growth barrier, AF nucleation, spindle positioning and orientation, and regulates
cell migration, division, polarization, axon growth, specification, and maintenance
(see [127, 128]).

1.1.2 CYTOSKELETAL REMODELLING
During various cellular processes, the cytoskeleton of the cell undergoes extensive
remodelling, often changing the shape and size of the cell. During these changes,
MT network transforms the most at the global cellular level, even though the actin
network may have more turnover, but the changes are mostly confined locally. Aster
formation and positioning accounts for most of this MT network reorganization and
requires significant amount of force with precious control and coordination.

26Share a common ancestor related to GTPases.
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FORCES
There are two main sources of cytoskeletal forces in the cell — polymerization forces
and motor-induced forces. These forces can be classified as pushing and pulling
forces (see [129]). Pushing forces are polymerization forces, generated when cyto-
skeletal filaments hit the membrane and keep growing with continual addition of
subunits at the tip as a result of frequent gaps formed in-between the tip and the
membrane due to thermal fluctuations (Brownian ratchet model), also known as cor-
tical pushing force (Fig. 1.3). In vitro experiments have demonstrated pushing forces
of 3–4pN for MTs [26, 130–132], and �1 pN (∼0.035–0.06pN) for actin [133], by
polymerization-driven growth against a barrier. This force is length-dependent; MTs
of length ∼>5µm buckle under this force, rendering them ineffective in generating
pushing force [134, 135]. Motors can generate different types of forces. Pulling
forces are generated by transport of dynein on MTs. This force is also known as cor-
tical pulling force when MT ends are captured by membrane-bound dynein, and as
cytoplasmic pulling force when cargoes are transported on MTs by dynein towards
the cell centre (Fig. 1.3). In vitro experiments have demonstrated dynein generating
force (4.8 ± 1.0) pN by pulling MTs [136–138], and ∼0.9 pN force due to drag dur-
ing free-floating transport assay in a viscous environment [139]. These forces can
reach up to ∼4pN in vivo cargo transport (which involves multiple dynein motors
per cargo) [140]. Kinesin superfamily of motor proteins, with their vast diversity,
can generate forces ranging from ≲0pN to 5–6pN [141, 142]. These forces are ATP
dependant and usually occur in anti-parallel MTs overlaps. Kinesins are also known
to side-step, (1.1 ± 0.2)°, and generate rotational torque upto ∼(32 ± 15) pNnm [143,
144]. And myosin generates contractile forces of ∼1–2 pN in a crosslinked actin net-
work (individual, non-muscle) [145, 146] and ∼10.5–17 pN in sarcomeres (myosin-
filament, muscles) [147].

NUCLEAR AND ASTER POSITIONING
In most cells, the nucleus and the MTOC (centrosome) are usually linked by LINC27

[148]. Hence, nuclear movement coincides with aster assembly and positioning in
various cell processes involving morphogenetic events like embryogenesis, retinal
and neuronal development, and epithelia and muscle cell formation. The nucleus
is the largest organelle and requires significant force to move it, as cytoplasmic
viscoelasticity resists large movements. Yet, nuclear positioning is highly precise
with robust positioning mechanisms. In migratory cells, although the nucleus may
appear stationary, it is constantly moving in the direction of cellular movement, as
the net force acting on it is zero [149].
In fission yeast, the interphase nucleus is actively positioned in the middle of the

cell. The cytoplasmic MTs form anti parallel bundles with their plus ends growing
towards the cell poles [150, 151]. These MT bundles exert pushing forces, which
cause nuclear movement, but centering of the nucleus is achieved as a result of
balance between pushing forces from opposite poles [152, 153]. The balance is

27Linker of nucleoskeleton and cytoskeleton (LINC) complexes composed of KASH and SUN protein
bridges.
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also regulated by MAPs like Ase1 (PRC1), Tip1 (CLIP170) and Mal3 (EB3).
In budding yeast, the nucleus is moved into the bud neck. MTs originate from the

MTOC and are tracked into the bud on polarized actin cables [154]. The MTs off load
dynein on the membrane at the cortex in the bud [155], and this dynein generates
pulling forces required for nuclear oscillation and positioning [156] [157].
In eggs and embryos of metazoans like worm, fly, frog and mouse, pronuclei ap-

position or migrate, eventually meeting and fusing in the middle of the cell. Cen-
tering of the male pronucleus requires MTs to polymerize from its MTOC, which
exert cortical pushing force [158] or cytoplasmic pulling force [159, 160]. On the
other hand, the female pronucleus is transported on the aster by dynein towards the
male pronucleus for fusion [161]. These mechanisms are classified into two types:
‘MTOC-dependent nuclear positioning’ and ‘nuclear tracking along microtubules’ re-
spectively [162]. The nucleus remains in the centre until DNA segregation and cell
division, due to the balance of forces generated by motor and MT polymerization
dynamics, to facilitate the formation of two equal blastomeres. At times, in early
embryos and stem cells, the nucleus position asymmetrically, aiding developmental
changes in daughter cells.
Asymmetric positioning of the nucleus also occurs in syncytial systems, multi-

nucleated non-dividing cells, such as skeletal muscle cells, fly embryos, worm hypo-
dermis, slime mould, and filamentous fungi, where several nuclei get positioned at
the cell periphery (see [166]). In Drosophila, the early embryo undergoes multiple
rapid nuclear division without cytokinesis. These nuclei are positioned equidistantly
and require both actin and microtubules [167]. Astral MTs generate optimal separ-

Figure 1.3: Nucleus and spindle positioning. (bottom) Schematic of C. elegans (Image
adapted from J. J. Froehlich, CC BY-SA 4.0). (left) Pronuclear migration, nuclear centering,
and asymmetric spindle positioning during C. elegans embryo first cell division (Tubulin, MTs,
asters, and DNA, chromosomes, nucleus). Movie adapted from [163]. [  ] (right) Different
pushing and pulling forces involved in the nucleus and spindle positioning, and biophysical
parameters (boxes) influencing them. (Schematic adapted from [164], based on [165].)

https://commons.wikimedia.org/wiki/File:C_elegans_developmental_stages.svg
https://creativecommons.org/licenses/by-sa/4.0
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ation between neighbouring sister nuclei by repelling each other and with cytoplas-
mic pulling forces [168], independent of cell cortex, to prevent fusion. Further, actin
forms a cap (enclosure) around each nucleus to confine them [169]. Although nuc-
lear positioning mechanisms in eggs and embryos are species- and cell-specific,
similarities can be seen across them. Overall, nuclear positioning plays a crucial
role in development, and positioning abnormalities may lead to disease.

SPINDLE POSITIONING
Spindle assembly and positioning follows nuclear positioning inmost above-mentioned
cases of dividing cells. The mitotic spindle is self-organized [170] and has three
primary roles — (1) assemble and orient the spindle (Hertwig’s rule [171]), (2) align
chromosomes to form metaphase plate, and (3) segregate chromosomes, while
maintaining spindle size [172]. Centrosomes (MTOCs) and chromosomes are the
main organizers of the mitotic spindle. The mitotic spindle is assembled from MTs
originating from centrosomes (MTOCs, the eventual poles of the spindle), while
some MTs also originate from kinetochores and within the spindle (see [173–175]).
MTs emerging from the centrosomes are called interpolar MTs (I-MTs) if they create
an antiparallel overlap with MTs from opposing poles and make the central spindle,
or astral MTs (A-MTs) if they extend away from the poles towards the cell membrane.
MTs emerging from the kinetochores of chromosomes are called K-MTs (bundles of
K-MTs called as K-fibres [176]). K-MTs help capture and align chromosomes on
spindle midplane and later segregate them [177]. Segregation of chromosomes to-
wards the poles also involves MT pulling forces generated by depolymerizing K-MTs
at the kinetochore (reverse Brownian ratchet [178]). Forces generated at single kin-
etochore ranges around ∼5–6pN/MT[179]. A-MTs help in spindle orientation and
positioning [180]. I-MTs stabilize the spindle in the metaphase and help in pole sep-
aration in anaphase [173]. The central spindle overlap is mainly organized by MAPs
like Eg528 [181], PRC129 [182], spindlin, and CPC30 [183]. The overlap also helps in
coordinating the positioning of the division plane (actomyosin contractile ring) dur-
ing the cytokinesis [127]. Many MAPs including motors, help assemble the spindle
and segregate chromosomes by regulating MT dynamics [184]. Furthermore, cell
size and shape influence spindle positioning [185].
Similar to nuclear positioning, spindle positioning also depends on the forces

generated by MTs. For fission yeast cells (∼5µm), the nucleus and the spindle
can be positioned simply by pushing forces. However, cell size varies by orders of
magnitude from budding yeast (∼5µm) to frog embryo (∼1200µm). In smaller cells
(∼<100µm), MTs from asters can grow and reach the cortex to exert pushing forces.
On the other hand, in large cells, pushing forces become inefficient, either due to
buckling of longMTs (F ∝ 1

2
) [26, 134, 135] or the inability of MTs to reach the cortex.

Despite this, spindle is symmetrically positioned in sea urchin embryo (∼120µm),
and Xenopus embryo (∼1200µm), and asymmetrically positioned in budding yeast

28A homotetrameric kinesin 5, also KIF11
29Protein regulator of cytokinesis 1 / MAP65 / Ase1 (abnormal spindle elongation 1)
30Chromosome passenger complex
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(∼5µm) [186], Caenorhabditis elegans embryo (∼50µm), and Drosophila embryo
(∼500µm) [187]. So, it is suggested that larger cells rely on MT pulling forces, either
cytoplasmic [188] or cortical. This poses the question, how does the spindle find the
centre of the cell? [189]. The spindle operates in a state of dynamic equilibrium, with
forces being continuously generated and balanced. A push-pull model is proposed
for a coordinated balance of forces to ensure proper spindle positioning [190]. A
general theory for the positioning mechanics of asters in confined geometries has
been developed and it helps understand force balance in various different cellular
circumstances [191].
The first division of C. elegans embryo is a well-studied model (Fig. 1.3). It is

known that the embryo gets rapidly polarized after fertilization, and PAR31 proteins
are responsible for this cell polarity [192]. Perturbing PAR proteins disrupts asym-
metric spindle positioning [193]. Also, dynein is critical for spindle dynamics [160].
Grill et al. [194] showed clear evidence for cortical pulling forces in C. elegans, and
presence of asymmetric distribution of force generating complexes (FGC) at the
cortex [195]. FGC contains G-protein signaling receptor proteins Gα, GPR-1/2 (LGN),
LIN-5 (NuMA) [196] and dynein (which is recruited to the cortex directly or indirectly
via NuMA) [197, 198]. Dynein binds the A-MTs in an end-on configuration and gen-
erate pulling forces by minus end-directed transport and MT depolymerization [136,
199]. The PAR domains remodel actomyosin cytoskeleton and redistribute the FGC,
with more FGC density on the posterior side. This results in more net cortical pulling
force from the posterior pole, and eventual posterior displacement of the spindle,
leading to asymmetric cell division.
The spindle length increases as chromosomes are separated during anaphase

[200]. This is governed by the crosslinking proteins, Eg5 and PRC1 (Ase1), which reg-
ulated the overlap between antiparallel MTs in the central spindle. Eg5 can bundle
and slide across antiparallel MTs to increase the overlap [201, 202]. The magnitude
of pushing force generated by Eg5 is proportional to the length of the overlap [203].
Ase1 is a passive diffusible that also cross-links antiparallel MTs but decreases the
overlap overtime. It acts as compressible gas, increasing entropic forces as it is
compacted in smaller overlaps [204]. Even though force per molecule is 0.1–0.2 pN
[205], with enough molecules, a force of few pN can be generated, enough to resist
Eg5 motors. It also prevents a complete breakdown of sliding overlap [206].
Recently, Garzon-Coral et al. [158] made precise measurement of forces in spindle

positioning using magnetic tweezers, ∼100pN was required to displace a spindle
pole [158]. Pushing forces acting on the spindle arise from ∼200 A-MTs. It is also
argued that in subsequent cell division, spindle positioning is mainly due to cor-
tical pushing, while cortical pulling and cytoplasmic pulling interfere and oppose it.
The C. elegans first cell division mechanism is more complex, wherein the spindle
exhibits rocking oscillatory motion while it is segregating chromosomes. This mo-
tion varies in frequency and amplitude in both lateral and longitudinal axes across
different worm species [207]. Also, the cytoplasmic viscosity changes ∼6 x across
species, affecting the cytoplasmic pulling [208]. Other cytoskeletal components
and upstream regulatory pathway, along with the shape of the embryo, control the

31for partitioning defective proteins
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precise dynamic of the spindle. This helps us understand some underlying force
generating mechanisms in spindle positioning.
Acentrosomal spindle can also be self-organized around chromosomes. Chromo-

somes release Ras-related nuclear protein (RCC1), which activates RanGTP-ase and
nucleators, creating a gradient of spindle assembly factors (SAFs), and generating
numerous MTs. Along with MAPs and motors like Eg5 and dynein, these MTs can
form a spindle with pole-focusing (see [209]).
The mitotic spindle, with its complex architecture and dynamic nature, is central

to the process of cell division. Understanding its structure, dynamics, and regula-
tion provides insights into the fundamental mechanisms of cell division and has
implications for diseases in which cell division is dysregulated.

1.2 APPROACHES
A cell is a small, but complex entity, with thousands of genes, and performs various
functions. Scientists are curious to know how the cell (the first cell, or even the
protocell) was created, the underlying mechanisms of each function, and the funda-
mental role of each protein. To understand the cell, the following two approaches
are followed [210].

1.2.1 TOP DOWN
One way to answer this question is to dissect the system one molecule at a time.
It has traditionally been used in cell biology. A single gene in the cell is perturbed,
either removed by knock-out/deletion, knock-down/RNAi-silencing, mutation or ad-
ded to rescue (in knock-out/down), over-expressed, to characterize its physiological
function. (Co-)purifying proteins associated with the gene helps to identify their
interactions. This is a common approach traditionally used in in vivo cell biology
experiments and is called the ‘Top-down’ approach (see [211]). Many important
proteins and cellular functions were discovered using this approach. This method
is also incorporated with orthogonal spatio temporal control, like optogenetics and
auxin-inducible degron (AID) system. However, with this approach, understanding
of the system is often limited to a qualitative level.
With the rise of synthetic biology in the last decade, a new focus on minimal gen-

ome has emerged. It is a quest to create the ultimate efficient organism. Instead
of removing a single gene, the genome is stripped down to the absolute minimum
number of genes. The idea is to remove the redundancies and reduce the com-
plexity, to create an organism that can be completely characterized (Fig. 1.4). This
will improve its engineerability, increase biosynthetic capacity and allow for refunc-
tionalization [212]. It is like taking the top-down approach further down. Genome
reduction with traditional methods has yielded limited but promising results.32 Es-
cherichia coli (MG1655) genome (4.64Mb), in which the function of only ∼48.9%
genes is known, has been reduced to 3.26Mb (Δ16 strain, with slow growth and

32Attempts also made on Bacillus subtilis, Streptomyces avermitilis and Schizosaccharomyces pombe
genome.
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abnormal shape [213]) and smallest to 2.83Mb (Δ33a strain, sensitive to oxidative
stress [214]). With modern DNA synthesis and ligation, genomes can be synthes-
ized from scratch. Starting with a genome from bacteria with the smallest genome
(525 genes), Mycoplasma genitalium, a minimal synthetic functional genome (with
predicted minimum 375 genes) was synthesized and transplanted in Mycoplasma
mycoides, JCVI-syn1.0 (Mycoplasma laboratorium) was created [215]. Recent strains
JCVI-syn3.0 (473 genes) and JCVI-syn3A (493 genes), with optimized genome for
physiology, still have ∼20% genes of unknown function. Further, JCVI-syn3.0+126
requires additional 7 ftsZ related genes to fix cell size and division defects [216].
This still has three times more genes compared to the proposed theoretical min-
imum of 151 genes [217].
This points towards our current limitation in understanding of the genome and

cellular processes. Also, the understanding of the system remains limited.

1.2.2 BOTTOM UP
The other way to answer the question is to build life from scratch [218, 219]. In-
dividual proteins involved in complex processes are studied in isolation (or with a
few other proteins). Single molecule in vitro experiments with purified proteins help
dissect the exact role of each protein. This approach is called the ‘Bottom-up’ ap-
proach [211]. Using techniques like single-molecule imaging, optical tweezers, and

Figure 1.4: Building a minimal cell. Understanding cell and cellular processes with minimal
cell using either Top-down or Bottom-up approach. [  | click on interactive buttons]
(Images adapted from SwissBioPics [10] and partially created with BioRender.com)



@ Nuria

PURE

tRNAs

dNTPs

DNA

mRNA

Polymerase Ribosome
Protein

1 1

16 1 Introduction

AFM33, properties of many important proteins were studied in this approach.
In vitro bulk reconstitutions offer precise quantitative and mechanistic under-

standing of individual proteins or a few proteins together, but their role at the sys-
tem level remains unclear. Will confining a minimal set of proteins in a 3D container
such as the lipid bilayer membrane of a cell lead to emergence of more complex
properties and self organization? This can help build up the complexity of bottom-
up reconstitution. Compartmentalization due to encapsulation is proposed to help
build complex dynamic out of equilibrium system [220], but it comes with limita-
tions. As all known life-forms have some form of phospholipid coating [221], here,
we would like to define this class of experiments as ‘in artificio’34. It means mimick-
ing cellular environment, chemically and physically. With a set of purified proteins
(or even multiple interacting proteins) of choice or even expressed de novo in the
IVTT system35, can be encapsulated to create a custom synthetic minimal cell that
mimics any cellular process (Fig. 1.4). The use of unnatural (e.g. chimeric) compon-
ents (DNA, protein, lipids36) along with tools for direct and indirect manipulation like
optogenetics, magnetic tweezers, laser ablation, could potentially help to gain bet-
ter control and understanding of the system. However, encapsulation is challenging,
especially with lipid bilayers.
Since the last few decades, with the rise of synthetic biology, a new focus on mod-

ularity has emerged. Instead of a single gene, modules (i.e. operons or networks)
with multiple genes are studied with increasing complexity. It is like building the
bottom a step further up. Genes, considered as fundamental unit of information in
life, bio-bricks [224], are swapped (like Lego pieces) or mixed across species with
the aim of not only getting fundamental insights by building upon existing systems,
but also creating new functionalities. Since these are mostly expressed in vivo or
cell-free extracts, one should consider interaction and influence from other cellular
components, and preferably use IVTT systems like PURE [225] (Fig. 1.4). Several
new gene circuits have been developed to regulate and modulate organisms [226].
Synthetic biology has its challenges, but also lots of potential for further innovation
[227].
Both top-down and bottom-up approaches focus on developing methods for build-

ing and manipulating life, but the end goal is to understand, engineer, and program
life.

1.3 RECONSTITUTING A SPINDLE
Here, we focus on the bottom-up approach to understand aster positioning and
spindle assembly, since the basics of spindle positioning have been well studied with
the basic top-down approach, and for advanced top-down approach, a eukaryotic

33Atomic Force Microscopy
34Not in vivo, since proteins are not inside their natural environment i.e. cell, and not in vitro, as they are

not completely outside (cell), but in an artificial cell-like confinement.
35A minimal in vitro transcription-translation system of known composition.
36Bio-compatible synthetic components (e.g. synthetic chemical polymers [222, 223]) have been de-

veloped too.
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system with a minimal genome for spindle characterization has not been developed
yet.

1.3.1 TOWARDS BUILDING A SPINDLE
The foundation of a complex, dynamic, functional mitotic spindle reconstitution has
been in the works since decades. Individual components have been characterized
and reconstituted in vitro in geometries with increasing dimensionality [228].
In a typical in vitro reconstitution of MT dynamics assay in flow chambers37, MTs

have infinite space to grow in principle. Therefore, experiments with artificial 1D
barriers38,39 were designed to confine the growth of free MTs [60]. MTs were nuc-
leated from MT seeds attached to the glass surface. MTs grow and encounter the
barrier, if the MT keeps growing it eventually buckle and bends, and if MT growth is
stalled, it cannot exert enough pushing force [60, 131]. These MTs eventually shrink
as they experience increased catastrophe frequency [131, 231]. Dynein is known to
walk processively on MT towards the minus end, and generate force ∼(4.8 ± 1.0) pN
[138]. The (end-on) cortical interaction between dynein and MTs were reconstituted
in 1D barriers. Dynein was recruited on gold barriers with biotin-thiol chemistry [229,
230, 232]. The MT end is captured by dynein: it inhibits its growth and triggers MT
catastrophe, generating force (2.0 ± 1.4) pN [136]. Depolymerizing MTs are shown
to generate ∼5pN force [233].
Next, experiments were designed to observe the interaction of arrays of MTs, e.g.

aster (MTOCs), with the 2D confinement, square chambers40. MT asters (22µM
tubulin) were nucleated from purified centrosomes41. Dynein was similarly attached
to gold barrier and the chamber was sealed with a thin PDMS lid. In the absence
of dynein, the MTs from asters grow against the walls, create pushing forces, bend
and buckle, and eventually get off-centre. In the presence of dynein at the walls (i.e.
artificial cortex), MTs from the aster get trapped and position the aster in the centre
of the chamber [136, 229].
Since cells are 3D objects, experiments of aster positioning were developed in

3D confinement including water-in-oil droplets42. Droplets were generated using a
microfluidic device43. MT asters (34µM tubulin) were nucleated from centrosomes.
Dynein was recruited to the lipid cortex of the droplet with biotin-streptavidin bio-
chemistry. In the absence of dynein, MTs grow long and reach the cortex, and
eventually buckle and push the aster towards the cortex. In the presence of dynein
at the cortex, MTs from the aster are equally pulled from all sides, and the aster
positions itself in the centre of the droplet [228].

37Chamber size: 2 cm L × 2mm W × 0.1mm H
38Silicon oxide (SiO2) barriers ∼100–250nm high, with carbide (SiC) overhang cap ∼1µm long.
39Multilayer barriers of gold (Au) ∼150nm sandwich between chromium (Cr) and chromium or silicon

oxide (SiO2) overhang cap[229, 230].
40Chamber size: 10–15µm × 10–15µm × ∼2.5–2.7mm H. Multilayer barriers of gold (Au) sandwich

between chromium (Cr) and chromium or silicon oxide (SiO2) overhang cap[136].
41Purified centrosomes from human lymphoblastic KE37 cell lines [234].
42Droplets with surfactant stabilized lipid monolayer. Droplet size: 15–20µm
43T-junction: 12.5µm. Device cast of PDMS. [235]
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Some researchers also observed MT dynamics in confinement, in the presence
of other cytoskeletal proteins. MTs and motors (kinesin) confined in pseudo-3D mi-
crowells can self-organize into different forms — vortices, asters, or bundles based
on relative MT-motor concentrations [236]. Also, MTs and motors (kinesin-14) con-
fined in 3D droplets can self-organize into different forms — cortex, ring-bundle, or
even asters bundles based on relative MT-motor concentrations [237, 238]. Inter-
action of actin with aster MTs, through actin-MT cytolinkers, was also demonstrated
in 3D droplets [239].

1.3.2 ASYMMETRIC SPINDLE POSITIONING
A basic mitotic spindle can be assembled and positioned in 3D droplets. [235]. It
involves two asters, dynein at the cortex, and kinesin and crosslinker in mid-spindle.
The two asters, repelling each other and being pulling by cortical dynein, position
slightly away from the cortex. The kinesin-5 and Ase1 create interpolar connection
with antiparallel overlap. This mitotic spindle-like arrangement is positioned sym-
metrically in the centre of the droplet. It is a result of counterbalance between
the aster repulsive and kinesin-5 pushing forces, and cortical and Ase1 meditated
pulling forces.
As described earlier (Sec. 1.1.2), in a C. elegans embryo, the first cell division

Figure 1.5: Project conceptualization. Sketch of asymmetric spindle positioning project idea.
[  ]
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results in uneven daughter cells as a result of asymmetric spindle positioning. In
this thesis, we attempt to reconstitute asymmetric spindle positioning in 3D con-
finement to recapture the spindle dynamics from the C. elegans first cell division
(Fig. 1.5). It will increase the complexity of the above-mentioned minimal mitotic
spindle reconstitution, further advancing the foundation towards eventually building
a complex, dynamic mitotic spindle with features. This minimal spindle assembly
and positioning assay would potentially be without cellular feedback, redundancies,
and regulation, and will provide precise control on the environment while testing
hypotheses and models generated from top-down in vivo work, and may provide
better insights for understanding the underlying mechanisms.
The current minimal mitotic spindle is confined in a water-in-oil lipid monolayer

droplet. Droplets have very high surface tension. Therefore, it is very difficult to de-
form their default spherical shape. Also, a droplet is a closed system. Changing the
confinement container to liposomes, a lipid bilayer membrane vesicle, will help it
makemore cell-like. Furthermore, theC. elegans embryo is slightly elongated, which
defines the natural axis for asymmetric spindle orientation and off-centering. Modu-
lating the shape of confinement with cylindrical microfluidic trap helps to break the
spherical symmetry. The crucial event responsible for posterior spindle displace-
ment is the uneven distribution of dynein (force generating complex) at the cortex.
An external control on dynein localization is required. Optogenetics tools like light-
induced dimerization (iLID) [240] have been shown to provide spatiotemporal con-
trol over in vivo protein localization [241]. Fielmich et al. [163] demonstrated the use
of optogenetics tools to create artificial asymmetric dynein distribution in C. elegans
embryos. LIN-5, the only component of the FGC is required to achieve asymmetric
spindle positioning. We design a similar iLID-based optogenetic system to facilitate
asymmetric localization of dynein at the cortex in our experiments. We assume this
would be potentially sufficient to recapture the displacement of the spindle away
from the centre in our in vitro minimal reconstitution (Fig. 1.5).

1.4 MINIMAL SPINDLE FOR A SYNTHETIC CELL
We started talking about cell (?? ). If not ‘what’, maybe ‘how’? How did life or cell
originate? It was believed cells comes from cells based on Virchow [242] ‘omnis
cellula e cellula’, we know that now as well, but back then, that strictly distinguished
living (organic) matter from non-living (non-organic). It was first shown that organic
matter (urea) can be created from non-organic matter [243], leading to the hypo-
thesis of chemical origins of life. Later, Miller [244] demonstrated the synthesis of
building blocks of life from inorganic chemicals under conditions of the early earth
[245]. This supported the Oparin-Haldane conjecture of primordial soup [246, 247],
and idea of chemical origins of life. Giving rise to multiple models, including the
RNA world, compartmentalistic approach, and enzyme-free metabolism [248].
Considering the limitations44 of time, using similar principles, can be build a

living object with non-living parts? Can we put together a simple mix of biological

44Inability to express and assemble ribosomes in vitro — the quintessential component for protein syn-
thesis, just one of the example of the limitation.
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components to self-organize into a minimal cell? [217]. If we understand the system
and parts of the system, we should be able to build a synthetic cell45. A synthetic
cell based on a natural cell requires a lipid membrane (boundary), central dogma
(DNA⇄RNA→Protein, information transfer), and a metabolism (energy production)
[249]. It should be able to perform the following cellular processes — DNA pro-
cessing, cell fuelling, and cell division (Fig. 1.6). The above systems need to be
modular, and integrated with each other spatiotemporally. Building a synthetic cell
from scratch will allow us greater control, while potentially providing deeper insights
and a better understanding of cellular functions.
Here, our focus is on developing a cell division module for the minimal synthetic

cell. With overall understanding of DNA segregation and cell division mechanisms
across various organisms, we design a minimal spindle compliant with the charac-
teristics of a synthetic cell.

1.5 THESIS OUTLINE
In this chapter, we briefly discussed the cell and cellular processes, with a general
overview of the cytoskeleton and its role in the remodelling underlying these cellular
processes. The scope of this thesis falls under biophysics and synthetic biology do-
mains, wherein I describe my work towards reconstitution of the DNA segregation
machinery, with the aim of improving our understanding of it. For DNA segregation
in the context of eukaryotic cells, the focus is on in vitro reconstituting an asymmet-
rically positioning mitotic spindle in terms of its biophysical properties, whereas in
the context of a synthetic cell, the focus is on designing a minimal DNA segregation
module as a proof-of-concept from a bottom-up synthetic biology point of view.
Compartmentalization is essential for both projects. We need encapsulation tech-

Figure 1.6: Syncell. Building a Synthetic Cell (BaSyC) with DNA processing, cell fueling, and
cell division (Artist: Graham Johnson). [  ]
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niques to create containers depending on the requirements of the system. In Chapter 2,
we explore various methods to form containers, across different types of containers
such as droplets and vesicles. Making the container is only the first step; ways of
modulation of these containers are also crucial for eventual control. So, we also in-
vestigate the tools required for altering container content and its shape. We observe
different advantages and disadvantages in the various encapsulation methods, no
one method fits all the possible criteria. The eventual choice varies on a case-by-
case basis. But in general, droplets are easiest to make, and cDICE is ideal for most
GUV scenarios.
Of the many encapsulation methods we test, we explore one specific method

named, cDICE, details of which are in Chapter 3. We are interested in optimizing
the method for a better yield of the vesicles for our cytoskeletal system. We perform
high-speed imaging of vesicle formation in the cDICE setup, and discover variations
in the underlying vesicle formation process as well as size-selective crossing at the
second oil-water interface. We study the effects of interactions of proteins with the
organic phase, and explore trade-offs of varying certain parameters from the original
protocol.
Next, being aware of potentially negative interactions of protein with the lipids,

in Chapter 4, we attempt to encapsulate tubulin, the cytoskeletal component re-
quired for aster formation and positioning. We use various methods with different
approaches to vesicle formation, in our attempts to successfully encapsulate tu-
bulin. None of the methods seems sufficiently promising for tubulin encapsulation
in vesicles and very few vesicles are seen with tubulin. Subsequently, a more direct
observation of negative tubulin-lipid interactions provides evidence for the ineffect-
iveness of these encapsulation techniques. We observe that tubulin disrupts the
lipid bilayer, even though the underlying mechanism for such destructive interac-
tions remains unclear.
We then shift focus from vesicles to droplets for tubulin-based encapsulations.

In Chapter 5, we characterize MTOCs for aster formation and build up the com-
plexity of the 3D in vitro aster-based reconstitutions. We introduce two novel com-
ponents, the nucleus (mimicked by a bead), and the actin cortex (as discussed in
Sec. 1.1.2), to investigate their influence on aster positioning. Interestingly, the bead
and the aster exhibit co-localization, and this contributes to centring of the aster.
Co-encapsulation and co-polymerization of actin and tubulin for aster positioning
in the presence of an actin cortex requires meticulous optimization, of which first
results are reported.
Continuing to increase the complexity of the reconstitutions, in Chapter 6, we build

on previous efforts of reconstituting the dynein-driven bipolar spindle positioning
[250] to reconstitute asymmetric spindle positioning (Sec. 1.3.2). As a start, we rep-
licate and compare results with previous work. Next, we attempt the incorporation
of optogenetic tools for spatiotemporal control of dynein in droplets. We engineered
molecular opto-control over the recruitment of dynein to the droplet interface, but
so far with no success for photo-activation.
Further, in Chapter 7, we present a perspective on a minimal DNA segregation

45“What I cannot create, I do not understand” — Richard Feynman
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module for the synthetic cell. Instead of a complex C. elegans spindle, it is based
on a much simpler bacterial DNA segregation system, ParMRC. We introduce opto-
genetic control for spatiotemporal control of segregation, and ensure that it follows
the basic requirements of the synthetic cell, such as compatibility with PURE-based
gene expression. In this promising work-in-progress, we demonstrate the functional-
ity of individual opto-ParR components, but the system requires further optimization
to achieve light-responsive DNA segregation.
Finally, in Chapter 8, we summarize the main findings and discuss the remaining

challenges as well as possible future research avenues, not only for successful re-
constitution of asymmetric spindle positioning, but also for the minimal synthetic
segrosome.
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2
CONTAINERS MAKETH SYNCELL

Walk a mile in someone else’s shoes.
Old wine in new bottles.

Horses for courses.

Cells are compartmentalized, active biological components separated from the sur-
rounding environment. So, the encapsulation of components in a cell-like container
is a crucial aspect of synthetic cell research. Droplets and vesicles are the two basic
types of such containers. Various encapsulation techniques have been developed
to create synthetic cell-like environments. Each has its strengths and limitations,
along with varying requirements for equipment and skill set. No one method fits
all situations. Here we test different encapsulation techniques and evaluate them
based on their reproducibility, quality, and quantity of containers while maintain-
ing the functional requirements of synthetic cell experiments. We find droplets are
easiest to work with, while emulsion transfer based methods like cDICE (continuous
Droplet Interface Crossing Encapsulation) are ideal for most types of encapsulation.
Further, these methods can be combined with additional techniques to overcome
some of their limitations.

This chapter includes vesicle formation experiments performed with, Chang Chen (Siddharth Desh-
pande lab, WUR, Netherlands) for Octanol-assisted Liposomes Assembly (OLA), and Martin Schröeter
and Jacqueline De Lora (Joachim P. Spatz lab, MPI-MR, Germany) for droplet stabilized Giant
Unilamellar Vesicle (dsGUV) and pico-injection.
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2.1 INTRODUCTION
The field of synthetic cells has grown substantially during the last decade [251–255].
An integral part of synthetic cell experiments are the containers used to encapsulate
synthetic cell components (as discussed in Ch. 1). These containers can be simple
droplets or cell-membrane mimicking giant unilamellar vesicles (GUVs). Such con-
tainers have been extensively used in the past. Simple vesicles were for example
used to study membrane properties [256, 257], in vitro systems like cytoskeletal pro-
teins have been encapsulated in vesicles [258–260], and whole frog egg extracts
have for example been encapsulated in droplets [261, 262]. In recent years, many
vesicle formation techniques have been developed, focusing on the quality of the
membrane and improving lipid incorporation and protein encapsulations (see [263],
reviews [264–266]).

2.1.1 DROPLETS VERSUS VESICLES
Containers for synthetic cells need to be able to encapsulate water-soluble cellular
components. While cells have a huge range of size (∼1–100µm), synthetic cells are
intended to be ∼5–20µm, considering imaging limitations and ease of manufactur-
ing and handling them.

DROPLETS

Droplet with lipid
monolayer in oil.

The water-in-oil droplets are one such container that is relatively
simple and easy to work with. Droplets can be generated by
the simple pipetting method or advanced microfluidic systems,
which offer better size control. They are typically created from
lipid-oil dispersions made in mineral oil1. The lipids dissolved in
the oil populate on the water-oil interface of the droplets in the
emulsion. The lipids, being a diverse class of molecules [267],
with hydrophobic tails and hydrophilic heads, act as surfactant
to stabilize the droplet emulsion. Hence, droplets just have one
layer of lipids at the oil-water interface. However, to ensure complete coverage of
the interface requires a very high concentration of lipids; hence, synthetic surfact-
ants like Span 80 are used additionally to stabilize the emulsion2 [268]. This can
however be problematic for membrane interacting proteins, as only a monolayer of
lipids is present at the oil-water interface, in addition to high amounts of surfactants.
Droplets are very stable due to stabilization by artificial surfactants. They have very
high interfacial tension (compared to vesicles) and act as hard to deform rigid con-
tainers3. Due to these properties, droplets have a very high yield (owing to efficient
formation and high stability) and are compatible (not severely affected by) with dif-

1Typically, light mineral oil (less dense, less viscous, smaller hydrocarbon chains) is preferred over heavy
mineral oil.

2Most surfactants such as Span 80 and even lipids are usually dissolved in oil. However, at times, some
water-soluble surfactants such as Tween 20 are also used to aid stabilization.

3Droplets are practically impossible to deform by cytoskeletal components but actually easy to deform
using external physical forces such as microfluidic confinement or aspiration.
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ferent buffers and can encapsulate complex protein mixtures. However, droplets are
typically considered as closed systems, with very limited exchange due to very low
solubilities of the two phases in each other.

VESICLES

GUV with lipid
bilayer in water.

Vesicle (also called as liposome or giant unilamellar vesicle
(GUV)) is another container, which is the most natural and closest
substitute to a cell membrane. A vesicle has a lipid bilayer as
opposed to a lipid monolayer in a droplet. It has two aqueous
phases separated by a lipid membrane. This makes vesicles
more difficult to work with due to the fragile and delicate nature
of the lipid bilayer. However, the bilayer membrane offers flexib-
ility, fluidity, elasticity, active and passive permeability, and bet-
ter bio-compatibility. The majority of the vesicle formation tech-
niques can be classified into two groups: swelling-based and emulsion transfer-
based. Swelling-based methods are generally easy to set up and quick to perform,
but the yield can vary a lot depending on the surface4. Lipids are dried on a sur-
face to form thin films. Later hydration with an aqueous solution results in spon-
taneous swelling of lipid layers, which tend to break off into spherical vesicles5.
Emulsion transfer-based methods are a bit more complicated but offer better yield
and encapsulation. They typically use lipid-oil dispersions made with different oil
compositions6. A water-in-oil emulsion, just like droplets, is formed using various
different ways. Then the droplets are forced into another oil-water interface using
forces of gravity [269], centrifugation [270, 271] or fluid flow [272]. This causes
the lipid monolayer droplet to acquire another lipid layer, resulting in the forma-
tion of bilayer vesicles. Sugar (sucrose and glucose) solutions are used to create
density differences between the different solutions while retaining matching osmol-
arity. Vesicles are however delicate. The osmotic balance needs to be maintained,
otherwise they can either deflate and shrink or burst when trying to expand.

2.1.2 EVALUATING VESICLE FORMATION METHODS
New ways for vesicle production are constantly being developed. One of the reasons
for this is that no one method fits all different types of reconstitution and encapsu-
lation. To assess their applicability, each method should be evaluated for the follow-
ing features: GUV size control, GUV yield, buffer compatibility, protein compatibility,
protein encapsulation composition and efficiency7, bilayer quality, lipid compatibil-
ity and composition, and technical complexity. As explained to some extent below,

4Just glass has a very poor yield, aided usually by applying an electric field or having a porous support
like a gel.

5Spherical vesicles have the lowest surface-to-volume ratio shape, but vesicles can also have excess
surface area that deviates from a spherical shape.

6Oils such as light mineral oil and silicon oil together with solvents like chloroform and decane help
tune the lipid solubility and aggregate sizes.

7Comparing the initial protein compositions and concentrations in the IA solutions with that of vesicles’
lumen (for individual vesicles).
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each method has its strengths and weakness. Table 2.1 provides a schematic over-
view of different commonly used vesicle formation methods that can help to select
a preferred technique, depending on basic features of the reconstitution such as —
protein mix and membrane composition. Note that other methods can often also be
made to work with custom optimizations or with involving additional steps.

Note: This chapter is not intended as a comprehensive review of all available
techniques. Systematically testing all parameters across different methods un-
der controlled conditions and statistically comparing the outcomes would be a
substantial undertaking in itself. Rather, it provides an overview of our experi-
ences in reproducing and establishing published protocols, as well as the tech-
nical challenges encountered across different approaches. As each technique
has its own advantages and trade-offs — and given the notable lack of detailed
comparative studies — I share here my impressions and working preferences,
with the aim of helping others navigate similar decisions. This should be re-
garded as a Perspective, offering insight rather than quantitative evaluation.

Technique Size Protein Membrane

Composition
Trans-

membrane Quality Cholesterol Asymmetry

Swelling
Electro-
formation ○␣
Gel ○␣
Bead ○␣ ○␣ ○␣

Emulsion cDICE ○␣ ○␣
OLA ○␣
Inverted
Emulsion ○␣ ○␣
DSSF ○␣ ○␣

Other dsGUV ○␣

Table 2.1: Vesicle techniques — quick preferences. A quick overview of preferences for dif-
ferent vesicle formation technique. Key — ideal/preferred, ○␣ works, ○␣ not ideal, avoid.
[cDICE— continuous Droplet Interface Crossing Encapsulation; OLA—Octanol-assisted Lipo-
somes Assembly; DSSF — Droplet Shooting and Size Filtration; dsGUV — droplet stabilized
Giant Unilamellar Vesicle]

Swelling-based methods are recommended for their bilayer quality, with electro-
formation [273] being considered as the gold standard. The lipid bilayer is usually
solvent free, except in case of gel-assisted swelling, where residues of agarose/PVA
gel are observed in the membrane [274]. This makes these GUVs ideal for studying
membrane properties like elasticity, permeability, and lipid diffusion and organiz-
ation. A disadvantage is that the size of GUVs cannot be controlled with swelling-
based approaches. Also, electroformation becomes increasing challenging when
high salt or physiological salt condition buffers are used. The protocol that is nor-
mally quick (≤1 h), needs to be performed under harsh conditions (e.g. longer
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period of time, high frequency), and yield is drastically reduced [275]. This makes
it not ideal for encapsulation, as especially purified proteins start to degrade. Bead-
assisted swelling on the other hand is readily compatible with high-salt buffers, pro-
teins, and even in vitro transcription/translation (IVTT: TXTL, PUREfrex®), but is not
preferred in case of complex reconstitutions with many proteins, as maintenance
of encapsulation stoichiometry cannot be ensured. Swelling-based methods are
compatible with most types of lipids (charged, natural, synthetic, cholesterol). Only
these methods, and especially electroformation, have been shown to successfully
incorporate cholesterol, with the vesicle lipid composition matching that of the ori-
ginal lipid composition [276]. However, more complex membrane architectures like
leaflet asymmetry cannot be achieved with swelling-based methods.
Emulsion transfer-based methods are preferred when encapsulating complex pro-

tein solutions. They have good encapsulation efficiency and can maintain the stoi-
chiometry of the proteins in the aqueous solution. Buffer compatibility is not a major
issue, since the outer aqueous solution is generally a sugar solution. The osmotic
pressure of the outer aqueous solution can be adjusted to that of buffer, to prevent
any osmotic shock to the vesicles. After GUV formation, the outer aqueous sugar
solution can be diluted with concentrated buffer to restore the ionic composition and
minimize the flow of small ions and molecules across the vesicle bilayer. Emulsion
transfer-based methods depend on density differences between inner and outer
aqueous solutions. These density differences are generated with high concentra-
tions of sugars (sucrose/glucose) and reagents such as OptiPrep™ , Poloxamer 188
(P188), glycerol, and dextran. At high concentrations these reagents start interfering
with protein function. Emulsion transfer-based methods are slightly more involved
compared to swelling-based methods in terms of preparation and instrumentation
required. Once set up, these can have comparable yields of vesicles. While exact
comparison of the yield is not possible8, emulsion transfer requires a significantly
higher amount of lipids9, with higher concentrations and large volumes of lipid-oil
dispersion solutions10. The size of the vesicles can be controlled, especially with
microfluidic chip-based methods like Octanol-assisted Liposomes Assembly (OLA).
With methods such as continuous Droplet Interface Crossing Encapsulation (cDICE)
and droplet shooting and size filtration (DSSF), size control is more difficult as small
capillaries which are good for control tend to get blocked easily, whereas the use of
large diameter capillaries11 affects the ability to control GUV size [277]. For emulsion
transfer-based methods, the unilamellarity of lipid membranes has been demon-
strated with functional α-hemolysin assays, but at the same time trace amount of
oil residues are often observed. Most lipids are compatible with emulsion transfer-
based methods, with a few exceptions in case of OLA and DSSF. It is possible to
incorporate cholesterol in the membrane, but the emulsion transfer-based meth-
ods are the worst for capturing cholesterol in lipid ratio (<80%) [276]. Vesicles

8In case of swelling, lipids in the dried lipid films are the limiting resource and swelling solution is in
excess. And for emulsion transfer, the inner aqueous protein solution is limiting and lipids in LoD are
in excess.

9swelling ∼50µg and emulsion transfer ∼1.4mg
10LoD ∼0.25mM ∼3–5mL
11� ∼100µm vs � ∼5–20µm
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with asymmetric lipid leaflets can however be generated with cDICE and inverted
emulsions, using multiple stacked LoD solutions [278].

Swelling

OLA

pico-Injection

Traps

dsGUV

cDICE

DSSF

Droplets

Figure 2.1: Making containers. Overview of different encapsulation techniques explored in
this thesis for making (and modulating) droplets and vesicles. The colour-coded components
are: oil, lipids, water, gel, bead, surfactant, pico-injector, and traps.

While most techniques fall under either the swelling- or emulsion transfer- based
approach, droplet stabilized Giant Unilamellar Vesicle (dsGUV) [279, 280] is a re-
cent method that uses a different approach of SUV fusion for GUV formation12 which
is worth exploring. It is a multi-modal method that can either be performed in bulk
or with microfluidics. A high yield of vesicles is obtained and the size can be con-
trolled using a microfluidic approach. It is widely compatible with different buffers,
as it forms surfactant-stabilized droplets. Complex protein mixtures can be encapsu-
lated while maintaining protein stoichiometry [279]. Since it uses SUVs, or proteo-
liposomes (preloaded with transmembrane proteins), to form the membrane, it is
one of the best methods for reconstituting transmembrane proteins. It overcomes
most of the limitations of previous methods in terms of membrane protein reconsti-
tution (see review [282, §1]). The quality of lipid membranes is not affected since
no solvents are used. The ability to incorporate cholesterol depends on the starting
SUV composition, but asymmetric lipid leaflets are not possible with dsGUV. Form-
ation of GUVs requires an additional optional step of releasing the GUVs from the
droplet which provided a template for the membrane formation. This last step is
difficult and has low efficiency.
In the remainder of this chapter, we discuss various techniques that we explored

for encapsulating our proteins of interest (Fig. 2.1), and how each technique fared in
our hands. During this process, we were interested in requirements like encapsula-
tion of complex protein mixtures, maximizing vesicle yield and vesicle size control.
12Previously, SUV solution was subjected to freeze and thaw cycles to induce fusion into larger liposomes

and entrap (encapsulate) the surrounding protein solution [281].
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2.2 DROPLET PROTOCOLS
Water-in-Oil (W/O) emulsion droplets provide the simplest form of 3D confinement.
Droplets have been successfully used to encapsulate cytoskeletal proteins [235, 238,
283]. The following sections provide a comprehensive overview of various droplet-
generation methods. And see Sec. 2.6 for the detailed protocols.

2.2.1 PIPETTING AND DRAGGING
A simple and easy way to generate droplets is by pipetting [239]. A protein contain-
ing inner aqueous (IA) solution is added to an Eppendorf tube containing a lipid-in-
oil (LO) dispersion. The mix is pipetted up-and-down to create droplets (Fig. 2.2(a)).
The experiment is very quick, can be performed in a few minutes and results in very
high yield of droplets (Fig. 2.2(c)). Droplets can be made with as little as 0.5µL of IA
solution, very efficient in terms of protein utilization. No optimizations are required
in the protocol, and it works most of the time. However, the manual step of pipetting
up-and-down is a bit subjective and can lead to person-to-person variations. The
droplets are formed by shear forces acting on the IA solution while entering and ex-
iting the pipette tip. Droplets remain stable for few days. The yield and size depend
on the pipette tip size and pipetting details. A smaller pipette tip leads to more and
smaller droplets, and faster pipetting or more repetitions also leads to formation of
many smaller droplets. The yield and size are inversely related, as the total amount
of IA solution remains constant.

Figure 2.2: Droplet formation with pipetting and dragging. Schematics showing water-in-
oil (W/O) emulsion droplets formed by, (a) pipetting up-and-down inner aqueous (IA) solution
in lipid-in-oil (LO) dispersion and (b) dragging tube with IA solution in LO dispersion at a tilted
angle over tube rack. The shear forces generated during (a) pipetting and (b) dragging lead
to formation of droplets. Figures partially created in BioRender.com. (c) Droplets of varying
sizes made by pipetting 1µL IA — FITC (50nM) in 40µL LO — DOPC, Cy5-PE (0.025 n%).
Scale bar — 20µm.
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We created a variant of this protocol, with slight modification. The Eppendorf tube
containing the mix is dragged across an Eppendorf tube rack (Fig. 2.2(b)). Similar
working principles and caveats apply, but the benefits are that also (very) small IA
drops can be mixed into the LO dispersion and that all the IA droplets go through
each mixing round. Also, shear force experienced by sensitive proteins are believed
to be less compared to passing through a narrow pipette tip multiple times. Drag-
ging across the longer side of the rack or dragging multiple times leads to formation
of smaller droplets. In both protocol variants, the droplets follow a normal size dis-
tribution (Fig. 2.2(c)). So droplet size can be controlled to a certain extent, but no
precise control or a tighter size distribution is possible. The protocol works with any
physiological buffer conditions. Encapsulation of complex protein mixes is not an
issue, and the stoichiometry as well as concentrations of various proteins are main-
tained. Most lipid interacting (not transmembrane) proteins function normally (with
a few exceptions, see Ch. 4). One of the disadvantages of working with droplets is
their high rigidity, so studying membrane deforming or cytoskeletal proteins might
not yield similar results as compared to a flexible cell or vesicles. Droplets can be
imaged in a simple (even non-cleaned, untreated glass) flow chamber. Traditionally,
narrow PDMS wells, where droplets stack over each other, are used for observation
([239]). But even with confocal microscopy it becomes impossible to image droplets
even one droplet layer above the glass surface, as already the imaging in top-half
of droplet (near the glass) results in poor imaging quality compared to bottom-half
due to loss of signal due to refractive index of surrounding oil. A flat geometry, such
as a flow chamber, where droplets spread out in a single layer, is better suited for
observation.

2.2.2 MICROFLUIDIC CHIP
Droplets can be produced in a more controlled way (compared to pipetting or drag-
ging) with a microfluidic chip [228, 235]. The microfluidic chip (Fig. 2.3(a)) has in-
lets for protein-containing IA and LO solutions, an outlet for droplet collection, and
a flow-focusing T-junction (Figs. 2.3(b)& 2.3(c)). A full detailed and scaled design
of the chip is shown in Fig. 2.S1. The inlets have dust filters (concentric reducing
circles pattern) to prevent any protein aggregates from passing into the chip. The
IA and LO solutions are flown into the chip using a flow-controlled pressure pump.
The flow of IA and LO solutions through the T-junction results in the formation of
droplets (Figs. 2.3(c) & 2.3(d), Fig. 2.S5, Fig. 2.3(e)). The droplet generation on chip
needs ∼15min; however, the setup needs a lot of preparations and a certain level
of experience13 with the instruments to successfully generate droplets. The micro-
fluidic chip needs to be manufactured, either in a cleanroom (requires access and
training) or custom ordered commercially. A pressure flow controller is required.
The PDMS device needs to be cast and assembled beforehand, at least a few days
before the experiments14.

13Priming/loading the tubes with solutions, proper connection of the tubing on the chip, setting up with
sequential flow of solutions, optimizing the pressures/flow-rates for droplet formation, and tuning size
and frequency.

14A freshly assembled device by plasma bonding has a hydrophilic surface, not suitable for oil solutions.
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Figure 2.3: Droplet formation with a microfluidic chip. Water-in-oil (W/O) emulsion
droplets formed using a microfluidic chip. (a) Schematic of the device with inlets for inner
aqueous (IA) solution and lipid-in-oil (LO) dispersion with a filter, a flow focusing T-junction,
and outlet for droplets (scaled, for detailed design see Fig. 2.S1). Details of the T-junction, (b)
dimensions, (c) droplet formation schematic with IA and LO solutions, and (d) a bright-field
image (scale bar — 10µm). See Fig. 2.S5 for movie. (e) Droplets of uniform sizes made with
IA — FITC (50nM) and LO — DOPC using a microfluidic chip. Precise size control is possible
by controlling the IA and OA solution flow rates. Scale bar — 20µm.

The protocol is straight forward and does not need many optimizations. However,
there are tricks, like avoiding wetting certain parts of the T-junction with the LO
solution, and the ratio of flow rates of IA and LO solutions that needs to be specified
in the protocol. While the dimensions of the T-junction in principle regulate the
size of droplets formed on the microfluidic chip, an unoptimized flow rate ratio can
vastly affect the size, homogeneity, consistency, and frequency of droplet formation.
The main advantage of using a microfluidic chip over pipetting or dragging is the
uniform size distribution of droplets. Droplets still follow a normal size distribution,
but there is much less variation. While ∼10–50µL of IA solution is required, it is a
high-throughput method; droplets are produced at ∼kHz frequency, and the yield is
high. Droplets made with a microfluidic chip are also compatible with most proteins
and work for complex protein mixtures. However, one needs to be cautious and
check if proteins are sticking to the tubing and walls of the PDMS channels. Use of
PTFE tubing is recommended to prevent sticking.

2.3 VESICLE PROTOCOLS
Vesicles, cell-mimics, are also often used to encapsulate cytoskeletal proteins [284–
288]. This has become increasingly prevalent in recent years as a result of the devel-
opment of more bio-compatible vesicle production techniques. Vesicles with vary-
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ing lipid composition [289], charged lipids [278, 285], sterols [278, 290], asymmet-
ric leaflets [290–292], phase-separated domains [278, 293], and transmembrane
proteins [294] can also be produced. A regular flow chamber can be used as the
observation chamber15. The following sections provide a comprehensive overview of
various vesicle-generation methods we explored. And see Sec. 2.6 for the detailed
protocols.

2.3.1 GEL- AND BEAD-ASSISTED SWELLING
A simple and easy way to generate vesicles is by using swelling-basedmethods such
as gel-assisted swelling [295] or bead swelling [296, 297]. In gel-assisted swelling,
sucrose containing polyvinyl alcohol (PVA) solution is spread over a glass surface,
excess solution is drained, and the glass is baked to form PVA gel16. Lipids of de-
sired composition in chloroform are spread over the PVA gel with a Hamilton glass
syringe needle and dried under vacuum to form thin lipid films (Fig. 2.4(b)). The
protein-containing IA solution is added on top of the dried lipid films, and the films
spontaneously start swelling. Vesicles bud off the swelling lipid film (Fig. 2.4(d)).
The swelling experiment is easy and quick (∼1–2min) but needs some preparation.
The PVA-coated glass can bemade in advance, but dried lipid films should be freshly
made just before the swelling. After swelling, most vesicles remain attached to the
surface (Fig. 2.4(d)) and can be washed off with excess IA solution. One of the draw-
backs of swelling methods is that the inside and outside solutions are the same.
This is not ideal to image proteins inside the vesicle. The outside solution can be
exchanged during the wash-off step or during dilution with the outer aqueous (OA)
solution. Ideally, the OA solution should be isotonic (or ∼ +Δ10–15mOsm). The
protocol is quite simple and does not even need sophisticated swelling and obser-
vation chambers ([295]). The tricks for spreading the gel, adding the lipid solution
and vesicle collection should, however, be described in the protocol. The protocol
does need optimization because the sucrose concentrations in PVA gel needs to be
tweaked based on the salt concentration used to maintain the osmotic difference
with IA solution. Vesicle yields inversely depend on the ionic strength of the buffer;
membranes are solvent-free but can have traces of PVA. There is, however, no size
control. Swelling-based vesicles are ideal for studying the physical properties of the
membrane. That being said, generally the encapsulation efficiency seems not very
good; it only works for low concentrations of proteins, and it is difficult to encap-
sulate protein mixtures with fixed stoichiometry or larger or complexes of proteins.
Gel-assisted swelling is typically compatible with in vitro reconstitution buffers and
diverse lipids. Swelling is one of the best methods to incorporate sterols into the
vesicles.

15The glass surface needs to be cleaned and passivated with BSA or κ-casein to prevent sticking and
bursting of vesicles on the glass surface.

16Often sugars (Saccharides) are placed under the lipid film during the drying phase. This helps during
hydration, as sugars increase the osmotic difference across the lipid film and facilitate osmosis of
water across the different lipid layers, making them swell faster [298].
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Figure 2.4: Vesicle formation with swelling. Schematics of vesicle formation with, (a) bead
swelling and (b) gel-assisted swelling on glass. A PVA gel (5%w/v) is deposited on the glass
surface. Lipid films are dried on glass beads (with rhamnose 100mM) or on the PVA gel
(with sucrose 50mM). GUVs are formed by hydration of lipid films with protein in MRB80
buffer. Vesicles formed with (c) bead swelling, IA — YFP-LactC2-iLID17 (2µM), SspB-mOrg18

(2.25µM) and LO — DOPC, DOPE (35.6 n%), DOPS (11.5 n%), Cardiolipin (2.1 n%), PEG-biotin
(1 n%), and Cy5-PE (0.5 n%) and (d) gel-assisted swelling, IA — YFP-LactC2-iLID (2µM) and
SspB-mOrg (2.25µM), sucrose (50mM) and LO — DOPC, DOPS (30n%), and Cy5-PE (0.5 n%)
(vesicles attached on glass surface). LactC2-iLID localizes to the membrane (DOPS). Scale
bar — 20µm.

In case of bead swelling, lipids with rhamnose (sugar) are directly dried on the
glass bead surface (Fig. 2.4(a)) under rotating vacuum. The lipid-coated beads are
incubated with IA solution for ∼0.5–2 h, with constant or occasional shaking. A
series of freeze-and-thaw (freeze with liquid nitrogen and thaw on ice) cycles are
performed to promote fusion of SUV (formed on the lipid-coated bead surface) into
GUVs and also to promote encapsulation through membrane pores formed during
temperature cycling. Similar to gel swelling, the excess IA solution needs to be
diluted or exchanged with OA solution by GUV pelleting. This results in vesicles
(Fig. 2.4(c)) with a diameter of (8.23 ± 3.49)µm (Fig. 2.S2(a)). The experiment is
slightly involved and needs preparation of lipid-coated beads. But the lipid-coated
beads can be stored under Argon at 4 °C for months (it is recommended to vacuum
dry for∼0.5 h, just before use). The protocol does not need any optimization. Vesicle
yield is good, but there is no control on size. The encapsulation efficiency and lipid
compatibility of bead swelling is comparable to that of gel-assisted swelling. Bead

17YFP-LactC2-iLID — A component of the optogenetic switch protein pair, here as an placeholder and
representing membrane-bound proteins for testing membranes in vesicle formation. See Ch. 6 for
more details on optogenetic tool, iLID-SspB.

18SspB-mOrg — Another component of the optogenetic switch protein pair, here as an placeholder and
representing cytosolic proteins for testing encapsulation during vesicle formation. See Ch. 6 for more
details. SspB binds to iLID up to photoactivation with blue light.
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swelling is very efficient in terms of the lipids used to produce vesicles, due to the
very high surface area coated with lipid films.

2.3.2 CDICE AND EDICE
The continuous Droplet Interface Crossing Encapsulation (cDICE) [271, 277, 299]
and a variant, emulsion Droplet Interface Crossing Encapsulation (eDICE) [288,
300] are emulsion-based vesicle formation techniques. The setup basically con-
sists of a spinning chamber, with an outer layer of outer aqueous (OA) solution and
an inner layer of lipid-in-oil (LO) dispersion. In both cases, droplets are first pro-
duced and then spun through an interface, but in the case of cDICE, droplets are
made by injecting the protein-containing inner aqueous (IA) solution into the LO
dispersion with the help of a capillary (Fig. 2.5(a)), whereas in the case of eDICE, a
previously made emulsion of IA-in-LO droplets is injected through the central aper-
ture hole with the help of a pipette tip (Fig. 2.5(a)). The IA solution coming out of
capillary forms droplets. Then these droplets travel outwards in the spinning cham-
ber due to centrifugal forces. The droplets acquire a first layer of lipids in the LO
dispersion; and crossing the LO-OA interface, they acquire another lipid layer for
a bi-layer vesicle (cDICE Fig. 2.5(c), eDICE Fig. 2.5(d)). Establishing the cDICE or

Figure 2.5: Vesicle formation with DICE. Schematics of vesicle formation with, (a) cDICE
and (b) eDICE. A rotating chamber contains layers (out-in) of outer aqueous (OA) solution and
lipid-in-oil (LO) dispersion. The inner aqueous (IA) solution is injected with a capillary from
the centre in (a) cDICE, while a pre-made IA-in-LO emulsion is pipetted from the centre in
(b) eDICE. Vesicles formed with (c) cDICE using a � 100µm capillary and (d) eDICE. In both
cases, IA — SspB-Ch (0.5µM), OptiPrep (18.5%w/v), LO — DOPC, PEG2000-PE (0.01 n%),
and Cy5-PE (0.1 n%), and OA — glucose (∼ +Δ15–20mOsmol). Scale bar — 20µm.
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eDICE setup requires a significant amount of time and effort19. The chamber can
be 3D printed or made by gluing two Petri dishes together. The spinning rotor can
be made using a custom stepper motor and controller or by modifying a table-top
centrifuge or magnetic stirrer. The capillary with the required diameter needs to be
pulled, cut, and bent, or custom pre-manufactured capillaries can be bought. Capil-
laries need to be surface-treated to prevent protein sticking. A fresh LO dispersion
needs to be made in a humidity-controlled glovebox. The IA-in-LO emulsion for
eDICE needs to be made fresh by dragging the tube over an Eppendorf rack just be-
fore the experiment and used quickly, as no strong surfactant is present to stabilize
the droplets. Experiments require ∼10–15min. The protocol can require optimiza-
tion, and some experience20 along with an in-person demo helps. This is because
many finer details in the various steps of the protocol can be performed with slight
variations.
The protocol should provide justification for the choice of parameter values, as

this helps with troubleshooting and optimization. These protocols can have a very
good yield of vesicles (although this depends on the physiological conditions and
even the proteins in the IA solution, see Ch. 4). The original cDICE [271] protocol
shows vesicle size control by varying the capillary diameter, but working with a small
diameter (� 5–20µm) capillary is tricky as they are prone to clogging with proteins
even after surface treatment. The use of a larger diameter (� 100µm) [277] leads to
formation of vesicles of diameter (10.54 ± 0.71)µm (Fig. 2.S2(b)). Control over ves-
icle size is thus lost (for more details, see Ch. 3). The DICE methods are known for
their encapsulation efficiency (cDICE 47.1%, eDICE 93.3% [288]) and their ability
to maintain complex protein stoichiometry during encapsulation and to encapsulate
large protein complexes. The IA solution needs to be dense compared to the OA
solution, in order for droplets to travel beyond the LO-OA interface. This is typically
achieved by the addition OptiPrep (which is incompatible with some proteins) or
sucrose to the IA solution. Emulsion-based DICE methods remain a top choice for
encapsulating many protein systems, despite initial learning curve and troubleshoot-
ing. Some modifications to the chamber design, i.e. a wide chamber with a wider
central aperture hole (Fig. 2.S3(b)) have been reported [300] compared to the ori-
ginal chamber (Fig. 2.S3(a)) [271] to improve vesicle yield. We also tried variants
of the modified design, i.e. a thinner chamber (Fig. 2.S3(c)) and a larger chamber
(Fig. 2.S3(d)) but had no success with vesicle formation. We further explored, in de-
tail, the process of vesicle formation in cDICE and addressed some issues during
vesicle formation in Ch. 3.

2.3.3 OLA
Octanol-assisted Liposome Assembly (OLA) is a microfluidic chip-based variant of
emulsion-based vesicle formation [301]. With the replacement of oil with alcohol
(1-octanol) in OLA as the lipid dispersion media, it is generally accepted that there is

19There exist numerous ways to assemble the cDICE setup, design the chamber and manufacture it, and
ways to inject the IA solution. Each resulting in slight variations in yield.

20Quickness required for injecting eDICE droplet emulsion; handling of the chamber while decanting the
LO and OA solutions; collecting vesicles from the bottom.
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no residual oil in the leaflets of the lipid membrane. The microfluidic chip has inlets
for protein-containing inner aqueous (IA) solution, lipid-in-octanol (LO) solution, and
outer aqueous (OA) solution, outlets for vesicle collection and drainage for octanol
drops (Fig. 2.6(a)). The water-in-octanol-in-water (W/O/W) double emulsion droplets
are generated at a 6-way junction (Figs. 2.6(b)&4.5(b)), in which octanol quickly col-
lects on one side of the droplets (Fig. 2.S6). Then octanol spontaneously forms a
pocket on the droplet which eventually breaks off, leading to the formation of a ves-
icle (Fig. 2.6(d)). The octanol droplets are lighter than the IA and OA solutions and

d
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Figure 2.6: Vesicle formation with OLA. (a) Schematic of the OLA microfluidic chip with in-
lets for outer aqueous (OA) solution, lipid-in-octanol (LO) dispersion, and inner aqueous (IA)
solution, outlets for octanol droplet drainage (hole) and GUVs, and a flow focusing 6-way junc-
tion. (b) (Zoomed schematic of 6-way junction) IA solution, LO dispersion, and OA solution at
the 6-way junction form water-in-octanol-in-water (W/O/W) droplets. Octanol spontaneously
collects to form a pocket in-between lipid leaflets and eventually breaks off as an octanol
droplet, leading to formation of a vesicle. (c) Fluorescence image (LO dispersion, inverted
LUT) shows the process of W/O/W droplet formation at the 6-way junction and subsequent
transitioning into octanol pockets and vesicles (scale bar — 100µm). See Fig. 2.S6 for movie.
(d) Vesicles formed with OLA, IA — YFP-LactC2-iLID (0.5µM) and SspB-mOrg (0.56µM), LO
— DOPC and Cy5-PE, and OA. YFP-LactC2-iLID does not localise to the membrane in the
absence of DOPS. Scale bar — 20µm.

can thus be separated at the exit hole in the chip. Setting up the OLA method takes
time, similar to droplet production with microfluidic chips. Flow pressure pumps
are required, microfluidic chips need to be manufactured or bought, and the PDMS
devices need to be cast and assembled. An additional step of hydrophilic coating of
the post-junction channel with PVA is crucial for the working of the method. Coating
is tricky and requires experience, as asymmetric or too much coating beyond the
junction will result in no formation of W/O/W droplets. Tricks like hydrophilic coating
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until just a semicircle behind the 6-way junction are important. The PDMS devices,
once assembled and coated, can be stored for a few weeks. With the pre-experiment
setup done, the experiment itself just takes about ∼15min.
All microfluidic protocols should provide range estimates for the IA, LO, and OA

solution flow rates ideal for the used chip dimensions, as this affects the vesicle
production frequency and size. Then the only optimization steps are PVA coating
and fine-tuning the flow rates. If all parameters are optimal, as with all microfluidic-
based methods, the vesicle yield is high and size can be controlled. OLA has no
issues with encapsulation efficiency and is in principle expected to be compatible
with large proteins and complex protein encapsulations. The method works well
with physiological conditions, as the IA and OA solutions can be made with the
same buffer. Working with a 6-way junction can be tricky as it needs balancing flow
rates of three different solutions. Hence, an alternative with 2 consecutive 3-way T-
junctions has been proposed [272], also with an additional serpentine loop design
to promote removal of residual octanol droplets. One of the issues working with
OLA is the requirement of a high amount of density and viscosity agents (glycerol,
dextran) in the IA and OA solutions. This leaves very little space for the addition of
proteins of interest in the IA solution.

2.3.4 DSSF
The droplet shooting and size filtration (DSSF) method is an emulsion-basedmethod
for vesicle formation that combines principles of microfluidics and centrifugation-
based emulsion transfer in a novel geometry. It uses a single glass capillary holder
made of plastic discs held in place using micro-screws, fitted in an Eppendorf tube
[302]. A variation of the original DSSF design replaces the complicated holder
assembly with a custom designed two-part capillary holder, which can be 3D printed
[303]. Another high-throughput variant of DSSF replaces the single capillary design
with a glass disc with a micro-channel array (MiCA) [304] which also requires a
custom holder. The MiCA is made by fusing many tiny solid glass capillaries (6.2µm)
with a few centrally placed hollow glass capillaries in a hexagonal pattern. The final
MiCA disc is obtained by dicing fused capillaries. This fabrication requires high-
grade industrial machinery.
We designed our own alternative MiCA for DSSF, with discs made out of silicon

wafers with 7 centrally etched holes in a hexagonal pattern. The disc is 3mm wide,
and holes with diameter � 5–20µm are arranged in a 300µm wide hexagonal pat-
tern (Fig. 2.7(a) right, Fig. 2.S4(c)). The disc needs a hydrophobic coating for proper
droplet formation. The disc is assembled in a custom plastic holder with a cap, along
with a rubber O-ring to prevent leakage of protein-containing (IA) solution (Fig. 2.7(a)
middle). The adaptor is placed on a PCR tube containing layers of lipid-in-oil (LO)
dispersion and OA solution (Fig. 2.7(a) left; see also photo of disc, adaptor parts
along with swing rotor centrifuge tube and centrifuge tube adaptor in Fig. 2.S4(a)).
The DSSFmethod uses the shear forces of a narrow opening to form droplets, similar
to the microfluidic chip, and the centrifugal force for the droplets to travel across LO
and OA solutions, similar to cDICE. This is a simplified cDICE geometry with fewer
moving parts, where the IA solution, the capillary, the LO dispersion, and the OA
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Figure 2.7: Droplet and vesicle formation with DSSF. (a) (left) Schematic of our DSSF as-
sembly. Inner aqueous (IA) solution exits the assembly from the disc holes, forming drops
due to the centrifugal force. The drops fly in through the tube, pass the lipid-in-oil (LO) solu-
tion and the outer aqueous (OA) solution in the tube to form vesicles, or only the LO solution
to form W/O droplets. Figure partially created in BioRender.com. (middle) A split view of the
DSSF assembly: the O-ring and disc are sandwiched in-between a cap and holder (a photo of
the whole DSSF assembly and the swing-rotor tube adaptor is shown in Fig. 2.S4(a)). (right)
Schematic of the DSSF disc (� 3mm), with 7 holes (� 5–20µm) arranged in a hexagonal
pattern (300µm) (image of the silicon wafer disc is shown in Fig. 2.S4(c)). (b) Droplets made
with a 10µm DSSF disc, IA — SspB-mCh (1.58µM) and LO — DOPC and Cy5-PE (0.025n%).
With unexpected localisation of SspB-mCh at the droplet interface. (Vesicles made with DSSF
are shown in Fig. 2.S4(b)). Scale bar — 20µm.

solution all are stationary in the local frame of reference while the whole assembly
is spinning. The droplets are generated through the disc, in the device itself, instead
of pre-formed droplets like in the case of inverse emulsion or eDICE. The protocol
becomes quick and straightforward once the main droplet-generating component
(whether a capillary, MiCA, or disc) and its holders are fabricated.
Similar optimizations to cDICE, such as balancing the solution osmolarity, are

needed. The centrifugation speed and duration vary from device to device21. Also,
the quantities of LO andOA solutions used vary. The DSSFmethod can work with tiny
amounts of IA solution (≤0.5µL) and has been shown to have good yields [302]. The
size of the vesicles can be tuned with the size of the holes in the disc. We, however,
did not manage to form any vesicles using this method. Even after trying many op-
timization steps, we only saw lipid aggregates or very tiny vesicles (Fig. 2.S4(b)). We
tested DSSF for droplet formation as an intermediate step in vesicle formation and
we did see droplets (Fig. 2.7(b)) formed with our silicon disc. The yield of droplets is
high (Fig. 2.S4(d)) and comparable to published yields [304]. In our troubleshoot-
ing efforts, we tried replicating the original DSSF with capillary using our custom
3D printed holder (Fig. 2.S4(e)) but with no success. Taking advantage of a visit dur-
ing a conference22, we also tried the holder from Venero et al. [303] (an improved

21Across various reports, the protocol parameters seemed empirically determined based on what seems
to be working.

22SynCell 2022 conference, The Hague

https://syntheticcell.eu/syncell2022/
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injection-moulded holder (Fig. 2.S4(f))), again with no success in vesicle formation23.
We did not put in further efforts for optimizing this method. The encapsulation of

complex protein solutions is in principle expected to not be an issue. However, one
of the issues with the DSSF method is that the droplets travel through air from the
tip of the capillary or the bottom of the disc until they reach the LO dispersion. The
water from the IA solution can evaporate, leading to concentration changes, and the
proteins can interact with air at the water-air interface. An example of this can be
seen in Fig. 2.7(b), where protein from the IA solution is found stuck at the interface.
A solution for the evaporation issue is to submerge the tip of the capillary in the LO
dispersion or make contact of the bottom of the disc with the LO dispersion [305].

2.3.5 DSGUV
Up till now, we explored vesicle formation based on either swelling or emulsion
transfer. The droplet-stabilized Giant Unilamellar Vesicle (dsGUV) method [279] is
a different class of method for vesicle formation, based on SUV fusion. The method
can be implemented in a microfluidic chip [279, 306] or even in bulk with agitation,
like droplet pipetting or dragging [280]. The underlying working principle of the
dsGUV method is based on charge-mediated fusion of small unilamellar vesicles
(SUVs) on a charged surface of a surfactant-stabilized droplet. dsGUV formation
is in principle similar to SLB formation but inside a 3D droplet shell. The lipid-
containing aqueous (LA) solution and surfactant-in-oil (SO) dispersion form droplets
due to shear forces either at the T-junction or in Eppendorf tubes. The SO solution
contains PFPE-PEG-PFPE, a click tri-block surfactant (cTS), and Krytox, a modified-
PFPE surfactant with a negative charged head group, dissolved in fluorinated HFE
oil. The LO solution contains proteins of interest and pre-made SUVs. The divalent
Magnesium (Mg2+) ions from the aqueous buffer bind to the Krytox on the charged
surface of the droplet stabilized by cTS. The SUVs from the LO solution burst when
coming in contact with Mg2+ ions and spread on the droplet inner surface, forming
a supported lipid bilayer (SLB, Fig. 2.8(a)). An SLB covering the entire surface of
the droplet results in the formation of a vesicle (Fig. 2.8(b)) on the inner surface of
the droplet. This process is quite spontaneous, but to ensure entire coverage of the
surface, it is recommended to incubate the dsGUVs overnight (∼12 h), or a minimum
of 0.5–1 h.
The method is simple. Bulk droplet production takes only a few minutes, and

the microfluidic approach requires∼15–30min (excluding the PDMS device casting,
assembly, and coating). The reagents required are, however, not common and, at
times, can be difficult to acquire. For most of the proteins, the protocol works well
and needs no optimizations. The yield is high, comparable to other microfluidic
methods, and similar size control can be achieved. Encapsulation of complex protein
solutions also works as expected, even under physiological buffer conditions. Lipid-
interacting proteins work just fine even in the presence of the surfactant droplet
supporting the GUV. The only issue is the GUV cannot be deformed with droplet
stabilization present. To solve this issue, the GUVs can be released into an aqueous

23This DSSF experiment was tried in our laboratory together with the first author of Venero et al. [303]
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Figure 2.8: Vesicle formation with dsGUV. (a) Schematic showing formation of a W/O
droplet in a microfluidic chip at the T-junction with lipid containing aqueous (LA) solution
and surfactant-in-oil (SO) dispersion. Overtime, the W/O droplet transforms into a dsGUV.
The matured vesicle (GUV) is released with the help of an aqueous perfluoro-1-octanol (PFO)
solution and the surfactant-in-oil dispersion is washed off. (bottom-left) W/O droplet inter-
face — PEG-based fluoro-surfactant, click tri-block surfactant (cTS), and Krytox stabilize the
W/O emulsion. (bottom-middle) Formation of dsGUV - SUVs in the LA solution burst, release
their inner aqueous solution, and form a lipid bilayer on the Krytox and Magnesium (Mg2+)
ions complex at the droplet interface (bottom-right) The GUV with s lipid bilayer covering the
entire droplet interface is released by destabilizing the surfactant layer with a PFO solution.
(b) Vesicles formed with dsGUV, SUV — DOPC, PEG2000-PE (4 n%) and AF488-PE (0.5 n%),
and SO. Bright-field image of dsGUVs in oil (vesicles are not released, but still have a surfact-
ant layer). Scale bar — 20µm.

environment by washing off the surfactant layer with a perfluoro-1-octanol (PFO)
solution. The GUV release with PFO can sometimes be tricky, leading to decreased
yield. A modification of dsGUV protocol simplifies the GUV release step to simple
centrifugation [307]. It replaces the surfactants (cTS and Krytox) with fluorinated
silica nanoparticles (FNPs), which acts as an active Pickering emulsions to stabilize
the droplets.

2.4 CONTAINER MODIFICATION
Droplets and vesicles provide good 3D confinement for encapsulated proteins. These
containers are usually spherical, closed, and of fixed size. The ability to change these
properties, by modifying the container and the content inside, opens up new pos-
sibilities. Additional components can be added via pico-injection [308]. The shape
can be adjusted with microfluidic traps [309] and micropipette aspiration [310]. The
size can be modulated with osmotic shock [311] or increased by the addition of extra
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lipids (SUVs) [312]. Containers can even be mechanically forced to undergo fission
[313, 314] or fusion [315]. Here we describe a couple of techniques that we tried,
relating to the overall focus of this thesis.

2.4.1 PICO-INJECTION
Pico-injection is a powerful technique that provides a way to modify the contents
of the container in a precise and sequential way [308]. It is compatible with both
droplets and vesicles. The microfluidic chip used for this has a primary channel
for containers. The channel with the component to be injected connects to the
primary channel orthogonally with a T-junction (Fig. 2.9(a)). A pair of electrodes is
present opposite to the T-junction across the primary channel. A strong oscillating
electric field focusing at the T-junction is applied with the help of the electrodes to
induce pico-injection. We used pico-injection to add our protein of interest to empty
preformed vesicles made with dsGUV [279].
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Figure 2.9: Pico-injection of vesicles. (a) Schematics showing the pico-injection technology.
Shown is a T-junction with pre-made vesicles (dsGUVs) flowing along a horizontal channel,
and a perpendicular/vertical channel with narrow opening which contains the protein of in-
terest solution. A pair of electrodes is present on the opposite side of the T-junction. (top)
OFF scenario — vesicles pass the T-junction unaffected. (bottom) ON scenario — an electric
field (0–1000V, 20000Hz) is applied at the T-junction with the help of the electrodes. The
electric field disrupts the droplet interface and membrane as the dsGUVs pass the T-junction
and triggers the pico-injection. The protein solution gets injected in to the dsGUVs. (b) OFF
scenario (top) dsGUV approaching the T-junction (some protein solution leaks into the ho-
rizontal channel due to negative flow pressure). (middle) Protein solution cannot enter the
dsGUV. (bottom) dsGUV passes by the T-junction unaffected. The size of the dsGUV is the
same before and after passing the T-junction. (c) ON scenario (top) dsGUVs approaching
the T-junction. (middle) Protein solution being injected into the first dsGUV. The size of the
dsGUV increases. (bottom) Pico-injection stops when the first dsGUV has passed by the T-
junction. Following dsGUVs will also get injected as they pass by the T-junction. All images
are bright-field, captured with a high-speed camera. The black edge at the bottom-left is one
of the (negative) electrodes. See Fig. 2.S7 for movies.
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When no electric field is applied, the vesicles pass by the T-junction, with no
protein solution being injected into them (Fig. 2.9(a) top, Figs. 2.S7&2.9(b)). The
size (with length as a proxy for volume) of the vesicle before and after crossing
the T-junction remains the same. At times, some protein solution leaks from the
T-junction as it is also under pressure. This is not an issue, as this solution does
not contain lipids. It does not form any droplets and is diluted in the background
solution. The flow rates need to be tuned such that the interface between fluids
from the primary and injection channels remains maintained at the T-junction.
When a strong oscillating electric field is applied, the protein solution from the

injection channel gets added to the passing vesicles (Fig. 2.9(a) bottom). The size of
the vesicles can be seen increasing as they pass by the T-junction (Figs. 2.S7&2.9(c)).
The amount of solution that can be injected ranges from femtolitres to picolitres, de-
pending on the flow pressure applied on the injection channel. It also depends on
the size of the vesicle, as bigger (longer) vesicles have more contact time at the T-
junction. The injection stops as soon as the vesicle exits the T-junction. The newly
injected solution can, at times, be seen even in the bright-field images as a blob.
The injected protein solutions usually have a slightly higher optical density and vis-
cosity, and do not immediately mix with the rest of the vesicle volume. The majority
of the vesicles passing the T-junction get injected.
The pico-injection protocol is comparable to other microfluidic protocols in terms

of complexity and experience required. Preparations similar to microfluidic methods
are required: making the chip, casting PDMS, assembling and coating the devices.
Plus the additional step of filling in the electrodes with liquid solder, a low melt-
ing temperature metal alloy. However, the technique requires special hardware, an
oscilloscope, for generating a high-frequency alternating electric field, and a high-
voltage amplifier capable of amplifying the electric field. An electric field that is
always on works fine, but an advanced setup where a vesicle passing the T-junction
triggers the electric field can also be implemented for precise control.

2.4.2 SHAPE CONTROL
Droplets and vesicles are spherical, while cells come in various shapes. Hence, it
would be nice for a synthetic cell, droplet, or vesicle to also take different shapes.
This can be achieved with the help of microfluidic traps of different shapes, like
discs and tubes. Such shape modulation has been shown for droplets [309]. Here,
we demonstrate the application of this technique to vesicles.
This method also uses microfluidic devices. The device contains multiple repeats

of the traps, arranged in parallel rows with half a row offset per column, to max-
imize the chances of a vesicle getting trapped. The individual tubular trap that we
used consists of two long parallel walls with a funnel opening at the front and nar-
row drainage channels at the back (Fig. 2.10(a)). The vesicle entering the trap gets
transformed from a sphere into a long tubular cylinder (Fig. 2.10(b)). The vesicle
needs to be osmotically deflated to increase its chances of getting trapped without
bursting. No such measures are required for trapping droplets.
The shape modulation with microfluidic traps is comparable to other microfluidic

protocols in terms of complexity and experience required. Preparations similar to
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Figure 2.10: Shape modulation of vesicles. Vesicles tend to keep a spherical shape, but
the shape of (osmotically deflated) vesicles can be changed using microfluidic traps. (a)
Schematic of a tubular trap (cross-section width 4µm and height ∼4µm). A spherical vesicle
that is flown into trap transforms into a tubular vesicle. (b) Images of vesicles which become
elongated after getting trapped into tubular microfluidic traps. Scale bar — 5µm.

microfluidic methods are required: making the chip, casting PDMS, assembling and
coating the devices. As a simple variant of shape-modulating traps, large traps or
baskets can be used to just hold the vesicle for long-term observations without any
shape modulation.

2.5 DISCUSSION
We explored several techniques for the production of synthetic cell containers. The
goal was to identify techniques that give a high yield of containers along with size
control, which can also handle complex encapsulations in a consistent and reliable
manner. As a preliminary evaluation, we tested container production with just the
buffer or, at times, with a simple protein, SspB.
Droplets made by pipetting and dragging are the easiest and fastest way to make

containers and encapsulate proteins in 3D. While droplets made with microfluidics
offer better control over size, this comes at a cost of more time and effort. The
inability to deform and the presence of only a lipid monolayer remain the biggest
drawbacks of the droplets.
In the case of vesicles, the swelling-based approach is the fastest and easiest way

to make vesicles. However, protein encapsulation is not ideal. Among the various
emulsion transfer-based techniques, cDICE and OLA remain the most effective and
optimal methods for generating vesicles when encapsulating proteins. Both cDICE
and eDICE require special hardware, where skipping the use of a capillary can sim-
plify the protocol at the cost of size control. Note, however, that vesicle collection
from a tilted chamber is a learning experience. OLA does produce a high yield of
vesicles with size control but requires optimizing and knowing ideal flow rates of
the solutions. The success of OLA is also tightly related to the quality of coating of
the PDMS devices, especially near the T-junction. Even a small deviation or error in
coating can result in failure. Both, cDICE and OLA, come with some nuances that a
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user needs to discover with experience or can only pick up by seeing an in-person
demonstration. Often these minor details and optimizations are intentionally or un-
intentionally left out of the written protocols. DSSF, despite seemingly a fairly simple
and straight-forward method, failed to make vesicles in our hands. Even trying dif-
ferent DSSF variants and their optimizations just led to poor droplet production but
no successful vesicle formation. We think better hydrophobic surface treatment of
the MiCA disc can improve inefficient droplet formation.
The fusion-based method, dsGUV, seems just as good as emulsion-based meth-

ods like cDICE and OLA. Vesicles can be made as easily as droplets just by shaking
when there is no need for size control. Some reagents are, however, uncommon,
with limited availability, and some reagents need to be custom synthesized.
Table 2.1 highlights the point that no one method fits all the purposes, but gener-

ally swelling-based methods are ideal for membrane characterization and emulsion
transfer-based methods are ideal for encapsulating proteins. The dsGUV method
also shows great promise as an alternative approach for protein encapsulation. Here
our focus remained limited to container yield and size control, but how would encap-
sulating more complex proteins, especially cytoskeletal proteins, affects these tech-
niques will be important for our purposes (see Ch. 4). While successful attempts
have been made to encapsulate cytoskeletal proteins (see review [316]), it is inter-
esting to test some of these methods in more detail and evaluate their efficacy,
given how many optimization steps are already required to form containers solely
with buffers and simple proteins.
New methods for the production of containers are constantly being developed

to overcome current limitations. In general, better attention should be given to the
documentation of protocols. Initial efforts have been made to create a standardized
template24 for data collection across labs in order to formulate a generic vesicle pro-
duction protocol. Providing detailed explanations for each step as well as the reason
for chosen values of parameters in those steps is important. Even mentioning that
a certain value of a parameter is empirical and has no particular reason helps in
better understanding a method. Ideally, alternatives for reagents and instruments
from different vendors should also be suggested. Or at least an explanation for
the choice of a current one should be given so that alternatives can be identified
appropriately. For example, in the case of most emulsion transfer methods, why
does the outer aqueous solution need to be a sugar solution in deionized water
instead of a buffer? In cDICE, why is a particular ratio of silicon oil to mineral oil
used for the lipid-oil dispersion? In DSSF, why are there contrasting values across
protocols, such as short high-speed vs. long low-speed centrifugation? In dsGUV,
why use specifically HFE7500 oil or an cTS with PEG 1500? For the cDICE protocol
(see Methods Sec. 2.6), we have tried to provide such detail based on our experi-
ences. Also, efforts should be made during method development to make sure it
is compatible with basic minimal biological systems. Not necessarily with testing

24[personal communications] Together with Eugenia Romantseva (Build-a-Cell; National Institute of
Standards and Technology, Maryland, USA) and James Hindley (fabriCELL; Imperial College Lon-
don, London, UK), as a part of ‘Metrics for containers’ working group, during the satellite Build-a-Cell
workshop #10, following the SynCell 2023 conference, Minneapolis.

https://orcid.org/0000-0003-0929-7966
https://www.buildacell.org/workshop10
https://www.buildacell.org/workshop10
https://www.buildacell.org/syncell2023
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with proteins, but at least with buffers with physiological salt conditions, and not just
limiting the demonstration to a proof-of-principle with a sugar solution in deionized
water.
The use of supplementary techniques like pico-injection or microfluidic shape

modulation can be used to overcome some limitations of primary container form-
ation methods. These can allow for subsequent encapsulation of complex protein
mixes while keeping steps of vesicle formation simple or have the ability to make
non-spherical containers.
Method development taking into consideration the practical biological applica-

tions; providing detailed protocols with detailed explanations for each step, all para-
meter values; and choice of reagents will significantly help the end-user to reproduce
the protocols and make informed choices for optimization steps if required. This will
undoubtedly facilitate more complex in vitro reconstitutions of protein systems and
advance our goal of building a synthetic cell with a bottom-up approach.

2.6 MATERIAL AND METHODS
2.6.1 MATERIALS
CHEMICALS Chemicals were purchased from Merck (Merck Life Science NV, Neth-
erlands), unless otherwise stated: Mineral oil (M5904 Sigma), Silicone oil (viscosity
5 cSt, 25 °C, 317667 Sigma), Span® 80 (S6760 Sigma), Fluorescein 5-isothiocyanate
(FITC), Silicone Elastomers RTV615 (PDMS, RTV615 Momemtive, Lubribond), 1,4-
Piperazinediethanesulfonic acid, Piperazine-1,4-bis(2-ethanesulfonic acid), Piperazine-
N,N'-bis(2-ethanesulfonic acid) (PIPES, P6757 Sigma), magnesium chloride (MgCl2,
M8266), ethylene glycol-bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid (EGTA, E3889
Sigma), potassium hydroxide (KOH, 221473 Sigma), κ-casein (C0406 Sigma), Mo-
lykote high-vacuum silicone grease (vacuum grease, Z273554 Sigma), Parafilm®
(P7793 Sigma), Chloroform (102447 Supelco), OptiPrep™ (D1556 Sigma) 1H,1H,2H,2H-
Perfluoro-1-octanol (PFO, 370533 Sigma) .

LIPIDS All lipids were purchased from Avanti Research (Merck Life Science NV, Neth-
erlands): 1,2-di-(9Z-octadecenoyl)-sn-glycero-3-phosphocholine (DOPC, 850375C),
1,2-di-(9Z-octadecenoyl)-sn-glycero-3-phospho-L-serine (sodium salt) (DOPS, 840035C),
1,2-di-(9Z-octadecenoyl)-sn-glycero-3-phosphoethanolamine (DOPE, 850725C), 1,1',2,2'-
tetra-(9Z-octadecenoyl) cardiolipin (sodium salt) (Cardiolipin, 710335C), 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene glycol)-2000] (ammonium
salt) (DSPE-PEG(2000)-Biotin 880129C), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethylene glycol)-2000] (ammonium salt) (PEG(2000)-PE 880120C),
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(Cyanine 5) (Cy5-PE, 810335C),
ATTO 488 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (AF488-PE, AD 488-161,
ATTO TEC GmbH Siegen, DE).
All lipids were stored under argon in amber glass vials ND9 (548-0030A, VWR

Avantor), with caps (548-8002A, VWR Avantor) sealed with Parafilm and stored at
−20 °C. Lipids were handled in a fume hood with glass syringes (700RN series,
Hamilton® ).

https://www.sigmaaldrich.com/NL/en/product/sigma/m5904
https://www.sigmaaldrich.com/NL/en/product/aldrich/317667
https://www.sigmaaldrich.com/NL/en/product/sigma/s6760
https://www.momentive.com/docs/default-source/tds/invisisil/invisisil-rtv615-rtv655-rtv656-silicone-rubber-compound-tds.pdf
https://www.sigmaaldrich.com/NL/en/product/sigma/p6757
https://www.sigmaaldrich.com/NL/en/product/sigma/m8266
https://www.sigmaaldrich.com/NL/en/product/sigma/e3889
https://www.sigmaaldrich.com/NL/en/product/sigald/221473
https://www.sigmaaldrich.com/NL/en/product/sigma/c0406
https://www.sigmaaldrich.com/NL/en/product/aldrich/z273554
https://www.sigmaaldrich.com/NL/en/product/sigma/p7793
https://www.sigmaaldrich.com/NL/en/product/mm/102447
https://www.sigmaaldrich.com/NL/en/product/sigma/d1556
https://www.sigmaaldrich.com/NL/en/product/aldrich/370533
https://www.sigmaaldrich.com/NL/en/product/avanti/850375c
https://www.sigmaaldrich.com/NL/en/product/avanti/840035c
https://www.sigmaaldrich.com/NL/en/product/avanti/850725c
https://www.sigmaaldrich.com/NL/en/product/avanti/710335c
https://www.sigmaaldrich.com/NL/en/product/avanti/880129c
https://www.sigmaaldrich.com/NL/en/product/avanti/880120c
https://www.sigmaaldrich.com/NL/en/product/avanti/810335c
https://www.atto-tec.com/DOPE.html
https://www.avantorsciences.com/nl/en/product/38653707/vwr-short-thread-vials-nd9
https://www.avantorsciences.com/nl/en/product/38653780/vwr-screw-caps-for-short-thread-vials-nd9
https://www.sigmaaldrich.com/NL/en/substance/hamiltonsyringe700seriesremovableneedle1234598765
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BUFFERS AND PROTEINS MRB80 buffer was composed of 80mM PIPES, 4mM
MgCl2, and 1mM EGTA. pH 6.8 was adjusted with KOH solution (initially, with KOH
pellets). 5 x and 1 x buffer stocks weremade, filter sterilized (Whatman™0.2–0.45µm)
and stored at −20 °C. MRB80 buffer was used in all experiments, unless otherwise
stated.
Oxygen scavenger (OX) mix was composed of 200µgmL−1 catalase, 400µgmL−1

glucose oxidase, and 4mM DTT in MRB80. 50 x stock was made and stored at
−20 °C.
All protein mixes were made on ice (4 °C), unless otherwise stated.

General conditions for protein purification from Escherichia coli — Relevant plas-
mids were transformed into Escherichia coli ER2566 cells (New England Biolabs,
fhuA2 lacZ::T7 gene1 [lon] ompT gal sulA11 R(mcr73::miniTn10–TetS)2 [dcm] R(zgb-
210::Tn10–TetS) endA1Δ(mcrC-mrr)114::IS10) containing a Rosetta™2 plasmid (Novagen),
and selected on LB agar media supplemented with 34µgmL−1 chloramphenicol and
either 100µgmL−1 ampicillin or 50µgmL−1 kanamycin. For expression, overnight
pre-cultures were diluted 1:100 into 1–4 L prewarmed LB or TB with fresh antibiotics
and cultures were grown in baffled flasks shaking at 200 rpm at 37 °C until the OD600
reached ∼0.6. Expression was induced by IPTG and either performed for 2–3 h at
37 °C, or (following a 30min incubation on ice) overnight at 18 °C. Cells were harves-
ted by centrifugation (10min, 4000 rpm, JLA8.1000 rotor), washed in 50mL PBS,
and lysed using a French Press (CF1 Constant Systems) at 20 kpsi, 4 °C. Unbroken
cells, debris, and aggregates were pelleted in a Ti45 rotor (30min, 40000 rpm,
4 °C). Affinity purification was typically performed with either Talon® Superflow™
(Cytiva GE28-9575-02), HisPur™ Ni-NTA Resin (Thermo Fisher 88222), cOmplete™
His-Tag Purification Resin (Roche 5893682001), amylose resin (New England Bio-
labs E8022S) or Glutathione Superflow Agarose (Thermo Fisher 25237). Prior to
size exclusion chromatography (on a Superdex 75 or 200 Increase 10/300 column),
proteins were concentrated using a MWCO 10 kDa Vivaspin centrifugal concentrator
(Sigma Z614610).
YFP-LactC2-iLID — A maltose binding protein (MBP) fusion construct encoding

MBP-3C-YFP-L1-C2-L2-iLID was synthesized and cloned into pMAL-c5X by Genscript
(pED48), where 3C represents the recognition site LEVLFQGP for human rhinovirus
protease 3C, YFP the monomeric yellow fluorescent protein mEYFP [317], L1 the
short linker sequence SGLRS, C2 the phosphatidylserine-binding domain of bovine
lactadherin (residues 270–427 from Uniprot Q95114), L2 the long linker sequence
GSGSGSEAAAKEAAAKEAAAKGSGSGS, and iLID and improved light-induced dimer-
ization domain [240]. The protein was expressed overnight at 18 °C in terrific broth
medium, purified using amylose resin (New England Biolabs E8022S) in PBS supple-
mented with 10mM EDTA, 0.1% Tween20 and 250mM NaCl. MBP was cleaved off
with homemade 3C protease and the final buffer used for size exclusion chromato-
graphy was 20mM HEPES/NaOH pH7.5 (room temperature), 200mM NaCl, 5%w/v
glycerol.

pED48 | MBP 3CYFP L1 C2 L2 iLID
1 MKIEEGKLVI WINGDKGYNG LAEVGKKFEK DTGIKVTVEH

https://www.neb.com/en/products/c2566-t7-express-competent-e-coli-high-efficiency
https://il-biosystems.com/constant-systems-ltd/device/cf1-and-cf2-cell-disruptor/
https://www.sigmaaldrich.com/NL/en/product/sigma/ge28957502
https://www.fishersci.nl/shop/products/hispur-ni-nta-resin/10038124
https://www.sigmaaldrich.com/NL/en/product/roche/cohisrro
https://www.neb.com/en/products/e8022-amylose-resin-high-flow
https://www.fishersci.nl/shop/products/pierce-glutathione-superflow-agarose/13434199#?keyword=25237
https://www.sigmaaldrich.com/NL/en/product/sigma/z614610
https://www.genscript.com/gsfiles/vector-map/bacteria/pMAL-c5X.pdf
https://www.uniprot.org/uniprotkb/Q95114/entry
https://www.neb.com/en/products/e8022-amylose-resin-high-flow
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41 PDKLEEKFPQ VAATGDGPDI IFWAHDRFGG YAQSGLLAEI
81 TPDKAFQDKL YPFTWDAVRY NGKLIAYPIA VEALSLIYNK
121 DLLPNPPKTW EEIPALDKEL KAKGKSALMF NLQEPYFTWP
161 LIAADGGYAF KYENGKYDIK DVGVDNAGAK AGLTFLVDLI
201 KNKHMNADTD YSIAEAAFNK GETAMTINGP WAWSNIDTSK
241 VNYGVTVLPT FKGQPSKPFV GVLSAGINAA SPNKELAKEF
281 LENYLLTDEG LEAVNKDKPL GAVALKSYEE ELVKDPRIAA
321 TMENAQKGEI MPNIPQMSAF WYAVRTAVIN AASGRQTVDE
361 ALKDAQTNSS SNNNNNNNNN NLGIEGRISH MSMGGRDIVD
401 GSDYDIPTTL EVLFQGPKLG GMVSKGEELF TGVVPILVEL
441 DGDVNGHKFS VSGEGEGDAT YGKLTLKFIC TTGKLPVPWP
481 TLVTTFGYGL QCFARYPDHM KQHDFFKSAM PEGYVQERTI
521 FFKDDGNYKT RAEVKFEGDT LVNRIELKGI DFKEDGNILG
561 HKLEYNYNSH NVYIMADKQK NGIKVNFKIR HNIEDGSVQL
601 ADHYQQNTPI GDGPVLLPDN HYLSYQSKLS KDPNEKRDHM
641 VLLEFVTAAG ITLGMDELYK SGLRSCTEPL GLKDNTIPNK
681 QITASSYYKT WGLSAFSWFP YYARLDNQGK FNAWTAQTNS
721 ASEWLQIDLG SQKRVTGIIT QGARDFGHIQ YVAAYRVAYG
761 DDGVTWTEYK DPGASESKIF PGNMDNNSHK KNIFETPFQA
801 RFVRIQPVAW HNRITLRVEL LGCGSGSGSE AAAKEAAAKE
841 AAAKGSGSGS LATTLERIEK NFVITDPRLP DNPIIFASDS
881 FLQLTEYSRE EILGRNCRFL QGPETDRATV RKIRDAIDNQ
921 TEVTVQLINY TKSGKKFWNV FHLQPMRDYK GDVQYFIGVQ
961 LDGTERLHGA AEREAVCLIK KTAFQIAEAA NDENYF

SspB-nano-mOrg, SspB-mCh — Opto-protein SspB variants (with mOrange and
mCherry) were purified in-house as described in Guntas et al. [240].

SAMPLE PREPARATION The glass slides were cleaned by 30min sonication cycles
in KOH (optional), 5%v/v Hellmanex™ III (Z805939 Hellma), and deionised (Milli-
Q®) water. Glass coverslips were cleaned in acid Piranha solution (sulfuric acid
: chilled 30% hydrogen peroxide, ratio 3:1) for 10min (protocol based on [318]).
Piranha treatment was followed by rinsing and 15min sonication (Ultrasonics™ CPX-
952-238R Branson) in deionised water. Coverslips are stored under deionised wa-
ter. Samples were imaged on #1 glass coverslips (24x24 Epredia, VWR) and glass
slides (126x76 Epredia, VWR). Flow chambers were created with coverslip and glass
slide separated by two layers of parafilm (height ∼200µm, chamber volume ∼50–
150µL). Parafilm was adhered to glass surfaces by heating briefly on a hotplate.
During the incubation period, flow chambers were kept in a dark and moist environ-
ment (aluminum foil wrapped petri-dish, with wet tissue papers).

Droplets and GUVs were transferred with a cut-off 200µL pipette tip to prevent
further shear induced breakage. Droplets were imaged in PDMS wells or in flow
chambers. PDMS wells were created with ∼5mm thick PDMS slab with holes made
with ∼2mm biopsy punches, adhered on a glass coverslip. GUVs were imaged in
flow chambers. Flow chambers were washed with MRB80 buffer, passivated with

https://www.sigmaaldrich.com/NL/en/product/sial/z805939
https://www.fishersci.nl/shop/products/branson-bransonic-cpxh-series-ultrasonic-cleaners-model-cpx1800h-2/13413619
https://www.fishersci.nl/shop/products/branson-bransonic-cpxh-series-ultrasonic-cleaners-model-cpx1800h-2/13413619
https://nl.vwr.com/store/product/20545757/dekglaasjes-menzel-glaser
https://nl.vwr.com/store/product/en/564336/microscope-slides-menzel-glaser
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κ-casein (0.5mgmL−1, 10min), and washed with OA solution. After flowing in GUV
solution, flow chambers were sealed with vacuum grease to prevent evaporation.

IMAGE ACQUISITION AND DATA ANALYSIS Samples were observed on a Nikon
ECLIPSE Ti-E inverted microscope with a spinning disk confocal head (CSU-W1-
T2 Yokogawa, Japan), ring-TIRF unit (iLas 3 GATACA Systems, Paris) with 405nm
(100mW), 488nm (150mW), 561 nm (100mW), 642 nm (110mW) laser lines and
a quad filter cube (TRF89901 Chroma), 355 nm (400ps, 2 kW) UV ablation pulse
laser, dual EM-CCD cameras (Evolve512 Photometrics), 100 x objective (CFI APO
TIRF 100XC oil 1.49NA, Nikon), and 100 x objective (CFI S Fluor 100XS oil 0.5–
1.3NA, Nikon) for UV ablation. The final magnification was 6.25 pixel/µm. The ob-
jectives were heated (22–30 °C, if required) with a custom 3D printed metal collar
and a custom water heater and pump (AMOLF).
Themicroscope setup was controlled with MetaMorph software (v7.10.4 Molecular

Devices, LLC.). The images were acquired with 0.5–1 s frame time and ∼100ms
exposure per channel. The images were analysed using FIJI ImageJ [319]. Data
was processed using Python (v3.8.x Anaconda, LLC.), unless otherwise indicated.

2.6.2 PROTOCOL
DROPLETS
Protein mix A 500µL mix (IA) of 50nM FITC in MRB80.
Lipid-in-oil (LO) dispersion Lipid solution of 99.993 75 n% (molar percentages)
DOPC and 0.00625n% Cy5-PE was made in chloroform. Lipids were dried under
a gentle N2 gas stream in a screw cap glass vial and dessicated under vacuum for
2 h. Mineral oil and 0.6%v/v Span 80™ (0.6–2%v/v) were added to make lipid con-
centration of 0.625mgmL−1. The dried lipid film and oil solution was sonicated in
water-bath sonicator (Ultrasonics™ CPX-952-238R Branson) for 30min. The glass
vial threads were wrapped with Teflon tape, and the closed cap was sealed with a
Parafilm. The LO solution was stored at 4 °C and used for up to 1–2weeks.
FORMATION Pipetting and dragging — Droplets were formed based on the pro-
tocol described in Vendel et al. [239]. 0.5–1µL protein mix was added to 40–50µL
LO solution in a micro centrifuge tube (0.5mL Eppendorf). Droplets were made by
either pipetting up and down 20–40 times with a 10µL pipette or by dragging the
tube over the tube rack (short or long side) 5–10 times. The droplets were allowed
to settle in the tube for ∼5min and retrieved from the bottom of the tube with a
cut-off 200µL pipette tip.
Microfluidic chip — Droplets were formed based on the protocol described in

Vleugel et al. [235]. The microfluidic chip was connected to solution reservoirs with
PEEK or FEP tubing (211508-10 ID 1mm; 211582-3 ID 0.5mm) and flow was regu-
lated with a pressure controller pump (MFCS™ -EZ 1000mbar Fluigent, Paris). The
pump was controlled by MAESFLO software (v3.3.1 Fluigent, Paris). The formation of
droplets (size and frequency) was controlled with regulating aqueous and LO solu-
tion flow rates (∼1:4 pressure ratio).
The chip moulds were fabricated from silicon wafers (J14059 Siegert Wafers

GmbH) either with SU-8 soft/optical lithography (described in [235]) or with a DRIE

https://www.microscope.healthcare.nikon.com/about/news/nikon-instruments-launches-new-eclipse-ti-e-fully-integrated-motorized-inverted-microscope
https://www.yokogawa.com/nl/solutions/products-and-services/life-science/spinning-disk-confocal/csu-w1-confocal-scanner-unit/#Details__Specifications
https://www.yokogawa.com/nl/solutions/products-and-services/life-science/spinning-disk-confocal/csu-w1-confocal-scanner-unit/#Details__Specifications
https://www.gataca-systems.com/products/gataca-products/ilas-3/
https://www.chroma.com/products/sets/trf89901-et-405-488-561-640nm-laser-quad-band-set-for-tirf-applications#legend-selector1
https://www.photometrics.com/wp-content/uploads/2019/10/Evolve512-Datasheet.pdf
https://www.microscope.healthcare.nikon.com/en_EU/products/optics/selector/comparison/-1932
https://www.microscope.healthcare.nikon.com/en_EU/products/optics/selector/comparison/-1932
https://www.microscope.healthcare.nikon.com/en_EU/products/optics/selector/comparison/-1823
https://anaconda.org/conda-forge/python/files?version=3.8.13
https://www.fishersci.nl/shop/products/branson-bransonic-cpxh-series-ultrasonic-cleaners-model-cpx1800h-2/13413619
https://www.bgb-info.com/product.php?productid=625804
https://www.bgb-info.com/product.php?productid=626080
https://www.fluigent.com/research/instruments/pressure-flow-controllers/mfcs-series/#EZ-01000001
https://www.fluigent.com/resources-support/support-tools/software/discontinued-software/
https://www.siegertwafer.com/datenbankaufruf_silicon.php?&s=j14059
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Bosch process (deep reactive ion etching, described in [320]) with ICP (inductive
coupled plasma) on PlasmaPro 100 Estrelas (Oxford Instruments), using SF6/C4F8
gasses and photo-resist mask (ARN4400). The silicon moulds were treated with
Trichloro(1H,1H,2H,2H-perfluorooctyl)silane (448931 Sigma) for 2–24h under rough-
ing pump vacuum in an inert (with Argon gas) environment to prevent adhesion of
PDMS to the wafer.

The chip devices were made with PDMS. The PDMS pre-polymers were mixed in
10:1 ratio and vacuum degassed for ∼30min. PDMS was poured on to the silicon
wafer and vacuum degassed again for ∼30min. Glass coverslips were either coated
with PDMS using a spin coater (Spin 150i Polos) or pressed in PDMS against a blank
silicon wafer to create a minimal PDMS layer. The PDMS was cured by baking in
an oven (E 28 Binder) at 100 °C for 1 h. The PDMS microfluidic device moulds were
cut using razor blades and inlets holes were created using biopsy punches. The
PDMS devices and PDMS coated glass coverslip were activated by Oxygen plasma
treatment (50W, 30 s, Plasma Prep III SPI) before bonding. Assembled devices
can be further heated for ∼15–30min.

GUV

BEAD SWELLING

PROTEIN MIX A 20µL mix (IA) of 1mM Trolox, 0.5mgmL−1 κ-casein, 1 x OX, 2µM
YFP-LactC2-iLID, 2.25µM SspB-mOrg, 50mM KCl, and 50mM glucose (added at
last) was made in MRB80.

LIPID COATED BEADS Lipid solution (2.543µmol) of 62.3 n% DOPC, 35.6 n% DOPE,
2.1 n% Cardiolipin, 1 n% DSPE-PEG-biotin, and 0.5 n% Cy5-PE was made in chloro-
form in a 10mL round-bottom flask. Flushed (wash syringe) with additional chloro-
form (2 x volume of lipids). Rhamnose (100mM in methanol) was added to make
chloroform:methanol ratio 2.5:1. 600mg of glass beads (∼200–300µm) were ad-
ded. The mixture was dried with a rotary evaporator (200mbar, 50 rpm, 2–3 h).
Dried lipid coated beads were recovered with a small spatula and split into 6 micro
centrifuge tubes. Beads are further dried overnight in a vacuum desiccator. Tubes
were flushed with argon, sealed with parafilm, and stored at −20 °C.

FORMATION GUVs were formed based on the protocol described in [296, 297].
Some (∼10–25mg) lipid coated were taken in a fresh micro centrifuge tube and IA
(swelling protein mix) solution was added. GUVs were allowed to swell on ice (with
frequent rocking) or on a rotor (∼10 rpm) in the cold room for 2 h. 4 freeze-thaw
cycles, freezing in liquid N2 and thawing on ice, were performed. The mixture can
be diluted (2.5–10 x) with buffer to reduce protein (IA) concentration on the outside
of GUVs.

Flow chambers were functionalized with BSA:BSA-Biotin (0.666mgmL−1, 10min)
and Neutravidin (1mgmL−1, 10min) to attach GUVs at the glass surface. Each step
of functionalization incubation was followed with MRB80 washes.

https://plasma.oxinst.com/products/dsie/plasmapro-100-estrelas-dsie
https://www.allresist.com/portfolio-item/photoresist-ar-n-4400-05-car44/
https://www.sigmaaldrich.com/NL/en/product/aldrich/448931
https://www.sps-international.com/order/spin150i-npp-single-substrate-spin-processor/15876/
https://www.binder-world.com/us-en/products/drying-ovens/product/e-28
https://www.2spi.com/item/z11055/
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GEL SWELLING
PROTEIN MIX A 100–200µL mix (IA) of 1mM Trolox, 0.5mgmL−1 κ-casein, 1 x OX,
2µM YFP-LactC2-iLID, 2.25µM SspB-mOrg, 50mM KCl, 50mM glucose (added at
last), and 50mM sucrose was made in MRB80.
LIPID COATED COVERSLIP Lipid solution (1mgmL−1) of 69.5 n%DOPC, 30n%DOPS,
and 0.5 n%Cy5-PE wasmade in chloroform. 100µL of PVA solution (5%w/v, 200mM
sucrose) was spread on an O2 plasma cleaned (20W, 30 s) coverslip by tilting until
all area was covered. Excess PVA solution was absorbed with a tissue paper (from
one corner). The coverslip was baked in an oven (100–120 °C, 30min) to dry the
PVA gel. Lipid solution (10µL per coverslip) was added and spread on PVA coated
coverslip with the help of a syringe needle shaft (until most of the chloroform was
evaporated). The coverslip was dried in a vacuum desiccator for 30min.
FORMATION GUVs were formed based on the protocol described in [295]. 100–
200µL of IA solution was added to a lipid coated PVA coverslip and spread around.
The GUVs were allowed to swell for∼5–10min. The swelled GUVs were collected in a
micro centrifuge tube from one corner of a tilted coverslip. The coverslip was washed
with additional ∼200µL OA solution (50mM glucose in MRB80) to aid removal of
GUVs from the PVA gel surface and also to dilute the protein (IA) concentration
outside the GUVs (in OA solution).

CDICE AND EDICE
PROTEIN MIX A 40–200µL mix (IA) of 0.5µM SspB-Ch and 18.5%w/v25 OptiPrep™
was made in MRB8026. A 1000µL solution (OA) of glucose in deionised water. The
osmolarity of IA was measured (∼272mOsmol) with a freezing point osmometer
(OSMOMAT® 3000, Gonotec GmbH) and the osmolarity of the OA solution was
adjusted with glucose (∼290mOsmol; ∼ +Δ15–20mOsmol27).
LO SOLUTION Lipid solution (1.728µmoles) of 99.89 n% DOPC, 0.01 n% PEG-2k-
PE28, and 0.1 n% Cy5-PE was made in chloroform in a glass vial (10000782 Fish-
erbrand, Thermo). Lipids were dried under a gentle N2 gas stream in a glass vial
(with threads wrapped in a Teflon tape29) and dessicated under vacuum for 30min.
The glass vial was transferred into a glovebox30. The dried lipid were first resus-

pended in 415µL (6% of final volume) chloroform (or n-decane:chloroform) solu-

25[Arbitrary] higher density difference in IA and OA results in better GUV yield, as low as 6.5%w/v shown
to considerable GUV yield.

26Since significantly high volume (∼20%v) of density medium reagent (OptiPrep™ or glucose) are added,
use of 5 x stock of MRB80 buffer (instead of 1 x buffer stock to make up solution volume) allows for
maintaining the buffer composition.

27[Arbitrary] Osmolarity of OA should be slightly higher than IA so that GUVs are slightly deflated, and
the bilayer does not have a high membrane tension.

28Addition of a small fraction of PEGylated lipids results in better GUV yield, the PEG chain is suspected
to prevent interaction of GUV membranes, sticky GUVs, and bursting. Presence of a higher fraction
of PEGylated lipids starts to adversely affect the GUV yield.

29Teflon tape creates a better air-seal between vial and its cap, preventing moisture to enter the vial.
30Inert N2 environment, <1% humidity, promotes better yield.

https://www.gonotec.de/en/en_osmometer-3000-serie/
https://www.fishersci.pt/shop/products/epa-screw-neck-vial-glass-8/10000782
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tion31. Silicone oil and mineral oil were combined in 4:1 ratio32 and mixed vigorously
by vortexing. Under continuous gentle vortexing, 6.5mL (94% of final volume) of oil
mixture was slowly added to the dissolved lipid-chloroform solution in the vial. This
resulted in 0.25mM33 LO concentration. The vial was capped and sealed with para-
film34. The sealed vial was immediately vigorously vortexed for 30 s in the glovebox
and then removed from the glovebox.
The LO solution was again vigorously vortexed for 2min and sonicated in an ice

(double boiler35) bath for 15min. LO solution was immediately used for GUV prepar-
ation but can be stored at 4 °C to be used on the same day.
FORMATION cDICE — GUVs were formed based on the protocol described in [271,
277]. Also read Ch. 3 for more details. GUV formation was performed at room
temperature ((24 ± 1) °C) in a humidity (RH 10–20%) controlled room. We used a
home-built spinning chamber setup and 3D-printed chamber36 described in [277].
The chamber was placed on the rotor and set to spin at 1900 rpm37. 700µL of
OA solution and ∼5.5mL of LO solution were added consecutively. The (5–20µm)
glass capillaries (as described in Abkarian et al. [271]) were used initially. These
capillaries were formed in two steps. First, a glass capillary (EC130-0016 Harvard
Apparatus, US) was pulled in to two fine capillaries using a laser-heated pipette
puller (P-2000 Sutter Instruments Co.) with settings: Heat 450, Filament 4, Velo-
city 50, Delay 255, and Pull 150. The pulled end of capillaries were cut to diamet-
ers of desired opening using a microforge (MF-900 Narishige). However, later the
100µm38 capillary (fused silica tube39 TSP-100375) was used. The capillaries were
connected to a syringe filled with protein-less IA solution. The syringe was mounted
on the syringe pump (PHD ULTRA™ Harvard Apparatus, US). The IA solution was
pulled in from the capillary. The capillary was mounted on the setup and inserted
into the spinning chamber from the central opening at the top, just as to insert the
capillary tip40 inside the LO solution. The IA solution was injected at 10µLmin−141

31Lipids have lower solubility in n-decane compared to chloroform, which results in bigger lipid aggreg-
ates in LO solution eventually. This affects lipid adsorption at the water-oil interface during droplet’s
flight in LO solution. Even 10–20% n-decane shows significantly better yield, with slight lipid aggreg-
ates and irregularities. With higher n-decane percentage, it becomes difficult to completely resuspend
dried lipids.

32[Arbitrary] Lipids have lower solubility in silicone oil compared to minieral oil. The ratio of the oils can
be tweaked. This also affects the size of lipid aggregates in the LO solution.

330.1–2mM Lower LO concentration is preferred for better lipid adsorption, but complete water-oil sur-
face coverage of lipid is limited by droplet’s time-of-flight in LO solution.

34To further improve the air-seal of the glass vial, for water-bath sonication later.
35Lipids are temperature sensitive (TM melting temperature), and sonication generates heat. A dual

glass beaker setup, with ice filled in between them, acts as a heat sink.
36[Arbitrary] Chamber size can be customized, but it’s effect on other interdependent parameter (e.g.

time of flight) needs to be taken into account.
37[Arbitrary] Can be changed, but it’s effect on other interdependent parameter (e.g. IA solution density,

LO concentration, Bond number) needs to be taken into account.
38Small diameter (5–20µm) capillaries provide better control over GUV size but are prone to clogging

with proteins.
39Polyimide coating provides hydrophobic surface and removes the need for silanization and optical

glue.
40Capillary tip should be parallel to the ground and orthogonal to the LO solution interface.
41[Arbitrary] 10–50µLmin−1 Low flow rate is preferred. Higher flow rate can lead to jetting and high-back

https://www.harvardapparatus.com/media/harvard/pdf/EC1_Capillaries.pdf
https://www.sutter.com/MICROPIPETTE/p-2000.html
https://products.narishige-group.com/group1/MF2/pipette/english.html
https://www.bgb-info.com/product.php?productid=794268
https://www.harvardapparatus.com/standard-infuse-withdraw-phd-ultra-syringe-pumps.html
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Few minutes after the IA solution was completely injected, the spinning chamber
was slowly stopped42. The chamber was tilted (45–90°) slowly, along with slowly
removing the majority of the LO solution (to prevent overflow from the central hole,
after tilting). GUVs were allowed to settle down and concentrate at the bottom for
∼10min and retrieved (∼1.33 x IA solution volume) from the bottom of the chamber
with a cut-off 200µL pipette tip.
eDICE — GUVs were formed based on the protocol described in [288, 300]. The

protocol was similar to cDICE, but no use of capillary for droplet formation. Instead,
IA-LO droplet emulsion was created by dragging43. Only ∼5mL of LO solution was
added to the spinning chamber, and the rest 1mL LO solution was added to a 2mL
micro centrifuge tube. The ∼25µL IA solution was added to the LO solution tube.
Emulsions were made by dragging the tube over the tube rack (short or long side)
5–1044 times. The emulsion was immediately45 added into the spinning chamber
and setup was allowed to spin for 3min. The chamber was stopped slowly and GUVs
are recovered in a similar manner as in the cDICE protocol.

OLA
PROTEIN MIX A 80µL mix (IA) of 1mM Trolox, 0.5mgmL−1 κ-casein, 1 x OX, 0.5µM
YFP-LactC2-iLID, 0.56µM SspB-mOrg, 50mM KCl, 15% glycerol, 5mM dextran
(6000MW) and 50mM glucose (added at last) was made in MRB80 (5 x). A 100µL
solution (OA) of 15% glycerol, and 5% F68 surfactant was made in MRB80 (5 x).
LIPID-OCTANOL SOLUTION Lipid mix of 99.9 n% DOPC, and 0.1 n% Cy5-PE was
made in chloroform. LO solution (80µL, 5mgmL−1) was made of 4µL lipid mix and
76µL 1-octanol.
FORMATION GUVs were formed based on the protocol described in [301, 321]. The
microfluidic device was connected to the pressure pump with tubing. Pressure was
applied to the IA (∼100mbar), LO (∼100mbar), and OA (∼200mbar) solution chan-
nels. Once the device is filled with OA untill the exit hole, pressure was reduced to
100mbar. Air bubbles from the channel and junction were removed by temporarily
increasing the LO and IA pressure to 200mbar consecutively. Once all air bubbles
were removed, pressures in all channels were reduced to 50mbar. The LO channel
pressure was gradually increased (+0.1–1mbar) to optimize GUV formation at the
junction.
The chip moulds were made on silicone wafers with SU-8 photoresist (described

in [321]). The chip devices were made with PDMS. The PDMS microfluidic device
moulds were cut and assembled on PDMS coated coverslips (as described above in
Microfluidic droplet formation Sec. 2.6). The exit channel after the junction in the
microfluidic device was made hydrophilic by treating it with PVA solution (5%w/v,

pressure, depending on capillary diameter.
42Sudden stop can create turbulent flow, which can damage GUVs.
43This results in larger spread in droplet sizes, and eventually in GUV sizes, compared to capillary made

droplets in cDICE.
44[Arbitrary] more number of dragging leads to overall smaller droplets
45IA-LO W/O droplet emulsion is unstable and starts merging, as it does not contain any artificial sur-

factant (apart from lipids) e.g. Span 80
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5min). No region before or including the 6-way junction should be rendered hydro-
philic, as it would affect W/O/W emulsion formation.
Samples were observed on a Nikon-Ti2-Eclipse microscope with a pE-300ultra

illumination system, and a Prime BSI Express sCMOS camera.

DSSF
PROTEIN MIX A 200µL mix (IA) of 1.58µM SspB-mCh was made in MRB80. A
1000µL solution (OA) of glucose in deionised water (osmolarity adjusted, as de-
scribed above in cDICE protein mix Sec. 2.6).
LO SOLUTION LO solution of 99.975 n% DOPC, and 0.025 n% Cy5-PE was made (as
described above in cDICE LO solution Sec. 2.6).
FORMATION Droplets and GUVs were formed based on the protocol described in
[302, 304]. The 30µL OA and 170µL LO for GUVs and 170µL LO only for droplets
were layered into a micro centrifuge tube. The DSSF setup (cup, holder, and O-
ring) was assembled with a DSSF disc46. The assembly was mounted on the micro
centrifuge tube. 20µL IA solution was added on the DSSF disc. The tube was
centrifuged at 1600g for 3min and/or at 13000g for 7min. The droplets and GUVs
were retrieved from the bottom of the tube with a cut-off 200µL pipette tip.

DSGUV
PROTEIN MIX MRB80 buffer.
SO SOLUTION SUVs of lipid composition, 95.5 n%DOPC, 4 n%PEG-2k-PE, and 0.5 n%
AF488-PE, were generated by extrusion (as described in [322]). Lipids were mixed
and dried under N2 stream. Lipids were vacuum dried in desiccator for 1 h. Dried
lipids were resuspended in MRB80 buffer by sonication for 1 h. The aqueous lipid
solution was homogenized by extruding 11 times through 200nm and 50nm pore
size polycarbonate filters (610006, 610003 Avanti) consecutively using an extruder
(610000 Avanti). A lipid containing aqueous (LA) solution was made of 2mM SUVs
in MRB80.
Tri-block PFPE(7000gmol−1)-PEG(1500gmol−1)-PFPE(7000gmol−1) (cTS) surfact-

ant were synthesized (as described in [323]). cTS were dissolved in FC-40 / HFE-
7500 fluorinated oil (3M, USA). The 400µL surfactant-in-oil (SO) solution was made
of 2.5mM cTS and 10mM Krytox in HFE-7500 oil.
FORMATION dsGUVs were formed based on the protocol described in [279]. The
microfluidic device was connected to the pressure pump with tubing. Pressure was
applied to solution channels to generate the following flow rates, LA (∼120µL h−1),
and SO (∼160µL h−1). Stable droplet creation was achieved at 1 kHz rate. dsGUVs
were incubated on rollers for 30min (or overnight, for better yeild) in a cold room.
GUVs were released from dsGUVs, if needed. First, 100µL of dsGUVs were added

in 2mLmicro centrifuge tube containing 1mL of SO solution. Next, 100µL of MRB80
buffer was layered on top. The surfactant droplets were destabilized by addition of
100µL of 20%v/v PFO in HFE-7500 oil. Then the tube was carefully tilted and slowly

46The cup and holder were made in-house by milling PTFE material. And the DSSF disc was made as
described in Sec. 2.6, with an AZ® 12XT mask.

https://www.sigmaaldrich.com/NL/en/product/avanti/610006
https://www.sigmaaldrich.com/NL/en/product/avanti/610003
https://www.sigmaaldrich.com/NL/en/product/avanti/610000
https://www.microchemicals.com/AZ-12XT-20PL-10-Photoresist-1.00-l/1A012xt1010
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rotated until the emulsion was broken. GUVs were collected from the tube with a
cut-off 200µL pipette tip.
The chip moulds were made on silicone wafers with SU-8 photoresist (described

in [279]). The chip devices were made with PDMS. The PDMS microfluidic device
moulds were cut and assembled on PDMS coated coverslips (as described above
in Microfluidic droplet formation Sec. 2.6). The channels were made hydrophobic
by treating with Ombrello (5min). The device was heated on a hot plate to dry and
evaporate excess reagent.
Samples were observed on a Leica SP5 confocal microscope (Leica Microsystems,

Germany) with an argon and a white light laser, and a 63x oil objective (HCX PL APO
63x/1.40-0.60; Leica Microsystems GmbH, Germany).

PICO-INJECTION
INJECTION Pico injection was performed based on the protocol described in [279].
The PDMS devices were assembled (as described above in dsGUV section, see
Sec. 2.6). Electrodes were filled with Indalloy® 19 (51% indium, 32.5% bismuth,
16.5% tin, TM 60 °C). The PDMS device was heated on a hot plate (90 °C), the alloy
metal wire melts and fills in the electrode channels due to capillary forces. External
electrical cables (with stripped ends) were inserted in inlets of electrode channels.
The alloy solidifies once the device is taken off the hot plate. The electric cable joint
with PDMS device was secured with a UV curable glue.
The design of electrodes was based on Abate et al. [308]. Electric field (1 kHz,

250V) was applied using a signal generator (HM 8150, HAMEG Germany) and an
amplifier (623B-H-CE, TREK USA). The electric field destabilizes the lipid bilayer
and allows for injection of solution. 1–100pL of solution was injected depending on
the applied pressure.

SHAPE CONTROL
TRAPGUVs trapping was based on the protocol described in [309]. The chipmoulds
were made on silicone wafers with DRIE (described in [309]). The chip devices were
made with PDMS. The PDMS microfluidic device moulds were cut and assembled
on PDMS coated coverslips (as described above in Microfluidic droplet formation
Sec. 2.6). The PDMS device was made hydrophilic by treating it with PVA solution
(5%w/v, 5min) and excess PVA was removed from channels by vacuum (negative
pressure) at the outlet. The device was baked in an oven (80 °C, 20min) to com-
pletely dry the PVA gel.
GUVs were slightly deflated osmotically. The microfluidic device was connected

to the pressure pump with tubing (see Sec. 2.6). Pressure was applied to flow in
the GUVs in the channel containing traps. Half-drop / staggered repeats of traps
increases chances of entrapment of GUVs. Once trapped, the GUV slides into the
trap and changes shape.

https://www.ombrello.lt/en/products/ombrello-hydrophobic-glass-coating
https://www.indium.com/products/alloys/fusible-alloys/
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2.7 DATA AVAILABILITY
All data used in the dissertation are available as a collection via 4TU.ResearchData
at DOI: 10.4121/1647ae32-1a2d-4c18-8ad8-3e81ba87ac6a [324], which includes source
data for the images and plots for all the chapters.
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2.9 SUPPLEMENTARY INFORMATION
2.9.1 SUPPLEMENTARY FIGURES

Figure 2.S1: Microfluidic chip design. Detailed scaled design for water-in-oil emulsion
droplet formation (outer bounding box — height 4400µm, width 13000µm). Inlets and
outlet are labelled. Inlets have reducing circular filters for dust and protein aggregates. A
cluster of arrows pointing towards a T-junction for easy navigation under microscope. A group
of slanting lines helps with easy visual differentiation (with eye) of top and bottom surfaces
on a PDMS device cast of the microfluidic chip.

Bead swelling
d = 8.23±3.49μm

n 142

cDICE
d = 10.54±7.1μm

n 137

a b

Figure 2.S2: Vesicle size distribution. The histogram of the sizes of vesicles made with, (a)
bead swelling and (b) cDICE. The red line indicates the mean vesicle size. The number of
histogram bins given by

p
n.
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a b c d

Figure 2.S3: Variety of cDICE chambers. Different sizes of 3D printed cDICE chambers,
(a) original design [277] - �chamber 38mm, h 7mm, �aperture 17.5mm (based on [271]), (b)
design 1 - �chamber 90mm, h 5mm, �aperture 17.5mm (partly inspired from [300]), (c) design
2 - �chamber 90mm, h 2mm, �aperture 17.5mm (partly inspired from [300]), and (d) design 3
- �chamber 120mm, h 2mm, �aperture 47.5mm. Chambers were 3D printed using a Objet260
Connex3 (Stratasys) printer (at AMOLF).

Li
pi
ds

Ss
pB

a b

c d e f

Figure 2.S4: DSSF and variants. (a) Photo of DSSF assembly (cap, O-ring, Si disc, holder),
PCR tube, and swing rotor adaptor and swing rotor tube. (b) Vesicles made with 10µm DSSF
disc, IA — SspB-mCh (1.58µM), LO — DOPC and Cy5-PE (0.025n%), and OA. Vesicles seems
very small, with almost no lipid signal (scale bar — 20µm). (c) Image of silicon wafer disc
with � 15µm holes. (d) Photo of tube containing droplets (white, cloudy) formed with DSSF.
(e) CAD model (used for 3D printing) of our custom DSSF variant, that uses single capillary
for formation of droplets. (f) Injection model of DSCF [303], another DSSF variant, that uses
single capillary for formation of droplets.

https://proto3000.com/product/objet260-connex3/
https://proto3000.com/product/objet260-connex3/
https://amolf.nl/
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2.9.2 SUPPLEMENTARY MOVIES

Figure 2.S5: Droplet formation with a microfluidic chip. Water in oil droplet formation at
the T-junction (Fig. 2.3(a)) of a microfluidic chip. [  ]

Figure 2.S6: Vesicle formation with OLA. Vesicle formation at 6-way junction on an OLA
chip (Fig. 2.6(a)). [  ]

Figure 2.S7: Pico-injection of vesicles. Pico-injection of dsGUVs, (left) OFF scenario
(Fig. 2.9(b)), and (right) ON scenario (Fig. 2.9(c)). [  ]
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HIGH-SPEED IMAGING OF GUV

FORMATION IN CDICE
Seeing is believing.

Pandora’s box.

Giant unilamellar vesicles (GUVs) are widely used as in vitro model membranes
in biophysics and as cell-sized containers in synthetic biology. Despite their ubi-
quitous use, there is no one-size-fits-all method for their production. Numerous
methods have been developed to meet the demanding requirements of reprodu-
cibility, reliability, and high yield, while simultaneously achieving robust encapsula-
tion. Emulsion-based methods are often praised for their apparent simplicity and
good yields; hence, methods like continuous droplet interface crossing encapsula-
tion (cDICE) that make use of this principle, have gained popularity. However, the
underlying physical principles governing the formation of GUVs in cDICE and related
methods remain poorly understood. To this end, we have developed a high-speed
microscopy setup that allows us to visualize GUV formation in real-time. Our ex-
periments reveal a complex droplet formation process occurring at the capillary ori-
fice, generating >30µm-sized droplets and only in some cases GUV-sized (∼15 µm)
satellite droplets. According to existing theoretical models, the oil-water interface
should allow for crossing of all droplets but based on our observations and scaling
arguments on the fluid dynamics within the system, we find a size-selective crossing
of GUV-sized droplets only. The origin of these droplet remains partly unclear; we
hypothesize that some small GUVs might be formed from large droplets sitting at
the second interface. Finally, we demonstrate that proteins in the inner solution af-
fect GUV formation by increasing the viscosity and altering lipid adsorption kinetics.
These results will not only contribute to a better understanding of GUV formation

This chapter has been published as High-speed imaging of giant unilamellar vesicle formation in cDICE,
Lori Van de Cauter*, Yash K. Jawale*, Daniel Tam, Lucia Baldauf, Lennard van Buren, Gijsje H. Koen-
derink, Marileen Dogterom, and Kristina A. Ganzinger, ACS Omega 2024 9 (41), 42278-42288 DOI:
10.1021/acsomega.4c04825 [325] (* equal contribution)
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processes in cDICE, but ultimately also aid the development of more reliable and
efficient methods for GUV production.

3.1 INTRODUCTION
The quest to understand and manipulate the building blocks of life, including the
countless interacting molecules and biochemical reactions making up cellular life,
is a major aim of biophysics and synthetic biology [326]. One key tool in these fields
are giant unilamellar vesicles (GUVs) as cell-sized, lipid bilayer-enclosed reaction
compartments [263, 327]. Since their first description [328] in 1969, GUVs have
proven to be a powerful and versatile tool as they can be directly observed using
real-time microscopy and easily manipulated using biophysical tools, making them
ideal in vitro model membrane systems [263, 329, 330]. More recently, GUVs have
also been proposed as containers for a future synthetic cell [251, 265, 331, 332]
and as reaction containers for chemistry and more complex cargo carriers in drug
delivery [333, 334].
Despite the widespread research use of GUVs, there is still no one-size-fits-all

method for their production [265]. Over the years, numerous methods have been de-
veloped to meet the demanding requirements of reproducibility, reliability, and high
yield, while simultaneously achieving robust encapsulation. Historically, swelling-
based methods (natural swelling [328], electroformation [273, 335–337], and gel-
assisted swelling [295, 338–340]) have been used extensively for studying the bio-
physical properties of membranes. However, these easy-to-implement, high-yield
methods offer poor control over encapsulation efficiency and the stoichiometry of
encapsulated molecules. Thus, they only offer limited compatibility with estab-
lishing complex reconstituted systems. Emulsion-based techniques (water-in-oil
droplets crossing an oil-water interface using gravity, centrifugation, microfluidic
devices, or microfluidic jetting [301, 341–346]) on the other hand, offer more con-
trol over GUV content and enable experiments with complex encapsulated con-
tents. Despite the potential cost of residual membrane impurities [265, 347, 348],
emulsion-based methods have therefore gained popularity in recent years.
One method that particularly gained a lot of traction is called continuous droplet

interface crossing encapsulation (cDICE) [271, 277, 278, 285, 349–351]. In cDICE,
water-in-oil (w/o) droplets that are produced at a capillary orifice are continuously
forced through an oil-water interface by centrifugal force in a rotating chamber,
thereby forming a lipid bilayer and thus GUVs [271]. Recent optimization has made
themethod compatible with a wide range of biological systems, thereby offering con-
trol over encapsulated content, a high GUV yield, and straightforward implementa-
tion [277]. However, our understanding to which degree the encapsulated contents’
complexity in cDICE can be extended, with respect to both physical properties (e.g.
viscosity of encapsulated fluid) and physicochemical properties (e.g. which proteins
and protein systems), remains limited. While many successes have been celebrated
using cDICE, we still do not understand the underlying GUV formation process and
how this affects the inherent variability in content encapsulation and yield seen in
cDICE [265].
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To gain a deeper understanding of GUV formation in cDICE, we have developed a
high-speed microscopy setup that allows us to visualize the GUV formation process
inside the rotating chamber in real-time. We focused on the capillary orifice, where
initial droplet formation occurs, and on the oil-water interface, where droplets are
converted into GUVs. Our experiments reveal a complex droplet formation process
occurring at the capillary orifice, governing both the formation of larger droplets
and, likely, satellite droplets of the size of typical cDICE GUVs (12µm being the av-
erage diameter of GUVs formed with cDICE [277]) in some cases. The transfer of
these droplets through the oil-water interface appears to exhibit selectivity toward
GUV-sized droplets that may also be formed from large droplets at the second inter-
face. We support these experimental observations with scaling arguments. Finally,
we demonstrate that the addition of protein to the inner solution increases the vis-
cosity and alters the kinetics of lipid adsorption, thereby significantly influencing the
process of GUV formation.

3.2 RESULTS
3.2.1 DESIGN OF AN IMAGING SETUP TO VISUALIZE DROPLET AND

GUV FORMATION IN CDICE
In the cDICE method, the initial step of GUV formation is the generation of droplets
at a capillary orifice, which is inserted perpendicularly into the oil layer in the rotating
chamber. In its original implementation, cDICE uses a capillary diameter of 2–25µm
to allow for tight control over GUV sizes [271]. However, we and others found such
narrow capillaries to be very impractical when encapsulating protein solutions, as
these capillaries are prone to rapid clogging, leading to highly irreproducible results.
In our previous work, we showed that this issue can be circumvented by using wide
capillaries with a diameter of 100µm [277]. The flow regime is therefore signific-
antly different from the original protocol [271], and one would not necessarily expect
tight control over droplet sizes. Still, we found that these capillaries produced a sur-
prisingly narrow size distribution of GUV sizes, roughly ten times smaller than the
capillary orifice (∼10µm vs ∼100µm) [277].
To better understand how a large capillary orifice can still lead to such relatively

monodispersed GUV size distribution in cDICE, we developed a high-speed micro-
scopy setup to, for the first time, visualize the processes of droplet and GUV form-
ation in cDICE in real-time (Fig. 3.1). We designed the setup so that the camera is
suspended vertically above the cDICE apparatus, capturing the light of a light source
located directly beneath the rotating chamber (see method section for a full descrip-
tion of the setup; Fig. 3.1(a)). This way, we are able to capture the process along the
horizontal axis of the rotational chamber: from the capillary orifice, where initial
droplet formation occurs (Fig. 3.1(b) i), to the oil-water interface, where droplets are
converted into GUVs (Fig. 3.1(b) ii). Due to the high rotation speeds that are used in
cDICE (∼1900 rpm), all processes happen on a very fast timescale, on the order of
microseconds (10−6–10−5 s). To obtain a sufficiently high time resolution, we there-
fore used fast cameras in combination with brief exposure times up to 1µs, reaching
frame rates up to 30000 fps.
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Figure 3.1: Development of a high-speed imaging setup to visualize GUV formation in
cDICE. (a) The imaging setup consists of a high-speed camera suspended above the rotating
chamber and an intense light source located directly below the rotating chamber. For an
interactive 360° view of the setup, see method section. (b) In cDICE, (i) aqueous droplets
are generated at the capillary orifice; subsequently travel outward through the lipid-in-oil
dispersion; and finally (ii) traverse the oil-water interface, where droplets are converted into
GUVs.

3.2.2 DROPLET FORMATION AT THE CAPILLARY ORIFICE IS
GOVERNED BY SHEAR FORCES

When we focused our imaging setup on the capillary orifice at our default condi-
tions for GUV production (100µm diameter fused silica capillary, a rotation speed
of 1900 rpm, and a flow rate through the capillary of 25µLmin−1; see method sec-
tion for further details), it immediately became clear that droplet formation under
these conditions is a non-uniform, highly dynamic process with an irregular breakup
pattern of a liquid filament into individual droplets (Fig. 3.2(a), Fig. 3.S7). Instead
of the distinct droplet formation expected for low Reynolds numbers [271, 352], we
observed fluid exiting the capillary forming a liquid filament, which often adhered to
the capillary. Droplets breakup took place at the end of the liquid filament at a fast
rate, with droplet sizes clearly larger than the average cDICE GUV ((68.6 ± 2.8)µm,
approximately 2500 droplets per second).
Upon silanization of the capillary, we no longer observed the fluid adhering to the

capillary, resulting in a more regular droplet breakup mechanism (Fig. 3.S1). This
can likely be explained by an increased surface hydrophobicity upon silanization
when compared to the default polyimide capillary coating surrounding the capillary
and the uncoated cut tip cross-section with chipped coating edges, which results in
less wetting of the capillary surfaces.
We observed a significant variability in the droplet breakup dynamics at the end

of the liquid filament. Factors contributing to this variability include irregularities
in the capillary orifices resulting from suboptimal cutting or capillary deterioration
over sustained use, differences in capillary insertion angle, and the occasionally-
observed presence of an air pocket at the base of the capillary (Figs. 3.2(a) &3.2(c)).
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Figure 3.2: Droplet formation at the capillary orifice is governed by shear forces. (a) Mi-
croscopic image sequence capturing a droplet of PBS buffer with 18.5%v/v OptiPrep™ being
sheared off from the liquid stream at the capillary orifice at a rotation speed of 1900 rpm.
Scale bar indicates 100µm. (b) Illustration depicting the different forces acting at the capil-
lary orifice: the capillary number (∼ 0.5–10) indicates a shear-induced breakup mechanism,
while the Reynolds number (∼ 200–300) describes the wake formation behind the capillary.
The shear velocity (U ≈ 1m s−1) is larger than the flow velocity in the radial direction (Ur ≈
3 cms−1), further indicating droplet formation is shear-induced. (c) Microscopy images high-
lighting the high inter-experiment variability using same capillary in consecutive independent
experiments. For identical experimental conditions, noticeable differences can be seen, e.g.
in insertion angle, liquid filament, and droplet size. Bottom row: standard deviation stack pro-
jection of 100 frames (every 50th frame of 5000 frames). White highlights indicate variations
in movement, such as the occurrence of a droplet vortex in the wake of the capillary (left and
right image) and the movements of the liquid filament end (left and middle).

Note that in all these cases, the experimental condition was indistinguishable by
eye, and the differences only became apparent when visualizing droplet formation
with our dedicated imaging setup.
To better understand the observed droplet breakup mechanisms, we turn to scal-

ing arguments to rationalize our findings (Fig. 3.2(b)). Our video recordings (Fig. 3.S7)
suggest that droplet breakup at the tip of the capillary is not due to inertial jetting,
but instead is induced by viscous shear stresses. For droplets forming from a ca-
pillary of diameter D, inertial jetting is expected for flow rates larger than a critical
flow rate scaling with ∼ π(D3γ

�
2ρ )

1/2, where ρ ⪆ 1 gmL−1 denotes the density
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of the inner solution (e.g. 1.0183 gmL−1 for MRB80 buffer with 1.75%w/v sucrose)
and γ is the interfacial tension between the dispersed and the continuous phases
[352]. In our experiments, the flow rate through the capillary is 25µLmin−1, which is
significantly lower than the critical flow rate. This is consistent with our observation
that droplets are indeed sheared off the capillary. Here, we must therefore consider
the balance between surface tension and viscous forces characterized by the capil-
lary number . is given by = μU

�
γ . The flow velocity U at the point of insertion of

the capillary is U = ΩR, where R is the distance between the capillary orifice and
the center of rotation of the chamber and Ω is the rotation speed. With R ∼ 1 cm,
Ω ∼ 1000–2700 rpm, μ ∼ 4 × 10−3–5 × 10−3 kgm−1 s−1 and assuming an interfacial
tension between the inner solution and the oil phase of γ ∼ 10−3–10−2mN/m [277],
the capillary number ranges between 0.5 and 10. Monodispersed droplets form at
the tip of the capillary through a dripping mechanism for low values of the capil-
lary number [271]. Within the higher range of reached in our experiments, droplets
are therefore expected to deform and the break up mechanism to be unstable, in
agreement with our observations.
cDICE experiments require high rotational speed (Ω > 1000 rpm), producing

flow instabilities in the wake of the static capillary inserted into the rotation cham-
ber. Indeed, the Reynolds number, characteristic of the flow around the capillary,
D = ρUD
�
μ , yields values in the range of D ∼ 200–300, with ρ ∼ 0.934gmL−1 be-

ing the density of the lipid-in-oil dispersion. For D ≥ 47, periodic vortex shedding in
the wake of a cylinder is expected [353], and for D ≥ 150, further three-dimensional
instabilities are predicted [353], suggesting that the wake around the capillary will
also affect droplet breakup. Indeed, we observe oscillations in droplet breakup,
caused by the non-linear effects in the wake, and the inner solution adhering to the
outer capillary surface. Additionally, we observed that the droplets did not immedi-
ately travel outward as expected, but rather initially exhibited an inward movement
in the wake of the capillary and towards the center of the rotating chamber, before
travelling outward. The larger diameter of the capillary leads to a larger capillary
number and to a wake instability, which both contribute to a less stable droplet
breakup and larger variation in droplet size compared to previous work [271].

3.2.3 DROPLET SIZE IN CONTRAST TO GUV SIZE, IS DEPENDENT
ON THE ROTATION SPEED

To explore factors that influence droplet breakup in cDICE, we next altered the rota-
tion speed of the rotating chamber. As the rotation speed of the chamber increases,
the flow velocity at the capillary orifice also increases and the viscous forces be-
come stronger. This leads to the droplets being more likely to break up, resulting
in smaller droplets. In line with this expectation, an increase in rotation speed to
2700 rpm resulted in smaller droplets formed at a higher frequency ((28.5 ± 8.7)µm
and∼34500 droplets per second; Fig. 3.3, Fig. 3.S8). Decreasing the rotation speed
to 1000 rpm, the lowest speed at which oil and water layers maintain a vertical inter-
face and GUVs can be produced, had the opposite effect, i.e. larger droplets formed
at a lower frequency ((273 ± 41)µm and∼40 droplets per second; Fig. 3.3, Fig. 3.S9).
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We can estimate the droplet size from a force balance between the surface tension
force ∼ πDγ and the viscous force ∼ 6πμU, where D is the outer diameter of the
capillary and  is the radius of the droplet [352]. The droplet size above which break
up is expected, scales with the inverse of the capillary number /D ∼ (6)−1, and
we predict a droplet diameter of∼100µm at 1900 rpm increasing to∼200µmwhen
the rotation rate is decreased to 1000 rpm. These scaling are consistent with the
order of magnitude of our experimental measurements (Fig. 3.3). Droplet formation
is thus shear-induced in a broad range of rotation speeds, encompassing both lower
and higher speeds than the default of 1900 rpm. Our observation that droplet size
is dependent on chamber rotation speed contrasts with the size distributions for
GUVs obtained using these conditions: these distributions are all indistinguishable
from one another and centered around 12µm (Fig. 3.S2), thus 3–30-fold smaller in
diameter than the produced droplets. Hence, a large number of the droplets formed
at the capillary are not directly converted into GUVs.

Figure 3.3: Size distributions of
droplets for different rotation
speeds. Box plots of droplet dia-
meter � at rotation speeds Ω of
1000 rpm, 1900 rpm, and 2700 rpm
(n = 148, 152, and 157, respect-
ively, for N=1). Individual data
points indicate single droplets and
box plots indicate medians and
quartiles, while outliers are marked
with individual diamond shapes. A
rotation speed of 1000 rpm resulted
in two distinct droplet populations:
large droplets of mean diameter �
(273 ± 41)µm and satellite droplets
of mean diameter � (15.9 ± 7.3)µm.
A rotation speed of 1900 rpm res-
ulted in the narrowest distribution,
with a mean droplet diameter � of
(68.6 ± 2.8)µm. 2700 rpm resulted
in the smallest droplet sizes, with a
mean diameter � of (28.5 ± 8.7)µm.
Inset: representative field-of-views
for the different rotation speeds
indicating the formed droplets with
arrows. Scale bars indicate 100µm.

While a rotation speed Ω of 1900 rpm resulted in the narrowest droplet size dis-
tribution of all explored rotation speeds, interestingly, a rotation speed of 1000 rpm
resulted in two distinct populations (Fig. 3.3): one primary population of droplets
with a mean diameter � of (273 ± 41)µm and a secondary population consisting of
smaller droplets with a mean diameter � of (15.9 ± 7.3)µm. Occasionally, the form-
ation of large and small droplets was disrupted when e.g. a droplet merged with
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the liquid stream or collided with the capillary. Inspecting the videos more closely,
we found that the observed population of small droplets are satellite droplets, pro-
duced when a bigger droplet breaks off from the main liquid thread at the tip of
the capillary (Fig. 3.S9). Such satellite droplets have previously been observed in
many breakup configurations, from T-junctions to the breakup of droplets in pure
shear [354]. While we did not observe any satellite formation for rotation speeds
>1000 rpm, this may be due to our limited optical and temporal resolution: the
satellite droplets observed for 1000 rpm (diameter ∼15µm) were at the limits of
our image resolution, droplets of any smaller diameter were too small to be identi-
fied and measured with sufficient certainty (see methods Sec. 3.4 for further details).
It is therefore possible that satellite droplets of all sizes, within the size range of the
final GUVs (1–20µm), are also formed, but not detected by our imaging setup.
In addition to the small satellite droplets we observed at 1000 rpm, smaller droplets

could theoretically also be formed when larger droplets break up due to shear forces
generated in the flow by the rapid relative motion of the bottom wall of the rotational
chamber with respect to the capillary. Droplets formed at the tip of the capillary are
entrained by the flow in the rotation direction at a high velocity of U ≈ ΩR ≈
1m s−1 compared to the slow radial motion Ur = (ρ − ρo)2Ω2R

�
μ ≈ 3 cms−1,

determined by the balance between centrifugal and viscous forces. These droplets
therefore interact with the wake left behind the capillary for several rotations. In the
wake, the characteristic shear rate ϵ scales with ϵ ∼ ΩR� , where the characteristic
length scale  for shear around the capillary will range between the outer diameter
of the glass capillary ≈ 0.5mm and the distance between the capillary and the
bottom of the flow chamber ≈ 5mm. One can define another capillary number as
ϵ = μϵ
�
γ , where  is the radius of the droplet [355, 356]. This number character-

izes the relative magnitude of the viscous shear forces due to the shear rate ϵ and
the surface tension forces. ϵ = 1 corresponds to a condition where the smallest
droplets cannot be further broken up by the shear [355, 356] and yields  ∼ γ�μϵ .
Knowing h ∼ 0.5 cm, we find that the interfacial tension of the monolayer at the in-
ner solution/oil interface needs to be approximately γ ∼10−5–10−6 N/m to produce
droplets of  ∼ 5µm, equivalent to the final GUV size. This value for an interfacial
tension at an aqueous/oil interface is extremely low and not expected, even in pres-
ence of surfactants or lipids. For reference, the interfacial surface tension between
two miscible liquids is of the order 10−6 N/m [357]. Hence, we conclude that it is un-
likely GUV-sized droplets form by shear force-induced droplet breakup after droplet
formation at the capillary orifice.

3.2.4 PROTEIN IN THE INNER SOLUTION AFFECTS VISCOSITY AND
LIPID ADSORPTION

Next, we set out to study the effect of proteins on droplet formation at the capillary
orifice. It is well known that encapsulation of more complex solute mixtures, such
as proteins and their associated buffers, leads to a decreased yield and variable
encapsulation efficiencies [277, 358]. For cDICE specifically, it has been reported
that the yield decreased at high protein concentration [359], yet it is still unknown
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why this is the case. We also noticed both protein- and buffer-dependent effects on
yield and encapsulation efficiencies, with MRB80 buffer and tubulin both resulting in
worse outcomes than G-buffer and actin (Fig. 3.S3). To better understand what may
be causing this difference, we chose to investigate the effect of these proteins on
droplet formation, additionally motivated by the widespread efforts for cytoskeletal
reconstitution inside GUVs.

Upon addition of either protein, droplet breakup at the capillary orifice also oc-
curred at the tip of the liquid stream exiting the capillary. However, the oscillations
of the liquid stream in the wake of the capillary were significantly reduced (Fig. 3.4(a),
Figs. 3.S10-3.S13). Remarkably, in the case of tubulin, the liquid stream displayed a
tendency to adhere to the air-oil interface. To explain these observations, we charac-
terized the inner solution. We looked into both the physical properties, i.e. dynamic
viscosity as determined by bulk shear rheology, and physicochemical properties,
specifically lipid adsorption rate determined from pendant drop tensiometry.

Figure 3.4: Effect of protein on aqueous solution properties. (a) Representative field-of-
views of droplet formation at the capillary orifice for different buffer and protein solutions
(actin 4µM and tubulin 40µM). Horizontal dotted lines indicate the liquid filament length
just before the drop breaks off, while vertical dotted lines along the capillary indicate the
extent of external capillary surface wetted by the aqueous solution. Images are background
subtracted for better contrast. Scale bars indicate 100um. Middle: Dynamic viscosity meas-
ured using a parallel plate rheometer for different buffers (G-buffer with 6.5%v/v OptiPrep™,
MRB80with 1.75%w/v sucrose) and protein solutions (actin 1µMand tubulin 33.33µM), along
with water (MilliQ), lipid-in-oil dispersion (LOD) and 30%w/v sucrose solution in MRB80 for
reference. Error bars represent standard deviation. (b) Interfacial tension kinetics measured
using pendant-drop tensiometry for different combinations of aqueous and oil solutions; G-
buffer and actin 4µM (top), and MRB80 and tubulin 33.33µM (bottom). Solid lines represent
the average values and the shaded region corresponds to standard deviation. The vertical
dotted lines represent the event of falling of a drop and truncation of data.
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In presence of actin and tubulin, the dynamic viscosity increased with respect
to its accompanying buffer, G-buffer and MRB80 buffer respectively (Fig. 3.4(a)).
For actin (1µM in G-buffer, 6.5%v/v OptiPrep™), an almost threefold increase from
1.58 cP to 4.61 cP was observed (Fig. 3.4(a), yellow bar), while for tubulin (33.33µM
in MRB80 buffer, 1.75%v/v sucrose), the viscosity increased fourfold from 1.57 cP
to 6.49 cP (Fig. 3.4(a), red bar). All solutions still exhibited Newtonian fluid beha-
viour. Important to note is that the used concentrations of added proteins remained
within the micromolar range and are widely used in the field. Interestingly, the vis-
cosity of the inner solution containing protein was similar to the viscosity of the
continuous phase, i.e. the surrounding lipid-in-oil dispersion (Fig. 3.4(a), middle
‘LOD’ bar). The fragmentation of the liquid filament into droplets at the end of the
capillary is the consequence of complex instabilities beyond the scope of this study.
These mechanisms are significantly affected by the viscosity of the inner solution
and the increased viscosity due to the added protein will dampen the flow dynamics
in the liquid filament. This dissipation in the liquid stream can explain the decrease
in the fluctuations observed in the liquid filament exiting the capillary (Fig. 3.4(a),
Figs. 3.S10-3.S13). Moreover, previous studies on capillary breakup have reported
the viscosity to affect the fragmentation pattern and the size distribution of satel-
lite droplets significantly. In particular, the viscosity increase in a liquid filament
has been associated with fewer and larger satellite droplets [360, 361]. Therefore,
proteins included in the inner solution can have a significant impact in the size dis-
tribution of droplet formed at the capillary exit. Altogether, these results show a
nuanced interplay between the physical properties of the encapsulation solution,
varying with its composition even at low protein concentrations, and the fluid dy-
namic processes that govern droplet breakup.

To investigate how the addition of protein to the inner solution alters the physi-
cochemical properties of the interface, we used pendant drop tensiometry [362] to
study lipid monolayer formation in a controlled environment. We analyzed the lipid
adsorption kinetics and interfacial tension dynamics of the water-oil interface for
different encapsulation solutions, mimicking droplet formation at the capillary ori-
fice. It has been shown that proteins spontaneously adsorb at the oil-water interface
and their behaviour cannot unequivocally be attributed to a single protein property,
with thermodynamic stability, structural properties, and concentration all being con-
tributing factors [363, 364]. Particularly, actin has been shown to exhibit surface
activity in a charge-dependent manner, influenced by both lipid and buffer composi-
tion, with a more pronounced effect observed for the filamentous form compared to
actin monomers [365–367]. Tubulin (specially β-tubulin inserts amphipathic poly-
merizing interface into DOPE membrane) is also shown to interact with the lipid
membranes [368, 369].

Upon adding 4µM actin to the inner solution, a pronounced decline in interfa-
cial tension was observed (Fig. 3.4(b), purple curve), with some droplets detaching
before the end of the experiment (Fig. 3.4(b), dashed lines). This trend was consist-
ent for tubulin (Fig. 3.4(b), green curve). To examine the roles of actin and tubulin
as surface-active agents in the interfacial tension, we then compared the interfa-
cial tension dynamics against a lipid-free oil dispersion. Both actin and tubulin had
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only a marginal impact on interfacial tension when compared to the protein-free
condition (Fig. 3.4(b), black curve vs purple curve and grey curve vs green curve).
Interestingly, while actin and lipids individually at the interface exhibited slow kinet-
ics, their combined presence displayed an accelerated decrease (Fig. 3.4(b), yellow
curve), suggesting a synergistic effect beyond mere additivity. We found this effect
could not be countered via electrostatic or steric repulsion (i.e. presence of charged
or PEGylated lipids, respectively, Fig. 3.S4). These results imply that actin could, in
line with previous research [365], quickly cover the surface of the droplets travers-
ing the lipid-in-oil dispersion, potentially impeding lipid monolayer formation and/or
monolayer zipping. However, the full extent of this synergistic effect is yet to be un-
covered. Furthermore, these results underscore the importance of the compositions
of both inner solution and lipid-in-oil dispersion, as both affect mono- and bilayer
formation.

3.2.5 GUV FORMATION AT THE OIL-WATER INTERFACE SEEMS
SIZE SELECTIVE

Droplet formation in cDICE occurs on extremely short timescales; for the default
conditions (i.e. 1900 rpm, 25µLmin−1), we observed droplets of approximately ∼
70µm in diameter being sheared off at a frequency of ∼ 2500Hz. Theoretically,
given a total encapsulation volume of 100µL, > 500000 droplets are formed during
a single experiment. Interestingly, this number does not correspond to the final
number of GUVs produced using cDICE, as reported in other publications (∼ 1000
GUVs [277]). Furthermore, if those droplets larger than the finally observed GUVs
(i.e. non satellite droplets, ∼ 70µm for the default conditions) do not subsequently
shear to form smaller droplets as discussed above, these two observations together
indicate a sub-optimal GUV formation process downstream, whereby most droplets
do not convert into GUVs at the oil-water interface and potential additional hidden
mechanisms generating smaller droplets.
To look more closely at droplet-to-GUV conversion into GUVs in cDICE, we im-

aged the oil-water interface where the final step of GUV formation in cDICE occurs:
droplets transfer through the oil-water interface and two monolayers fuse together
to form a bilayer (Fig. 3.5(a)). As postulated by Abkarian et al. [271], the two mono-
layers can also form a pore, thereby causing the droplet to burst, resulting in no GUV
being formed. We note that when we collected GUVs in cDICE experiments, we ob-
served that the outer solution after GUV generation also contained components of
the inner solution, in agreement with the suggestion that a fraction of droplets burst
at the oil-water interface.
In our experiments, we unfortunately did not observe a clear transfer of droplets

through the interface nor bursting of droplets, possibly because resolving GUV-
sized droplets at the interface was not feasible with the limited imaging contrast
of standard bright field illumination. Instead, we made two other striking obser-
vations. First, we observed droplets several orders of magnitude larger than the
typical size of GUVs which were stationary on the oil-water interface (Fig. 3.5(b),
Figs. 3.S14&3.S15). These stationary droplets showed a decreased contrast on the
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Figure 3.5: Droplet transfer through the oil-
water interface is suboptimal. (a) The lipid-
in-oil dispersion in between the approach-
ing lipid monolayer-covered droplets and the
oil-water interface needs to be drained for
the two monolayers to zip together and suc-
cessful GUV formation to occur. (b) When
droplets are not fully covered by a lipid mono-
layer when reaching the oil-water interface,
successful transfer cannot occur and instead,
stationary, semi-transferred droplets are ob-
served (83.3%, n=289). Scale bar indicates
100µm. (c) When drainage of the oil layer
between the approaching droplet and oil-
water interface is insufficient, the formation
of comet tails can be observed (16.7%, n=58):
a droplet distorts the oil-water interface and
drags the lipid-in-oil dispersion into the outer
aqueous solution, hindering successful GUV
formation. The Scale bar indicates 100µm.
Droplets (n=347) interacting with oil-water in-
terface are counted every 5th frame for 50
frames.

side of the outer aqueous phase, suggesting partial transfer across the interface.
Since the transfer time of a droplet to the oil-water interface is inversely proportional
to the radius of the droplets squared [271], it is possible that the flight time of these
larger droplets is too short for lipids to fully adsorb on the interface. Consequently,
no zipping mechanism is possible, leading to these larger droplets crowding the
interface, as we observed in our video recordings.

A second observation was the formation of comet tails (Fig. 3.5(c)): every 1 in 6th
droplets (17%) coming at the oil-water interface, pass the interface dragging a tail
of the oil solution into the outer aqueous solution, likely because the oil did not
drain quickly enough and thus prevented monolayer fusion. Due to the difference in
contrast with the outer aqueous phase, we infer that oil is still present between the
part of the interface dragged into the outer phase and the droplet. The Bond number
= Δρr2
�
γ , where  is the acceleration and r the radius of droplet, represents the

ratio of centrifugal force to surface tension force. For these large droplets, is on
the order of 1, meaning they will deform the interface, as observed in our video
recordings, and drag the oil phase into the outer aqueous phase. This results in the
observed comet tail formation and no GUV formation from the droplets undergoing
this process.

As we find that the addition of protein to our inner solution significantly alters the
characteristics of the solution and affects droplet formation at the capillary orifice,
we asked how the increased viscosity and altered lipid adsorption kinetics might
impact the transfer of droplets through the oil-water interface. The accelerated lipid
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adsorption due to the addition of protein does not lead to a decreased flight time
of the droplets, but this mixed layer of lipids and proteins is not suitable for droplet
transfer or monolayer zipping. On the other hand, the increased viscosity of the
inner solution could influence the timescale of the drainage of the lubrication film,
i.e. the lipid-in-oil dispersion in between the droplet and the oil-water interface,
required for successful monolayer zipping. Furthermore, the increased viscosity
could reduce the flow caused by Marangoni stresses, which play a role in facilitating
the zipping process [271].
An approximate breakthrough condition for spherical objects of radius a to pass

through an interface of interfacial tension γ is (ρ − ρo)Ω2Ro2
�
γ ≥ 3/2, where Ro

is the distance between the axis of rotation and the location of the oil-outer solution
interface [370]. For small droplets of radius  ∼ 5µm to cross the interface, a low
surface tension on the order of γ ∼ 10−6 N/m is required. Such low surface tension
has been reported for lipid bilayers [371] and therefore if such small droplets are
present in the oil phase, they can cross the interface to form GUVs. It should be
emphasized that the breakthrough condition sets a criterion for the smallest droplet
that can cross the interface. Any droplet larger than 10µm in diameter would be
expected to cross the interface as well and form larger GUVs. The fact that we do not
observe GUVs of larger diameters than∼ 20µm [277], but do observe large droplets
at the oil-water interface, suggests that the upper size limit for GUV formation might
be controlled by membrane zipping and/or lipid coverage of the droplet/interface.
Insufficient lipid coverage could, for example, lead to droplet/GUV shrinkage during
GUV forming until the lipid density to form a bilayer is reached, thereby resulting in
smaller GUVs than originally produced droplets.
Comparing cDICE GUV size distributions to those obtained by eDICE, a recent

adaptation of cDICE where the droplets are generated by vortexing, pipetting, or
scraping, instead of a capillary, but transferred through a second interface in a rota-
tional chamber, identical to cDICE. Interestingly, we noticed that the final GUV size
distributions were similar for the two methods [288], despite vastly different droplet
size distributions were used as a starting point (Fig. 3.S5). Furthermore, we found
GUV sizes to be remarkably similar for different membrane compositions in eDICE
(Fig. 3.S6). Taken together, these cDICE and eDICE results indicate a yet unknown
mechanism for size-selectiveness of droplet and/or GUV formation at the oil-water
interface that promotes the production of similarly-sized GUVs for a wide distribu-
tion of droplet sizes. For example, it is possible that GUVs form at the oil-water
interface in cDICE and eDICE by pinching off from larger droplets sitting at the in-
terface. While we did not observe any event like this, we would expect this process
to happen on a length scale (and possible time scale) beyond the resolution of our
imaging setup.

3.3 CONCLUSION
In summary, by designing and building a custom imaging setup to visualize droplet
formation and droplet interface transfer in cDICE in real-time, we were able to, for
the first time, collect direct in situ imaging data to further understand the underly-



3 3

76 3 High-speed imaging of GUV formation in cDICE

ing mechanisms governing GUV formation in this technique. We found that droplet
formation at the capillary orifice produced droplets that are much larger than the
size of the final GUVs. For a capillary diameter of 100µm, the formation of droplets
in cDICE bears some similarities with the formation of droplets at T-junctions in
microfluidics, a well-studied phenomenon [372, 373]. In such microfluidic chan-
nels, the geometric confinement provided by the channels leads to flow restrictions
on the continuous phase at the origin of a squeezing pressure. This pressure pro-
motes droplet break up at much smaller values of as compared to our experiments.
However, there are similarities in the droplet formation regimes. For example, a
decrease in droplet volume for increasing values of has been widely reported [372,
373]. These studies have also reported a transition from a breakup droplet forma-
tion mechanism for low values of to a dripping mechanism at higher , whereby a
long liquid filament of the dispersed phase forms and droplets pinch off at the end
of the filament. This is in contrast to the use of smaller capillary openings in the ori-
ginal cDICE implementation, in the range of 2–25µm [271], where the smaller inner
diameter of the capillary leads to smaller droplet sizes by a combination of smaller
total interfacial force resisting the breakup of the droplet and a smaller Reynolds
number. Only as a side process, smaller satellite droplets are being formed. Fur-
thermore, we showed that the addition of protein to the inner solution increases
its viscosity and changes interfacial tension dynamics, impacting droplet formation
and likely also droplet interface transfer. Imaging of the oil-water interface revealed
that droplet transfer is frequently stalled, large droplets remain stuck at the inter-
face, and transfer exhibits a size-selectivity. This size-selectivity of droplet transfer
to GUVs was further confirmed using eDICE, a variant of cDICE where no capillary is
used, which yielded similar size distribution despite vastly different droplets as input.
We think therefore that, in addition to small (satellite) droplets being able to cross
the interface to form GUVs, GUVs could also be produced by pinching off from the
larger droplets we observed sitting at the rotating oil-water interface. While we did
not directly observe this route of GUV formation directly, we also would not expect
that we would be able to resolve GUVs leaving from the interface with our imaging
setup. Further studies are needed to further elucidate the effect of lipid composi-
tion, including cholesterol or charged lipids, and different proteins or protein mixes.
We believe the presented results can be of interest not only for cDICE but to other
emulsion-based GUV formation methods as well, as they suggest that GUVs do not
just form as a simple conversion from droplets to GUVs at a second interface. Our
study furthermore emphasizes the need for inter-disciplinary collaboration to fully
grasp the intricacies of the processes involved in emulsion-based GUV production
methods to develop even more reliable and efficient methods for GUV production.
We hope this research will serve as a stepping stone for future research, enhancing
emulsion-based GUV formation.
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3.4 MATERIAL AND METHODS
DESIGN AND FABRICATION OF THE SPINNING DEVICE
The cDICE device was identical to Van de Cauter et al. [277]. An additional opening
underneath the spinning chamber was created by removing part of the motor hous-
ing. This way, the light source could be placed directly below the spinning chamber
to achieve transillumination. The design for the adjusted cDICE device is available
on GitHub (GanzingerLab/cDICE_microscope).

FABRICATION OF SPINNING CHAMBERS
Transparent, cylindrical chambers, 35mm in diameter and 10mm in height, were
made from two lids of Petri dishes (Falcon® REF 351008). To create a waterproof,
closed chamber, the sides of the two lids were first sanded using sandpaper to
create a rough surface after which they were glued together using a thin layer of
optical glue (Norland Optical Adhesive 81). After curing of the glue using UV light,
the side of the chamber was wrapped with a strip of Parafilm®. The chambers
include a circular opening of 15mm in diameter in the top to allow facile access to
the solutions with the capillary.

GENERAL CDICE EXPERIMENTAL WORKFLOW
While it is possible, and needed, to tweak various operational parameters to encap-
sulate a particular (non-)biological system in cDICE, we chose to use the parameters
established in a recent optimization study by Van de Cauter et al. [277] as default
conditions for cDICE. Specifically, we used a 100µm diameter capillary, a rotation
speed of 1900 rpm, and a flow rate through the capillary of 25µLmin−1. For the
lipid-in-oil dispersion, 18:1 1,2-dioleoyl-sn-glycero-3-phophocholine (DOPC) lipids
were dispersed using chloroform in a 4:1 ratio silicon oil:mineral oil (silicon oil –
viscosity 5 cst (25 °C), Sigma-Aldrich; mineral oil – BioReagent, Sigma-Aldrich). A
fused silica capillary tubing with polyimide coating (TSP-100375, Molex LLC) was
used to inject inner aqueous solutions. The general cDICE experimental workflow
and preparation of lipid-in-oil dispersion was based on Van de Cauter et al. [277].
The following parameters differed: the volume of the outer solution was increased to
1.07mL to account for the difference in dimensions between the 3D printed spinning
chambers, as used in Van de Cauter et al. [277], and the Petri dish spinning cham-
bers that were used for imaging experiments, as mentioned above. Room humidity
was not controlled during imaging experiments and the chambers were spun for the
entirety of the imaging experiments instead of a predetermined time. G-buffer (5
mM tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl) pH 7.8 and 0.1mM
calcium chloride (CaCl2), 0.02mM adenosine triphosphate (ATP) and 4mM dithio-
threitol (DTT)) with 18.5%v/v OptiPrep™ was encapsulated in every experiment (to
achieve a density difference between the inner and outer aqueous solution), unless
specified otherwise. For experiments with silanized capillaries, the tip of the ca-
pillary was submerged for one minute in dichlorodimethylsilance (DMDCS) (40140,
Sigma Aldrich), before removing excess with nitrogen gas.

https://github.com/GanzingerLab/cDICE_microscope
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HOME-BUILT IMAGING SETUP
The light of a single LED (Luxeon V2, 315lm@700mA; used without lens) or a Lu-
mencor light engine (SOLA 6-LCR-SB) was collected by a 200mm focal length
achromatic lens (Thorlabs AC254-200-A-ML; lens mount: Thorlabs CXY1). The
setup was equipped with a 4X or 10X objective (Nikon Plan Fluor 4x/0.13 PhL DL
and Nikon Plan Fluor 10x/0.30 ∞/0.17 WD 16, respectively) that was mounted on a
Z-stage (Thorlabs CT1; adapter: Thorlabs SM1A10). X/Ymotion control was provided
by two translational stages with a step size of 25mm (Thorlabs PT1). Images were re-
corded using a high-speed camera (Kron Technologies Chronos 2.1-HD and Photron
FASTCAM SA4) which was mounted on the setup using a custom-designed 3D prin-
ted construction. The full setup was mounted on a Thorlabs cage system that was
mounted on a breadboard (Thorlabs MB1030/M) to easily move the full setup over
the cDICE device. The full component list and design plans, including an interactive
3D model of the setup, can be found on GitHub (GanzingerLab/cDICE_microscope).

DROPLET SIZE ANALYSIS
Droplet size analysis was performed manually using the Fiji software [319]. The im-
age pixel size was derived from three independent measurements of the capillary
opening, accounting for capillary size uncertainty. Triplicate measurements were
performed for a subset of each dataset to quantify the measurement error. For
each droplet, we then measured both area and diameter, yielding two independ-
ent measurements of the droplet diameter with associated error calculated through
error propagation. The large pixel size ((2.431 ± 0.105)µm) in comparison to the
droplet size characterized, in combination with a measurement error of 2µm, cal-
culated from measuring a subset of data in triplicate, posed a limit on our analysis
of smaller droplets. Additionally, the high speed of the process, resulting in motion
blur and droplets quickly moving out of focus, as well as the limited contrast, caused
by the small difference in refractive index between the droplets and the surround-
ing medium (1.333 for water vs 1.403 for silicone oil), makes it difficult to distinguish
the droplets from the background in the video recordings. Data visualization was
achieved through Python-generated plots. The frequency was estimated using the
mean droplet size and the flow rate of the inner solution. Note that for the analysis
of droplet size and frequency, we used video recordings in which the fluid tail did
not adhere to the capillary surface (one experiment per condition).

VISCOSITY MEASUREMENTS
The dynamic viscosities of the solutions were measured on a Kinexus Malvern Pro
rheometer. A stainless steel plate-plate geometry with 40 and 20mm radius were
used for buffer solutions and protein-containing solutions respectively. Viscosity was
measured every 5 s as a function of shear rate with a 2min logarithmic viscometry
ramp from 0.5–100 s−1. As expected for simple viscous liquid, viscosities for higher
shear rate were constant. The values at 100 s−1 were used to calculate the reported
viscosity of each solution. MRB80 buffers consists of 80mM piperazine-N,N'-bis(2-
ethanesulfonic acid) (PIPES) pH 6.8, 4mM magnesium chloride (MgCl2), and 1mM

https://github.com/GanzingerLab/cDICE_microscope
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ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA).

TENSIOMETRY MEASUREMENTS
The pendant drop measurements were performed using a DSA 30S drop shape
analyser (Kruss, Germany) and analysed with the Kruss Advanced software. Experi-
mental conditions for G-buffer and actin-containing solutions were as described in
Van de Cauter et al. [277], while changes for MRB80 buffer and tubulin-containing
solutions are described below. Initially a 2µL droplet of aqueous solution is drawn in
a lipid-in-oil dispersion containing glass cuvette (Hellma Analytics) and then volume
of the droplet is adjusted to 8µL using an automated dosing system from a hanging
glass syringe with needle diameter of 0.313mm (Hamilton). As soon as the droplet
reached its final volume, the droplet was analysed (for 300 s at 25 fps for solutions
containing tubulin and lipids and at 5 fps for rest of the solutions) by automatic con-
tour detection and fitted with the Young-Laplace equation to yield the interfacial
tension. The densities of lipid oil solution (0.8685mgmL−1), G-buffer with 18.5%v/v
OptiPrep™ (1.0574mgmL−1), and MRB80 with 1.75%w/v Sucrose (1.0066mgmL−1)
were used in the interfacial tension calculations. These densities were measured by
weighing 1mL of solution. For G-buffer with OptiPrep™, the density was estimated
using the volume-weighted-mean. The surface tension values were smoothened
with a rolling-mean of 1 s. Room humidity was not controlled. In several experi-
ments, interfacial tension decreased very rapidly (abnormally), causing the droplets
to detach as soon as they are formed. These measurements were discarded from
analysis.

3.5 DATA AVAILABILITY
All data used in the article are available via 4TU.ResearchData at DOI: 10.4121/f86cd528-
8bcc-4e76-b530-4e272516e4ec [374], which includes source data for the images
and plots.
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3.7 SUPPLEMENTARY INFORMATION
eDICE GUVs were prepared as described in Baldauf et al. [288]. Emulsion droplets
were produced in an identical fashion to those produced in the intermediate GUV
preparation step in eDICE, where we emulsified a disperse phase into 1 mL of oil

https://data.4tu.nl/
https://doi.org/10.4121/f86cd528-8bcc-4e76-b530-4e272516e4ec
https://doi.org/10.4121/f86cd528-8bcc-4e76-b530-4e272516e4ec
https://orcid.org/0000-0002-3470-0078
https://nl.linkedin.com/in/safyre-reese-b12a74190
https://nl.linkedin.com/in/irene-ist%C3%BAriz-petitjean-942bb2243
https://orcid.org/0000-0002-7761-2027
mailto:I.Cerjak@amolf.nl
B.Krijger@amolf.nl


3 3

80 3 High-speed imaging of GUV formation in cDICE

phase by mechanical agitation. To allow us to image the aqueous droplets in oil, we
additionally dissolved 2%v/v Span80 (Sigma Aldrich) in the oil phase to stabilize
the interface [239]. This addition of surfactant was necessary to prevent the droplets
from coalescing before or during the∼30 min necessary for imaging, but it changes
the interfacial properties and may thus have an impact on the droplet size distribu-
tion. The addition of extra surfactant has been shown to decrease the average size
of emulsion droplets generated in turbulent flow [375], so our measurements likely
underestimate the true size of droplets generated during the eDICE GUV formation
process. Epifluorescence images of water-in-oil droplets and GUVs were acquired
on an inverted Nikon Ti Eclipse microscope equipped with a 60x water immersion
objective (CFI Plan Apochromat VC), a digital CMOS camera (Orca Flash 4.0), and an
LED light source (Lumencor Spectra Pad X). Phase contrast images were acquired
on the same Nikon Ti microscope.

Composition [n%] Diameter [μ ± σ] (µm) N Imaged by

100 DOPC 10.08 ± 4.49 187 Phase contrast
100 EggPC 9.844± 4.89 108 Phase contrast
80:20 DOPC:cholesterol 10.88 ± 4.20 38 Phase contrast
95:5 DOPC:DGS-NTA(Ni) 9.522 ± 3.32 47 Widefield
95:5 DOPC:bioPE 11.68 ± 5.43 60 Widefield

Table 3.S1: Lipid composition details for eDICE GUVs and size statistic.
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3.7.1 SUPPLEMENTARY FIGURES

Figure 3.S1: Silanization of the capillary prevented attachment of the liquid thread to
the capillary. Representative field-of-views, differences can be seen in insertion angle, -
insertion depth, and capillary orifice (i.e. cut finish and coating chipping off). In all three
cases, the capillary was silanized, and the liquid stream did not adhere to the capillary. The
capillary was silanized using dichlorodimethylsilane (40140, Sigma Aldrich) by submerging
the tip of the capillary for one minute, before removing excess with nitrogen gas. The capillary
opening is 100µm.
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Figure 3.S2: Size distributions of GUVs for different rotation speeds. Size distribution
of GUVs made at rotation speeds Ω of 1000 rpm, 1900 rpm, and 2700 rpm. The individual
graphs represent pooled data for three experiments. The distributions are fitted to a log-
normal function. Reprinted (adapted) with permission from Van de Cauter et al. [277].
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G-buffer (with Sucrose)
Sspb-mCh

MRB80 (with Sucrose)
Sspb-mCh

MRB80 (with Sucrose)
Tubulin

G-buffer (with OptiPrep)
G-actin

Figure 3.S3: Variation in yield and encapsulations of GUVs for different inner aqueous
solutions. Representative field-of-views of GUVs made using cDICE, differences can be
seen in yield and quality (encapsulation efficiency, membrane cleanliness) for different in-
ner aqueous solutions (columns left to right) – SspB-mCherry in MRB80 buffer (with sucrose),
tubulin in MRB80 buffer (with sucrose), SspB-mCherry in MRB80 buffer (with sucrose) and
G-actin in G-buffer (with OptiPrep). GUVs (lipids – Cy5) are marked as red, and encapsulated
proteins (SspB – mCherry, Tubulin – Rhodamine, Actin – Alexa Fluro 488) as green. SspB
(stringent starvation protein B) is an adaptor protein which delivers ssrA-tagged proteins to
ClpXP for degradation in Escherichia coli, here used as an alternative to cytoskeletal proteins
(actin, tubulin). Scale – 10μm. The G-actin in G-buffer panel reprinted (adapted) with permis-
sion from Van de Cauter et al. [277].
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Figure 3.S4: Interfacial tension evolution with and without actin using different lipid
compositions. Each curve represents the average over N measurements with the shaded
region being the standard deviation. Only DOPC against inner aqueous solution (G-buffer
with 18.5%v/v OptiPrep™) without (red line, N=21) and with (orange line, N=19) 4.4µM actin,
DOPC with 20%DOPS against inner aqueous solution without (dark green line, N=2) and with
(light green line, N=3) 4.4µM actin, and finally DOPC with 5 % PEG 2000 DOPE measured
against inner aqueous solution without (dark blue line, N=3) and with 4.4µM actin (light blue
line, N=3). Total lipid concentration is 0.2mgmL−1.

Figure 3.S5: Size distribution of droplets and GUVs in eDICE. (a) Histogram of the dia-
meters of droplets generated in the first step of eDICE (N = 213 droplets from 2 separate
experiments). Droplets contained 4.4µM actin in F-buffer with 6.5%v/v OptiPrep™ and were
stabilized by surfactants in addition to lipids. (b) Histogram of GUV sizes generated by eDICE
(N = 494 GUVs from 4 separate experiments).
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Figure 3.S6: Size distribution for GUVs produced using eDICE with various membrane
composition. GUVs with different membrane composition produced by eDICE (see Tab. 3.S1;
GUVs were prepared as described in Baldauf et al. [288]). The membranes for widefield
imaging also contained 0.05%Cy5-labeled lipids. GUVs with 5% Biotin-PE in themembrane
also encapsulated 0.88µM Atto 488-conjugated streptavidin (Sigma Aldrich), all others are
without encapsulated proteins. Sizes were measured manually in Fiji, fitting circles to max
projections of a Z-stack. Box plots comparing the GUV sizes are displayed on the graph,
the distributions are not statistically different (p=0.070 by one-way ANOVA). Epifluorescence
images of GUVs were acquired on an inverted Nikon Ti Eclipse microscope equipped with
a 60x water immersion objective (CFI Plan Apochromat VC), a digital CMOS camera (Orca
Flash 4.0), and an LED light source (Lumencor Spectra Pad X). Phase contrast images were
acquired on the same Nikon Ti microscope.
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3.7.2 SUPPLEMENTARY MOVIES

Figure 3.S7: Droplet formation at the capillary orifice at a rotation speed of 1900 rpm.
Video recordings of droplet formation at the 100µm diameter fused silica capillary orifice at
a rotation speed of 1900 rpm. The playback speed is 5 fps for a total of 50 frames. [ 
partial, low-res]

Figure 3.S8: Droplet formation at the capillary orifice at a rotation speed of 2700 rpm.
Video recordings of droplet formation at the 100µm diameter fused silica capillary orifice at
a rotation speed of 2700 rpm. The playback speed is 5 fps for a total of 50 frames. [ 
partial, low-res]

Figure 3.S9: Droplet formation at the capillary orifice at a rotation speed of 1000 rpm.
Video recordings of droplet formation at the 100µm diameter fused silica capillary orifice at
a rotation speed of 1000 rpm. The playback speed is 5 fps for a total of 50 frames. The video
has 3.5x zoom inset from region under the capillary for better visualization of the satellite
droplets. An instance of satellite droplet can be seen from on-screen frame number 2080
for a few frames. [  partial, low-res]
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Figure 3.S10: Droplet formation at the
capillary orifice for G-buffer. Video
recordings of droplet formation at the
100µm diameter fused silica capillary ori-
fice with G-buffer as inner solution. The
playback speed is 4 fps. [  reduced,
low-res]

Figure 3.S11: Droplet formation at the
capillary orifice for actin in G-buffer.
Video recordings of droplet formation at
the 100µm diameter fused silica capillary
orifice with actin in G-buffer as inner solu-
tion. The playback speed is 4 fps. [ 
reduced, low-res]

Figure 3.S12: Droplet formation at the
capillary orifice for MRB80 buffer.
Video recordings of droplet formation at
the 100µm diameter fused silica capillary
orifice with MRB80 buffer as inner solu-
tion. The playback speed is 4 fps. [ 
reduced, low-res]

Figure 3.S13: Droplet formation at the
capillary orifice for tubulin in MRB80
buffer. Video recordings of droplet form-
ation at the 100µm diameter fused silica
capillary orifice with tubulin in MRB80
buffer as inner solution. The playback
speed is 4 fps. [  reduced, low-res]
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Figure 3.S14: Oil-water interface. Video recording of the oil-water interface. The playback
speed is 4 fps for a total of 50 frames. [  partial, low-res]

Figure 3.S15:Droplet at oil-water interface. Video recording of a droplet arriving and getting
stuck at the oil-water interface. The frames from 30000 fps (1µs exposure) recording are
manually selected to correspond to a path of a single tracked droplet. [  ]
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Midas Touch.
Occam’s Razor.

Black Swan.

Tubulin is one of the most dynamic and abundant proteins in a eukaryotic cell.
For it to function outside the cellular context, in vitro, tubulin has very specific re-
quirements for its biochemical environment. This makes it a challenging protein
to work with and has limited complex in vitro reconstitutions involving tubulin, es-
pecially for synthetic cell research. Attempts at tubulin encapsulation in vesicles
have had limited success. Here, we have systematically explored tubulin encapsula-
tion with different encapsulation methods, encompassing different bilayer formation
approaches. We find similar limited success across methods, with one common ob-
servation: the presence of tubulin interferes with the lipid membrane formation and
stability. Finally, with a novel membrane interaction assay, we show that tubulin
destroys the simple lipid bilayer. The exact underlying mechanism remains to be
discovered.

This chapter includes the tubulin reconstitution with different encapsulation methods performed with,
Martin Schröeter and Jacqueline De Lora (Joachim P. Spatz lab, MPI-MR, Germany) for dsGUV and
pico-injection, Chang Chen (Siddharth Deshpande lab, WUR, Netherlands) for OLA, Arash Yahyazadeh
Shourabi (Marie-Eve Aubin-Tam lab, TUD, Netherlands) for FsLB, and Nicola De Franceschi (IMol,
Poland) for some of the cDICE experiments.
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4.1 INTRODUCTION
The mitotic apparatus of the cells has always fascinated biologists. Microtubules
(MTs) were first observed in 60s in the mitotic spindle [376–378] and soon ‘tu-
bulin’1 was later identified and isolated [380, 381]. It was only 15–20 years later
that Mitchison & Kirschner [40] demonstrated the dynamic instability in vitro and
Kirschner [382] demonstrated how it affects cell morphology. These works revived
and created new interest in the field of tubulin cytoskeleton [383], which is still go-
ing on strong. Yet, we are still only ‘scratching the surface of the tubulin’. The delay
in the initial discoveries related to tubulin can be attributed to the fact that tubulin
is a challenging protein to work with in vitro.
Tubulin needs very specific in vitro working conditions. Tubulin is temperature

sensitive [384], MTs depolymerize in the cold (T∗ = 22 °C [385]). Thermal cyc-
ling ages tubulin and affects its ability to polymerize [386]. Tubulin polymerization
is concentration dependant and requires minimal critical concentration (CC) [387].
Calcium ions (Ca2+), even in small quantities (∼6uM), inhibit tubulin polymeriza-
tion, and chelation with EGTA is essential [388]. Magnesium ions (Mg2+) and GTP,
are both essential as the Mg-GTP complex in required for tubulin polymerization
[389]. Presence of other ions like Zinc (Zn2+), or common buffer additives like gly-
cerol adversely affects the tubulin polymerization and leads to non-functional tu-
bulin polymorphism like sheets and rings [390–392]. Unlike most proteins, tubulin
requires sulfonate buffers for in vitro polymerization, with PIPES inducing more vig-
orous polymerization compared to MES [393]. Furthermore, changes in pH and
ionic strength of buffer also affect polymerization [394]. Although these conditions,
barely resembles the cytoplasm.
The discovery of the structure of the tubulin dimer (1TUB [77], Fig. 4.1(a)), aided in

comprehending some of the complex nature of tubulin. At neutral pH, tubulin is neg-
atively charged. Basic surface electrostatic characterization reveals regions of pos-
itive and negative charges (Fig. 4.1(b)). The α/β-tubulin complex has the strongest
attractive electrostatic attractions [395]. The tubulin heterodimer is thus very stable,
has a very slow dissociation constant (Kd 10−11M) and very long half-life (∼9.6 h)
[396]. These charges play an important role in how tubulin monomers interact with
each other and in MTs MAPs [395, 397]. Hydrophobicity screening the tubulin dimer
surface reveals hydrophilic and hydrophobic patches (Fig. 4.1(c)) [398]. The tubulin
dimer has two significant non-polar hydrophobic sites, one at the α/β-tubulin contact
region and the other possibly at the polymerizing interface [399]. The C-terminal
tails of both α-tubulin and β-tubulin (unstructured parts missing in the structure)
also contribute significantly towards the overall negative charge of the tubulin and
are also hydrophobic [397]. MAPs are known to interact with the MT lattice with the
help of the C-terminal tails. Electrostatics play an integral role in these interactions,
but hydrophobic interactions are important too [400].
Encapsulating tubulin in a 3D container, be it a droplet or a vesicle, for a syn-

thetic cell reconstitution involves lipids. And lipids are amphipathic molecules with
polar hydrophilic head group and non-polar hydrophobic tail (choline like DOPC,

1It could well have been, ‘spactin’, ‘flactin’, and ‘tektin’ [379], but the choice of ’tubulin’ seems particu-
larly apt.
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Figure 4.1: Tubulin and lipid 3D structure. (a) Tubulin alpha-beta dimer (PDB 1TUB), α-
tubulin and β-tubulin, secondary structure in cartoon representation and a molecular surface
shell. (b) (c) Molecular surface of tubulin with, (b) Coulombic electrostatic potential (ESP)
(calculated with ABPS [401]) and (c) molecular hydrophobicity potential (MHP) (calculated
using Kyte-Doolittle scale [402]). (d) 18:1(n-9)-18:1(n-9) PC (DOPC) lipid molecule (Stockholm
lipids [403]) in ball-stick representation, with polar hydrophilic (choline (+ve), phosphate (-
ve), glycerol) head group and non-polar hydrophobic (hydrocarbon) tail. Images rendered
with ChimeraX [404]. [  ]

Fig. 4.1(d)). The polar hydrophilic head group can also have a charge, depending
on the type of the lipid molecule (e.g. negative — serine like DOPS). With the hy-
drophobic and hydrophilic patches of tubulin, tubulin shows signs of being an am-
phipathic protein, and expect it to also interact lipids directly. Tubulin, especially
α-tubulin’s polymerization interface, is shown to interact with lipids, with a higher
preference for DOPE compared to DOPC [369]. This indicates tubulin’s interaction
at the lipid membrane.
Simple tubulin encapsulation in vesicles is possible. Encapsulated tubulin can

polymerize into MT, and can deform the vesicle or poke the vesicle to form φ shape
or buckle in under tension [258–260, 405, 406]. Change in hydrostatic pressure
can also affect the dynamics of the MT inside the vesicle [407]. In our attempts at
encapsulating proteins with cDICE method, we see that proteins affect the vesicle
formation and yield of GUVs is significantly reduced (see Ch. 3). Here, we explore
further how tubulin is affecting vesicle formation. And try to encapsulate tubulin
with different techniques, that use different approaches at membrane formation to
dissect the tubulin-lipid interactions.

4.2 RESULTS
4.2.1 TUBULIN AND AQUEOUS SOLUTION AFFECT EACH OTHER.
Proteins with their associated buffers are known to affect the yield and encapsulation
efficiency of GUVs [286, 358, 359], especially with higher protein concentrations in

https://www.cgl.ucsf.edu/chimerax/
http://www.fos.su.se/~sasha/SLipids/Downloads_files/DOPC.pdb
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case of cDICE. Vesicle formation is a complicated process, and exactly how protein
affects this process is not fully understood. In order to gain insight into this, we, in
Ch. 3, have shown that the presence of proteins changes the physical properties of
aqueous solution like viscosity and surface tension. Proteins affect the adsorption
kinetics of lipid at the water-oil interface, interfering with the monolayer formation.
Here, we continued exploring the effect of proteins on other physical property of
aqueous solutions.
The contact angle, i.e. the hydrophobicity, is in a way related to the surface ten-

sion given by Young’s equation [408]. So extending our previous work on surface
tension (Sec. 3.2.4), we chose to quantify the static drop contact angle in a simple
experiment on a silicon wafer (Fig. 4.S1(a)). We did not observe any drastic change in
contact angle, as in the case of viscosity. Water was the most hydrophilic, compared
to proteins (tubulin 5–30µM, actin 2µM) and their buffers (Fig. 4.S1(b)). MRB80 was
more hydrophobic than G-buffer. And addition or increasing protein concentration
makes solution slightly more hydrophobic. The contact angle did not change much,
but the interpretation of angle varies a lot depending on the different definitions of
hydrophobicity [409]. The angle θ of (60.5500 ± 3.4895)° for tubulin (30µM) is on
the cut-off (θ >65°) for hydrophobicity proposed by Vogler [410] based on changes
in hydrogen bonds and long-range interactions. In chapter Ch. 3, we see the protein
solution sticking to hydrophobic walls of the capillary in cDICE. And during DSSF,
the protein solution initial travels through air before coming in contact with the oil.
This introduces third phase, capillary surface or air, in addition to aqueous protein
mix and lipid-oil dispersion, creating a contact angle between the three phases. Hy-
drophobicity is in relation to water (over a surface in air), but most vesicle formation
protocols use oil (non-wettable long hydrocarbon chains) as medium for lipid disper-
sion, so quantifying oleophobicity (contact angle of proteins with oils and surfaces)
would be interesting. While it is clear that higher tubulin concentrations make solu-
tions hydrophobic, more complex measurements like dynamic angle and angle hys-
teresis can potentially provide better insights [409]. Furthermore, implications of
contact angle for protein solutions in a biological context are lacking. This can help
to understand another interesting problem of protein wetting or protein liquid-liquid
phase separation (LLPS) too.
The protein of interest affects the aqueous solution, but can other components

of the solution have any effect on the protein itself. We investigated the effect of
such component, OptiPrep™ , on tubulin. It is widely used for purification of cells
from tissue cultures or organelles from cells [411]. OptiPrep™ 2 is known to only
increase the density and viscosity of the solution without affecting other paramet-
ers like osmolality, pH, and ionic strength. Due to this property, it is convenient to
use OptiPrep™ (18.5%v/v) to increase density without affecting osmolality of IAS
for emulsion transfer based GUV formation methods like cDICE [277], without wor-
rying about yield of GUVs by maintaining osmolality of IAS and OAS with sucrose-
glucose density contrast (Δρ =100mM), as originally proposed in Abkarian et al.
[271]. However, Baldauf et al. [288] have shown OptiPrep™ drastically affects the
actin polymerization rate, attributed to reduced diffusion of actin monomers.

2solution of 60% iodixanol in water
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Hence, we tested tubulin dynamics in presence of OptiPrep™ . Absolutely no
tubulin polymerization is seen, even with MT seeds, in standard cDICE IAS contain-
ing tubulin (40µM) and OptiPrep™ (18.5%v/v) (Fig. 4.S2(b)), while tubulin polymer-
ises in MT dynamic assay mix (tubulin 40µM and sucrose 1.75%w/v). OptiPrep™
severely inhibits tubulin polymerization. We checked if this inhibition is similarly
resulting from reduced diffusion of tubulin dimers, as for actin monomers. The dif-
fusivity of tubulin dimers reduces with OptiPrep™ and other crowding agents like
sucrose, PEG, and BSA compared to with just MRB80. It is affected most by Opti-
Prep™ and least by sucrose3. This decrease in diffusivity of tubulin dimers could
have explained slower polymerization rate, but a complete suppression of polymer-
ization by OptiPrep™ is indicative of some biochemical inhibition4 of tubulin.
Hence, we had to switch back to using sucrose-glucose density gradient for bal-

ancing osmolalities of IAS and OAS for cDICE experiments. MRB80 buffer (80mM
PIPES) has high ionic strength compared to G-buffer (5mM TrisHCl). So osmotically
equivalent (∼275mOsm/kg 5) IAS with MRB806 has ∼4.5 x less sucrose compared
to IAS with G-buffer7. Even the osmolality of just MRB808 is greater than the re-
commended value. This limits and reduces the IAS-OAS density contrast (Δρ) for
IAS with MRB809 against OAS with water10. This reduced density contrast affects
droplet transfer at oil-water interface [271], thus partially reducing the yield of GUVs
with cDICE.

4.2.2 ATTEMPTING TUBULIN ENCAPSULATION IN GUV
Aware of the effect of proteins on most vesicle formation methods, leading to sub-
optimal yields, we tried the following methods to encapsulate tubulin in GUVs.

SWELLING

GUV swelling from
gel/bead.

We tried two swelling based approach, bead swelling
and gel swelling. In case of bead-assisted swelling,
the yield of GUVs reduces significantly when tubulin
is present in aqueous solution. The encapsulation ef-
ficiency varies a lot. The size of vesicles is also re-
duced, and many smaller vesicles are seen. The vesicles
have lipid aggregates and tend to stick to each other
(Fig. 4.2(a)). Encapsulated tubulin showed no signs of
polymerization. We even tried conditions, 30–50µM tubulin and 7.5%v/v glycerol,

3Preliminary fluorescence correlation spectroscopy (FCS) data not shown. A similar effect was observed
for actin [412, §4]

4One of the speculation is that it can form a coat (corona) around the tubulin surface that prevents
interactions of the polymerization interface.

5recommended osmolality of IAS is 200mOsm/kg by Abkarian et al. [271]
62.5%v/v sucrose 2M
722.5%v/v sucrose 1M
8∼225mOsm/kg
9∼5 x lower | Δρ(MRB80)∼0.000578mgmL−1 and Δρ(G-buffer)∼0.00295mgmL−1
1027.5%v/v glucose 1M
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as described previously by Kattan [413, §3] but with no success in tubulin polymer-
ization with bead swelling.
Gel-assisted swelling is known for its quick and easy way to make GUVs with high

yield. However, when we tried swelling lipid films on gel with tubulin containing
aqueous solution, we saw very few vesicles. Of the few vesicles seen, the size of
vesicles was also smaller compared to just MRB80 buffer vesicles. Interestingly,
the quality of vesicles was not affected, the membranes were clean, without any
lipid aggregates. The vesicles barely had any tubulin inside them compared to the
swelling solution (Fig. 4.2(b)). The encapsulation efficiency was very low. We did
not see any tubulin polymerization inside the vesicles. However, the tubulin outside
in swelling solution, was active and polymerized into MTs (Fig. 4.2(b)). Lots of MT
bundles were seen floating in the background. Gel swelling method is not known for
good encapsulation efficiency and our results agree with it. The drastic decrease in
the GUV yield is however surprising.

CDICE AND EDICE

Droplet crossing oil-water
interface forms GUV.

Next, we tried cDICE, and its’ variant eDICE, for encapsu-
lating tubulin in vesicles. cDICE is a widely used method
in the field for GUV formation due to its ability to pro-
duced high yield of vesicles, with size control and better
encapsulation efficiencies suited for complex protein re-
constitutions [271, 277].
The first thing we notice trying to form vesicles with

MRB80 buffer by cDICE was the significantly reduced
yield. The yield was ∼10 x lower compared to yield of vesicles with G-buffer. Al-
though it is difficult to quantify the yield of vesicles quantitatively, the qualitative
disparity was striking apparent. Similar decrease in yield was observed with ves-
icles with MRB80 buffer by inverse emulsion method11. The yield of GUVs with
sucrose was a bit lower than with OptiPrep™ , as expected from Sec. 4.2.1.
The yield of vesicles was further affected based on the protein encapsulated in-

side the GUVs. For a simple, small protein like SspB, the yield of vesicles was not
further affected (Fig. 4.3(b)). The sample was still crowded with GUVs even after 10 x
dilution with OAS before imaging. But in case of encapsulating tubulin, the yield
of vesicles drop severely, ∼100 x decrease (Fig. 4.3(a)). The GUVs in the sample
were sparingly observed, even without diluting the sample. The experiments were
conducted consecutively on the same time, with same aqueous and lipid-oil solu-
tions, and imaged with same conditions to maintain identical conditions and to try
to quantify the difference in the yield of GUVs due to presence of tubulin. The size of
GUVs was fairly consistent with just MRB80 buffer and also across protein samples.
The quality of GUVs was also good with clean membranes and non-sticky vesicles,
while some lipid aggregates were seen in case of tubulin encapsulation. Encapsu-
lation efficiency varied across GUVs, but not much difference was observed across

11[personal communications] Independent observation by Andreas Fink, Ada Cavalcanti-Adam lab (Max
Planck Institute for Medical Research, Heidelberg, Germany)

mailto:andreas.fink@mr.mpg.de
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Figure 4.2: Tubulin encapsulation with swelling techniques. (a) GUVs formed using glass
bead swelling. GUVs have lipid aggregates and clump together, and tubulin (40µM) with MT
seeds does not polymerise. (b) GUVs formed using gel swelling. Tubulin (40µM) inside GUVs
does not polymerise, while MT bundles seen outside. Scale bar — 20µm.

Tubulin
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Figure 4.3: Effect of proteins on cDICE GUV yield. GUVs formed using cDICE consecutively
under identical conditions, different proteins in IAS, with (a) tubulin (35µM) and (b) SspB
(1µM). Yield of GUVs with tubulin was much lower compared to GUVs with SspB (even when
diluted 10 x before imaging). Scale bar — 20µm.

different protein samples. The proteins have not misbehaved, i.e. aggregating, or
sticking to the cortex, and were present in the lumen. The tubulin was not expected
to polymerise as the sample was kept at room temperature.
With the only handful of GUVs obtained with tubulin encapsulation by cDICE, we

next tested if the tubulin can still polymerise into MTs inside the vesicles. Tubulin
polymerization was promoted by heating the sample to ∼27–30 °C. If the vesicles
had enough tubulin encapsulated, instead of polymerizing, it aggregates and forms
artefacts (Fig. 4.4(a)). Artefacts range from puncta, 3D (non-physiological) filament-
ous shapes, sticky at the cortex, and sticky vesicles. Some vesicles did show tubulin
signal in the lumen but did not polymerize, maybe due to lack of enough encap-
sulated tubulin concentration. So we tried to aid the polymerization by stabilizing
filaments, promoting nucleation, and crowding agents. Addition of PEG-6000 and
PEG-35000, as crowding agents to facilitate polymerization, also showed not ef-
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fects on tubulin polymerization (Figs. 4.S4(e)&4.S4(f)). The addition of taxol, an
MT stabilizing drug, causes tubulin to go and stick to the cortex (Fig. 4.S4(c)). And
with the addition of GMPCPP, a slowly hydrolysing analogue of GTP, there is also
no polymerization of tubulin, and it goes to the cortex (Fig. 4.S4(d)). We added MT
seeds, pre-nucleated MTs, to reduce and still no MTs (Figs. 4.S4(c) &4.S4(d)). We
see some filamentous structures, which also coated the MT seeds. While some of
these conditions had OptiPrep™ , which drastically inhibits tubulin polymerization
(as described earlier), we also tried with sucrose. Sucrose by itself has also been
shown to slightly stabilize the MTs. Even with taxol in presence of sucrose, we did
not see any polymerization, and tubulin still goes to the cortex and vesicles has lots
of lipid aggregates sticking on the surface (Fig. 4.S4(a)). Lastly we also tried adding
centrosomes (MTOCs), which make asters by growing hundreds of microtubules, but
still no signs of tubulin polymerization (Fig. 4.S4(b)). During these optimizations, we
also varied tubulin concentrations from 5–105µM, lower ranges to minimize the ef-
fect of tubulin on GUVs and higher ranges to promote polymerization, but we did
not observe any microtubules in vesicles. During trying to optimize tubulin encap-
sulation in vesicle with cDICE, we tried lots of different conditions with no success,
many with zero yield (Tab. 4.S1).

a bTubulin
Lipids EB3

Lipids
Tubulin

Figure 4.4: Tubulin polymerization issues. GUVs formed using, (a) cDICE with IAS — tubulin
(40µM) and OptiPrep™ (18.5%v/v) and (b) eDICE with IAS — tubulin (105µM), EB3 (200nM)
and Sucrose (1.75%w/v). Images shown are representative of GUVs with various different
tubulin and GUV artefacts. GUV yield is lower. Tubulin does not polymerise, aggregates, and
forms artefacts. Lipid aggregates, possible remnants of GUVs, are seen. In case of eDICE,
clusters of GUVs stuck together are seen. Scale bar — 20µm.

It is also difficult to visualize single microtubules in 3D vesicles, as they move rap-
idly. We tried using secondary molecules as reporter MTs, EB3 (Fig. 4.4(b)), MAP7,
and TUBright (a labelled peptide marker for tubulin [414]), but we do not see any
signal, mostly due to absence of MTs. During optimization conditions, we also tried
encapsulating tubulin with eDICE, a variant of cDICE, and we saw no polymerization
with tubulin sticking to the cortex and at the contact sites between vesicles in a
cluster (Fig. 4.4(b)). Furthermore, the vesicles from eDICE were very sticky. The
clustering of droplet may have happen in the emulsion stage itself, as it lacks any
strong stabilizing agents (e.g. Span80) and tubulin like to interfere with lipid ad-
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sorption (shown in Sec. 3.2.4). But then these huge droplet clusters should not end
up as vesicles due to size selectivity at water-oil interface (explained in Sec. 3.2.5).
So the vesicles from eDICE, after formation, stick to each other and form clusters.
Images shown are representative, different vesicles had different variations of arte-
facts and hardly any microtubules. Furthermore, inter-experiment variability is high,
both in vesicle yield — which occasionally resulting in no vesicles, and in tubulin
polymerization — which frequently produces artifacts.
Complications with GUV formation, encapsulation efficiency and polymerization

issues seem to be very specific to the tubulin. So as a test, we quickly tried encapsu-
lating another cytoskeletal protein, bacterial tubulin (bTubAB), an apparent homolog
of eukaryotic tubulin. Encapsulating bTubAB in MRB80 with cDICE results in GUVs
without any optimizations. We see bTubAB polymerizing into bacterial microtubule
filaments (bMT) and even deform the vesicles (Fig. 4.S3). The yield is good, compar-
able to just MRB80 vesicles. Encapsulation efficiency is still fluctuating and size of
GUVs is slightly smaller. Similar deformation of vesicles with expressed and poly-
merized bMT is shown with vesicles formed with bead swelling too [415].

OLA

OLA GUV releasing octanol
pocket.

Next, we tried OLA, which is also an emulsion trans-
fer method but uses microfluidic chips and a differ-
ent physico-chemistry approach for vesicle formation.
After having problems with generating droplets of de-
sired sized in cDICE, we hoped themicrofluidic approach
would help solve at least one of the previous issues and
improve the vesicle yield.
After optimizing and adjusting the IA, LO, OA solu-

tions flow rates for encapsulating tubulin with MRB80, we see water-octanol-water
droplets emerging from the 6-way T-junction (Fig. 4.5(a)). But as soon as the octanol
pockets start developing on the droplets, the droplets burst. This lead to spread-
ing of tubulin in the post T-junction channel (Fig. 4.5(b)). The lipids may not have
enough time to cover enough droplet surface, or maybe tubulin was again interfering
with lipid adsorption on the octanol-water interface.
After sometime, even the formation of W/O/W droplets at the T-junction was inter-

rupted and only an uninterrupted stream of LO solution was observed (Fig. 4.5(d)).
The tubulin was seen spreading all across the post T-junction channel and a dense
filamentous network appears. This network seemed to contain MTs nucleating from
tubulin stuck to the microchannel surface. The growing super long MTs bend under
the flow of the solutions. Also, in the region before the T-junction, in the IA channel,
the tubulin signal seems to show filamentous structures (Fig. 4.5(c)). So in case of
OLA, the tubulin started polymerizing into very long MTs, even before being encap-
sulated. This enhanced polymerization could possible be explained by the presence
of crowding agents (5mM dextran (MW 6000) and 15%v/v glycerol) in the IA solu-
tion required for OLA. Therefore, even though tubulin was polymerizing in the OLA
microfluidic chip, the method is not suitable as no stable vesicles are obtained at
the end.
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Figure 4.5: Tubulin encapsulation issues with OLA. (centre) Overview of the OLA micro-
fluidic chip. (a) Early in the experiment, GUVs are formed at the T-junction (bright field) and
burst immediately. (b) Bursting of GUVs leads to spreading of tubulin (40µM, with MT seeds)
in the post T-junction channel. After a while, (c) a filamentous signal was seen in the IA chan-
nel (pre T-junction), indicating the presence of MTs, and (d) GUV formation was interrupted
(post T-junction) with the LO solution just flowing as an uninterrupted stream, while dense
long MT filaments appear growing stuck to the post T-junction channel. Scale bar — 40µm.

DSGUV

GUV assembly in
dsGUV.

After trying different methods from the two most common types
of vesicle formation techniques, i.e. swelling and emulsion trans-
fer based, we explored dsGUV formation, a technique with a
fundamentally different underlying membrane formation mech-
anism, based on SUV fusion. Knowing that tubulin is exhib-
iting issues with lipid membranes and GUV formation, we de-
signed experimental assays using different modes and variations
of dsGUV, to dissect and explore the effect of tubulin. We used tu-
bulin with MT seeds to promote polymerization, and we used two
different surfactants for stabilizing droplets — Click Tri-block surfactant (CTS) and
Click Di-block surfactant (CDS, or dsPos). We tested five different lipid compositions
(Tab. 4.3) to optimize tubulin compatibility with lipids and surfactants. For dsGUV
formation, we first used a microfluidic chip variant with double inlet (see Fig. 4.S5(d))
to sheath the tubulin mix with another aqueous solution and delay tubulin contact
with the oil-water interface or lipids. Next, to completely separate the processes
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of membrane of vesicle formation and tubulin encapsulation, we pre-formed empty
dsGUVs and later introduced tubulin by using a pico-injection technique (Sec. 4.2.2).

With the double inlet experiments, dsGUVs with pH-sensitive lipids had the best
initial coverage over the droplet interface (Fig. 4.6(a)). The lipids covered almost
the entire interface, but the droplets with an apparent high concentration of tubulin
had a lower signal of lipids at the cortex. Since every droplet was made exactly the
same, they should all have the same concentration of tubulin. And for tubulin, there
is theoretically nowhere else to go other than being in the droplet lumen. Since
the oil used for dsGUV formation is fluorinated (HFE 7500), this makes it super-
hydrophobic and lipo-phobic too. Yet, some droplets did not have a tubulin signal,
and we observed a weak lipid signal in oil. The dsGUVs with negative lipids were the
worst. The lipid coverage was partial, and lots of lipid signal in oil. All the tubulin
was at the droplet interface (Fig. 4.S5(a)). The dsGUVs were not stable and appeared
coalesced. Following incubation at 37 °C for 5min, the tubulin showed signs of
polymerization. The dsGUVs with pH-sensitive lipids had lots of MTs and bundles
(Fig. 4.6(b)). The lipid aggregates appeared at the interface and the lipid signal in
the oil increased. We observed a network of MTs throughout the lumen of dsGUVs
(Fig. 4.6(c)). However, we also found a weak tubulin signal at the dsGUV interface,
co-localising with the lipid signal. The dsGUVs with neutral (w/ PEG) (Fig. 4.S5(b))
and charged (Fig. 4.S5(c)) lipids also showed lots of tubulin polymerization. The
dsGUVs were not stable and coalesced overnight. The lipid coverage for neutral
(w/ PEG) lipids was very patchy, while charged lipids had complete coverage at the
interface.

For ideal complete lipid coverage on the inside of dsGUVs, overnight (O/N) incub-
ation (at 4 °C) is recommended. Hence, the tubulin encapsulated with GTP (2mM)
was supplemented with GMPCPP (1mM) for O/N incubation of dsGUVs. Next day,
after incubation at 37 °C for 5min, all the pH-sensitive dsGUVs had the tubulin at
the droplet interface and showed no signs of polymerization (Fig. 4.6(d)). The lipid
coverage for most of the dsGUVs was complete and the lipid signal in oil did not in-
creased much overnight. Tubulin and lipid shells like two different phase separated
domains were observed (Fig. 4.6(e)). Similar tubulin shells and tiny lipid patches
were seen on dsGUVs with charged lipids (Fig. 4.S5(e)). However, a few MT bundles
were also seen, indicating that the tubulin was still functional even after overnight
cold incubation. To see if the lipid shell actually corresponds to the membrane of
a vesicle, the dsGUVs were released using PFO to obtain GUVs. Very few GUVs (or
GUV-like spherical objects) survived after the release. This was indicative of lack
of lipid membrane. The 3D spherical objects seen had a complete tubulin shell
and the lipid aggregates decorating the surface (Figs. 4.6(f) &4.S8). We checked if
there was any fluidity to the surface, any remnant traces of membrane. The FRAP
analysis of a surface of this object, showed no recovery. The tubulin shell was solid-
ified, while the lipid aggregates tend to fluctuate as if tethered to the surface of the
tubulin shell (Fig. 4.S5(f)). This tubulin shell was a non-functional, yet a fascinating
observation. This can be the first observation of tubulin proteinosome. The double
inlet dsGUV experiments with different lipids and their effects on tubulin polymer-
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Figure 4.6: Tubulin encapsulation with dsGUV — double inlet approach. dsGUVs are
formed with tubulin (40µM, with MT seeds) and pH-sensitive lipids using dsGUV method
(with double inlet microfluidic chip (see Fig. 4.S5(d))). (a) dsGUVs just after formation. (b)
dsGUVs after 5min incubation at 37 °C. MT polymerization is seen inside dsGUVs. Amount
MT polymerization appear inversely proportional to amount of lipids present at the dsGUVs.
Furthermore, lipid signal in background (SOS) increases compared to initial timepoint. (c)
Standard-deviation Intensity Z-Projection (SIP) of a dsGUV showing a network of MTs, along
with the presence of both tubulin and lipids at the dsGUV cortex. (d) dsGUVs (tubulin with
GMPCPP 1mM) after overnight (O/N) incubation (for optimal GUV formation) and 5min at
37 °C (for promoting tubulin polymerization). No tubulin polymerization is seen and a patchy
lipid signal. (e) SIP of a dsGUV (O/N) showing phase separation of tubulin and lipid into
two domains along the dsGUV cortex. (f) GUVs are released from dsGUVs (O/N) using PFO
solution. Very few GUVs survive. SIP of a GUV showing a complete tubulin cortex decorated
in lipid aggregates, instead of a lipid membrane. See Fig. 4.S8 for a 3D movie. Scale bar —
20µm.
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ization was summarized in Tab. 4.1. Tubulin polymerization worked in most of the
cases, but the lipid membranes did not form or were not stable enough to make
vesicles.

Name Double inlet

Lipid coverage
Tubulin

polymerization dsGUV stability Contents in SOS

Neutral Complete - Good tubulin, lipids

Neutral (w/ PEG)
Exclusive (if tubulin),

aggregates
very few MTs,

bundles Good -
Negative Patchy (if tubulin) at cortex Merging (if tubulin) lipids

Charged
Exclusive (if tubulin),

aggregates; Patchy (O/N)
many MTs,
bundles Good; Merging (O/N) -

pH-sensitive
Exclusive (if tubulin),

aggregates; Patchy (O/N)
many MTs,
bundles Good; Merging (O/N) lipids

Table 4.1: Overview of dsGUV double inlet experiments. GUV release from dsGUVs was
only attempted for charged and pH-sensitive lipids, considering O/N yield and tubulin poly-
merization.

Next, we decoupled vesicle formation and tubulin polymerization using pico-injection.
‘Empty’ dsGUVs with just MRB80 buffer were formed and incubated for few (∼2–
3 h) hours for enough lipid coverage. Later, tubulin was pico-injected inside the
dsGUVs. Some smaller droplets with only tubulin signal can be artefacts of leaky
pico-injection, but they cannot for dsGUV due to lack of lipids. The dsGUVs with neut-
ral (w/ PEG) lipids had the best complete lipid coverage (Fig. 4.7(a)). Followed by pH-
sensitive lipid dsGUVs with complete coverage with a few aggregates (Fig. 4.S6(d))
and charged lipid dsGUVs with partial coverage (Fig. 4.S6(a)). The dsGUVs with
neutral lipids also had a partial coverage, but some lipid signal in the oil. Finally,
dsGUVs with negative lipids had no lipid coverage, and all the lipids were in the oil.

After the pico-injection of tubulin in dsGUVs and incubation at 37 °C for 5min, the
dsGUVs with neutral (/w PEG) lipids showed a mutually exclusive patten of tubulin
and lipid signal (Fig. 4.7(b)). The dsGUVs with tubulin signal did not have any lipid
signal and vice versa. This suggested that the dsGUVs which got injected with tu-
bulin, lost their lipids. The oil background showed signals of both the tubulin and
lipids. It was very interesting to see tubulin also going into the fluorinated oil. Some
dsGUVs with neutral (w/ PEG) lipids showed a few MTs (Fig. 4.7(c)). The dsGUVs
were stable after pico-injection. The dsGUVs with charged lipids (Fig. 4.S6(b)) and
pH-sensitive lipids (Fig. 4.S6(e)) both showed similar mutually exclusive pattern of
tubulin and lipids signals. Both dsGUVs showed some lipid aggregates at the in-
terface, and all the lipids were in oil. While the dsGUVs of pH-sensitive lipids were
stable after pico-injection, the charged dsGUVs started coalescing. This can be
indicative of poor lipid coverage and maybe tubulin also affecting the surfactant
by destabilizing the oil-water droplet interface. On the contrary, the dsGUVs with
charged lipid shows high signs of tubulin polymerization, lots of MT bundles were
seen (Fig. 4.S6(c)). And the pH-sensitive lipid dsGUVs had suboptimal tubulin poly-
merization (Fig. 4.S6(f)). Some MTs and filamentous structures are seen but also
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Figure 4.7: dsGUVs and tubulin encapsulation with pico-injection. dsGUVs are formed
with neutral (w/ PEG) lipids. Tubulin (40µM, with MT seeds) is inserted into the dsGUVs
using pico-injection. (a) dsGUVs just after formation. (b) dsGUVs just after the pico-injection
of tubulin. Very few dsGUVs with tubulin in lumen and MT polymerization. Tubulin and lipid
at the dsGUV cortex are mutually exclusive. In addition, background (SOS) shows presence
of both tubulin and lipid signal. (c) dsGUV (in a microfluidic trap) showing MT polymerization
inside and no lipids present at the cortex, instead, transferring from IAS to SOS. Scale bar —
20µm.

some signs of tubulin aggregation. We skipped injecting tubulin in dsGUVs with neg-
ative lipids due to poor vesicle quality. No attempts of releasing GUVs from dsGUVs
for any lipid type were made due to the poor lipid signal at the interface and pre-
valence of tubulin signal, indicative of tubulin shells similar to those observed with
double inlet dsGUVs. The pico-injection of dsGUV experiments with different lipids
and their effects on tubulin polymerization is summarized in Tab. 4.2.
All the dsGUVs experiments reported were performed using CTS and Krytox as

surfactants. The dsGUVs experiments with CDS (or dsPOS) surfactant failed severely
with just MRB80 buffer too. All the lipids used to end up going in the oil instead of
forming a membrane at the droplet interface. The CDS surfactant synthesis needs
to be optimized for obtaining dsGUVs with MRB80 buffer.

4.2.3 VISUALIZING TUBULIN-MEMBRANE INTERACTIONS
It is becoming increasingly evident that tubulin is interfering with the lipid mem-
branes and also possibly interacting. Therefore, we decided to visualize the results
of the interaction of tubulin with lipid membranes in a simpler and more controlled
environment than GUVs. We need a simple assay to have a clear interpretation, so
we limit the use to two minimal components, the lipids, and the protein (tubulin), and
study their interaction. Such scenarios commonly use variations of supported lipid
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Name Before injection

Lipid coverage dsGUV stability Contents in SO

Neutral Partial Good lipids
Neutral (w/ PEG) Complete Good -
Charged Partial Good -
Negative - - lipids
pH-sensitive Complete Good -

Name After injection

Lipid coverage dsGUV stability Contents in SO Tubulin polymerization

Neutral Exclusive (if tubulin) Good lipids MTs
Neutral (w/ PEG) Exclusive (if tubulin) Good tubulin, lipids few MTs
Charged Exclusive (if tubulin) Merging lipids MT bundles, at cortex
Negative - - - -
pH-sensitive Exclusive (if tubulin) Good lipids MTs, bundles, at cortex

Table 4.2: Overview of dsGUV and pico-injection experiments.

bilayers (SLBs) to characterize membrane properties, drug testing and membrane
pores properties (see review [416]).

FSLB
We use, free-standing lipid bilayer (FsLB), a variant of SLB. They are usually formed
at a water/oil interface along support structures within microchannels. The primary
advantage over SLB is that the molecule (protein) can interact with both lipid leaflet,
insert, or pass through the membrane in case of FsLB. Conventionally, FsLB are con-
structed in parallel orientation of imaging plane to study the molecules [417], but
we were interested in visualizing both the membrane and the molecule. Therefore
we created FsLBs perpendicular to the imaging plane based on Yahyazadeh Shour-
abi et al. [418] (and [419]). The microfluidic chip contains two channels, one for
membrane formation, with support pillars and the other for replacing solutions (for
detailed chip design see Fig. 4.S7). The positive mould of microfluidic design was
fabricated on a silicon wafer, followed by making a negative mould with PDMS. Even-
tually the device was cast with UV photopolymerized thiolene resin, Norland Optical
Adhesive 81 (NOA81)12. The organic phase containing lipids was flowed in the main
channel, immediately followed by an aqueous solution. Both these solutions consec-
utively pass over the support pillars, creating lipid monolayers at the water-organic
phase interface (Fig. 4.8(a)). The pillars separate the channel into two halves, and
the monolayers from the two halves come close together (Fig. 4.8(b).i). The organic
phase starts to drain away (Fig. 4.8(b).ii). The monolayers get very close to each
other and trap a thin layer of organic phase in between (Fig. 4.8(b).iii). Eventually,
the monolayers zip together to form a FsLB (Fig. 4.8(b).iv) in between the pillars.
Over time, the organic phase was completely pushed out of the monolayers towards

12NOA was used instead of usual PDMS for casting device, since the organic phase like chloroform get
absorbed into the PDMS and swell and change microchannel dimensions.
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Figure 4.8: Tubulin destroys the FsLB. (a) Schematic showing FsLB formation in a micro-
fluidic chip (see Fig. 4.S7). First, the lipid organic (LO) solution flows past pillars. And it is
followed by an aqueous (A) solution. The lipid monolayer at the AS and LOS interface coats
the pillars. And in-between the pillars, monolayers come in contact with each other after
the drainage of organic phase and zip to form a free-standing lipid bilayer (FsLB) membrane.
(b) Formation of FsLB, (i) monolayers approaching, (ii) organic phase draining — monolayers
about to touch, (iii) monolayers just touched, organic phase trapped (bright signal), and (iv)
spontaneous zipping — formation of bilayer, organic phase pushed out towards pillars. Com-
plete removal of organic phase takes some time (∼0.5–2 h). See Fig. 4.S9 for a movie. (c)(d)
Membrane survival assay (MSA) with replacement solutions, (c) HEPES buffer and (d) tubulin
(20µM). (top) Number of FsLB — initially formed, stable over time (before AS replacement),
and survived (after AS replacement). And as percent (bars), after each stage. (bottom) FsLB in
between support pillars in case of (c) HEPES buffer replacement, while only 2 membranes in
case of (d) tubulin. NOA81 pillars exhibit auto-fluorescence. (In tubulin MSA, due to a trapped
air bubble, only 23 FsLBs were formed and only ∼15 FsLBs were accessible to tubulin after
buffer replacement.) Scale bar — 100µm.

the pillars, FsLB become solvent free (Fig. 4.S9). Once the FsLBs are stabilized,
the aqueous solution in the main channel can be exchanged13 by flowing in protein
solution from the exchange channel. The protein diffuse towards the membrane
and starts interacting and affecting the membrane.
The FsLB device was tested with a membrane survival assay (MSA). As a con-

trol, the membranes with DOPC lipids and HEPES buffer. We observed, 88.61%
of initially formed FsLBs stabilize and survive over time (∼2 h). Solution exchange
was performed with just HEPES buffer as a negative control, to test the effect of
flow and solution replacement on membrane survival. We observed, 88.57% of the
stabilized FsLBs survive the buffer exchange. We performed similar MSA with tu-
bulin. We tried making membranes with DOPC lipids and MRB80 buffer, but noticed
that the absurdly long membranes (∼1000µm) generated across different parts of

13Exchange typically take 170 s at 2.5µL/s
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the main channel. These membranes were super stable over time. Typically, such
long membranes should not form at first place, and definitely should rupture due
to instabilities and fluctuations in the fluid flow. Given all the previous issues with
MRB80, we had expected a low survival rate for initially formed membranes, but on
the contrary, MRB80 seems to stabilise the membrane. So we just created mem-
branes with HEPES buffer again14. And in HEPES, 100% of FsLBs stabilize. Now,
we replace the HEPES buffer with tubulin in MRB80. Within ∼15–30min, we see
almost all15 the membranes are lost. 0% of stabilized FsLBs survive the tubulin re-
placement. This clearly demonstrate that tubulin destroys the lipid membrane, and
is incompatible for vesicle encapsulation.

4.3 DISCUSSION
4.3.1 TUBULIN IN SOLUTION
To get a better understanding of how proteins, specifically tubulin, affect the aqueous
solution and eventually the yield of vesicles, we continued studying the physical
properties of protein solutions. The contact angle measurement for hydrophobicity
did not reveal any major effect, but showed a nominal (slight) trend — hydrophobi-
city increases with ionic strength of the buffer and with increasing concentrations of
proteins. In Chapter 3, we showed that tubulin not only affects bulk properties like
viscosity but also surface properties like interfacial tension. Hydrophobicity is also a
surface phenomenon (with three surfaces involved), some increase in contact angle
was expected. Most proteins have some tendency to populate the water-air or water-
oil interface [364]. While the interfacial tension decrease is not that significant with
proteins alone, it has been shown for actin that it forms a thin film at the air-water (or
oil-water) interfaces [365, 366]. We speculate that a similar phenomenon occurrs in
the case of tubulin. Only in the presence of a true amphipathic surfactant molecule
like a lipid, the effect of protein adsorption at the interface is amplified (Fig. 3.4(b)),
making it behave like a strongly amphipathic protein. This not just prevents form-
ation of pure lipid membranes, but also the drastically reduces the surface tension
of tubulin solutions16. Furthermore, tubulin is unable to polymerize with the addit-
ive like OptiPrep™ used in emulsion transfer-based vesicle formation methods like
cDICE and eDICE, as density contrast agent. Critically analysis of the effects of dif-
ferent additives used in different vesicle formation methods (OptiPrep™ in cDICE
[277]; glycerol, poloxamer 188 in OLA [301]) on protein function is necessary and
caution should be excercised when developing new and improved methods.

4.3.2 TUBULIN IN VESICLES
In the past, simple single filament reconstitution of MTs in vesicles has been ac-
complished. Most of these reconstitutions were based on swelling and freeze-fusion
14Due to a trapped air bubble in a part of the channel, only 23 FsLBs were formed correctly.
15Due to a trapped air bubble in a part of the channel, HEPES buffer was not completely replaced from

certain parts of the channel and tubulin could only reach ∼15 FsLBs.
16Even interfering with pendant drop tensiometry measurements as the surface tension is no longer

sufficient to hold the pendant drop at the needle tip (see Ch. 3 Fig. 3.4(b)).
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approaches [258–260, 405, 406]. As discussed in the Chapter 2, swelling-based
methods are considered not ideal compared to newer emulsion-based methods for
complex protein reconstitutions, as the encapsulation efficiency is not very high and
protein stoichiometry cannot be maintained. Electroformation [273], despite being
considered as the best method for clean vesicle formation, is not suitable for protein
encapsulation. Nonetheless, we still gave swelling based methods a try, with gel-
and bead-assisted swelling, and did not see enough vesicles and not enough tubulin
encapsulated to promote nucleation inside upon increasing temperature. Compar-
ing to previous attempts to tubulin encapsulation, we had different lipid composition,
mainly contained neutral DOPC. Up to 30–40n%negatively charged DOPSwas used
along with DOPC in case of fusion [259, 405] and swelling-based methods [260].
And also very high concentrations17 of saturated and charged lipids, DPPG or Car-
diolipin (CL) with DPPC or DMPC (1000:1) were used with swelling-based methods
[258, 406]. With these experiments, yield of vesicles is not mentioned (as usually
described in recent literatures) to compare with our outcome. Observing ∼10–20
vesicles per experiment is not very high throughput or successful. While the effect
of lipids type on vesicle formation is expected, not seeing any tubulin polymerization
in our experiments is quite surprising.

CDICE AND EDICE
With cDICE, we see decrease in the yield of the vesicle even with MRB80 buffer and
a further significant decrease upon addition of tubulin. With both cDICE and eDICE,
the quality of vesicles is lower. We observed lipid aggregates as well as aggregation
of tubulin into unphysiological 3D structures. The quality of vesicle membranes is
known to be affected by buffers and proteins. Apart from the previous attempts at
simple MT encapsulation in vesicles, some recent work has reported encapsulation
of complex tubulin protein mixes using an emulsion transfer based method, cDICE
[286, 350, 420]. Keber et al. [350] and Sciortino et al. [420] show deformation of
vesicles due to active nematic system of MTs and kinesin. In both cases GMPCPP
stabilized18 MTs were encapsulated, either in Egg-PC [350] or DOPC vesicles [420].
We mostly just used DOPC in our tubulin encapsulations with cDICE. Sciortino et al.
[420] has also modified the cDICE protocol by using a larger chamber19 without
further explanation. Gavriljuk et al. [286] show dynamic MT polymerization by en-
capsulating tubulin with Egg-PC lipids, using original cDICE protocol [271]. While
this is the only example of dynamic MT encapsulation20, the method description re-
garding cDICE lacks details. Interestingly, no optimization was required for tubulin
encapsulation. Also, the values of sucrose-glucose iso-osmotic density gradient in

1710mM or 50mg vs 50µg i.e. ∼103× more
18GMPCPP — slow hydrolysable analogue of GTP; no need for free tubulin monomers
19original chamber [271] — diameter 35mm, height 8mm vs modified chamber [421] — diameter 70mm,

height 2mm
20[personal communications] Thomas Surrey (Centre for Genomic Regulation, Barcelona, Spain) men-

tioned, attempts of encapsulating a dynamic MT system in vesicles (using cDICE, in collaboration
with Andreas R. Bausch) results in ‘dead’, inactive system within minutes.

https://orcid.org/0000-0001-9082-1870
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inner and outer buffers do not make sense21. This could indicate that successful
tubulin encapsulation in vesicles with cDICE needs some optimization, that are not
clearly and explicitly described in the literature22. More complicated cytoskeletal
reconstitution, like Cytostatic-factor-arrested (CSF) Xenopus laevis egg extracts in
vesicles using inverted emulsion, is shown [422]. Again, the MTs in the extracts
were stabilized with taxol. No demonstration of dynamic frog egg extracts are found
in the literature23.

OLA AND DSGUV
Encapsulation of tubulin in vesicles with OLA seemed promising, as at least tubulin
shows signs of rapid polymerization, probably due to the presence of a high concen-
tration of crowding agents. However, the vesicles are not stable, likely due to the
tubulin interactions with the lipids.
Tubulin encapsulation in vesicles using dsGUV method distinctly revealed the

competition of tubulin against the lipids at the membrane. With both double in-
let and pico-injection approach, it is clear that lipids are readily replaced at the
droplet interface if and only if tubulin is present in the vesicle. The dsGUV have
interesting biochemical environment, the fluorinated oil is neither favourable for hy-
drophobic lipids nor hydrophilic proteins (tubulin), and yet we see the replaced lipids
exchanged into the fluorinated oil. Even at times, some of the tubulin is exchanged.
It should be noted that rhodamine-labelled tubulin was used, and rhodamine-dyes
are known to interact with Krytox24 and partition to the oil phase [306]. This pres-
ence of lipids and protein in the fluorinated oil cannot be explained, we can only
speculate, even though unfavourable, the exchange occurs through not so strong
enough surfactant effect of CTS25. The lipid composition also affects the outcome,
with just neutral and negative not able to form membrane in MRB80 buffer. It would
be interesting to test how lipid compositions from the literature like Egg-PC or satur-
ated lipids work in presence of BRB80 buffer and tubulin. The tubulin replacing the
lipids at the interface forms a solid shell, a ball of tubulin (Fig. 4.S8). Such protein
films at the lipid-air interface have been shown for actin [365, 366]. This can be
an example of a tubulin thin-film. What is more interesting is that even with partial
tubulin being lost at the interface, we still see signs of tubulin polymerization inside
the vesicles. Empirically, it is known that the tubulin encapsulated in water-in-oil
droplets requires more than twice the tubulin concentration for polymerization com-
pared to in vitro bulk experiments [228, 237, 423]. Some reasons speculated for

21while 300mM sucrose and 80mM glucose in inner buffer, and 380mM glucose in outer buffer, make
sense in terms of concentration balance, it does not take into account the osmolality change due to
high ionic BRB80 (inner) buffer compared to outer aqueous buffer.

22[personal communications] Alfredo Sciortino [420] describes the use of less ionic strength buffer like
‘Tic-Tac’, results in better yield compared to BRB80 buffer. Also, different oxygen scavenging system
also affect the yield and protein lifetime. And some of the optimizations are empirical.

23[personal communications] Matthew C. Good (University of Pennsylvania, USA) mentioned, attempts
of encapsulating whole frog egg extracts in vesicles (using microfluidic double emulsion) results in
spontaneous bursting of vesicles.

24Rhodamine-6G partitioning assay was used to titrate Krytox concentration in dsGUV protocol.
25Other surfactants can be tested to prevent lipid exchange into the oil.

https://orcid.org/0000-0001-6883-5563
https://orcid.org/0000-0002-6367-1034
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this, include decreased monomer availability in 3D confinement and partial loss of
tubulin at the water-oil interface or even in the oil phase26,27. It should be noted
that both in case of double inlet and pico-injection, the tubulin concentration gets
diluted. And in case of pico-injection, with injection of only up to∼10–25%v tubulin,
the encapsulated tubulin concentration28 gets diluted, and we still see polymeriza-
tion in presence of MT seeds. This helps explain some of the previously mentioned
droplet encapsulation related issues. So monomer availability is not an issue in 3D
confinement, and definitely some of the tubulin is getting lost in the oil phase.

4.3.3 TUBULIN-MEMBRANE INTERACTIONS
Finally, the membrane survival assay with tubulin using FsLB, clearly demon-

strates the unfavourable tubulin interactions even with pre-formed stable lipid bilayer,
that destroys the lipid membrane. We speculate that tubulin forms rings on the lipid
bilayer and creates holes in the membrane29. Tubulin is surprisingly found attached
to the membrane in liver [424], T-cells [425], and neuronal cells [426]. During tu-
bulin purification from brain tissue with the common cold-warm cycling purification
protocol, the yield of tubulin is only ∼70%, with the rest being membrane bound
and ∼10% of it being non-recoverable [427]. This fraction is called as ‘plasma
membrane tubulin’, Wolff [428] (review) summarizes and explains all the possible
cases for presence of tubulin at the membrane. Experimentally, tubulin has been
shown to have preference towards phase separated lipids domains on DPPC and
DOPC membranes [368]. Tubulin has a different preference for different phosphol-
ipids [429] and coarse-grained molecular dynamic simulations, reveal preference
of tubulin dimer polymerization site towards DOPE over DOPC [369].
This indicates purified native tubulin is fundamentally incompatible with the lipid

membrane and destroys it, rupturing the vesicles. Still, given a few successful ex-
amples of tubulin encapsulation in vesicles, we suspect the following reason for
our failed attempts, which needs to be further tested. We hypothesize that specific-
ally the free tubulin dimers affect the membrane (of specific composition and state),
and vesicle formation in the absence of free dimers (with pre-formed stabilized MTs)
should therefore be further tested. It should also be noted that, although unlikely, we
cannot exclude that commercially purified (lyophilized) tubulin (Cytoskeleton, Inc.),
contains an unknown chemical reagent (cryoprotectant) affecting the lipid bilayer.

4.4 CONCLUSION
Tubulin encapsulation is challenging. A couple of groups have shown successful

encapsulation of complex tubulin organization in vesicles [286, 350, 420, 430], with
Gavriljuk et al. [286] being the only one with dynamic MTs. Even in giant polymer-
lipid hybrid vesicles, with synthetic membranes, tubulin hardly polymerizes [431].

26Detection of proteins, especially at low concentrations, in oil is challenging.
27[personal communications] Thomas Surrey (Centre for Genomic Regulation, Barcelona, Spain) also

discussed possibilities of tubulin adsorption at the oil-water interface and exchange in oil due the
hydrophobic patches on tubulin dimer, and also due to high hydrophobicity of the commonly used
dye for tubulin labelling — TAMRA/Rhodamine.

2840µM tubulin ∼4–5 x diluted to ∼8–10µM
29Based on very preliminary AFM results of tubulin interactions with SLB (not shown).

https://orcid.org/0000-0001-9082-1870
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A single vesicle production ideally produces millions of vesicles, if not, a few thou-
sands survive eventually, but with tubulin, barely a few tens of vesicles are reported.
In cells, tubulin interaction with the membrane is potentially regulated by MAPs.
Tubulin concentration is also tightly regulated throughout the cell cycle, possibly to
minimize free tubulin in the cytoplasm and its interaction with other proteins and
lipid membrane. As opposed to high concentrations used in vitro reconstitutions
to overcome nucleation and polymerization barrier. Stathmin is one such potential
MAP, it negatively regulates MT-dynamics by sequestering tubulin [432], and has
been shown to regulate spindle during mitosis [433]. Each molecule of stathmin
can bind to two tubulin heterodimers forming a trimeric T2S-complex [434, 435],
effectively reducing the free dimers avialable in the cytoplasm for polymerization30.
Interestingly, the only example of a complex dynamic tubulin encapsulation also
involved a stathmin-based MT-regulator gradient [286]. It would be interesting to
attempt to encapsulate in-house purified tubulin using cDICE, ideally unlabeled (or
visualized with a less-hydrophobic dye, other than rhodamine), in order to replicate
the previously reported old conditions used in case of simple swelling-based tubulin
encapsulations [258–260, 405, 406], and try lipid compositions with membrane-
mimicking egg-PC or saturated lipids (e.g. DPPC). And another approach can be to
increase the complexity of tubulin encapsulation, to minimize the membrane inter-
action, such as by assembling an actin cortex.

4.5 MATERIAL AND METHODS
4.5.1 MATERIALS
CHEMICALS See Sec. 2.6 for a detailed list of chemicals. Chemicals were pur-
chased from Merck (Merck Life Science), unless otherwise stated: Guanosine 5'-
triphosphate sodium salt hydrate (GTP, G8877 Sigma), Potassium chloride (KCl,
P9333 Sigma), Guanosine-5'-[(α,β)-methyleno]triphosphate, Sodium salt (GMPCPP,
NU-405 Jena Bioscience GmbH), PLL(20)-g[3.5]-PEG(2)/PEG(3.4)-biotin(20%) (PLL-
PEG-biotin Susos AG), PLL(20)-g[3.5]-PEG(2)/PEG(3.5)-RGD (PLL-PEG Susos AG),
NeutrAvidin®(Neutravidin, A2666 Invitrogen™, Thermo), Poly(ethylene glycol) (PEG-
6000, 81255 Sigma), Poly(ethylene glycol) (PEG-35000, 94646 Sigma), Paclitaxel
(Taxol, T7402 Sigma), 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid, N-(2-Hydroxyethyl)piperazine-
N'-(2-ethanesulfonic acid) (HEPES, H3375 Sigma) .

LIPIDS See Sec. 2.6 for a detailed list of lipids. All lipids were purchased from Avanti
Research (Merck Life Science): N-(4-carboxybenzyl)-N,N-dimethyl-2,3-bis(oleoyloxy)propan-
1-aminium (DOBAQ, 850310C), Egg PC (840051C), 1,2-di-(9Z-octadecenoyl)-sn-glycero-
3-phospho-(1'racglycerol) (sodium salt) (DOPG, 840475C) .

30Stathmin, a oncoprotein 18 (OP18) class of protein, can be phosphorylated on up to 4 residues
(pStathmin) upon extermal stimuli, which inactivates its inhibitory effect, allowing for tubulin poly-
merization.

https://www.sigmaaldrich.com/NL/en/product/sigma/g8877
https://www.sigmaaldrich.com/NL/en/product/sial/p9333
https://www.jenabioscience.com/nucleotides-nucleosides/nucleotides-by-application/on-proteins-enzymes/structural-biology/non-hydrolyzable-nucleotides/alpha-beta-non-hydrolyzable-nucleotides/guanosine-nucleotides/nu-405-gpcpp-gmpcpp
https://susos.com/shop/pll20-g3-5-peg2peg3-4-biotin20-2/
https://susos.com/shop/pll20-g3-5-peg2peg3-4-biotin20-2/
https://susos.com/shop/pll20-g3-5-peg2peg3-5-rgd/
https://www.thermofisher.com/order/catalog/product/A2666
https://www.sigmaaldrich.com/NL/en/product/sigma/81255
https://www.sigmaaldrich.com/NL/en/product/sigma/94646
https://www.sigmaaldrich.com/NL/en/product/sigma/t7402
https://www.sigmaaldrich.com/NL/en/product/sigma/h3375
https://www.sigmaaldrich.com/NL/en/product/avanti/850310c
https://www.sigmaaldrich.com/NL/en/product/avanti/840051c
https://www.sigmaaldrich.com/NL/en/product/avanti/840475c
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BUFFERS AND PROTEINS See Sec. 2.6 for more details about buffers. And Sec. 2.6
for more details related to protein purification.
HEPES buffer was composed of 10mMHEPES (pH 7.4 adjusted with KOH solution),

150mM KCl, and 0.5mgmL−1 BSA. Buffer was filter sterilized (Whatman™ 0.2µm)
and stored at 4 °C.
All lyophilized porcine brain tubulin was purchased from Cytoskeleton Inc. (Tebu-

Bio): Tubulin (>99% pure) (tubulin, T240), Tubulin (rhodamine) (TL590M), Tubulin
(HiLyte 647) (TL670M), Tubulin (HiLyte 488) (TL488M), Tubulin (biotin) (TL333P) .
Tubulin was resuspended in MRB80, aliquoted, snap-frozen and stored at −80 °C.
All protein mixes were made on ice (4 °C), unless otherwise stated.
EB3 — mCherry-EB3 [436] was purified in-house from E. coli, and was a kind gift

from Michel Steinmetz (Laboratory of Molecular Research, Paul Scherrer Institute,
Switzerland) and Anna Akhmanova (Department of Biology, Utrecht University, the
Netherlands).
Centrosomes — Centrosomes were isolated from human lymphoblastic KE37

cells using sucrose density gradient method [234, 437]. See Sec. 5.4 for more de-
tails.
bTubAB— Prosthecobacter dejongeii bacterial tubulins A and B (bTubA and bTubB)

were co-expressed and purified as described in Díaz-Celis et al. [438] except that
vectors were overexpressed in OverExpress C41(DE3) Chemical Component Cells
(Immunosource). See [439, §2] for more details.

4.5.2 METHODS
CONTACT ANGLE MEASUREMENT
The contact anglemeasurements were performed using a drop shape analyser (DSA30S
Kruss, Germany) and analysed with Dropen (v3, MATLAB) software [440]. A 7.2µL
droplet of aqueous solution was dropped on a silicon wafer using an automated dos-
ing system from a hanging glass syringe with needle diameter of 1mm (Hamilton).
The image was acquired after the drop has fallen and equilibrated on the surface
(∼5 s).

MICROTUBULE DYNAMICS ASSAY
Microtubule dynamics assay was performed based on protocol described in [441].
GMPCPP-stablizedMT seeds (70% tubulin, 18%biotin-tubulin, and 12%647-tubulin
or 488-tubulin) were prepared based on the protocol described in [442].
Dynamics mix — A 20µL protein mix of 0.5mgmL−1 κ-casein, 50mM KCl, 1mM

GTP, 1 x OX, 30µM tubulin (10% rhodamine-tubulin), and 50mM glucose was made
in MRB80. cDICE IA solution mix — A 40µL protein mix of 1mM Trolox, 0.1mgmL−1

κ-casein, 50mM KCl, 3mM GTP, 1 x OX, 40µM tubulin (2.5% labelled), 18.5%w/v
OptiPrep™, and 50mM glucose was made in MRB80. Both mixes were centrifuged
in an air driven ultracentrifuge (Airfuge®, Beckman) with fixed angle rotor (A-100/18)
at 30psig for 5min.
The flow chambers were assembled and functionalized with sequential 10min in-

cubations of 0.2mgmL−1 PLL-PEG-biotin, 0.5mgmL−1 Neutravidin, and 0.5mgmL−1

https://www.cytoskeleton.com/t240
https://www.cytoskeleton.com/tl590m
https://www.cytoskeleton.com/tl670m
https://www.cytoskeleton.com/tl488m
https://www.cytoskeleton.com/t333p
https://www.dsmz.de/collection/catalogue/details/culture/ACC-46
https://immunosource.eu/product/overexpress-c41de3-chem-comp-cells-12-reactions-solos/
https://www.kruss-scientific.com/en/products-services/products/dsa30s
https://board.unimib.it/datasets/wzchzbm58p/3
https://www.mybeckman.nl/centrifuges/ultracentrifuges/airfuge-air-driven
https://www.mybeckman.nl/centrifuges/rotors/fixed-angle/347593
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κ-casein. MT seeds (∼100–300x diluted) were attached via biotin-Neutravidin inter-
actions with 10min incubation. The protein mixes were added to the flow chambers
and the flow chambers were sealed with vacuum grease. MTs were imaged imme-
diately in TIRF mode at 30 °C.

SWELLING
PROTEIN MIX Bead swelling — A 20µL protein mix of 1mM Trolox, 0.5mgmL−1 κ-
casein, 50mM KCl, 3mM GTP, 1 x OX, 40µM tubulin (2.5% labelled), 200 x diluted
MT seeds, and 50mM glucose was made in MRB80.
Gel swelling— A 20µL protein mix of 1mM Trolox, 0.5mgmL−1 κ-casein, 50mM

KCl, 3mM GTP, 1 x OX, 50µM tubulin (2% labelled), 7.5%v/v glycerol, and 50mM
glucose was made in MRB80.
LIPID SUBSTRATE Lipid-coated beads and lipid-coated coverslips were made as
described in Sec. 2.6.
FORMATION Both bead-based and gel-based swelled GUVs were formed as de-
scribed in Sec. 2.6. The samples were heated to 34 °C to induce tubulin polymeriz-
ation.

CDICE AND EDICE
PROTEIN MIX Effect of proteins—A 40µL protein mix of 1mM Trolox, 0.5mgmL−1

κ-casein, 50mM KCl, 1 x OX, 1µM SspB-mCh, 18.5%w/v OptiPrep™, and 50mM
glucose was made in MRB80. A 20µL protein mix of 1mM Trolox, 0.5mgmL−1

κ-casein, 50mM KCl, 3mM GTP, 1 x OX, 35µM tubulin (1.5% labelled), 18.5%w/v
OptiPrep™, and 50mM glucose was made in MRB80 (default tubulin mix).
Tubulin polymerization troubleshooting—Various similar tubulin proteinmixes

(as described above) were made while troubleshooting tubulin polymerization in
GUVs made with cDICE and eDICE. The changes in protein mix composition are
described in Tab. 4.S1.
Bacterial tubulin — A 40µL protein mix of 1mM Trolox, 1mgmL−1 κ-casein,

50mM KCl, 1 x OX, 2.5µM GTP, 6.6µM bTubAB (10% labelled), 18.5%w/v Opti-
Prep™, and 50mM glucose was made in MRB80.
LO DISPERSION LO dispersion were made as described in Sec. 2.6. Tubulin poly-
merization troubleshooting mixes — Various similar LO dispersion were made
while troubleshooting tubulin polymerization in GUVs made with cDICE and eDICE.
The changes in lipid composition are described in Tab. 4.S1.
Bacterial tubulin mix—LOdispersion of 50.775 n%DOPC, 11.5 n%DOPG, 35.6 n%

DOPE, 2.1 n% Cardiolipin, and 0.025n% Cy5-PE was made as described in Sec. 2.6.
FORMATION cDICE and eDICE -based GUVs were formed as described in Sec. 2.6.
The samples were heated to 22–34 °C to induce tubulin polymerization.

OLA
PROTEIN MIX A 80µL mix (IA) of 0.5mgmL−1 κ-casein, 1 x OX, 3mM GTP, 40µM tu-
bulin (5% labelled), 160 x dilutedMT seeds, 15% glycerol, 5mM dextran (6000MW)
and 50mM glucose (added at last) was made in MRB80 (5 x).
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LIPID-OCTANOL SOLUTION LO solution was made as described in Sec. 2.6.
FORMATION GUVs were formed as described in Sec. 2.6.

DSGUV
PROTEIN MIX A 90–150µL protein mix of 0.5mgmL−1 κ-casein, 1 x OX, 1%v/v PEG-
6000, 3mM GTP (2mM GTP and 1mM GMPCPP for overnight dsGUVs), 40µM
tubulin (5% labelled), 90 x diluted MT seeds, and 50mM glucose was made in
MRB80.
SO DISPERSION SO and LA (SUVs containing) solutions were made as described
in Sec. 2.6. LA solutions with SUVs of different lipid composition were made while
troubleshooting tubulin polymerization in dsGUVs. The changes in lipid composition
are described in Tab. 4.3.

Name Composition [n%]

Neutral 100% DOPC
Neutral (w/ PEG) 96% DOPC, 4% PEG2000-PE
Negative 96% DOPS, 4% PEG2000-PE
Charged 66% DOPC, 30% DOPS, 4% PEG2000-PE
pH-sensitive 40% DOPC, 30% DOBAQ, 20% DOPS, 6% DOPE, 4% PEG2000-PE

Table 4.3: Lipid composition for dsGUV. All lipid mixes contain additional 0.5 n% Atto488-
DOPE (adjusted in DOPC n%) for visualization.

FORMATION dsGUVs and GUVs were formed as described in Sec. 2.6. Samples
made for releasing GUVs from dsGUVs were incubated on rollers in the cold room
(overnight) and later released using PFO solution. Some samples were heated for
37 °C, 5min to induce tubulin polymerization.
PICO-INJECTION dsGUVs were formed as described above and in Sec. 2.6. Pico-
injection was performed as described in Sec. 2.6.

FSLB
AQUEOUS PHASE Formation — HEPES buffer.
Replacement — A 200µL mix of 0.5mgmL−1 κ-casein, and 20µM tubulin (5%

labelled) was made in MRB80.
ORGANIC PHASE Lipidmix (10mgmL−1,∼100µL) of 99.975 n%DOPC, and 0.025n%
Cy5-PE was made in chloroform.
FORMATION FsLBs were formed based on the protocol described in [418, 419, 443].
Themicrofluidic device was connected to the two syringe pumps (NE-300 ProSense)
with tubing. The tubing was held in placed on device inlets with a custom holder.
The custom holder consisted of two acrylic strips, sandwiching the FsLB device with
silicon spacers, held together with nuts and bolts. The first syringe (S1) was filled
with HEPES buffer, and lipid solution was injected at the tip of the tubing just be-
fore connecting to the device. The other syringe (S2) was filled with MRB80 buffer,

https://www.prosense.net/en/products/syringe-pumps/syringe-pumps/psne300/
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and replacement (tubulin) mix was pulled from the tip of the tubing just before con-
necting to the device. First, S2 solution was flown (4.5µLmin−1) until it reached
the opening of the connecting (resistance) channel (Fig. 4.S7), then the flow was
stopped. Then S1 solution was flown (9.5µLmin−1) until it reached the pillars in
the membrane channel, then S1 (4.5µLmin−1) and S2 (0.5µLmin−1) flows were re-
duced until all the chloroform was flushed out. Both S1 and S2 flows were stopped.
Membranes were allowed to stabilize for 2 h. Then HEPES from the membrane chan-
nel was replaced with protein (tubulin) mix by flowing S2 (0.2µLmin−1, ∼30min or
2.5µL s−1, ∼3min). During the beginning of replacement, the outlet of the replace-
ment channel was sealed with a UV glue (7004631 Bison). Within ∼30min, the
replaced reagents diffuse towards the membrane and start interacting.
The master chip mould was made with SU-8 on a silicon wafer (as described in

[418, 443]). Minor PDMS (negative mould) was made with PDMS (as described in
Sec. 2.6). The PDMSmould was silanized with Trichloro(1H,1H,2H,2H-perfluorooctyl)silane
(448931 Sigma) (2 h, under vacuum). The microfluidic FsLB device was made by
casting optical glue (NOA81 Norland) on to the PDMS mould and topping it with a
glass slide. The cast was cured by UV exposure (UVL-36 Promed, 4 x 9W) for 5min.
Later the PDMSmould was removed, and inlet/outlets were drilled. The FsLB device
was closed with a coverslip (with NOA81 spin-coated, and partially cured for 60 s).
Finally, NOA81 in FsLB device was completely cured by UV exposure for 10min and
baking at 85 °C for 8 h on a hot plate.
Samples were observed on a light microscope (AE31E Motic).
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4.7 SUPPLEMENTARY INFORMATION
4.7.1 SUPPLEMENTARY FIGURES
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Figure 4.S1:Hydrophobicity of aqueous solutions. (a) Contact angle θ determination of fluid
drop (tubulin 30µM in MRB80) in contact with a silicon wafer using Dropen (v3) [444]. Zoom
insert, showing manually determined contact point. (b) Hydrophobic angle measurements for
different buffers — MRB80 and G-buffer, protein solutions — tubulin (5µM and 30µM) and
actin (2µM), along with water (milliQ) using contact drop method.
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Figure 4.S2: OptiPrep inhibits MT dynamics. In vitro microtubule dynamics assay with, (a)
dynamics mix (tubulin 30µM) and (b) cDICE IASmix (tubulin 40µMwith 18.5%v/v OptiPrep™
). Microtubules grow from the seeds in dynamics mix, while tubulin does not polymerize in
presence of OptiPrep. Scale bar — 20µm.

bTubAB
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Figure 4.S3: Bacterial tubulin polymer-
ization in GUVs. Bacterial tubulin en-
capsulation with cDICE, polymerizes with
bTubAB (10µM), GTP (2.5mM), and Opti-
Prep™ (18.5%v/v) in MRB80. Filaments
deform the GUVs. Scale bar — 20µm.
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Figure 4.S4:No tubulin polymerization in GUVs. Tubulin encapsulation with cDICE showing
no polymerization even in presence of following reagents, known for aiding polymerization,
(a) Taxol (20µM), with tubulin (50µM) and Sucrose (1.75%w/v) (b) Centrosomes (10%v/v),
with tubulin (40µM) and Sucrose (1.75%w/v) (c) Taxol (100µM), with tubulin (40µM), MT
seeds, and OptiPrep™ (18.5%v/v) (d) GMPCPP (1mM), with tubulin (40µM), MT seeds, and
OptiPrep™ (18.5%v/v) (e) PEG 6000 (1.5%w/v), with tubulin (35µM), MT seeds, and Opti-
Prep™ (18.5%v/v) (f) PEG 35000 (1%w/v), with tubulin (35µM), MT seeds, and OptiPrep™
(18.5%v/v). Images shown are representative of GUVs with various different tubulin artefacts.
GUV yield was very low. Scale bar — 20µm.
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Figure 4.S5: Tubulin encapsulation with dsGUV — double inlet approach. dsGUVs are
formed with tubulin (40µM, with MT seeds) and different lipids using dsGUV method (with
double inlet microfluidic chip). (a) dsGUVs with negative lipids just after formation. Tubulin
already at the cortex and incomplete lipid coverage. (b) A dsGUV with neutral (w/ PEG) lipids
after 5min incubation at 37 °C. MT polymerization is seen inside dsGUV. Lipid coverage is
not optimal. (c) A dsGUV with charged lipids after 5min incubation at 37 °C. MT polymer-
ization is seen inside dsGUV. Lipid coverage is optimal. (d) 6-way junction from a double
inlet microfluidic chip. Protein solution is sheathed by lipid aqueous (LA) solution before it
gets encapsulated by surfactant oil (SO) solution to form dsGUV droplets, as shown in (left)
schematic and (right) bright field image. (e) Standard-deviation Intensity Z-Projection (SIP)
of a dsGUV (tubulin with GMPCPP 1mM) after overnight (O/N) incubation and later 5min at
37 °C, showing few MT bundles and tubulin and lipid at the dsGUV cortex. (f) FRAP analysis
of a surface of a GUV are released from dsGUVs (with pH-sensitive lipids, O/N, Fig. 4.6(d))
using PFO solution. The surface shows a tubulin cortex decorated in lipid aggregates, none
recovers after photobleaching. Scale bar — 20µm.
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Figure 4.S6: dsGUVs and tubulin encapsulation with pico-injection. dsGUVs are formed
with (a)(b)(c) charged and (d)(e)(f) pH-sensitive lipids. Tubulin (40µM, with MT seeds) is in-
serted into the dsGUVs using pico-injection. (a) dsGUVs just after formation. Lipid coverage
is not optimal. (b) dsGUVs just after the pico-injection of tubulin. Very few dsGUVs with tu-
bulin in lumen and MT polymerization. Tubulin and lipid at the dsGUV cortex are mutually
exclusive. In addition, background (SOS) shows presence of lipid signal. (c) dsGUVs showing
MT polymerization inside and no lipids present at the cortex, instead, transferring from IAS
to SOS. (d) dsGUVs just after formation. (e) dsGUVs just after the pico-injection of tubulin.
Many dsGUVs with tubulin in lumen and MT polymerization. Almost no lipid coverage. (f)
dsGUVs showing some MT polymerization inside, but mostly aggregated bundles and no lip-
ids present at the cortex. Scale bar — 20µm.
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Figure 4.S7: Microfluidic chip design for FsLB formation. Detailed scaled design for free-
standing lipid bilayer (FsLB) membrane formation ([418]). Two primary channels for mem-
branes and replacement solution, with inlet, bubble trap, and outlet. Membrane channel has
two rows of 16 pillars each (alternatively spaced 75µm and 120µm apart) providing support
contacts for possible 30 independent FsLBs in total. The replacement channel connects the
membrane channel before and after with a serpentine, flow dampening resistance channels.
On the other side, the membrane channel has two exits, also connected with resistance chan-
nels, mirroring the replacement channel entry and exit points, for stabilizing the fluid flow
pressure during replacement if required.
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4.7.2 SUPPLEMENTARY TABLES

Tubulin [µM] Other GUV yield Tubulin polymerization

18.5%v/v OptiPrep™

SspB - High -
40 - Ok few aggregates
35 0.002% PEG-2000 DOPE Low few aggregates
35 1% PEG-2000 DOPE Ok (lipid aggregates) many aggregates
30 seeds 1.5%w/v PEG-6000 Low -
30 seeds 1%v/v PEG-35000 Low -
40 seeds 30% DOPS Ok -
40 1mM GMPCPP Ok few aggregates
40 seeds 1mM GMPCPP Ok few MTs, aggregates, at cortex
40 seeds 20µM Taxol Ok few aggregates, at cortex
40 10%v/v Centrosomes, 30%DOPS Ok (lipid aggregates) at cortex
44 10%v/v Centrosomes Ok few aggregates, at cortex

1.75%w/v Sucrose

SspB - High -
40 - Ok -
105 200nM EB3 Ok -
105 20µM Taxol Low (lipid aggregates) -
40 10%v/v Centrosomes Ok -
5 1mM GMPCPP, EggPC Low (lipid aggregates) few aggregates
5 1mM GMPCPP Low many aggregates

Table 4.S1: Tubulin encapsulation conditions with cDICE. Some interesting conditions tried
for GUV formation during optimization of tubulin encapsulation with cDICE (in comparison
with SspB (0.5–2µM) encapsulation for reference). Conditions mentioned here are deviation
from the default conditions mentioned in the methods section. The GUV yield and tubulin
polymerisation are general interpretation, as experimental outcomes had some variations.
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4.7.3 SUPPLEMENTARY MOVIES

Figure 4.S8: Tubulin shell. GUV (Fig. 4.6(f)) released from dsGUV shows a shell made of
tubulin, decorated with lipid aggregates. Images are 3D projected. [  ]

Figure 4.S9: FsLB formation. Formation of FsLB between two pillars (Fig. 4.8(b)). [ 
reduced, low-res]







5
MINIMAL ASTER POSITIONING

IN DROPLETS
One step at a time.
Layer upon layer.

The beauty of the cell lies in its complexity. But that also makes it challenging to
study. Hence, individual cellular processes or proteins are investigated in isolation
within the cell or outside the cell. In vitro reconstitutions involve interactions of a
few proteins in a limited pseudo or bulk 3D geometry. And 3D cell-like reconstitu-
tions are limited to a couple of proteins at max, involved in only one cellular process.
Bottom-up approaches need to increase the complexity of reconstitution while main-
taining a minimal system to gain a better understanding of cellular functioning. We,
therefore, build up the complexity by incorporating an increasing number of com-
ponents from across different cellular processes. Here, in this chapter, we managed
to combine major cellular components like microtubule asters and actin cortex, and
microtubule asters and nucleus (mimic). We also discuss options for external and
orthogonal tools to mimic complex cellular networks and gain precise control over
the reconstituted system.

This chapter includes experiments with bead and aster positioning, performed by Gaspard Waage (un-
der supervision of Yash Jawale), and experiments with actin cortex and aster positioning, performed
with Marcos Arribas Perez (Gijsje Koenderink lab, TUD, Netherlands).

125

mailto:gaspardwaage@gmail.com
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5.1 INTRODUCTION
Cells are made up of many different components that work together to sustain life.
Dissecting the cell, we quickly find some of the largest components, like the cyto-
skeletal microtubule network present across the cell, the actin network predomin-
antly present at the cell cortex, the nucleus generally occupying the cell centre, and
then some smaller yet many, fragmented components, like endoplasmic reticulum,
and cargo vesicles spread across the cell. These components are regulated and
coordinated to ensure proper functioning of the cell. The cytoskeleton plays an im-
portant role in many cellular processes like cell shape regulation, development and
polarity establishment, intracellular transport, fertilization, cell migration, and cell
division (Fig. 5.1).
In these processes, actin and microtubule crosstalk is important, MT tips act

as nucleation points for actin and also guide actin filaments, while actin network
provides support for MTs (review [127]). Forces generated byMT pushing and pulling,
actin flows, and actin-MT interactions are responsible for controlling the position
of centrosomes (review [445]). Actin is responsible for asymmetrical positioning of
spindle in oocytes (review [446]) and embryos. Microtubules control the nuclear and
pro-nuclear positioning in oocytes and embryos (review [166]), and help position the
spindle at the cell centre (reviews [189, 447]). The cytoplasm with its viscoelasti-
city properties due to macromolecular crowding ensure a proper maintenance of
spindle positioning (review [448]). Regulation of MTs by MAPs and a force balance
between the pushing and pulling MTs is required for a proper spindle assembly and
segregation (reviews [449, 450]). In order to build a functional synthetic cell, we

Figure 5.1: Cytoskeleton in cellular processes. (left) Nucleus (H2B) attached to spindle
pole body (Sfi1) exhibiting horsetail oscillations due to dynamic MTs (α2-tubulin) pulled by
polar cortical dynein (Dhc1), during meiosis (prophase) in Schizosaccharomyces pombe zy-
gote. Movies adapted from [451] and [452] respectively. [  ] (middle) Centrosome
(anti-γ-tubulin; 2 dots) is positioned off-centred by MT aster (anti-tubulin) in actin-inner zone
(Phalloidin) of mouse embryonic fibroblasts (p150-glued dominant-negative) cytoplasts (i.e.
enucleated cells). Image adapted from [453]. (right) Schematic representation of building
complexity for aster positioning in W/O droplet (lipids), in presence of other components
like nucleus (bead), actin cortex, motors (dynein), and cargo vesicles. (Image created with
BioRender.com)
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need to identify and understand its components. In vivo experiments provide a
qualitative overview of individual components and bulk or single molecule in vitro
experiments provide a quantitative perspective, but no clear understanding of a pro-
cess at cellular level is obtained. More complex in vitro reconstitutions of these pro-
cesses with minimal system in 3D cell-like confinements help to provide a complete
picture. Higher order cytoskeletal organization, such as asters assembly and pos-
itioning, has been demonstrated in water-in-oil droplets, by encapsulating tubulin
with MAPs centrosomes or crosslinking motor proteins like kinesin (review [454]).
Most of these studies use MT and cross-linking motor protein, kinesin, to assemble
acentrosomal asters [237, 238] or centrosomes with tubulin to assembly centro-
somal asters and dynein at the cortex, to position the asters in the W/O droplets
[235, 455]. Simple cytoskeletal crosstalk and co-organization has also been recon-
stituted in W/O droplets, by co-encapsulating tubulin and actin filaments [239].
In vitro reconstitutions are tricky, re-encapsulating proteins purified from cells

into a minimal 3D container has its challenges. Attempts of the cytoskeleton encap-
sulation in droplets up until now are limited to two major cytoskeletal components at
a time —MTs and kinesin, MTs and dynein, and MTs and actin filaments. Complexity
of the encapsulation increases non-linearly with addition of extra new components.
Here, we establish a minimal assay to reconstitute basic cytoskeletal systems within
droplets. We extend this system by introducing two additional components (Fig. 5.1):
a nucleus-mimicking bead and an actin-cortex. The bead represents a nucleus by
occupying physical volume within the droplet, while the actin cortex is assembled
using branched nucleators and crosslinkers. This allows us to study aster position-
ing in the presence of a nucleus-like object, mimicking cellular processes such as
nuclear and pro-nuclear positioning, as well as polarization. The subsequent ad-
dition of an actin cortex makes the assay more cell-like and enables exploration
of further processes like cell migration. Altogether, these assays provide a founda-
tion for studying more complex cytoskeletal processes in a controlled environment,
independent of cellular redundancies.

ORTHOGONAL CONTROL OVER COMPLEXITY
Although working with minimal in vitro reconstitutions simplifies the interactions to
observe and account for, it also limits the degree of complexity that can be achieved.
Cells have a redundant network of up- and down- stream pathways to regulate pro-
teins in a complex spatio-temporal manner. Reconstituting even a single pathway
needs addition of multiple extra proteins. Non-biological alternatives can be used
to substitute these pathways. Chemical induced dimerization (CID) systems1 were
discovered and developed (see reviews [456, 457]) to target membrane oligomer-
isation, organelles targetting, and gene expression regulation. Another widely used
way to control biological systems is with light. Many small chemical molecules2, like
nucleotides and secondary messengers have been modified, mostly caged (trigger
release or activate upon illumination), to create rapid global or precise local con-

1FKBP — FRB, DHFR — MTX, ABA — PYL1 & ABI1, GA3 — GAI & GID1
2ATP, GTP, cAMP, cGMP; Ca2+, IP3
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centration changes with temporal control [458]. Recent development has extended
caging other molecules3 like peptides, enzymes, mRNA and DNA, and neurotrans-
mitters (see review [459]). These systems often have limitations, such as limited
spatio-temporal control, irreversibility and limited exchange with environment.
Optogenetics enables better spatio-temporal control as it is protein based (i.e.

genetically encoded, close system) and are fast and reversible. Optogenetic tools
are being used in vivo to regulate cellular pathways (see reviews [460, 461]) like
gene transcription, cell motility, organelle positioning, and GTPase signaling. Vari-
ous cytoskeleton related optogenetic tools have also been developed to regulate
microtubule growth, severing, plus-end disassembly, crosslinking with F-actin, and
modify PTMs (see review [462]). Optogentic tools also have wide applicability in syn-
thetic cell research, as they provide fast and precise control in encapsulated systems
too. Only external light is required to trigger the system. Many types of ontogenetic
switches4 are identified and engineered to perform diverse actions5 and respond
to a wide spectrum of light6. Optobase7 is a comprehensive online database that
provides overview and latest trends of molecular optogentic tools [463]. We will ex-
plore one such opto-switch, iLID8-SspB [240], which offers reliable spatiotemporal
control, in Sec. 6.1.

5.2 RESULTS
Here, we introduce bead, as a nucleus mimic, in the presence of a single aster to
study the aster positioning in cellular processes like cell polarization, pro-nuclear
migration, and cell migration. We also organize actin filaments into 3D actin cortex
around the droplet, to investigate how positioning of a single aster is affected. This
is equivalent to cellular processes like cell shape reorganization, cell migration, and
cell division. These additional components will help build up the complexity towards
understanding the cytoskeleton related cellular processes like nuclear positioning
and role of actin cortex in MT network organization in our minimal in vitro assay,
and provide quantitative insights at system level, free from the effects of redundant
cellular pathways.

5.2.1 VARIATIONS IN CENTROSOME PURIFICATION
The centrosomes are microtubule organising centres (MTOC), and play an important
role in the cytoskeleton of the cell [464]. Asters are just a radial collection of MTs
growing from the centrosomes. So, centrosomes are essential for in vitro reconstitu-
tion and studying of aster positioning in droplets. We used two different methods for

3DMNPE-caged DNA, Bhc-caged mRNA; BNPA-cofilin, NVOC-actin; caged amino acids (CpAAs), cgY,
CpSer; MNI-Glu, NP-EGTA

4Domains: UV receptors, Cryptochromes, BLUF, LOV, Phytochromes
5Actions: Homodimerization, Heterodimerization, Oligomerization, Dissociation, Shielding, Photocleav-
age

6Wavelength: 300–750nm
7www.optobase.org
8iLID — improved Light Induced Dimerization

https://www.optobase.org/
https://www.optobase.org/


55

5.2 Results 129

purification of centrosomes — the traditional, sucrose density gradient (SDG) based
centrifugation [234, 437], and a more recent, Centrosome Affinity Capture (CAPture)
based pull-down [465].

Centrosome
Affinity CAPture

Sucrose
gradient

Centrifuge Centrifuge

Lysis 8xHis-CCDC61
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Figure 5.2: Methods for centrosome purification. (a) Sucrose density gradient (SDG) [437]
— Cells are grown, and lysed. The centrosomes from lysate are first concentrated on 60%
sucrose cushion. The concentrated centrosomes are further separated on a discontinuous
40%, 50% and 70% sucrose gradient. The centrosomes are collected in fractions by punch-
ing a hole in the bottom of the gradient tube. (b) Centrosome Affinity Capture (CAPture) [465]
— Cells are grown and lysed. The lysate is incubated with 8xHis -tagged CCDC61 peptide at-
tached to Ni-NTA magnetic beads. The centrosomes are pull-down with a magnet and the
isolated centrosomes are eluted with HRV 3C cleavage. (Images adapted from [466] and
partially created with BioRender.com)

There are significant differences in the quality of centrosomes, i.e. the number and
the length of the MTs nucleated from the centrosomes, across different batches of
purification. Also, getting a high enough concentration of centrosomes required for
sufficient encapsulation of a single or double aster in droplets is difficult.

SUCROSE DENSITY GRADIENT PURIFICATION
In SDG, centrosomes are purified from cell lysate with a series of centrifugations, as
shown in Fig. 5.2(a). First, centrosomes are concentrated on a 60% sucrose cush-
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ion. Then the concentrated centrosomes are passed through a discontinuous 40%,
50% and 70% sucrose gradient. The centrosomes are collected from the bottom
of the gradient tube in fractions. These fractions are tested in a flow cell to identify
the fractions with most concentration of the centrosomes. The aster grown from the
SDG centrosomes show difference in quality. While most of the centrosomes have
a good number (∼100) of MTs, a few of them have very few (≤10) MTs (Fig. 5.3(a)).
Along with these asters, the flow cell has regions of MT mesh (Fig. 5.S1(a)). These
are spontaneously nucleated MTs but clustered, without any radial organization. The
majority of the asters with many MTs are seen in scattered (or damaged) state, the
MTs appear radially originating around a central point, but no clear centre, centrioles,
can be observed. The asters (∼100µm) seem huge compared to average eukaryotic
cells (∼10–20µm), an order of magnitude difference. There are few asters in com-
pact (or intact) state, the MTs are fewer and shorter compared to the scattered state
aster, but a clear centre can be identified (Fig. 5.3(b)). Experiments in this work with
aster positioning are performed using SDG centrosomes only. The fluorescently la-
belled CAPture peptide can be used as marker (for centrioles and peri-centriolar
matrix (PCM) around the centrosomes) too, if added to the lysate during the purific-
ation. The CAPture peptide shows a blob (⪅10µm) at the centre in case of scattered
centrosomes, and a bright spot in case of compact centrosome (Fig. 5.3(b)). This
indicates that the PCM is scattered (hence, the scattered state centrosome) or dam-
aged, as opposed to typical (⪅1–3µm) [467]. It can also explain the presence of MT
mesh regions, nucleating with the help of MAPs from damaged PCM.

CENTROSOME AFFINITY CAPTURE PURIFICATION

The CAPture is pull-down based centrosome purification, as shown in Fig. 5.2(b). The
cell lysate is incubated with 8xHis-HRV3C-mStayGold-3xFLAG-Avi-CCD61334-366 pep-
tide attached to Ni-NTA magnetic Dynabeads™. The centrosomes are pull-down
with a magnet and the isolated centrosomes are eluted from the beads with HRV 3C
cleavage. The coiled-coil-domain-containing protein 61 (CCD61)’s low-complexity
region, shown to interact with many centrosome proteins, especially Ninein, which
localizes with CEP170 attached the minus end of centrioles [465]. The centrosomes
purified with CAPture have been shown to have many more proteins in PCM com-
pared to SDG purification [465].

The CAPture centrosomes show a compact state (Fig. 5.3(c)), compared to most
of the scattered state SDG centrosomes (Fig. 5.3(b)). The CAPture peptide appears
as a single spot (less bright due to possibly single copy of fluorescent CAPture pep-
tide), at the centre of the centrosomes. The tubulin enrichment is seen around the
CAPture spot in compact state. Despite the assumed intact PCM in compact state
and high tubulin enrichment, the number and length of MTs is lower. The CAPture
centrosomes, purified over a gravity column with Ni-NTA Sepharose resin (as a sim-
pler alternative method), show similar compact state (Fig. 5.S1(b)).
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Figure 5.3: Variation in asters grown from purified centrosomes. (a) Centrosomes purified
with sucrose gradient vary in the quality (number of MTs nucleated). (left—right) few, short
MTs to many, long MTs. (b) Sucrose gradient purified centrosomes show two types — (left)
most commonly in scattered state, (right) few in compact state, with identifiable centre. The
same is corroborated with CAPture peptide, a proxy for PCM, blob (left) versus puncta (right).
Tubulin localisation is also seen around the puncta. Number and length of MTs is less in
compact state compared to scattered state. (c) CAPture purified centrosomes only show
compact state (as described earlier). All images shown are brightness and contrast enhanced.
Scale bar — 20µm.

5.2.2 ASTERS IN PRESENCE OF NUCLEUS-MIMIC BEADS
Asters can grow large, covering almost the entire cytoplasm of a cell. They have
to co-exist with the largest organelle of the cell, the nucleus. Therefore, two of the
largest structures inside the cell are confined in a limited volume of the cell. So, aster
positioning cannot be considered in isolation, as it is influenced by other organelles
[468]. This plays an important role in cellular processes like pro-nuclear migra-
tion and differentiation. In cells, centrosomes and nucleus are connected through
linker of nucleoskeleton and cytoskeleton (LINC) complexes [469, 470]. Here, we
reconstitute a minimal in vitro system to co-encapsulate an unlinked aster and a
nucleus-mimic bead in droplets (Fig. 5.4(a)) to study how each affects the other’s
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Figure 5.4: Aster and bead centering. (a) Schematic of MT aster positioning affected by
presence of bead in droplets. rA is aster-centre distance and R is the radius of the droplet.
(b) Schematic of bead positioning affected by presence of MT aster in droplets. rB is bead-
centre distance, RB is the radius of the bead, and R is the radius of the droplet. (Image
created with BioRender.com) (c) Quantification of rAn = rA /R , in presence and absence of

bead. (d) Quantification of rBn = rB
��
R − RB� , in presence and absence of aster. (c)(d) Box

plot (black) with quartiles, and violin plot (shaded regions) with probability density.

CO-ENCAPSULATED ASTER AND BEADS CENTRES IN DROPLETS
Co-encapsulation of centrosome asters and beads in droplets required fine-tuning
conditions. We have used polystyrene beads9 as to mimic the nucleus. These beads
are denser than water and need addition of 12.1%w/v sucrose to results in zero buoy-
ancy environment for beads (Fig. 5.S3(a)). This is exclusive of the sucrose coming
from SDG purified centrosomes. Up concentration of beads to 25 x was needed to
statistically achieve one bead per droplet. We classify the droplets with — only as-
ter (aster without bead), only bead (bead without aster), and both (aster with bead;
bead with aster). We analysed the - aster-centre distance rA, bead-centre distance
rB, diameter of the droplet D, and radius of the bead RB. The centre of aster is
manually quantified, while all other parameters are obtained with automated image

9The 4.5–10µm diameter beads are suitable for achieving ∼15% nuclear volume in ∼20µm droplets
(Fig. 5.S2(a)).
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analysis. We determine normalised distances of aster rAn = rA /R (Fig. 5.4(a)), and

bead rBn = rB
��
R − RB� (Fig. 5.4(b)), correcting for maximum bead distance rB

due to radius of the bead RB. We observe, aster centering rAn is 0.47 and 0.55 in
presence of and absence of bead respectively (Fig. 5.4(c)). This shows that the as-
ter centres more in presence of bead. And for bead centering rBn is 0.65 and 0.84
in presence of and absence of aster respectively (Fig. 5.4(d)). This indicated bead
positions closer to the centre in presence of aster. Both the aster and the bead
position themselves away from the centre in independent cases, but when together,
both prefer to position closer to the centre of the droplet. It makes sense for the
asters to position closer to centre due to nuclear-occlusion effect of the bead (∼5–
15%v) (Fig. 5.S2(a)). But it is not intuitive for the beads to position closer to centre
in presence of an aster.

ASTER AND BEAD CO-LOCALISE TOGETHER
Next, we wanted to check aster and bead’s relative positioning with respect to each
other, do they co-localise? We also analysed — aster-bead distance dAB (this is the
distance from centre of the aster to the surface of the bead) and determined the
normalised aster-bead distance dABn = dAB

��
D − 2RB� (Fig. 5.5(a)), correcting for

the maximum aster-bead distance dAB due to the diameter of the bead. We also
assessed if the bead was in 5%v around the aster centre. We observed 55% of the
beads co-localise around the 5%v of aster centre (dABn ≤ 0.37) (Fig. 5.5(b)). There
was no extreme separation between aster and bead, even when bead in not within
the 5%v of the aster (Fig. 5.5(c)). The data also showed a subset of population,
almost 30% of aster-bead pairs have dABn ≤ 0.1 distance, indicating very close
proximity. We further investigated the cause-effect of this proximity.

CO-LOCALISATION AFFECTS ASTER POSITIONING
The position of aster and bead are measured in 3D from the centre of the droplet,
but the aster-bead distance dABn simplifies this as 2D distance between two points,
ignoring the centre. So we defined a parameter which considers all three points, an
angle θ. This is defined as the angle formed between the aster centre — droplet
centre — bead centre (Fig. 5.6(a)). A bi-modal distribution was observed with θ. The
aster and bead either form a very low angle (<15°), or a high angle (>60°) (Fig. 5.6(b)).
Re-categorizing aster bead distance dABn in angle sub-classes shows extreme co-
localisation for low angle and normal distribution for high angle (Fig. 5.6(c)). Almost
all the low angle cases have dABn ≤ 0.1 and all the beads fall within 5%v of the
aster centre. Representative low angle and high angle aster bead co-localisation
are shown in Fig. 5.6(d). This provides a clear picture for better understanding the
aster positioning with respect to the co-localization. For low angle, it is pretty much
intuitive that with such close proximity of aster and bead, it appears like aster and
bead (or nucleus mimic) are somehow linked, and high angle are geometrically very
unlikely. And in case of high angle, there is no relation with the angle θ and aster
bead distance dABn . We also observed the aster centering (rAn ) of 0.61 and 0.45 for
low and high angle respectively (Fig. 5.S3(b)). Aster centres more in case of high
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Figure 5.5: Aster and bead co-localisation. (a) (top) Schematic of MT aster — bead position-
ing relative to each other. dAB is aster-bead (aster centre to bead’s surface) distance, RB is
the radius of the droplet, and D is the diameter of the droplet. The purple sphere around the
aster centre represents 5% of droplet volume. (Image created with BioRender.com) (bottom)
Aster (white) and bead (black, void) co-encapsulated in droplet. centre of droplet (•), aster
centre (⋆), and centre of bead (◦). The image is the sum of maximum intensity projection (for
aster) and median intensity projection (for bead) of 3D Z-stack. (see Fig. 5.S5 for a 3D projec-
tion example.) (b) Quantification of dABn = dAB

��
D − 2RB� . Histogram binned with

p
n+ 1,

frequency ƒn is sum normalised. The purple region indicates 5%v around aster centre. (c)
Image Z-projection, showing cases of — (left) bead within 5%v of aster, (right) bead outside
of 5%v of aster. Scale bar — 6µm.

angle, where it is free from bead. For the low angle cases, with proximal positioning
of the aster and bead, the aster is pushed away from the centre and the bead centers
itself.

5.2.3 ASTERS IN PRESENCE OF ACTIN CORTEX
Just as centrosomes are essential for aster formation in cellular cytoskeleton, the
position of these asters with respect to the cell is also important for various cellu-
lar processes like cell migration, and cell division. MTs from the aster interact with
the actin cortex at cell periphery. It is shown that the actin cortex or even actomy-
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Figure 5.6: Bead affects aster positioning. (a) Schematic of MT aster — droplet centre
— bead angle. θ is the angle formed in 3D with centres of aster, droplet, and bead. (Im-
age created with BioRender.com) (b) Quantification of θ. Circular histogram binned with

p
n,

and absolute frequency. Bi-modal distribution seen with low angle (<15°) and high angle
(<15°). (c) Quantification of θ with angle classification. Histogram binned with

p
(n1 + n2),

frequency ƒn is sum normalised. The purple region indicates 5%v around aster centre. (d) Im-
age Z-projection (maximum+median), showing cases of — (left) low angle (<15°) and (right)
high angle (<15°). Key — centre of droplet (•), aster centre (⋆), and centre of bead (◦). Scale
bar — 6µm.

osin network can control centrosome positioning in cells [453, 471, 472]. Similar ef-
fects on aster positioning have been observed with in vitro reconstitution of artificial
centrosomes in micro-wells [473]. Actin cortex formation in cells is a complex pro-
cess, and replicating the exact mechanism in vitro remains challenging. To address
this, we designed a simplified, minimal actin cortex. This can be assembled either
as a meshwork of branched actin filaments generated by the Arp2/3 complex and
its activator VCA anchored to the dropet interface, or by attaching actin filaments
to the cortex and crosslinking them using α-actinin. In this work, we try to take the
reconstitution closer to in vivo conditions, by combining purified centrosomes, an
actin cortex, and 3D spherical confinement (Fig. 5.7(d)). This minimal system en-
ables investigation of actin cortex’s influence on aster positioning, as observed in
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various cellular processes.

ASSEMBLING ACTIN CORTEX
We have tried different approaches to assembly actin cortices in droplets. First, a
branched actin cortex is reconstituted using actin (8µM), 10xHis-VCA (5µM) and
Arp2/3 (50nM) in F-buffer. A uniform, continuous actin signal is seen at the droplet
interface (Fig. 5.7(a)) and maximum intensity projection (MIP) of the droplet shows a
smooth, uniform actin cortex assembled inside the droplet (appears as a continuous
actin cortex Fig. 5.7(c)). The FRAP analysis of actin cortex, showed rapid recovery
(Fig. 5.S4), indicating the presence of active actin nucleation and polymerization in
a dynamic cortex. Second, an crosslinked actin cortex is reconstituted using actin
(8µM), and α-actinin (1.6µM) in F-buffer. Actin bundles are seen inside the droplet
lumen and at the droplet interface (Fig. 5.7(b)) and MIP of the droplet shows actin
bundles throughout the droplet, while the one lining the interface forms a crude
meshed cortex (appears as a bundled actin cortex Fig. 5.7(e)). The actin cortex
assembled with VCA and Arp2/3 resembles the in vivo actin cortex more than the
crosslinked actin bundle cortex assembled with α-actinin. So, we focused on working
further with VCA and Arp2/3 for cortex assembly. We also checked the VCA localisa-
tion at the interface (Fig. 5.7(f)) and also tested lowering actin concentration (4µM)
for cortex assembly in droplets. While actin is ideally polymerized in F-buffer, even-
tually working with tubulin, the protein needs to polymerize in tubulin conditions too.
For this reason, we tested actin cortex assembly in presence of MRB80 buffer and
PEG-6000 (1%w/v, a crowding agent aiding tubulin polymerization in droplets). An
actin cortex is seen using actin (8µM), VCA (5µM), Arp2/3 (50nM), and PEG-6000
(1%w/v) in MRB80 buffer (Fig. 5.7(g)). A dynamic actin cortex assembly is possible
in droplets under tubulin polymerizing conditions, too. The presence of PEG-6000
starts to bundle the actin filaments at the interface, therefore the cortex is not con-
tinuous any more, but it becomes patchy although still more homogeneous than the
crosslinked actin-bundle mesh cortex made with α-actinin.

OPTIMIZING ACTIN AND TUBULIN CO-POLYMERIZATION
Next, we increase the complexity of in vitro reconstitution by combining actin and
tubulin polymerization. Tubulin is known to be sensitive to the buffer conditions, de-
viations from the ideal MRB80 or BRB80 buffer, like changes in salt concentration
and pH, affects the tubulin polymerization. While some changes stabilize tubulin,
most reduce severely the growth rate. Buffer exchange to BRB80 is required for
experiments of motor proteins, MAPs with dynamic MTs, or alternatively these ex-
periments are performed with Taxol stabilized MTs. In vitro assays involving actin
and tubulin are also known to use Tic-Tac buffer [473] but we did not find the buf-
fer conditions working in our hands. Instead, we focused on optimizing actin and
tubulin polymerization in MRB80 buffer for droplets.
As a simple initial test, we tried polymerising actin and tubulin together without

any optimizations. Droplets encapsulating tubulin (40µM) with MT seeds, and actin
(2µM) did not show any MTs and a homogeneous actin signal all over the lumen
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Figure 5.7: Assembling actin cortex in droplets. (a) Branched (continuous) actin cortex
formed with actin (8µM), 10xHis-VCA (5µM), Arp2/3 (50nM) in F-buffer at lipids along oil-
water interface of droplet. (b) Crosslinked (bundled) cortex formed with actin (8µM, biot-
inylated), α-actinin (1.6µM) in F-buffer at lipids along oil-water interface of droplet, along
with actin-bundles in the droplet lumen. (c) Maximum intensity projection (MIP) of branched
actin cortex. Smooth, uniform cortex is seen. (see Fig. 5.S6 for a cropped 3D projection.) (d)
Schematic of actin cortex formed at the interface of droplet with either lipid attached His-
VCA (branched actin cortex) or biotin-actin (crosslinked actin cortex). MT aster positioning is
affected by MT interactions with actin cortex. (Image created with BioRender.com) (e) Max-
imum intensity projection (MIP) of crosslinked actin cortex. Cross-linked actin-bundles lining
the lipids at the interface forms the crude meshed cortex. (see Fig. 5.S6 for a 3D projection.)
(f) Branched actin cortex formed with actin (4µM), 10xHis-VCA (2.5µM), Arp2/3 (25 nM) in F-
buffer at lipids along oil-water interface of droplet. (g) Patchy actin cortex formed with actin
(8µM), 10xHis-VCA (5µM), Arp2/3 (50nM) in MRB80 buffer at lipids along oil-water interface
of droplet. Scale bar — 20µm.
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Figure 5.8: Optimizing actin and tubulin co-polymerization in droplets. Various different
conditions for optimizing actin and tubulin co-polymerization in droplets. (a) No tubulin poly-
merization, and actin polymerization seen with tubulin (40µM), MT seeds, and actin (2µM,
in F-buffer). (b) No tubulin polymerization, and actin polymerization and bundling seen with
tubulin (40µM), MT seeds, actin (2µM), and PEG-6000 (1%w/v). (c) Tubulin polymerization
seen with tubulin (40µM), MT seeds, pre-polymerized phalloidin stabilized actin (4µM), and
PEG-6000 (1%w/v). (d) No tubulin polymerization, and no actin polymerization along with
actin accumulation at centrosomes seen with tubulin (40µM), centrosomes, actin (4µM), VCA,
and Arp2/3. (e) Tubulin polymerization, and actin polymerization seen with separate pre-
incubation of tubulin (40µM), and centrosomes at 37 °C for 5min, and actin (4µM in MRB80
buffer), VCA, and Arp2/3 at RT for 30min. During acquisition, the slide is heated with an
Objective heater around ∼30 °C. Scale bar — 20µm.
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(Fig. 5.8(a)). We next added PEG-6000 (1%w/v) to aid tubulin polymerization. With
tubulin (40µM), MT seeds, actin (2µM), and PEG-6000 (1%w/v), we still did not see
any MTs, while the F-actin starts to bundle and is pushed to the cortex (Fig. 5.8(b)).
Considering stock protein concentrations, the final reaction mix had ∼30%v/v F-
buffer compared to MRB80 buffer. No tubulin polymerization observed in presence
of F-buffer, so we decided to remove F-buffer. Actin was pre-polymerized and stabil-
ized with phalloidin. The actin filaments were pelleted and resuspended in MRB80
buffer. Then with tubulin (40µM), MT seeds, actin filaments (4µM), and PEG-6000
(1%w/v), we start seeing individual MTs inside the droplet (Fig. 5.8(c)). No presence
of F-buffer clearly helps with tubulin polymerization. But, active actin filaments are
required for dynamic actin cortex. So, during the preparation of reaction mixes,
we diluted stocks of actin and actin-associated proteins (VCA and Arp2/3) with 5 x
concentrated MRB80 buffer, while adjusting the concentration of KCl to 50mM to
promote actin polymerization. This step is essential to bring back the MRB80 buffer,
PIPES levels to ∼99% and bring down F-buffer, Tris-Cl levels to ∼6%.
Next, we tried this buffer conditions with centrosomes instead of MT seeds, to

see MT aster with actin cortex. With tubulin (40µM), centrosomes, actin (4µM),
VCA, and Arp2/3, we see no MTs, no aster, not even any actin filaments. Surpris-
ingly, almost all the G-actin was seen accumulated at the centrosomes (Fig. 5.8(d))
and prevent MT polymerization. Actin signal is not like a protein aggregate or blob,
but corresponds to the shape of a very tiny aster, small filamentous structures seen
radiating outwards. Previously, it has been shown that actin and Arp2/3 accumu-
late at the centrosome’s PCM condensate and control the nucleation dynamics of
MTs from centrosomes [474, 475]. We suspected a similar scenario in our droplet
reconstitutions. To prevent actin accumulation, which prevents both MT growth by
blocking centrosomes and formation of actin cortex, we incubate the actin mix (at RT
for 30min) and tubulin mix (at 37 °C for 5min) separately before combining into the
final reaction mix for droplet production. So with separate pre-incubation of tubulin
(40µM), and centrosomes, and actin (4µM in MRB80 buffer), VCA, and Arp2/3, we
start seeing actin and tubulin polymerization (Fig. 5.8(e)). We observed a fuzzy actin
signal in the droplet lumen, suggesting the presence of numerous F-actin filaments,
but potentially still not enough to trigger actin cortex formation. Also, many MTs
were seen floating in the lumen. We think, separate pre-incubation allows centro-
somes to start nucleating MTs and for actin to reach equilibrium with G-actin and
F-actin. This also helps later after mixing, as there is reduced free G-actin to accu-
mulate at centrosome. The optimizations for co-encapsulation of dynamic actin and
tubulin in droplets are summarized in Tab. 5.1.
In vitro reconstitutions have constant challenge for optimizing protein’s functions

and minimizing reaction volumes to save precious purified proteins. Further in more
complex reconstitutions, as the number of proteins and reagents start to increase
(≳10), the minimum reaction volume (≳10µL) needs to be increased to keep up with
minimum error-free pipette-able volume10. Whereas, especially for encapsulations,
even a 0.5µL of reaction mix is enough for making droplets11. The strategic intro-

10A ∼0.5–1µL is resonable with a 0.2–2.5µL pipette
11This leaves the rest of 95% reaction mix as waste. Even imaging 100× droplets (with an average
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Issue Fix

No polymerization add PEG & MT seeds
Still no polymerization replace G-buffer
Actin accumulation at centrosomes separate pre-incubation

Table 5.1: Optimizing actin and tubulin co-polymerization conditions. Summary of differ-
ent solutions to the issues with co-polymerization of dynamic actin and tubulin in droplets.

duction of additional components — either in the pre-mix or via a channel mix —
while maintaining minimal reaction volume becomes an optimization problem.
The concentrations of actin and tubulin were optimized for optimal protein func-

tions i.e. formation of actin cortex and MT aster with minimum volumes possible,
also to have some free room in the reaction mix to further increase the complexity of
the reconstitution by addition of more proteins in the future work. In Fig. 5.8(e), we
have seen actin cortex and MTs with tubulin (40µM) and actin (4µM). We titrated
20–40µM tubulin against 8–4µM actin, with constant ratio of actin:VCA:Arp2/3 and
centrosomes (∼5.5–11.25%v/v) proportional to tubulin concentration, and constant
PEG-6000 (1%w/v). Actin polymerization is seen in all the conditions. Consistently,
formation of branched actin cortex with a few actin bundles (due to PEG-6000)
along the cortex, is seen with actin ≥5µM (Figs. 5.9(a)-5.9(d)). MTs and even asters,
are seen with tubulin ≥25µM (Figs. 5.9(b)-5.9(e)). The higher the concentration, the
better the actin cortex and asters are observed; therfore, a minimum of 5µM actin
and 30µM tubulin should be ideal. This also leaves some room in the reaction mix
for addition of more proteins later. More experiments are needed to collect enough
data to examine the effect of actin cortex on aster positioning and compared it with
the simple aster positioning (Ch. 6, [250]). With an attempt to reduce PEG-6000 to
0.5%w/v, no tubulin polymerization is seen (Fig. 5.9(f)). Polyethylene glycol (PEG) is
known to help tubulin polymerization by stabilizing MT filaments [476, 477]. Hence,
a minimum of PEG-6000 1%w/v is required for tubulin polymerization in droplets.

5.3 DISCUSSION
Aster positioning is an integrated part of various cellular processes like cellular and
pro-nuclear migration, cell division, and differentiation. While a lot of work on in
vitro aster positioning has been performed [130, 136, 237, 478], it has been carried
out in isolation with tubulin, motors, and MAPs only. Some in vitro studies have tried
to investigate the role of microtubules with actin and other polarity proteins [239,
473, 479]. But the interactions and crosstalk with other non tubulin cytoskeleton
components is lacking. Also, the interaction with various other cellular organelles
like nucleus, Golgi body, endoplasmic reticulum ormitochondria is largely neglected.
Here we take a step towards expanding the complexity of the tubulin reconstitution
by adding other components like nucleus mimic, and actin cortex.

radius of 10µm is ∼4.2 pL only) is like imaging only 1/1000 of the 0.5µL
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Figure 5.9: Optimizing actin and tubulin co-polymerization concentration. Titrating actin
and tubulin concentrations for finding respective minimum optimal co-polymerization condi-
tions in droplets. All conditions include — tubulin, centrosomes (∼5.5–11.25%v/v), actin, VCA,
Arp2/3, and PEG-6000 (1%w/v). (a) Tubulin (20µM), actin (8µM) (b) Tubulin (25µM), actin
(7µM) (c) Tubulin (30µM), actin (6µM) (d) Tubulin (35µM), actin (5µM) (see Fig. 5.S8 for a
cropped 3D projection.) (e) Tubulin (40µM), actin (4µM) (f) Tubulin (40µM), actin (4µM), PEG
6000 (0.5%w/v). Actin polymerization can be seen with ≥5µM and tubulin polymerization
can be seen with ≥25µM. No tubulin polymerization seen in case with PEG-6000 (0.5%w/v).
Images are maximum intensity projection (MIP) for all conditions, except (f). During acquisi-
tion, the slide is heated with Objective heater around ∼30 °C. Scale bar — 20µm.
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5.3.1 SEARCH FOR CONSISTENT QUALITY ASTER GENERATORS
Asters are usually assembled fromMTOCs, like centrosomes. However, centrosomes
are difficult to work with. They are a complex of about more than a hundred pro-
teins and are particularly difficult to purify. We used the SDG [234, 437], a commonly
used method in the literature to purify centrosomes. We show variation in the qual-
ity of centrosomes purified (Fig. 5.3(a)), and this changes with different batches of
centrosome purification. Hence, it is recommended to work with large batches of
cells (≥3 × 109) to obtain a purification batch with good and large quality of centro-
somes enough for many experiments. This ensures consistent centrosome quality
across the different experimental conditions. We also find that the quality of centro-
somes in a batch largely depends on the state of the cell in the starting culture.
The concentration of centrosomes in collected fractions is also sensitive to the size
of the punch hole in the gradient tube and the flow rate from the hole. A smaller
hole size correlates with a higher concentration of centrosome fraction, but can take
hours for fraction collection. Testing the centrosome in bulk show the majority of
them in a scattered state, without a distinct centre and long MTs. This is in contrast
with the centrosomes purified with CAPture [465], a recent method for simpler pull-
down based purification. CAPture centrosomes appear compact compared to SDG
centrosomes. The CAPture peptide, an indirect marker for PCM, also reveals differ-
ences. SDG centrosomes show a blob, while CAPture centrosomes have a single
bright spot. This indicates possibility of damage to PCM during ultra centrifugation.
In contrast, the scattered SDG centrosome have many and longer MTs compared to
the compact CAPture centrosomes. The CAPture method claim to give centrosomes
of better quality compared to SGD. This claim is based on measurments of the num-
ber of PCM proteins using mass spectrometry, immunostaining with centriolar and
PCMmarkers and electron microscopy to verify the structure of the centrioles. But a
true test for quality of centrosomes for in vitro reconstitutions should be their ability
to nucleate MTs and form asters.
Attempts aremade to replace centrosomes, with artificial MTOCs like beads coated

with nucleator MAPs like Aurora-A kinase [480] or with stable MT seeds [473]. This
has success in generating radial MT structures resembling asters, but it comes with
a different set of problems like sinking of beads [481, §4].

5.3.2 PRESENCE OF LARGE OBJECTS AFFECTS ASTER POSITIONING
Centrosomes12 are typically located at the center of the cell. Their (aster) posi-

tioning is a well-studied phenomenon. We introduced another component, nucleus-
mimic, to study its effect in the aster positioning. While nucleus purification meth-
ods exist [483], they seem equally if not more complicated compared to centrosome
purification. We have worked with beads as an easy and crude substitute for nucleus.
It has own advantages and disadvantages. Beads are solid incompressible objects,
usually heavier than the buffer, and their surface is biologically inactive compared to
real nucleus. Beads are more stable and their concentration and size are easier to

12Centrosome, something that occupies a central position in the cell; discovered by Heidenhain and term
coined by Boveri [482].
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control and quantify compared to purified cell nuclei. Considering these simplifica-
tions, we show that large objects like nucleus mimic beads affects aster positioning.
We find both aster and the bead centres to a greater extent in presence of each

other compared to independent individual positioning. Also, the aster and the bead
tend to co-localise together in proximity. This is interesting, as in cells, asters usually
are linked to the nucleus with LINC complexes [469, 470]. However, we find this
in vitro reconstitutions, even without any active linking between aster and bead, in
about half of the droplets. In one-third of the droplets, the aster is almost in contact
with the bead surface, and in the rest of droplets aster bead distance is normally
distributed. But the aster positioning in case of proximity positioned aster-beads
pairs is further away from droplet centre. We think this is largely dependent on
the MT pushing forces (FMT ) and initial positions of aster and bead during droplet
formation. With having just a few static time points from the dynamic process of
aster positioning in the presence of large objects like nucleus, we would like to
speculate on the underlying mechanism. In case of low angle initialization, the aster
starts close to the bead, in-between the bead and the droplet cortex (Fig. 5.10(a)).
The MTs growing in the direction of the bead are likely to slip off the curve surface
of the bead, pivot at the centrosome and grow aside the bead (Fig. 5.10(c)). So
they do not contribute the pushing forces against the bead. And in case where
centrosome is almost touching the bead (dABn ≤ 0.1), we think MTs from that side
of centrosome are not able to grow due to lack of access to tubulin dimers. And for
MTs from the centrosome growing towards the cortex can generate forces against
the cortex. The pushing force of an individual MTs (∼5–10pN) [131] is not enough to
displace (push) the bead (∼4.5–6µm). These MTs are likely to buckle and pivot to
relieve the stress (Fig. 5.10(d)). The MTs growing from the side encounter the cortex,
bend, slide, and eventually start pushing the aster more towards the cortex, i.e. away
from the centre of the droplet (Fig. 5.10(e)). In case of high angle initialization, the
aster and bead are far away from each other (Fig. 5.10(b)). The MT from the aster
start growing and pushing against the cortex. This results in movement of the aster
towards the droplet centre. The aster MTs grow longer and eventually encounter
the bead. In a similar way, they slip off the bead, pivot and grow around the bead.
And thus cannot generate enough pushing force to displace the bead (Fig. 5.10(c)).
The MTs growing around the bead hit the cortex on the opposite side and buckle
along with sliding down the smooth droplet cortex to prevent further stress buildup.
This buckling and sliding configuration of the MTs engulf the bead and bring it
closer to the center (Fig. 5.10(f)) 13. The forces depend on the MT properties like
rigidity, catastrophe rate, and also the number of MTs present. While more time
points of this dynamic aster-bead positioning is desired for better understanding,
simulations can help bridge the missing gap and provide quantitative estimates of
stress and forces in the MTs. We have based our speculations based on similar
simulations of centrosome positioning by MT network [484]. It is believed that the
centrosome is being positioned in the cell [485], but recently it was shown in some
cases that the cell boundary rearranges around the centrosome and not the other

13This speculative model of minimal system reminds of an old primitive, Heidenhain’s rubber model
(based on Van Beneden’s theory) of mitosis [482].
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a b c

d e f

Initialization
Low-angle High-angle Bead slip-off

Bead entrapmentaMT buckling MT sliding

Figure 5.10: Cases during aster positioning in presence of bead. Aster-bead initialization
scenarios, (a) low angle and (b) high angle initialization. Different cases during aster position-
ing in presence of bead, which can change force balance. (c) MTs slide off the curve surface
of the bead, unable to generate pushing forces. (d) Due to not enough pushing force to dis-
place the bead, MTs at the cortex buckle and pivot, and in the process, pull the aster slightly
towards the cortex. (e) MTs growing orthogonally to the aster-bead axis, undergo following
phases on encountering the cortex: initial bending, subsequent sliding, and continued growth.
These interactions progressively generate forces that push the aster towards the cortex. (f)
MTs growing around the bead, undergo following transition on encountering the cortex: they
buckle and slide along the cortex. This generates spring-like centripetal forces that move the
aster toward the cell center, at the same time pull the bead to a more central position. The
black arrows represent the displacement of the objects, while the magenta arrows track the
changes in the MT conformations. (Images created with BioRender.com)

way around [472]. Such considerations should also be taken into account for better
understanding, since current simulations typically consider the outer shell as a fixed
frame of reference. And the bead, also being relatively immovable for pushing MTs
in a viscous environment, will not result in proper MT force balance. Presence of a
force generator like dynein at the cortex can change force balance, and can displace
the nucleus [486, 487]. It will be intersting to incorporate dynein in our in vitro aster
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positioning assay in presence of a bead.
5.3.3 INTEGRATING ACTIN AND TUBULIN SYSTEMS IN 3D

RECONSTITUTIONS
We incorporated a new cellular component, dynamic actin cortex, in the droplets

by multiple ways. Different actin cortices were assembled with the help of either,
VCA and Arp2/3 or α-actinin. Actin cortex assembled with VCA and Arp2/3, had
smooth and uniform coverage at the droplet cortex. While the actin cortex as-
sembled with α-actinin, resulted more in a shell formed with a network of actin
bundles. In vitro co-encapsulation of actin and tubulin is difficult, especially in
closed 3D environments. Also, to maintain conditions conducive to polymerization
of both actin and tubulin is not easy. Tubulin does not polymerize in presence of
even a fraction of actin buffer, G-buffer. Even addition of nucleators (MT seeds) and
crowding agents (PEG) does not promote tubulin polymerization in the presence
of G-buffer. Polymerization can be rescued by replacing the G-buffer with MRB80
buffer. Also, actin accumulates in the centrosomes, possibly phase separates into
the LLPS droplet of centrosome and its PCM proteins. This also blocks new nuc-
leation of MTs from the centrosomes. A separate incubation of actin and tubulin
mixes before encapsulation into droplets, allows for the nucleation of new MTs from
centrosomes (early aster) and potentially accelerates formation of actin-cortex. Fi-
nally, optimizing the concentration of actin and tubulin helps in co-encapsulation of
both dynamic actin and dynamic microtubules in the droplets.
Actin plays an important role in various cellular processes involving aster posi-

tioning. Hence, in vitro studies of dynamics of tubulin and tubulin-related processes,
along with actin, is necessary. Previous attempts of in vitro reconstitutions of both
actin and tubulin have limitations, either stabilized actin was used [239] or encapsu-
lation were performed in non-spherical containers, cylindrical wells [473]. Here, we
increased the number of active components and complexity of the in vitro reconstitu-
tions. While the optimizations have been performed, the work is in preliminary stage
of proof-of-concept. This will take us a step closer towards reconstituting a sophist-
icated and dynamic actin-tubulin system in more cell-like containers, 3D droplets. It
will enable mimicking and testing underlying mechanism of cellular processes like
asymmetric cell division, cell migration or polarity establishment.

5.4 MATERIAL AND METHODS
5.4.1 MATERIALS
CHEMICALS See Secs. 2.6&4.5 for a detailed list of chemicals. Chemicals were pur-
chased from Merck (Merck Life Science), unless otherwise stated: RPMI-1640 Me-
dium (8758 Sigma), Methyl-[5-(2-thienylcarbonyl)-1H-benzimidazol-2-yl]-carbamate
(nocodazole, 487928 Sigma), Cytochalasin B (250233 Sigma), β-mercaptoethanol
(M6250 Sigma), Phenylmethanesulfonyl fluoride (PMSF, P7626 Sigma), protease in-
hibitor (P8340 Sigma), DNAse1 (600032 Aligent), phosphatase inhibitor (PhosSTOP™

https://www.sigmaaldrich.com/NL/en/product/sigma/r8758
https://www.sigmaaldrich.com/NL/en/product/mm/487928
https://www.sigmaaldrich.com/NL/en/product/mm/250233
https://www.sigmaaldrich.com/NL/en/product/aldrich/m6250
https://www.sigmaaldrich.com/NL/en/product/sigma/p7626
https://www.sigmaaldrich.com/NL/en/product/sigma/p8340
https://www.agilent.com/store/productDetail.jsp?catalogId=600032
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, PHOSS-RO Roche), cOmplete™ EDTA-free Protease Inhibitor Cocktail (COEDTAF-
RO Roche), Pefabloc® SC (PEFBSC-RO Roche), Methyl cellulose (methyl-cellulose
M0512 Sigma), Tween®20 (P9416 Sigma), Polybead®Microspheres 4.5µm (17135-
5 Polysciences), Polybead®Microspheres 6µm (07312-5 Polysciences), Polybead®Microspheres
10µm (17136-5 Polysciences), Tris base (H5131 Promega), ATP (adenosine 5’-triphosphate)
solution (ATP, R0441 Thermo), DL-Dithiothreitol (DTT, 10197777001 Roche), Pro-
tocatechuic acid (PCA, 03930590), Protocatechuate 3,4-Dioxygenase from Pseudo-
monas sp. (PCD, P8279 Sigma) .

LIPIDS See Sec. 2.6 for a detailed list of lipids. All lipids were purchased from Avanti
Research (Merck Life Science): 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
(lissamine rhodamine B sulfonyl) (ammonium salt) (Rhod-PE, 810150C), 1,2-di-(9Z-
octadecenoyl)-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl]
(nickel salt) (DGS-NTA(Ni) 790404C), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
N-(cap biotinyl) (sodium salt) (Biotin-PE, 870273C) .

BUFFERS AND PROTEINS See Secs. 2.6&4.5 for more details about buffers. And
Sec. 2.6 for more details related to protein purification.
G-buffer was composed of 20mM Tris (pH 7.8 adjusted with HCl), 0.2mM CaCl2,

and 5mM DTT. Buffer was filter sterilized (Whatman™ 0.2µm) and stored at 4 °C.
F-buffer was made from G-buffer by adding 50M KCl, 2mM MgCl2.
All lyophilized rabbit skeletal muscle actin was purchased from Hypermol (HYPER-

MOL EK, Germany): Actin (rabbit skeletal muscle alpha actin) (8101), ATTO647-Actin
(alpha skeletal muscle actin, rabbit) (A647-actin, 8158), Biotin-Actin (alpha-actin,
rabbit skeletal muscle) (biotin-actin, 8109) . Actin was resuspended in G-buffer
(with 0.2mM ATP), aliquoted, snap-frozen and stored at −80 °C.
All protein mixes were made on ice (4 °C), unless otherwise stated.
Centrosomes — Centrosomes were isolated from human lymphoblastic KE37

cells. Cells were grown in RPMI-1640 medium at 37 °C and 5% CO2 in 3 L spin-
ner flask. Around 109 cells (1 L, 106 cells/mL) are required.
SDG [234, 437] — All steps were performed at 4 °C. Cells were treated with

nocodazole (1mM, 200µL) and Cytochalasin D (5mM, 200µL) for 1 h at 37 °C. Cells
were washed (1200 rpm/280g, 8min) in TBS (1 X), TBS (0.1 X, 8% sucrose) and re-
suspended in TBS (0.1 X, 8% sucrose, 20mL). Lysis buffer (80mL, 1mM HEPES
pH 7.2, 0.5% NP-40, 0.5mM MgCl2, 0.1% β-mercaptoethanol, 1mM PMSF, and
protease inhibitors 1 X (Roche tablet)) was added and slowly mixed by inverting the
tube (10 times, 5min). The lysate was centrifuged (3500 rpm/2500g, 10min) and
the supernatant was filtered through a nylon mesh. HEPES concentration was adjus-
ted to 10mM. The supernantant was treated with DNAse1 (1µgmL−1, 30min). CAP-
ture peptide can be added during the DNAse1 treatment to label the centrosomes.
Centrosomes were concentrated by sedimentation (7500 rpm/10400g, 30min) on
a sucrose cushion (60%, 12mL) and the top 2/3rd of solution was removed. Finally,
centrosomes were purified by ultracentrifugation (25000 rpm, 1 h, SW28 on Beck-
man) on a discontinuous sucrose gradient (40%, 50% and 70%, 3mL each). Pur-
ified centrosome fractions were collected by perforating a tube at the bottom with
a needle (21G) and manually collecting (14 500µL) fractions. Fractions were tested

https://www.sigmaaldrich.com/NL/en/product/roche/phossro
https://www.sigmaaldrich.com/NL/en/product/roche/coedtafro
https://www.sigmaaldrich.com/NL/en/product/roche/coedtafro
https://www.sigmaaldrich.com/NL/en/product/roche/pefbscro
https://www.sigmaaldrich.com/NL/en/product/sigma/m0512
https://www.sigmaaldrich.com/NL/en/product/sigma/p9416
https://www.polysciences.com/german/polybead-microspheres-450181m
https://www.polysciences.com/german/polybead-microspheres-450181m
https://www.polysciences.com/german/polybead-microspheres-600181m
https://www.polysciences.com/german/polybead-microspheres-1000181m
https://nld.promega.com/products/biochemicals-and-labware/biochemical-buffers-and-reagents/tris-base_-molecular-biology-grade/?catNum=H5131
https://www.thermofisher.com/order/catalog/product/R0441?SID=srch-srp-R0441
https://www.sigmaaldrich.com/NL/en/product/roche/dttro
https://www.sigmaaldrich.com/NL/en/product/sial/03930590
https://www.sigmaaldrich.com/NL/en/product/sigma/p8279
https://www.sigmaaldrich.com/NL/en/product/avanti/810150c
https://www.sigmaaldrich.com/NL/en/product/avanti/790404c
https://www.sigmaaldrich.com/NL/en/product/avanti/870273c
https://www.hypermol.com/actin-1mg-skm.html
https://www.hypermol.com/atto647-actin-skm-2x100ug.html
https://www.hypermol.com/biotin-actin-2x100ug.html
https://www.dsmz.de/collection/catalogue/details/culture/ACC-46
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using centrosome dynamics assay, and ones with higher yield were flash frozen and
stored at −150 °C.
CAPture [465] — All steps were performed at 4 °C. Cells were washed (800 rpm,

5min) in TBS (1 X), TBS (0.1 X, 8% sucrose) and resuspended in TBS (0.1 X, 8%
sucrose, 3mL). Lysis buffer (30mL, 50mM Tris-HCl pH 8, 300mM NaCl, 0.2% NP-
40, 10% glycerol, phosphatase inhibitors 1 X (Roche tablet), and protease inhibitors
1 X (Roche tablet)) was added and slowly mixed by inverting the tube (10 times,
10min). The lysate was centrifuged (2000 rpm, 10min) and the supernatant was
filtered through a nylonmesh. The supernantant was treated with DNAse1 (1µgmL−1,
60min). CAPture peptide coated beads were added to the lysate and mixed on a
rotating wheel (12 rpm, 2 h). The mixture was transferred to a gravity column and
washed with BRB80 buffer. Bead slurry was resuspended in BRB80 (800µL) and
transferred to in a microcentrifuge tube. Centrosomes were released from the beads
by cleavage with homemade 3C enzyme (1 h). The sample was centrifuged (500g,
30 s), and centrosome supernatant was flash frozen and stored at −150 °C.
CAPture peptide — For affinity purification of centrosomes analogous to the

CAPture method that employs a biotinylated CCDC61 peptide [465], we created a
histidine-tagged fusion construct (pED135) consisting of His8-3C-mStayGoldE138D/C174I-
FLAG3-Avi-CCDC61334-366. The protein was expressed at room temperature in Overnight
Express™ Instant TB Medium (Novagen 71491) and purified using cOmplete™ His-
Tag Purification Resin. Unlike the CAPture peptide, we did not biotinylate the fusion
protein and instead employed the (unremoved) histidine-tag for immobilization.
pED135 | His 3C mStayGold FLAG3 Avi CCDC61

1 MGHHHHHHHH DYDIPTTLEV LFQGPMASTP FKFQLKGTIN
41 GKSFTVEGEG EGNSHEGSHK GKYVCTSGKL PMSWAALGTS
81 FGYGMKYYTK YPSGLKNWFH EVMPEGFTYD RHIQYKGDGS
121 IHAKHQHFMK NGTYHNIVEF TGQDFKENSP VLTGDMNVSL
161 PNDVQHIPRD DGVECPVTLL YPLLSDKSKC VEAHQNTIIK
201 PLHNQPAPDV PYHWIRKQYT QSKDDTEERD HIIQSETLEA
241 HLAAADYKDH DGDYKDHDID YKDDDDKGLN DIFEAQKIEW
281 HEGSPSPTGG RALRFDPTAF VKAKERKQRE IQMKQQ

CAPture peptide-bead complex— Sepharose beads (TALON) were used instead
of Dyanbeads [465]. Beads (20mgmL−1, 100µL) were washed (TBS-N 20mL, lysis
buffer 10mL) on a gravity column and resuspended in lysis buffer (800µL). CAP-
ture peptide (21µM, 100µL) was added to the beads. The tube was incubated on
rotor (12 rpm, 1.5 h). The CAPture-bead complex was freshly prepared prior to the
centrosome purification.
VCA-His — The VCA domain (amino acids 400–501 of murine N-Wasp) with a

10xHis-tag [488] was purified frommodified pCoofy1 (43974), received fromKristina
Ganzinger (AMOLF, the Netherlands). The protein was expressed in BL21 (DE3) cells.
Overnight grown cultures with 50mgmL−1 Kanamycin at 37 °C. The cultures were
diluted 1:400 and protein was expressed with 0.5mM IPTG at an absorbance of
0.6–0.8OD600 overnight at 17 °C. Cells were collected with centrifuging at 4000g
for 10min at 4 °C. Cells were resuspended in lysis buffer (Tris 20mM (pH8.0), NaCl

https://www.sigmaaldrich.com/NL/en/product/mm/71491
http://n2t.net/addgene:43974
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200mM, EDTA 1mM, Glycerol 5%, Triton X-100 0.1%, DTT 1mM and cOmplete™
protease inhibitor). Cells were lysed using sonicator for 3.5min (30 s on, 59 s off,
30% power). The lysate was centrifuged at 15000g for 15min at 4 °C, and again at
18000g for 30min at 4 °C. The supernatant was loaded onto a HisTrap™ FF crude
nickel column (GE Healthcare 95056-136) and washed (Tris 20mM (pH8.0), NaCl
200mM, EDTA 1mM, glycerol 5%, Imidazole 20mM, DTT 1mM) and eluted (Tris
20mM (pH8.0), NaCl 200mM, EDTA 1mM, glycerol 5%, Imidazole 300mM, DTT
1mM). Fractions were run over 4–15% SDS-PAGE gel (Bio-Rad 4561086) and were
pooled accordingly. Fractions were loaded over Mono Q 4.6/100 PE column (GE
Healthcare 17517901) and washed (Tris 20mM (pH8.0) and DTT 1mM) and eluted
(Tris 20mM (pH8.0), NaCl 1M, and DTT 1mM). Peak fractions were pooled, analysed
over 4–15% SDS-PAGE gel and fractions were pooled accordingly. Pooled fractions
were dialysed (Tris 20mM (pH8.0), EDTA 0.5mM, glycerol 5%, DTT 1mM) overnight
at 4 °C. Finally VCA was concentrated as required and labelled with Alexa Fluor®
647 as described in Sonal et al. [488].
Arp2/3 — Arp2/3 was purchased from Hypermol (8413).
α-actinin — α-actinin 4 [489] was purified from a pET-30a(+) (EMD) derivative,

as a 6xHis-tagged protein, and purified as described in [490]. The protein was
expressed in BL21 (DE3) Rosetta. Overnight grown cultures with 50mgmL−1 Kana-
mycin and 50mgmL−1 Chloramphenicol at 4 °C. The cultures were diluted 1:1000
and protein was expressed with 0.5mM IPTG at an absorbance of 0.6–0.8OD600
overnight at 16 °C. Cells were collected with centrifuging at 4000g for 10min at
4 °C. Cells were resuspended in lysis buffer(HEPES 20mM, NaCl 20mM, 5mgmL−1

Lysozyme, Pefabloc® SC 0.1mM and cOmplete™ protease inhibitor). Cells were
lysed using sonicator for 3.5min (30 s on, 59 s off, 30% power). The lysate was
centrifuged at 1 000000g for 30min at 4 °C. The supernatant was loaded onto a
HisTrap™ FF crude nickel column and washed (HEPES 20mM, NaCl 500mM, Im-
idazole 25mM) and eluted (HEPES 20mM, NaCl 500mM, Imidazole 500mM). Frac-
tions were analysed on 4–15% SDS-PAGE gel and were pooled accordingly. Pooled
fractions were loaded over a Superdex™ 200 Increase 10/300 GL column (Cytiva
28990944) with gel filtration buffer (HEPES 20mM, NaCl 150mM, DTT 10mM). Pro-
tein was concentrated as required.
IMAGE ACQUISITION AND ANALYSIS Image acquisition was performed as described
in Sec. 2.6. The samples were heated to 34 °C to induce tubulin polymerization.
For 3D confocal imaging of droplets, Z-stacks were acquired with 0.2µm (0.1–1µm).
Projections were created using ImageJ (FIJI) built-in plugins — Z project and 3D
project.

5.4.2 METHODS
CENTROSOME NUCLEATION ASSAY
Centrosomes were thawed in warm water (37 °C) to activate the centrosomes [235].
The activity of centrosomes was tested in flow chambers. Centrosomes (2µL, diluted
in warm MRB80) were adhered on a clean glass surface by 10min incubation. The
surface was blocked with sequential 10min incubations of 0.2mgmL−1 PLL-PEG-

https://www.avantorsciences.com/us/en/product/11231468/histrap-ff-crude-ge-healthcare
https://www.bio-rad.com/en-nl/sku/4561086-4-15-mini-protean-tgx-precast-protein-gels-15-well-15-ul?ID=4561086
http://www.gelifesciences.com/webapp/wcs/stores/servlet/productById/en/GELifeSciences-us/17517901
https://www.hypermol.com/arp23-protein-complex-1mg.html
https://www.cytivalifesciences.com/en/us/shop/chromatography/prepacked-columns/size-exclusion/superdex-200-increase-small-scale-size-exclusion-chromatography-columns-p-06190
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biotin, 0.5mgmL−1 κ-casein with intermediate MRB80 washes. A 20µL protein
mix (per centrosome fraction) of 0.5mgmL−1 κ-casein, 50mM KCl, 0.1% methyl-
cellulose, 3mM GTP, 1 x OX, 27.5µM tubulin (9% rhodamine-tubulin), and 50mM
glucose was made in MRB80. The protein mixes were added to the flow chambers
and the flow chambers were sealed with vacuum grease. MTs were imaged imme-
diately in TIRF mode at 30 °C.

ASTER AND BEAD IN DROPLETS
PROTEIN MIX Due to small reaction volume, volumes of individual components
become very small (∼0.5µL), so the protein mix was split into pre-mix and main
mix. Pre-mix was made in bulk to reduce pipetting volume errors. A pre-mix of
0.3mgmL−1 κ-casein, 0.016% Tween 20, 3mM GTP, 1 x OX, and 50mM glucose
was made. A 20µL protein mix with 4.52µL pre-mix, 40µM tubulin (3% rhodamine-
tubulin, stock 200µM), 0.4% PEG-6000, 10%v beads (25X stock), and 20%v
centrosomes was made in MRB80. The mix was airfuged before addition of beads
and centrosomes. After addition of centrosomes, the mix was maintained at room
temperature (to prevent cold shock to centrosomes).
LIPID-IN-OIL (LO) DISPERSION LO dispersion of 99.9 n% DOPC, and 0.01 n% Cy5-
PE was made as described in Sec. 2.6.
FORMATION Droplets were formed by dragging method as described in Sec. 2.6.
The samples were heated to 30 °C to induce tubulin polymerization.
OPTIMIZATIONSCrowding—Tubulin polymerization inside droplets is difficult com-
pared to bulk in vitro experiments. A PEG-6000 concentration of 0.4% (from 0%,
0.2%, 0.4%, 0.6%, 0.8%, 1.0% and 1.2%) was found to be optimal for tubulin con-
centration of 40µM (from 25µM, 30µM, 35µM, 40µM and 45µM). This ensured
high enough tubulin concentration to promote nucleation and minimum crowding
with PEG to prevent bundling.
Bead passivation— Polystyrene beads of diameter 4.5µm, 6µm and 10µmwere

used tomimic a cell nucleus (see Fig. 5.S3(a)). Beads were washed (15000g, 15min)
with MRB80 and resuspended with 40mgmL−1 BSA in MRB80, left to incubate on
rollers (overnight, cold room). BSA gets adsorbed on the bead surface and passiv-
ates it, this prevents tubulin from sticking to the bead surface. Beads were again
washed (15000g, 15min) with MRB80 and now resuspended with 1mgmL−1 BSA
in MRB80. During this resuspension, bead concentration was increased (to 25 x by
pelleting). And free BSA in solution prevents dissociation of BSA from the bead
surface.
One each per droplet — Just as centrosome concentration was limiting to en-

capsulate at least one centrosome per droplet, bead concentration was also limit-
ing. The beads were up concentrated and 25 x (from 0%, 0.2%, 0.4%, 0.6%, 0.8%,
1.0% and 1.2%) was found to be optimal to statistically encapsulate one centrosome
per droplet.
Image and data analysis — Positions of aster centers in droplets were manually

annotated in 3D in ImageJ (FIJI). Positions of bead and droplet centers were cal-
culated as following, custom ImageJ macros calculates the 2D center and radius of
bead and droplet at each Z-slice. Macro performed following image operations —
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Gaussian blur (to reduce noise and smoothening), Binary, Hole fill (to create solid
close shapes), Watershed (to detect objects, with conditional erosion (to separate
fused objects)), Edge detection, and Circular Hough transform (to determine the
radius and 2D center). 3D center of beads and droplets were determined with a
custom python script. Random points in 3D were assigned based on the 2D centers
and radius from each Z-slice. These points are fitted to the equation of a sphere in
3D with linear regression using the least square fitting, with residuals calculated as,

(δ)2 =
n∑
=1

( − 0)2 + (y − y0)2 + (z − z0)2 − r2

where, (, y, z) are coordinates of the points in 3D, and (0, y0, z0) and r are
coordinates of center and radius of the object. The size distribution of detected bead
radius matches with the CV 10% of the manufacturer (Polysciences Polybeads®) for
4.5µm diameter beads (Fig. 5.S2(b)).

ASTER AND ACTIN CORTEX IN DROPLETS
PROTEIN MIX Due to small reaction volume, volumes of individual components be-
come very small (∼0.5µL), so the protein mix was split into multiple parts.
Actin cortex only mix — A 25 x pre-mix of 1mM DTT, 1mM ATP, 1mM PCA, and

0.05µMPCDwasmade in G-buffer. Branched cortexmix with 1 x pre-mix, 8µMactin
(10% actin-647), 50 nM Arp2/3, and 5µM His-VCA was made in F-buffer. Cross-
linked cortex mix with 1 x pre-mix, 8µM actin (10% actin-647, 4% actin-biotin),
1.6µM α-actinin, and 0.8µM Neutravidin (after 30min) was made in F-buffer.
VCA visualization in branched cortex mix — The same 25 x pre-mix of 1mM

DTT, 1mM ATP, 1mM PCA, and 0.05µM PCD was made in G-buffer. VCA-G-buffer
mix with 1 x pre-mix, 4µM actin (10% actin-647), 25 nM Arp2/3, and 2.5µMHis-VCA
was made in F-buffer. VCA-MRB80mix with 1 x pre-mix, 8µM actin (10% actin-647),
50 nM Arp2/3, 5µM His-VCA, and 50mM KCl was made in MRB80.
Actin and tubulin co-polymerization mix — The same 25 x pre-mix of 1mM

DTT, 1mM ATP, 1mM PCA, and 0.05µM PCD was made in G-buffer. Actin mix with
2µL MRB80 (5 x), 0–50mM KCl, 0.4µL pre-mix, 4–8µM actin (10% actin-647),
25–50nM Arp2/3, and 2.5–5µM His-VCA was made in MRB80. Tubulin mix of 20–
40µM tubulin (10% rhodamine-tubulin), 1mM GTP, 5–10% centrosomes, and 0.5–
1% PEG-6000 was made in MRB80. Actin mix was incubated at room temperature
for 30min and tubulin mix was incubated in a 37 °C water bath for 5min. Actin and
tubulin (final co-polymerization) mixes were made by mixing actin and tubulin mixes
in contrasting concentration ranges.
Optimization mixes — Different mixes tried during optimizing actin and tubulin

co-polymerization were based on the above-mentioned co-polymerizationmix. Changes
include, MT seeds in tubulin mix and actin mix in G-buffer; MT seeds and PEG-6000
in tubulin mix and actin mix in MRB80; PEG-6000 in tubulin mix and stabilized actin;
centrosomes in tubulin mix; and separate actin and tubulin mixes pre-incubation.
LIPID-IN-OIL (LO) DISPERSION DOPC based LO dispersion were made as described
in Sec. 2.6. Functional and fluorescent lipids were incorporated (at the expense of
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DOPC) based on the requirement of the experiments, branched cortex — 10n%
DGS-NTA(Ni), and 1 n% AF488-PE; crosslinked cortex— 10n% biotin-PE, and 1 n%
AF488-PE; VCA visualization — 10n% DGS-NTA(Ni), and 1 n% Rhod-PE; and actin
and tubulin co-polymerization — 10n% DGS-NTA(Ni), and 1 n% AF488-PE.
FORMATION Droplets were formed by dragging method as described in Sec. 2.6.
The samples were heated to 30 °C to induce tubulin polymerization.
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5.6 SUPPLEMENTARY INFORMATION
5.6.1 SUPPLEMENTARY FIGURES

a b Tubulin
CAPture

Figure 5.S1: Asters grown from purified centrosomes (a) Mesh of spontaneously nucleated
MTs in the flow cell with SDG centrosome sample. (b) CAPture purified centrosomes with
Ni-NTA Sepharose resin show compact state. Scale bar — 20µm.

a b

Figure 5.S2: Bead size quantification for nucleus mimicking. (a) Plot of bead volume (% of
droplet volume) against droplet diameter for 4.5µm, 6µmand 10µmdiameter beads. Overlay
(shaded red region) covers spectrum nuclear volume and cell diameter of most common
cultured mammalian cells [491]. (b) Verification of analysed bead diameters with reference
bead diameters. Histogram of analysed bead diameter with max normalised frequency and
PDF fit (blue). Manufacturer bead reference [492] diameter - mean 4.5µm (red dotted line),
distribution CV 10% (orange). The analysed and reference distribution coincide.
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Z n
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a b

Figure 5.S3:Quantifcations. (a) Estimating ideal sucrose concentration. Box plots with mean
(yellow diamonds) with normalised Z distance from droplet centre against sucrose concen-
tration in reaction mix for different bead sizes - 4.5µm, 6µm, and 10µm. 12.1%w/v sucrose
results in zero buoyancy on beads. (b) Quantification of rA in presence of bead, cases — low
angle and high angle. Box plot (black) with quartiles, and violin plot (shaded regions) with
probability density.

t=0 t=4 t=300

Figure 5.S4: Dynamic actin cortex. FRAP curve shows recovers of bleached actin cortex
(Fig. 5.7(a)) at the droplet interface. The recovery is rapid but not 100%, but still indicative
of active actin cortex made of dynamic actin filaments. The image montage shown above
includes the — initial, FRAP-, and last time points.
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5.6.2 SUPPLEMENTARY MOVIES

Figure 5.S5: Aster and bead positioning. Positioning of aster and bead in a droplet (pseudo-
channels — maximum and mean 3D projections respectively). [  ]

Figure 5.S6: Actin
cortex. Branched (con-
tinuous) actin cortex in
droplet (crop Fig. 5.7(c)
maximum 3D projec-
tion). [  ]

Figure 5.S7: Actin
cortex. Crosslinked
(bundled) actin cortex in
droplet (Fig. 5.7(e) max-
imum 3D projection).
[  ]

Figure 5.S8: Co-polymerization in droplet. Co-polymerized tubulin and actin in droplets,
affect the aster positioning due to actin cortex at the interface (crop Fig. 5.9(d)). [  ]







6
MINIMAL MITOTIC SPINDLE
POSITIONING IN DROPLETS

Like two peas in a pod.
Piecing together.

One-up.

The mitotic spindle is one of the most complicated pieces of the cell. It is a result
of a delicate and coordinated force balance. With imitation being the sincerest form
of flattery, even a replication of spindle organization from isolated components in a
minimal in vitro reconstitution will not only help appreciate the spindle but also help
gain quantitative insights into its working. Here, we design a system for asymmet-
ric spindle positioning to mimic the C. elegans embryo first cell division. We first
re-build a minimal mitotic spindle and compare our results. We observe metaphase-
like organization with just two asters and crosslinker Ase1. Next, we introduce an
opto-switch for spatio-temporal regulation of dynein, the cortical pulling force gen-
erator. We observed poor photo-activation in droplets and insufficient light-induced
MT transport.

A part of this chapter reproduces and compares the minimal aster positioning from Roth et al. [250]
(on bioRxiv). And a revised manuscript, Reconstitution of basic mitotic spindles in cell-like confine-
ment. Sophie Roth, Ioana C. Gârlea, https://orcid.org/0000-0003-2988-2628Mathijs Vleugel, Yash
K. Jawale, Bela M. Mulder, Marileen Dogterom., is in revision at Communications Biology.
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https://scholar.google.com/citations?user=Y5h5oWUAAAAJ&hl=en&oi=ao
https://orcid.org/0000-0001-5209-9936
https://orcid.org/0000-0003-4614-4598
https://orcid.org/0000-0003-4614-4598
https://orcid.org/0000-0002-8620-5749
https://orcid.org/0000-0002-8803-5261
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6.1 INTRODUCTION
Cell division is one of the important cell process, that helps to propagate life. The
spindle plays an important role in cell division, it is responsible for segregation of
genetic material, chromosomes. Reconstituting an in vitrominimal spindle will help
better understanding its functioning. As discussed in Sec. 1.1.2, the spindle is a dy-
namic bipolar structure build from MTs and MAPs, and their interactions with other
cellular organelles and cell boundary (Fig. 6.1(b)) [172, 173, 176, 493, 494]. MTs
from the asters growing against the cell cortex generate length-dependent pushing
forces [130, 131, 134, 495]. MTs also interact with the dynein at the cortex to gen-
erate pulling forces by MT shrinkage [136]. Bipolar spindle assembly also requires
antiparallel MTs from the two asters to interact and make interpolar MTs, which reg-
ulate the spindle length during the cell division [496–500]. These antiparallel MT
interactions are facilitated by kinesin-5, which generate outward pushing forces [201,
501–509], and MAP65 (Ase1), a diffusive crosslinker, which generates friction and
tends to decrease the antiparallel overlap [206, 510–512]. It can generate enough
forces to oppose kinesin MT sliding activity [204]. The spindle is a result of the

a b c

Figure 6.1: Controlling spindle positioning with light. (a) Artificially induced transverse
positioning of the spindle by local recruitment of LIN-5-ePDZ (dynein adaptor) using photo
activation and its subsequent rotation back to the anterior-posterior orientation, during C.
elegans embryo first cell division. Movie adapted from [163]. [  ] (b) Schematic repres-
entation for asymmetric positioning of minimal spindle in W/O droplet (lipids), with MT asters,
motors like dynein, Kinesin5, and MAP Ase1. Blue laser is used to trigger the spatiotemporal
activation. Dynein is recruited to the cortex via photo-activated iLID-SspB, generating an
asymmetric distribution. This results in asymmetric positioning of the minimal spindle. [
 ] (c) Force generating components in the minimal spindle. In the midplane, MTs originated
from opposite asters interact, generating steric repulsive forces [513], and antiparallel MTs
experience attractive forces from crosslinkers (Ase1) [204], and repulsive forces due to Kin-
esin5 [201]. At the cortex, MTs growing against the membrane, generate pushing forces [26],
and MTs interacting with cortical dynein are subjected to pulling forces [136]. This cortical
pulling force can be regulated with opto-switches (iLID-SspB). [163]. (Images created with
BioRender.com)

overall force balance between these pulling and pushing forces (Fig. 6.1(c)). Spindle
positioning and orientation is also influenced by cell shape and size [494, 514–517].
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As discussed in Sec. 1.2, the top down approach provides qualitative insights into
the overall cellular process, and bottom-up reconstitutions provide more quantitat-
ive insights into the individual components involved. In Sec. 5.1, we developed a
basic assay to reconstitute cytoskeletal systems in droplets. Here, we will build on
the assay to reconstitute a minimal mitotic spindle to get a better understanding of
the process. The aim is to replicate the asymmetric positioning of the spindle during
the first cell division of C. elegans embryo. We first start with rebuilding the min-
imal spindle, similar to 3D in vitro reconstitutions as described in Roth et al. [250].
For this, we assemble different stages of the spindle, single aster and double aster
positioning, and compare them with earlier experiments. As a next step, we try to
position the spindle asymmetrically, as in worm embryo, where more dynein (force
generators) is present on the posterior side compared to anterior, which results in
displacement of spindle towards the posterior side (see Sec. 1.3.2). We increase
the complexity of the reconstitution by introducing the orthogonal spatiotemporal
regulation tools (as described in Sec. 5.1).
A similar approach has been demonstrated in C. elegans embryo, to perturb

spindle positioning by modifying the dynein localization at the cortex using an opto-
switch (Fig. 6.1(a)) [163]. We used iLID, an LOV based opto-switch, to spatially and
temporally control the recruitment of dynein at the cortex. It acts as a substitute to
the complex up-stream pathways present in the cell, that regulate the asymmetric
distribution of dynein at the cell cortex. In our 3D in vitro reconstitution, upon photo-
activation in one half of the droplet, we expect asymmetric dynein recruitment on
that side of cortex, increasing the cortical pulling forces and resulting in asymmetric
positioning of the minimal spindle (Fig. 6.1(b)).

6.2 RESULTS
6.2.1 RE-BUILDING A MINIMAL SPINDLE
We reconstituted different stages of spindle in W/O droplets, in order to build the
minimal spindle. We compared our results with the minimal spindle by Roth et
al. [250]. Asters were formed from MTs growing from centrosomes encapsulated
in droplets. Encapsulation yielded droplets containing centrosomes ranging from
0 to 2+1 due to the centrosomes’ limiting concentration. The asters in droplets
were categorised intro three regimes, based on the relative lengths of the MTs with
respect to the size of the droplets, where MT lengths were shorter (1), approximately
equal (2), and longer (3) than the radius R of the droplet.

SINGLE ASTER POSITIONING
Positioning of a single aster was quantified as rn = rA/R (Fig. 6.2(a)), where rA is the
distance of the aster to the centre of the droplet, and R is the radius of the droplet.
An aster was considered centred if it localized within the central 5% volume of the
droplet, corresponding to rn ≤0.36. For regime 1, asters tend to diffuse around in

1In a limiting case, a Poisson distribution is expected, which can be right-shifted by increasing the
volume fraction of centrosomes in the reaction mix.
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the droplets, as average MT lengths are shorter. For regime 2, we saw the asters
centre in the droplets (Fig. 6.2(b)), somewhat similar to the 9%observed in Roth et al.
[250] (Fig. 6.S1(a)). Here, the aster should not have freedom to move around, as the
MTs should just be in contact with the cortex. But for regime 3, we saw the asters at
the droplet periphery (Fig. 6.2(b)), just like the 100% observed in Roth et al. [250]
(Fig. 6.S1(b)). Aster centering was only possible for MT lengths of approximately
equal to the radius of the droplet. If MTs grow longer, they exert the pushing force,
causing them to buckle and eventually achieve a peripheral position, to straighten
the rigid MTs, relaxing the buckling strain. This was in accordance with previously
published predictions [191].

Tubulin
Ase1

2-3

Tubulin
Ase1

Aster

a b c

d

Regime
1 2

2 3

Aster  2
Ase1

Figure 6.2: Rebuilding the minimal spindle components. (a) Schematic representing steps
of building a minimal spindle in W/O droplet (lipids), (top) single and double aster positioning,
quantified using rn = rA/R , and (bottom) effect of interaction of MAPs Ase1 with double
asters, quantified using dn = dAA/2R . (Images created with BioRender.com) (b) Comparing
pushing forces in single aster positioning (regime 2 (Tubulin 25µM) and 3 (Tubulin 30µM)).
(c) Comparing pushing forces in double aster positioning (regime 2-3 (Tubulin 25µM)). (d)
Comparing effect of Ase1 (36 nM) on double aster positioning (Tubulin 20µM). Images are
maximum intensity projection (MIP) of confocal Z-stack. (see Fig. 6.S3 for a 3D projection.)
Yellow boxes represent the reference images used for comparison from previous minimal
spindle reconstitution by Roth et al. [250]. Scale bar — 10µm.
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DOUBLE ASTER POSITIONING
Positioning of double asters was quantified in terms of aster separation, as dn =
dAA/2R (Fig. 6.2(a)), where dAA is the inter-aster distance (between the centres
of the two asters), and R is the radius of the droplet. For regime 1, asters tend to
remain fairly in the centre of the droplets. For regime2-3, we saw the asters more
towards the droplet periphery (dn >0.8) on diametrically opposite ends (Fig. 6.2(c)),
like the 67% observed in Roth et al. [250] (Fig. 6.S1(c)). The asters position away
from each other due to separation dependent steric repulsive force between them.
Density of MTs decreases going away from the aster centre core region, and also
as the MT length increases, MT bending force decreases. This prevents asters from
getting too close to each other.

ASTER-ASTER ATTRACTION WITH CROSSLINKER
The effect of MAPs was tested in the presence of double asters, and quantified
with dn = dAA/2R (Fig. 6.2(a)). To create interpolar connection between the asters
via antiparallel MT bundling, we introduced a diffusive cross-linker Ase1 [518]. In
the presence of 36 nM Ase1, we saw the interpolar MTs forming connections and
the asters were still oriented on diametrically opposite ends, but the inter-aster
distance decreased (Figs. 6.2(d)&6.S3). Fewer asters pairs locate at the periphery,
like the 11% observed in Roth et al. [250] (Fig. 6.S1(d)). Ase1 with its crosslinking
and diffusive nature, decreases the aster separation and overcomes the aster-aster
repulsive forces.

We could have replicated the aster positioning experiments in the presence of
cortical dynein, and kinesin-5 from Roth et al. [250], but we wanted to implement
spatiotemporal recruitment instead of just uniform binding.

6.2.2 OPTO-GENETIC CONTROL
Optogenetic switch provide a way to control the recruitment of proteins in a spatial
and temporal manner. Some of the commonly used opto-switches are derived from
phototropins, first discovered in Arabidopsis [519]. Phototropins are light-activated
kinases (and receptors) that binds flavin mononucleotide (FMN) and responds to
blue light. These have two LOV (light, oxygen, or voltage) domains [520], special-
ized PAS superfamily domains with an extra helix at the C-terminal, called Jα. Upon
blue light illumination, the non-covalent LOV2-FMN complex is temporarily conver-
ted into a covalent flavin-cystine(C39) adduct, and leads to conformational change
in LOV2 domain [521–523]. Since the Jα helix is present under the LOV domain,
close to the FMN cofactor, the conformational change propagates to Jα helix and
undocks it from the LOV2 domain. This reversible undocking of Jα helix upon photo-
activation is exploited in LOV based ontogenetic applications (see review [524]). In
these tools2, peptides binding to the protein of interests are typically appended to

2Switches: LOVTRAP, LID, TULIP
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the Jα helix, and remain sterically blocked in the dark state (Fig. 6.3(a)). Upon illu-
mination, Jα helix undocks from LOV2, and the peptide is available for binding to
its binding partner.

450 nm
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Figure 6.3: Light-induced heterodimerization with iLID. (a) Schematic of a photoswitch,
improved light-inducible dimer system (iLID). The SsrA peptide is attached to C-terminal Jα
helix of the second photosensitive LOV domain of phototropin 1 from Avena sativa. In the
dark, SsrA peptide is sterically blocked. Upon activation with 450nm blue light, LOV domain
undergoes conformational change, the helix undocks and the SsrA peptide is available for
binding to its binding partner SspB (nano variant). This conformation change is reversible.
Other protein-of-interests can be attached to the iLID and SspB (e.g. ‘A’ — LactC2 peptide
and ‘B’ — mCherry) to create light inducible heterodimerization protein pairs. (b) Schematic
of flow chamber assay, glass surface is coated with iLID and passivated with κ-casein, SspB
is flowed in. SspB binds to iLID upon selective illumination with 488nm laser. (Images
created with BioRender.com) (c) Spatio-temporal control on iLID-SspB binding (biotin-iLID-
YFP and SspBnano-mCherry). (top) [Spatial] A circular ROI is illuminated once with a flash
of 488nm laser. TIRF Image montage of SspB intensities, representing time points — I0
pre-activation, IMax maximum (following a fast activation), and I∞ steady state (following a
slower deactivation). (bottom) [Temporal] Corresponding SspB binding dynamics. Intensity
of SspB is normalized with averaged pre-activation ROI intensity to obtain a fold increase.

SPATIO-TEMPORAL REGULATION
We use an improved light-inducible dimer (iLID) system. iLID are variants of oLID
[525], tuned for tighter and higher photoactivation, based on predictive point-mutation
analysis and phage-display screening. In this system, the bacterial SsrA peptide is
attached to the C-terminal Jα helix of LOV2 domains of phototropin 1 from Avena
sativa [240]. The SsrA peptide is sterically blocked in the dark state of iLID, as the
end of Jα helix is in close contact with LOV domain (Fig. 6.3(a)). Following the activ-
ation with blue light (450nm), the Jα helix undocks and partially unfolds, allowing
the SsrA peptide to bind its natural binding partner, SspB. The SsrA-SspB binding
is reversible, LOV domain slowly decays into the inactive (dark) sate in absence of
light. We have used SspB nano with Kd of 132 nM and 4.7µM with light and dark
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state of iLID respectively [240].
We tested the photo-activation of iLID on a glass surface in a flow chamber as-

say (Fig. 6.3(b)). The acid Piranha cleaned glass is coated with PLL-PEG-biotin and
Neutravidin, and passivated with κ-casein. Later incubated with biotin-iLID and the
excess is washed away. SspBnano-mCherry is flowed in, and the chamber is sealed.
A central circular region (ROI) of the field of view (FOV) is illuminated with a flash
of a blue (488nm) laser. This results in activation of iLID in the ROI and SspB is
quickly recruited on the glass surface, with IMax ∼4 x fold increase in SspB intensity
(compared/normalized with pre-activation SspB intensity in the ROI) (Fig. 6.3(c)). We
also see a slight in activation of iLID outside the ROI. After just a flash of blue light,
in the absence of light, the iLID goes back to dark (inactive) state and SspB intensity
overtime (I∞) in the ROI fall back to pre-activation levels (I0) (Fig. 6.3(c)). The iLID
can be hold in an active state for longer periods of time, with constant illumination,
but illumination with high laser power can permanently switch some fraction of iLID
[526, §6]. The preliminary dissociation rate, koƒ ƒ ∼0.038 s−1 matches the reported
value for SsrA-SspBnano binding (0.037 s−1) [526, §6]. This provides a way for re-
cruiting proteins in a spatial (by controlling the illumination region) and temporal
(by controlling the illumination frequency) manner using light.

ACTIVATION ISSUES IN DROPLETS
Increasing the dimensionality, from 2D glass surface to 3D sphere, we encapsulated
iLID opto-system in W/O droplets. Droplets are generated by pipetting, LactC2-YFP-
iLID (1µM) and SspBnano-mCherry (1µM) solution with a lipid-oil (DOPS 30n%, Span
80 0.7%v/v) solution. LactC2 tag binds to the negatively charged lipids like DOPS.
LactC2-YFP-iLID is seen bound to DOPS lipid monolayer at the droplet cortex. While
the SspBnano-mCherry is in the lumen (Fig. 6.4(a)). Upon illumination with a flash of
blue light, the SspBnano-mCherry however, is still in the lumen, and no increase in
SspB intensity is seen at the cortex (Fig. 6.4(b)). The iLID at the cortex is unable to
bind and recruit SspB to cortex inside droplets.

OPTICAL CONTROL ON DYNEIN
Having demonstrated the spatiotemporal control of recruitment of proteins with
opto-switch iLID on a glass surface, we tested the recruitment of opto-dynein (SspB-
mCh-dynein). Upon illumination by blue light, iLID-biotin (attached to the surface)
recruits the opto-dynein, and MTs start gliding (Fig. 6.5(a)).
MTs were enriched near the coverslip with addition of methycellulose (MECE)

[527]. In presence of regular (direct surface bound) dynein, MTs moved directionally
on the coverslip (Fig. 6.5(c)), while in absence of dynein, MTs just diffused around
(Fig. 6.5(b)). With opto-dynein, in absence of illumination, MTs seemed bound to
the surface, and showed some non-directional, diffusive motion (Fig. 6.5(d)). Upon
illumination with blue light, opto-dynein binds to the surface, but only a few MTs
show limited directional motion (Fig. 6.5(e)). Observed speed and efficiency of opto-
dynein is not optimal. Since opto-dynein is present in the solution, prior to photo-
activation, it can bind to the floating MTs and already walk towards the minus end.
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iLID
SspB

- Light

iLID
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Figure 6.4: Photo-activation in droplets. Encapsulating LactC2-YFP-iLID and SspBnano-
mCherry in W/O droplets. (a) Pre-activation. iLID is at the cortex (LactC2 tag targets DOPS
lipids at the interface) and SspB is in the lumen. (a) After 488nm activation, SspB is still
in the lumen. No signs of recruitment to iLID at the cortex. iLID-SspB has activation and
binding issues on lipid monolayer at the droplet W/O interface. Scale bar — 20µm.

This dynein (from budding yeast) is super processive ([138]) and can accumulate on
at the minus end. This can result in traffic jam formation for MT gliding [528, 529].

Figure 6.5: Photo-activated gliding assay. (a) Schematic of MT gliding assay(s), glass sur-
face passivated with BSA, PLL-PEG-biotin, and neutravidin. Surface is incubated with dynein-
biotin-GFP (for classical gliding assay), and iLID-biotin (for opto-gliding assay). SspB-mCh-
dynein (2 nM) is present in opto-gliding assay. (Images created with BioRender.com) Follow-
ing are temporal color-coded maximum intensity projections of MT displacement during, (b)
no motor, (c) dynein-biotin-GFP (attached to the surface), and with SspB-mCh-dynein during
(d) dark, and (e) photo-activated state. Dynein binds to the surface upon illumination with
488nm laser. Image scale — 81.92µm.
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6.3 DISCUSSION
Crucial to achieving asymmetric spindle positioning in vitro reconstitution requires
two foundations, first a minimal spindle, and second an ability for an external spati-
otemporal regulation. The following discussion summarizes our efforts on both the
fronts.

6.3.1 REPRODUCING THE MINIMAL SPINDLE
We were able to reproduce the basic parts required for the assembly of the minimal
spindle, as described by Roth et al. [250]. We found similar single and double aster
positioning, in absence of dynein. Longer MTs position the asters peripherally to
minimize the bending and pushing forces experienced by them. In the presence of
two asters and no MAPs, they acquire peripheral position by repelling each other to
the cortex. It has been proposed that pushing from MTs of opposite asters can sep-
arate centrosomes during prophase [530]. We think this strong aster-aster repulsive
forces are dependent of density and mean length of MTs. We also saw overcoming
of aster-aster repulsive forces due to attractive forces in the antiparallel mid-spindle
MTs created by addition of Ase1.
Bipolar spindle organization is usually explained with the classic push-pull model

[190], in which separation of centrosomes is driven by opposing activity of motors in
the MT overlap. Our results might not be able to show spindle dynamics, like aster
separation, due to the absence of the activity of cortical dynein and kinesin-5. But to
an extent it resembles a bipolar spindle like organization. The in vitro reconstituted
minimal spindle, helps dissect the role of individual components in the spindle or-
ganization and positioning (Fig. 6.6). Growing MTs causes aster separation, organiz-
ing into an anaphase-like spindle, while balancing repulsive forces with crosslinking
MAPs, results in a more metaphase-like spindle organization. It will be interest-
ing to test the spindle organization in presence of all the MAPs, dynein, kinesin-5,
and Ase1 together. Also interesting would be to further increase the complexity of
spindle with asymmetric dynein localization for asymmetric spindle positioning.

6.3.2 SUBOPTIMAL SPATIOTEMPORAL CONTROL
Having control over the recruitment of proteins at the cortex allows for increased

complexity in the reconstitution. However, proteins recruitment to the cortex is reg-
ulated by in vivo signaling pathways. Using optogenetic switches, the need for these
complex pathways can be eliminated. In our reconstitution of iLID opto-system in
droplets, we did not see any sign of activation and recruitment of SspB to iLID. Previ-
ous attempts by Vendel [481, §5] at encapsulating iLID opto-sytem in W/O droplets
faced similar issues. The recruitment of iLID to the cortex varied from batch to batch,
also further affecting the activation and recruitment of SspB. Tuning the membrane
recruitment anchor of iLID and insertion of linkers of varying length also did not
improve the iLID’s photo-activation at the droplet cortex3.

3[personal communications] Anne Doerr, Christophe Danelon lab (Delft University of Technology, Delft,
Netherlands) mentioned, trying different tags, -biotin and -His, and addition of linkers with different

mailto:anne.doerr@nature.com
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Figure 6.6: Schematic diagram of spindle configurations. Schematic based on from Roth
et al. [250].

We tested photo-activation of iLID on a supported lipid bilayer (SLB) (Fig. 6.S2(a))
in a flow chamber assay, instead of bare glass surface or the lipid monolayer of
droplets. LactC2-YFP-iLID is attached to the SLB (DOPS) on the glass surface,
and SspBnano-mCherry (0.1µM) is flowed in. A regional illumination with flash of
blue light, results in activation of iLID, and rapid SspB recruitment is observed
(Fig. 6.S2(b)). Thus, the lack of response to photo-activation in droplets suggests
that there maybe a problem with the lipid monolayer at the oil-water interface. A

length, to create space and separate iLID away from the oil-water interface, did not improve iLID’s
response to illumination.
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single layer of lipids may not be enough to prevent iLID protein (and it’s hydrophobic
regions and amphipathic Jα helix) from interacting with the hydrophobic oil. Hence,
no spatio-temporal control can be achieved in droplets. Opto-control in droplets
remains challenging.
We also tested photo-activation of opto-dynein for spatiotemporally regulated MT

movement, and it did not enable significant MT transport, as compared to just sur-
face bound dynein. Previous attempts by Kok [526, §5] at inducing MT gliding with
opto-control on dynein recruitment observed similar inefficiency, while opto-control
with iLID for MT gliding has been demonstrated for kinesin [531]. Alternative opto-
switch like PhyB-PIF, shown to create opto-bidirectional transport [532], can be tried
to solve the photo-activation related issues. The issues of no photo-activation in
droplets, and suboptimal MT gliding by opto-dynein needs to be addressed, for
a successful asymmetric positioning of the minimal spindle in vitro reconstituted
droplets.

6.4 MATERIAL AND METHODS
6.4.1 MATERIALS
CHEMICALS See Secs. 2.6, 4.5&5.4 for a detailed list of chemicals.

LIPIDS See Secs. 2.6&5.4 for a detailed list of lipids.

BUFFERS AND PROTEINS See Secs. 2.6&5.4 for more details about buffers. And
Sec. 2.6 for more details related to protein purification.
Ase1 — Ase1 was a kind gift from Marcel Janson (Wageningen University & Re-

search, the Netherlands).
Kinesin5 — Kinesin5 was a kind gift from Zdeněk Lánský (Institute of Biotechno-

logy, Czech Academy of Sciences, Czech Republic).
Biotin-YFP-iLID and biotin-iLID — Biotinylated variants of iLID (with YFP) were

purified in-house as described in Guntas et al. [240], see [526, §5] for more details.
Biotin-GFP-dynein — Biotin-GFP-dynein is based on Saccharomyces cerevisiae

GST-dynein331 construct by Reck-Peterson et al. [138], and was purified in-house
from yeast, and biotinylated on SNAP tag as described in [138, 228, 533]. The GST
tag artifically dimerizes the truncated monomeric dynein.
SspB-mCh-dynein — The SspB-mCh-dynein construct is a derivative of strain

RPY1084 (PGAL1-ZZ-TEV-GFP-3xHA-SNAP-GST-DYN1331kDa-HALO-KanR) [534] that
was expressed and purified accordingly [138]. For the creation of strain EDY2411
(PGAL1-ZZ-3C-SspBnano-mCherry-3xHA-SNAP-GST-DYN1331kDa-HALO-KanR) the TEV-
GFP region fromRPY1084was replaced by 3C-SspBnano-mCherry. Cloning strategies
and amino acid sequence are given below.
EDY2411 | ZZ 3C SspBnano L mCherry 3xHASNAP GST Dynein331Halo4

1 MCMAGLAQHD EAVDNKFNKE QQNAFYEILH LPNLNEEQRN
41 AFIQSLKDDP SQSANLLAEA KKLNDAQAPK VDNKFNKEQQ
4An old variant of Halo, DhaA tag.
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SspB3C mCherry

pGal ZZ TEV GFP HA SNAP HaloDynein331GST

URA3URA3

SspB3C mCherry

pGal ZZ HA SNAP HaloDynein331GSTURA3

pGal ZZ HA SNAP HaloDynein331GSTSspB3C mCherry

+

+
RPY1084

EDY13

EDY2411

81 NAFYEILHLP NLNEEQRNAF IQSLKDDPSQ SANLLAEAKK
121 LNDAQAPKVD ANSAGKSTLE VLFQGPLGSM DLSGLTLQEF
161 SSPKRPKLLR EYYDWLVDNS FTPYLVVDAT YLGVNVPVEY
201 VKDGQIVLNL SASATGNLQL TNDFIQFNAR FKGVSRELYI
241 PMGAALAIYA RENGDGVMFE PEEIYDELNI GPWGGGGSKL
281 VSKGEEDNMA IIKEFMRFKV HMEGSVNGHE FEIEGEGEGR
321 PYEGTQTAKL KVTKGGPLPF AWDILSPQFM YGSKAYVKHP
361 ADIPDYLKLS FPEGFKWERV MNFEDGGVVT VTQDSSLQDG
401 EFIYKVKLRG TNFPSDGPVM QKKTMGWEAS SERMYPEDGA
441 LKGEIKQRLK LKDGGHYDAE VKTTYKAKKP VQLPGAYNVN
481 IKLDITSHNE DYTIVEQYER AEGRHSTGGM DELYKSRYPY
521 DVPDYAGYPY DVPDYAGSYP YDVPDYAMDK DCEMKRTTLD
561 SPLGKLELSG CEQGLHRIIF LGKGTSAADA VEVPAPAAVL
601 GGPEPLMQAT AWLNAYFHQP EAIEEFPVPA LHHPVFQQES
641 FTRQVLWKLL KVVKFGEVIS YSHLAALAGN PAATAAVKTA
681 LSGNPVPILI PCHRVVQGDL DVGGYEGGLA VKEWLLAHEG
721 HRLGKPGLGG SMSPILGYWK IKGLVQPTRL LLEYLEEKYE
761 EHLYERDEGD KWRNKKFELG LEFPNLPYYI DGDVKLTQSM
801 AIIRYIADKH NMLGGCPKER AEISMLEGAV LDIRYGVSRI
841 AYSKDFETLK VDFLSKLPEM LKMFEDRLCH KTYLNGDHVT
881 HPDFMLYDAL DVVLYMDPMC LDAFPKLVCF KKRIEAIPQI
921 DKYLKSSKYI AWPLQGWQAT FGGGDHPPKS D---Dynein
961 331------- GSMGSEIGTG FPFDPHYVEV LGERMHYVDV
1001 GPRDGTPVLF LHGNPTSSYL WRNIIPHVAP SHRCIAPDLI
1041 GMGKSDKPDL DYFFDDHVRY LDAFIEALGL EEVVLVIHDW
1081 GSALGFHWAK RNPERVKGIA CMEFIRPIPT WDEWPEFARE
1121 TFQAFRTADV GRELIIDQNA FIEGALPMGV VRPLTEVEMD
1161 HYREPFLKPV DREPLWRFPN ELPIAGEPAN IVALVEAYMN
1201 WLHQSPVPKL LFWGTPGVLI PPAEAARLAE SLPNCKTVDI
1241 GPGLFLLQED NPDLIGSEIA RWLPGLAG*
Dynein331

LinkerAAA1AAA2 AAA3 AAA4 Lis1 site MT siteAAA5 AAA6
1 DQLTHVVEEV KTYDLVWRSI KNLWEDVQRT FETPWCRVDV
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41 LLLQSDLANF LRRADELPRA VKQFEMYKSL FSQVNMLTSV
81 NKILVELKDG ALKPRHWNMI FRDIGKRQIQ KNLLDKLEFS
121 LKDVMVLNLT LNEILLTKII ERAQKEFVIE KSLNRIKKFW
161 KEAQYEVIEH SSGLKLVREW DVLEQACKED LEELVSMKAS
201 NYYKIFEQDC LDLESKLTKL SEIQVNWVEV QFYWLDLYGI
241 LGENLDIQNF LPLETSKFKS LTSEYKMITT RAFQLDTTIE
281 VIHIPNFDTT LKLTIDSLKM IKSSLSTFLE RQRRQFPRFY
321 FLGNDDLLKI IGSGKHHDQV SKFMKKMFGS IESIIFFEDS
361 ITGVRSVEGE VLNLNEKIEL KDSIQAQEWL NILDTEIKLS
401 VFTQFRDCLG QLKDGTDIEV VVSKYIFQAI LLSAQVMWTE
441 LVEKCLQTNE FSKYWKEVDM KIKGLLDKLN KSSDNVKKKI
481 EALLVEYLHF NNVIGQLKNC STKEEARLLW AKVQKFYQKN
521 DTLDDLNSVF ISQSGYLLQY KFEYIGIPER LIYTPLLLVG
561 FATLTDSLHQ KYGGCFFGPA GTGKTETVKA FGQNLGRVVV
601 VFNCDDSFDY QVLSRLLVGI TQIGAWGCFD EFNRLDEKVL
641 SAVSANIQQI QNGLQVGKSH ITLLEEETPL SPHTAVFITL
681 NPGYNGRSEL PENLKKSFRE FSMKSPQSGT IAEMILQIMG
721 FEDSKSLASK IVHFLELLSS KCSSMNHYHF GLRTLKGVLR
761 NCSPLVSEFG EGEKTVVESL KRVILPSLGD TDELVFKDEL
801 SKIFDSAGTP LNSKAIVQCL KDAGQRSGFS MSEEFLKKCM
841 QFYYMQKTQQ ALILVGKAGC GKTATWKTVI DAMAIFDGHA
881 NVVYVIDTKV LTKESLYGSM LKATLEWRDG LFTSILRRVN
921 DDITGTFKNS RIWVVFDSDL DPEYVEAMNS VLDDNKILTL
961 PNGERLPIPP NFRILFETDN LDHTTPATIT RCGLLWFSTD
1001 VCSISSKIDH LLNKSYEALD NKLSMFELDK LKDLISDSFD
1041 MASLTNIFTC SNDLVHILGV RTFNKLETAV QLAVHLISSY
1081 RQWFQNLDDK SLKDVITLLI KRSLLYALAG DSTGESQRAF
1121 IQTINTYFGH DSQELSDYST IVIANDKLSF SSFCSEIPSV
1161 SLEAHEVMRP DIVIPTIDTI KHEKIFYDLL NSKRGIILCG
1201 PPGSGKTMIM NNALRNSSLY DVVGINFSKD TTTEHILSAL
1241 HRHTNYVTTS KGLTLLPKSD IKNLVLFCDE INLPKLDKYG
1281 SQNVVLFLRQ LMEKQGFWKT PENKWVTIER IHIVGACNPP
1321 TDPGRIPMSE RFTRHAAILY LGYPSGKSLS QIYEIYYKAI
1361 FKLVPEFRSY TEPFARASVH LYNECKARYS TGLQSHYLFS
1401 PRELTRLVRG VYTAINTGPR QTLRSLIRLW AYEAWRIFAD
1441 RLVGVKEKNS FEQLLYETVD KYLPNQDLGN ISSTSLLFSG
1481 LLSLDFKEVN KTDLVNFIEE RFKTFCDEEL EVPMVIHESM
1521 VDHILRIDRA LKQVQGHMML IGASRTGKTI LTRFVAWLNG
1561 LKIVQPKIHR HSNLSDFDMI LKKAISDCSL KESRTCLIID
1601 ESNILETAFL ERMNTLLANA DIPDLFQGEE YDKLLNNLRN
1641 KTRSLGLLLD TEQELYDWFV GEIAKNLHVV FTICDPTNNK
1681 SSAMISSPAL FNRCIINWMG DWDTKTMSQV ANNMVDVVPM
1721 EFTDFIVPEV NKELVFTEPI QTIRDAVVNI LIHFDRNFYQ
1761 KMKVGVNPRS PGYFIDGLRA LVKLVTAKYQ DLQENQRFVN
1801 VGLEKLNESV LKVNELNKTL SKKSTELTEK EKEARSTLDK
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1841 MLMEQNESER KQEATEEIKK ILKVQEEDIR KRKEVVMKSI
1881 QDIEPTILEA QRGVKNIKKQ QLTEIRSMVN PPSGVKIVME
1921 AVCAILGYQF SNWRDIQQFI RKDDFIHNIV HYDTTLHMKP
1961 QIRKYMEEEF LSDPNFTYET INRASKACGP LYQWVNAQIN
2001 FSKVLENVDP LRQEMKRIEF ESLKTKANLL AAEEMTQDLE
2041 ASIEVSKQKY SLLIRDVEAI KTEMSNVQAN LDRSISLVKS
2081 LTFEKERWLN TTKQFSKTSQ ELIGNCIISS IYETYFGHLN
2121 ERERGDMLVI LKRLLGKFAV KYDVNYRFID YLVTLDEKMK
2161 WLECGLDKND YFLENMSIVM NSQDAVPFLL DPSSHMITVI
2201 SNYYGNKTVL LSFLEEGFVK RLENAVRFGS VVIIQDGEFF
2241 DPIISRLISR EFNHAGNRVT VEIGDHEVDV SGDFKLFIHS
2281 CDPSGDIPIF LRSRVRLVHF VTNKESIETR IFDITLTEEN
2321 AEMQRKREDL IKLNTEYRLK LKNLEKRLLE ELNNSQGNML
2361 ENDELMVTLN NLKKEAMNIE KKLSESEEFF PQFDNLVEEY
2401 SIIGKHSVKI FSMLEKFGQF HWFYGISIGQ FLSCFKRVFI
2441 KKSRETRAAR TRVDEILWLL YQEVYCQFST ALDKKFKMIM
2481 AMTMFCLYKF DIESEQYKEA VLTMIGVLSE SSDGVPKLTV
2521 DTNDDLRYLW DYVTTKSYIS ALNWFKNEFF VDEWNIADVV
2561 ANSENNYFTM ASERDVDGTF KLIELAKASK ESLKIIPLGS
2601 IENLNYAQEE ISKSKIEGGW ILLQNIQMSL SWVKTYLHKH
2641 VEETKAAEEH EKFKMFMTCH LTGDKLPAPL LQRTDRVVYE
2681 DIPGILDTVK DLWGSQFFTG KISGVWSVYC TFLLSWFHAL
2721 ITARTRLVPH GFSKKYYFND CDFQFASVYL ENVLATNSTN
2761 NIPWAQVRDH IATIVYGGKI DEEKDLEVVA KLCAHVFCGS
2801 DNLQIVPGVR IPQPLLQQSE EEERARLTAI LSNTIEPADS
2841 LSSWLQLPRE SILDYERLQA KEVASSTEQL LQEM

IMAGE ACQUISITION AND ANALYSIS Image acquisition was performed as described
in Sec. 2.6. The samples were heated to 34 °C to induce tubulin polymerization.
For 3D confocal imaging of droplets, Z-stacks were acquired with 0.2µm (0.1–1µm).
Z-stack and temporal-color projections were created using ImageJ (FIJI) built-in
plugins — Z project, 3D project and Temporal-color code.

6.4.2 METHODS
ASTERS IN DROPLETS
PROTEIN MIX Due to small reaction volume, volumes of individual components be-
come very small (∼0.5µL), so protein mix was split into pre-mix and main mix. Pre-
mix was made in bulk to reduce pipetting volume errors. A pre-mix of 0.5mgmL−1

κ-casein, 0.016% Tween 20, 1 x OX, and 50mM glucose was made. A 10µL protein
mix with 2.26µL pre-mix, 3mM GTP, 20–30µM tubulin (10% rhodamine-tubulin,
stock 200µM), 1% PEG-6000 (optional), and 10%v centrosomes was made in
MRB80. The mix was airfuged (5min, 30psi) before addition of centrosomes. After
addition of centrosomes, the mix was maintained at room temperature (to prevent
cold shock to centrosomes).
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LIPID-IN-OIL (LO) DISPERSION LO dispersion of 99.95 n% DOPC, and 0.05 n% Cy5-
PE was made as described in Sec. 2.6.
FORMATION Droplets were formed by dragging method as described in Sec. 2.6.
The samples were heated to 30 °C to induce tubulin polymerization.

OPTO-GENETIC ACTIVATION
ON GLASS The protocol is similar to MT dynamics assay (see Sec. 4.5). iLID mix —
A 20µL protein mix of 0.5mgmL−1 κ-casein, 0.1% methyl-cellulose, 50mM KCl, 1 x
OX, 50mM glucose, and 100nM SspB-mCh was made in MRB80.
The flow chambers were assembled and functionalized with sequential 10min

incubations of 0.2mgmL−1 PLL-PEG-biotin, 2µL biotin-iLID (diluted with MRB80 to
10µL), and 0.5mgmL−1 κ-casein. The iLID mix was added to the flow chamber and
the flow chamber was sealed with vacuum grease. The sample was imaged in TIRF
mode and photo-activation was performed with a pulse of 488nm laser.
IN DROPLETS Protein mix — A pre-mix of 4mgmL−1 κ-casein, 0.1% Tween 20,
and 4mgmL−1 BSA was made. A 15µL protein mix with 5.33µL pre-mix, 1 x OX,
50mM glucose, 1µM LactC2-YFP-iLID, 1µM SspB-mCh, and 50mM KCl was made
in MRB80. The mix was airfuged.
LO dispersion — LO dispersion of 54.5 n% DOPC, 30n% DOPS, 15 n% Cardiol-

ipin, and 0.5 n% Cy5-PE was made as described in Sec. 2.6.
Formation — Droplets were formed by dragging method as described in Sec. 2.6.

The sample was imaged in confocal mode and photo-activation was performed with
the pulse of 488nm laser.
ON SLB Protein mix — A pre-mix of 0.5mgmL−1 κ-casein, 0.1% methyl-cellulose,
50mM KCl, and 1 x OX was made. A 30µL protein mix with 7.1µL pre-mix, 1µM
SspB-mCh, and 50mM glucose was made in MRB80. The mix was airfuged.
SUVs — SUVs with 39.5 n% DOPC, 40n% DOPS, 20n% biotin-PE, and 0.5 n%

Cy5-PE were made in H-buffer (150mM, 10mM HEPES pH 7.4) using extrusion as
described in Sec. 2.6.
Formation — The flow chambers were assembled and functionalized with 10min

incubations of 20µL SUVs and washed with MRB80. The protein mix was added
to the flow chamber and the flow chamber was sealed with vacuum grease. The
sample was imaged in TIRF mode and photo-activation was performed with the
pulse of 488nm laser.
GLIDING ASSAY The protocol is similar to MT dynamics assay (see Sec. 4.5) and
[526, §5].
Classic gliding assay mix — A 20µL protein mix of 0.3mgmL−1 κ-casein, 0.1%

methyl-cellulose, 2 x OX, 100mM glucose, and 2mM ATP was made in MRB80.
Opto-gliding assay mix — A 15µL protein mix of 0.5mgmL−1 κ-casein, 0.1%

methyl-cellulose, 50mM KCl, 1 x OX, 50mM glucose, 2mM ATP, and 2 nM SspB-
mCh-dynein was made in MRB80.
The flow chambers were assembled and functionalized with sequential 10min

incubations of 0.2mgmL−1 PLL-PEG-biotin, dynein-biotin-GFP (diluted 100 x), and
0.5mgmL−1 κ-casein (for classic gliding assay) and 0.2mgmL−1 PLL-PEG-biotin,
2µL biotin-iLID (diluted to 10µL), and 0.5mgmL−1 κ-casein (for opto-gliding assay).
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The mixes were airfuged (5min, 30psi), MT seeds (0.2–1µL, diluted 300 x) added to
the flow chamber and the flow chamber was sealed with vacuum grease. The sample
was imaged in TIRF mode, samples were heated to 30 °C and photo-activation was
performed with a pulse of 488nm laser.
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Figure 6.S1: Aster positioning statistics. Data reproduced from Roth et al. [250]. Quan-
tification of aster position. (a) Single aster, regime 2 (Fig. 6.2(b)) (b) Single aster, regime 3
(Fig. 6.2(b)) (c) Double aster, regime 2-3 (Fig. 6.2(c)) (d) Double aster, Ase1 (Fig. 6.2(d)). Red
histograms represent the Fig. 6.2 yellow boxes data.
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Figure 6.S2: Photo-activation on SLB. (a) Schematic of flow chamber assay, glass sur-
face coated with supported lipid bilayer (SLB). LactC2-YFP-iLID and SspBnano-mCherry is
flowed in. SspB binds to iLID upon selective illumination with 488nm laser. (Image created
with BioRender.com) (b) Spatio-temporal control on iLID-SspB binding (LactC2-YFP-iLID and
SspBnano-mCherry) on SLB. (top) A circular ROI is illuminated once with a flash of 488nm
laser in field-of-view (FOV). TIRF Imagemontage of SspB intensities, representing time points
— I0 pre-activation, IMax maximum (following a fast activation). (bottom) Corresponding SspB
binding dynamics. Intensity of SspB is normalized with averaged pre-activation ROI intensity
to obtain a fold increase. iLID-SspB show activation and binding on SLB.

6.6.2 SUPPLEMENTARY MOVIES

Figure 6.S3: Asters in droplet. Aster positioning in presence of Ase1 (from Fig. 6.2(d)). [
 ]





7
OPTO-PARMRC SYSTEM FOR

SYNTHETIC CELL
Less is More.

Reinvent the wheel.
Knock off.

Inheriting equal genetic information during cell division is important. It governs the
life and cell cycle. Cells have sophisticated machinery to ensure proper segregation
of DNA. Themore evolved a cell is, the more complicated its mechanism becomes. A
synthetic cell needs a minimal DNA segregation system. Here, we adapted a simple
par system from E. coli low copy number plasmid R1 for this purpose. To regulate it
with the synthetic cell cycle, we introduced a spatiotemporal control on the adaptor
molecule with opto-switch, iLID. We mimic the ParMRC system for DNA segregation
in a minimal in vitro setting. While the components of our opto-ParR system function
as we intended under photo-activation, the system reconstituted as a whole is not
light responsive yet in our preliminary work. Further optimizations are required to
enable opto-genetic regulation.

This chapter includes segregation experiments performed by Koen van Gent (under supervision of
Yash Jawale and Reza Amini Hounejani), and opto-switches designed together with Eli van der Sluis
and Beatriz Orozco Monroy.
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7.1 INTRODUCTION
The initial synthetic cell will be a bare minimum of what a eukaryotic cell, or even a
bacterial cell, can do. It needs to perform the basic functions, mimicking the cellu-
lar processes required to sustain life, like maintain metabolism, propagate genetic
information, and divide (see Sec. 1.4). In this chapter, we focus on designing a DNA
segregation module, required before the cell division in a synthetic cell. We saw,
building a minimal eukaryotic spindle, even in vitro, is a daunting task (Ch. 6). And
so a synthetic cell needs somethingminimal and evenmore simple than the minimal
mitotic spindle. Also, the components of the synthetic cell must meet basic require-
ments like, ability to be expressed in a cell-free expression systems (PURE, TXTL),
ability to be encapsulated in an artificial cell-like container (vesicles), and be part
of an active and dynamic system, that can adapt and be regulated in coordination
with other components.
Bacteria are much simpler compared to eukaryotic cells. Their cellular processes

have less complexity. The bacterial chromosome, nucleoid, segregates during or
after replication, which involves several protein complexes that regulate the unfold-
ing and folding (entropic processes), distributing the origin of replication (ori), and
eventually the chromosome (Fig. 7.1(a)). The bacterial chromosome is still a large
genome compared to the future genome of the first synthetic cell (by at least an
order of magnitude large). So, similar mechanisms are not essential. However, bac-
teria do have other smaller genetic material also, i.e. plasmids. Most of the high
copy number plasmids get distributed by passive processes (diffusion) where exact
allocation in daughter cells is not needed (Fig. 7.1(b)). But in the low copy num-
ber plasmids, where equal allocation or even the single copy needs to be distrib-
uted in each daughter cell, segregation occurs via special partitioning (par) systems
(Fig. 7.1(c)). Such active plasmid partition gene cassettes were first identified in low
copy number P1 and F plasmids in E. coli [535–537].

Entropic Diffusion Active

a b c

Figure 7.1: Bacterial DNA segregation. Different segregation mechanisms for original and
replicated bacterial DNA, (a) entropic, (b) passive, and (c) active. (Images created with
BioRender.com) [  ]

7.1.1 SEGROSOME
Segrosome is a nucleoprotein complex formed at the centromere-like DNA site on
the plasmid, along with two proteins, a centromere-binding adaptor protein (CBP),
the link between the DNA and a motor protein, usually an ATPase, which actively
pushes or pulls the DNA to drive the segregation (Fig. 7.3) (see [538–540]). The
multiple centromere sites present in the form of tandem repeats, recruit the adaptor
proteins to form nucleoprotein complexes, and assemble into a higher-order parti-
tioning complex. This partition complex recruits the motor protein to form a segro-
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some, and trigger DNA separation. These par systems have been mainly classified
in two groups, NTPase, type I (Walker A-type ATPase; P-loop), and type II (cytomot-
ive, actin-like ATPase) [541]. Recently, additional type III (cytomotive, tubulin-like
GTPase) have been discovered [542], and also type IV (DNA binders) [543] has
been proposed. The type I systems can be classified further into type Ia and Ib,
depending on the position of the centromere-like site in the operon, downstream
and upstream respectively.

type I / diffusion-ratchet type II / actin-like type III / tubulin-like

a b c

Figure 7.2: Bacterial DNA segregation. Major types of active DNA segregation mechanisms
(centromere-like site, adaptor protein, and motor protein), (a) type I (diffusion ratchet) e.g.
ParABS, (b) type II (actin-like) ParMRC, and (c) type III (tubulin-like) TubZRC. (Images created
with BioRender.com) [  ]

Examples of type I systems are ParABS (R1 plasmid), SopABC (F plasmid) (type
Ia) [535–537], and ParFGH (TP228 plasmid) (type Ib) (Fig. 7.2(a)) [544, 545]. The
centromere sites have asymmetrically positioned inverted repeats [546, 547]. The
type Ia CBPs have dual role, regulate not only partition but also transcription [548–
550]. They have three domains [551], N-terminal, central (with a DNA-binding helix-
turn-helix (HTH) motif), and C-terminal. The central domain interacts with the DNA
(also bridges with other adaptors), while N- and C- terminals are unstructured and
help spread out the centromere sites. In comparison, type Ib CBPs are smaller and
only have two domains, an unstructured N-terminal and C-terminal (ribbon-helix-
helix (RHH)) DNA-binding motif [544, 552], and can form dimers. An example of
type II system is ParMRC (pSK41, R1 plasmid) (Fig. 7.2(b)). The tandem repeats of
centromere sites can be continuous [553] or in two groups [554]. The type II CBPs
are similar to type Ib CBPs, with two domains, an N-terminal RHHmotif for DNA bind-
ing, and a C-terminal domain for motor protein interaction. The segrosome binds
to the growing end of ParM filaments, which make an antiparallel bundle, pushing
the plasmids at the cell poles [555] (Fig. 7.3). An example of type III system is
TubZRC (pBToxis, pBsph plasmids) (Fig. 7.2(c)). The centromere sites can be in mul-
tiple blocks [556]. The CBP has HTH DNA binding motif with an additional wing
shape [557]. In contrast to type II system, it follows a pulling mechanism, where se-
grosome tracks the shrinking minus end of TubZ filament [558]. Also, extra protein
TubY is found, with HTH DNA binding motif and a long coiled-coil domain, which is
speculated to regulated TubZ assembly [559]. Lastly, examples of an uncharacter-
ised suggestive type IV system are single gene based par systems (pSK1 (orf245),
R388 plasmids) [543, 560], where a pilot-fish segregation mechanism is proposed.
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7.1.2 PARMRC

ParMRC ParM parC

Figure 7.3: ParMRC. (top) Se-
gregation of par+ plasmids
by ParM filaments in E. coli
MC1000 cells. Image adapted
from [561]. (bottom) A min-
imal segrosome of a synthetic
cell, with ParMRC segrosome,
antiparallel ParM spindle se-
gregating plasmids via ParR
attachment at parC. [  ]

The ParMRC system is one of the best known sys-
tems for bacterial DNA segregation (see [562, 563]).
The ParMRC locus was first discovered on a large,
low-copy number, multiple-resistance R1 plasmid in
E. coli [564]. It is extensively studied with cyto-
logy [554, 565], biochemical assays [553, 566–
568], live cell imaging [569], and X-ray and elec-
tron microscopy [555, 570–572], thus well charac-
terised (Fig. 7.3). Most importantly, it has been suc-
cessfully reconstituted in in vitro assays [573, 574].
Hence, with only three components (only two pro-
teins) in the partitioning system, it is a leading can-
didate for DNA segregation using a minimal spindle
in synthetic cells. Recent studies have demonstrated
its feasibility and proof-of-principle application for
synthetic cell with 3D in vitro reconstitutions in con-
tainers [575, 576]. In this chapter, we investigate
the application of the ParMRC system as minimal
spindle for synthetic cells.

STRUCTURE AND FUNCTION
ParMRC DNA segregation system consists of parC, a centromere-like DNA region,
ParR, an adaptor protein, and ParM, an actin-like motor protein.
parC

The centromere-like parC locus on R1 plasmid (100 kb) is discontinuous, present as
two clusters of five 11 bp iterons, around the either side of the 39bp promoter site
(Fig. 7.4) [554, 577].
ParR

The ParR1, like type II CBPs, has two domains, ParRN (1–53 aa), and ParRC (54–
117 aa) (Fig. 7.4). The β strand in ParRN domain, from two monomers combine to
form an antiparallel sheet, that interacts with the major groove in the parC DNA
sites. While the two α helices from each monomer come together to form a tight
dimer [553, 567]. The three α helices from ParRC domain stabilizes the dimerization
of the N-terminal domain [567], and the unstructured C-terminal tail (ParRC-p, 101–
117 aa) interacts with the ParM filament end [568] through the hydrophobic pocket
in ParM monomers [555].
ParM

The ParM proteins assemble into filaments, hydrolyse ATP, and generate pushing
forces through polymerization to segregate the DNA, hence defined as cytomotive
filaments [578]. The ParM protein has two domains, I and II. The monomer is an
ATPase, and shows conformational changes (∼25° domain closure) depending on
the state of nucleotide bound (ATP, ADP, AMPPNP) [579]. Also, the conformational

1ParR (117 aa) from pJSC1 plasmid.
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state of a ParM protein on filament form is different from monomeric form [555,
571]. The conformational changes from monomeric to filament form, promote the
ATP hydrolysis [561, 580]. While the ParM is held in the filament through longit-
udinal lattice contacts, the ATP hydrolysis in filament form disrupts these contacts,
and makes the filament unstable. ParM filaments have a left-handed twist, two-start
helix with two protofilaments [555, 570, 572], and has barbed and pointed ends like
actin. ParM also has actin-like fold, but the assembled ParM filaments are differ-
ent from actin (right-handed helix) [579]. ParM has rapid spontaneous nucleation,
kinetically apolar2, and exhibits dynamic instability3 [574], compared to actin’s slow
nucleation, polarized growth, and treadmilling. The dynamic instability of ParM can
be attributed to the presence of ATP caps at both ends4.

Figure 7.4: ParMRC structure. (top) Structure of 11 bp centromere-like parC DNA region, and
ParM filament (PDB 4A6J, 10 monomers, molecular surface with cartoon representation of 1
monomer) (bottom, scale 3 x) Structure of ParR dimer, showing ParRN (with RHH motif), and
ParRC domains, along with ParRC-p peptide. Dimer folded using Alphafold server [581], and
C-terminal tail modelled using MODELLER [582]. Model images rendered using ChimeraX
[404].

ParR
dimer

parC

ParM

ParR
dimer

ParRN

ParRC

ParRC-p

RHH

ParM

parC
ParRC

The ParR dimers bind to the parC iterons,
and form a lockwasher-like super-helical
structure (right-handed helix, � 15–18 nm)
with multiple ParRC nucleoprotein complex
(one dimer per parC interon) [567]. The neg-
atively charged parCDNAwraps on the ParR
dimers, due to its positively charged sur-
face, and the promoter region is confined to
form a ring [568]. The ParRC complex also
lowers the critical nucleation concentration
of ParM filament formation [555].
ParMRC

The ParM filaments are dynamically un-
stable. They undergo cycles of growth
and shrinkage to search the cell for ParRC
complexes, the search-and-capture mech-
anism [574]. The ParRC complex captures
the barbed end of the ParM, increasing
its growth rate, and binding also prevents
the ParM disassembly [555]. The opposite
handed helical nature of structures of ParM
and ParR is suspected to make a stable cap
at the end. The ParRC bound end grows

2Symmetrical bidirectional elongation from both ends.
3Ability to spontaneously switch between growing and shrinking phase, like MTs [40].
4Just like the GTP cap on the plus end of MTs, responsible for their dynamic instability.

https://www.rcsb.org/structure/4a6j
https://alphafoldserver.com
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with insertional polymerization [561, 573]. Two ParRC bound ParM filaments form
an antiparallel spindle, which segregate the DNA. And the disassembly of the poin-
ted end is inhibited by lateral support from binding of other ParRC bound ParM
filament from the ParMRC spindle [555].

CONTROL
Interestingly, in vivo ParMRC system is asynchronous, each bipolar antiparallel spindle
segregates a different plasmid sisters [571]. It is also not coordinated with the bac-
terial cell cycle. But eventually all plasmid sisters are segregated before cell division,
and the bacterium manages to survive5. Even though plasmids are accessory gen-
ome in bacteria, but for the synthetic cell it will serve as core genome. So it is
absolutely necessary to properly segregate the (likely singular copy of) DNA plas-
mids. Thus, the DNA segregation needs to be coordinated with the synthetic cell
cycle.
Spatiotemporal control
We currently plan to externally regulate the DNA segregation spatiotemporally us-
ing opto-switches, for the (independent) DNA segregation module designed for syn-
thetic cell. As discussed in Sec. 5.1, optogenetics is a powerful tool, that enables fast
and reversible spatio-temporal control. We will be using the opto-switch, iLID-SspB
for this purpose (characterised in Sec. 6.2.2) [240]. Eventually, in the synthetic cell,
the DNA segregation will be coordinated and integrated with other synthetic cellular
processes like DNA replication and cell division using other approaches.
The ParR protein can be split into its two domains (Fig. 7.4). And ParRN domain

alone has been shown to be capable of binding the parC sites [553]. Also, the
ParRC-p has been shown to interact with the ParM [568]. With this, we fused the
iLID-SspB pair with the two ParR domains, to create a series of opto-ParR con-
structs, based on structural information of ParR dimer, knowledge of iLID fusions
proteins, and logical reasoning. Of the many designs (Tab. 7.1), the following design
pair, ParRN-iLID and SspB-ParRC, seems effective (Fig. 7.8(a),Fig. 7.S2). The fusion
protein iLID-ParRN has the ParRN domain (for DNA binding), a leucine zipper mo-
tif (to help create a higher order structure, forced dimerization of dimers), YFP (for
visualization), and the iLID (for opto-control)6. Each of the two ParRN domains in
this construct forms a natural dimer with an extra copy of ParRN domain. The result-
ing ParRN-iLID dimer has 4 ParRN domains, capable of binding 2 parC sites. While
the fusion protein SspB-ParRC has SspB (for SsrA binding in iLID), a leucine zipper
(to stabilize the ParRC intra-domain dimerising interactions), ParRC (for ParM inter-
actions), and an additional copy of ParRC-p (to boost the ParM interactions). The
resulting SspB-ParRC dimer has 4 copies of ParRC-p peptides for enhanced ParM
interactions.
These opto-ParR constructs should enable the light-controlled plasmid DNA se-

gregation. The ParRN dimer is already bound to the parC DNA, and the SspB-ParRC

5Forestalls to trigger the post-segregational killing (PSK) or plasmid addiction, which is activated if
accessory plasmids are not present in the newly formed daughter cells [583].

6The light spectrum for iLID activation overlaps with YFP excitation.
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dimer is interacting with the ParM filaments. Upon blue light illumination, the ParRN-
iLID and SspB-ParRC should interact, and form the ParRC complex, which stabil-
izes the ParM filament and will promote bipolar spindle formation. Additionally, the
ParRC complex will aid insertional polymerization at the ends, further accelerating
the DNA segregation. Upon successful DNA segregation, the light illumination can
be stopped, causing the ParRC complex to fall apart and destabilize the spindle.

7.2 RESULTS
7.2.1 BUILDING A SYNTHETIC CELL SPINDLE
The ParMRC system is shown to form a bipolar spindle, in vivo [569] and in vitro
[574], to segregate the DNA. So, we first tested the ParMRC system for basic in vitro
characterization like its dynamic properties, encapsulation in vesicles, and cell-free
expression.

in vitro RECONSTITUTION OF PARMRC SYSTEM
ParM forms dynamic filaments. To test the ParM kinetics, we performed a series
of polymerization assays with 1–5µM ParM and 2–10mM ATP. We saw ParM fila-
ments polymerizing instantaneously. They were small (∼1–3µm) and dynamic. This
made it difficult to observe them, as they tend to diffuse a lot, even in presence of
methylcellulose7 (0.8%w/v). Even with 5µM ParM and 10mM ATP, they were small
and tended to bundle. We switched to AMP-PNP8 for all further experiments, to get
longer and stable filaments that are easy to observe. With 2.5µM ParM and 2.5mM
AMP-PNP, we saw longer filaments, that diffuse a lot less, but then grew longer over-
time and tend to bundle (<10min). With 2.5mMAMP-PNP, we saw no polymerization
at 0.4µM ParM and filaments at 0.8mM ParM (Fig. 7.S1). This is in accordance with
previous reported critical concentration of 0.6µM for ParM in presence AMP-PNP
[555, 573].
Next, we reconstituted the ParM spindle, to check separation (Fig. 7.5(a)). With

2.5µMParM, 30nM ParR, and 2.5mM AMP-PNP, we saw the ParM filaments’ search-
and-capture of ParR (Fig. 7.S5). ParR binds to the tip of the ParM filament and the
complex of ParR proteins was further capable to recruit multiple ParM filaments,
resulting in an aster-like structure. Earlier, these aster like structures were observed
in presence of ParR and beads coated with parC [573]. We encountered them even
in absence of parC. ParM filaments from neighbouring asters interact to form an
antiparallel bundle, corresponding to a bipolar spindle. In these bundles, we saw
ParR segregating as the ParM filament grew by insertional polymerization at the
capped ends (Fig. 7.5(b), Fig. 7.S4). We saw similar spindle formation with wild type
ParMRC system at 5µM ParM, 300nM ParR, 750nM parC, and 4mM AMP-PNP. The
ParRC complex separation was observed on the bipolar ParM spindle (Fig. 7.5(c),
Fig. 7.S3). This suggests that ParR alone is able to lower the nucleation barrier for

7Methylcellulose, a macromolecular crowding agent that forms a mesh, which pushes the filaments
towards the glass surface.

8AMP-PNP is a very slowly hydrolysable variant of ATP.
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c

parCParMParRParM

a b

Figure 7.5: ParMRC dynamics. (a) Schematic of dynamics assay, glass surface passivated
with BSA. ParM spindle segregates ParRC (ParR and parC) complex. (Image created with
BioRender.com) (b) Kymograph showing spindle separation. ParM (2.5µM), and ParR (30nM)
with 2.5mM AMP-PNP is flown in. (see Fig. 7.S4 for a video) (c) Kymograph showing spindle
separation. ParM (5µM), ParR (300nM), parC (750nM) with ATP (4mM) is flown in. (see
Fig. 7.S3 for a video) Scale bar - 3µm (vertical), time - 30 s (horizontal).

ParM filaments, whether can it also increase the growth rate of the capped end like
ParRC complex remains to be investigated.

ENCAPSULATION OF PARM
The components of the segregation system of the synthetic cell should be com-
patible with vesicles. ParM is the main motor (cytomotive) protein that forms the
spindle, capable of generating pushing forces. So we formed vesicles, and en-
capsulated 2.5µM ParM, and 3mM AMP. ParM readily polymerized, and ParM fila-
ments can be seen diffusing around in vesicles (Fig. 7.6). Recently ParM, along with
other components also have been demonstrated to be encapsulated in water-in-oil
droplets [575], and in vesicles [576].

ParM
Lipids

a b
Figure 7.6: ParM encapsulation. (a)
Schematic of ParM filament encapsu-
lated in GUV, formed with eDICE. (Image
created with BioRender.com) (b) A GUV
with ParM filament (2.5µM, AMP 3mM).
Scale bar - 3µm.

PURE EXPRESSION OF ILID
One of the most important requirements for the components of the synthetic cell is
the ability to be expressed in a cell-free environment. We tested the expression of
opto-ParMRC components in vitro transcription and translation system, PURE [225,
584].
ParM and ParR has been already demonstrated to be expressed in PURE9.

9[unpublished data, personal communications] Christophe Danelon (Toulouse Biotechnology Institute,
Toulouse, France) mentioned, expressing ParM and ParR in PUREfrex2.0. Expressed ParM can form
filaments. While for de novo expression of ParM in vesicles with PURE (and additional ribosomes

https://orcid.org/0000-0002-0961-6640
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Figure 7.7: PURE expressed iLID. (a) Schematic of PURE, depicting DNA being transcribed
and translated into iLID. (Image created with BioRender.com) (b) Translation products on a
4–12% gradient polyacrylamide gel, imaged in bright field and fluorescence. Lanes — ladder
(in kDa), LactC2-iLID without and with riboflavin (FMN 10µM). LactC2-iLID (38.2 kDa) signal
also seen in fluorescence due to incorporated GreenLys. (c) Schematic of flow chamber assay,
glass surface coated with supported lipid bilayer (SLB). LactC2-iLID and SspBnano-mCherry
is flowed in. SspB binds to iLID upon selective illumination with 488nm laser. (Image cre-
ated with BioRender.com) (d) Spatio-temporal control on iLID-SspB binding (LactC2-iLID and
SspBnano-mCherry) on SLB. (top) A circular ROI is illuminated once with a flash of 488nm
laser in field-of-view (FOV). TIRF Imagemontage of SspB intensities, representing time points
— I0 pre-activation, IMax maximum (following a fast activation, along with diffusion), and I∞
steady state (following a slower deactivation). (bottom) Corresponding SspB binding dynam-
ics. Intensity of SspB is normalized with averaged pre-activation ROI intensity to obtain a
fold increase. iLID-SspB show activation and binding on SLB.

So, we next tested the expression of iLID (Fig. 7.7(a)), the new component re-
quired for introducing optical control over segregation, in PURE. Linear DNA with
LactC2-iLID was PCR amplified for PURE expression. The 5 nM DNA was incub-
ated in PUREfrex2.0 mix with and without riboflavin (FMN)10 and the transcription
products show presence of a band (in between 35–55 kDa), corresponding to LactC2-
iLID (38.2 kDa) (Fig. 7.7(b)). Expression of iLID in PURE is independent of FMN, as
expected, and also its addition does not interfere with functioning of the PURE en-
zymes. Next, we tested if the PURE expressed iLID is functionally active (ie. light
responsive), in an photo-activation assay on an SLB (Fig. 7.7(c)). Upon a flash illu-
mination with blue light, we saw PURE expressed iLID rapidly recruit SspB in the
activation region (Fig. 7.7(d)). Some iLID diffused out of the region due to diffusion
on SLB and followed by a gradual deactivation. This shows that the opto-switch, iLID,
can be expressed in functional form with PURE. But PURE expression of ParRN-iLID
needs to be evaluated.

as crowding agents), filamentous structures (ParM filaments/bundles not yet confirmed) can be seen
deforming the vesicles, only after long times (>6 h).

10Flavin mononucleotide (FMN), a chromophore cofactor required in the core of the LOV domain of the
iLID protein, for the light responsive functioning [240].
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7.2.2 OPTO-CONTROL ON PARMRC
Having in vitro reconstituted the basic ParMRC segregation system, with aster sep-
aration, we next wanted to implement the optical control on segregation. We design
the ParRN-iLID and SspB-ParRC constructs, by splitting ParR into ParRN and ParRC

domains, and fusing themwith opto-switch iLID-SspB pair (Fig. 7.8(a)). Upon illumin-
ation, these constructs form a ParR mimicking structure, enabling ParMRC complex
and spindle formation, and DNA segregation (see Sec. 7.1.2).

ParM ParRC ParRWTParM

C RWTC RNC
+ light- light

C RWTC RNC

hν

ParRN GCN4 YFP iLID
ParRN

ParRN GCN4 YFP iLID
ParRN

pa
rC

SspB ParRC ParRC-pGCN4
SspB ParRC ParRC-pGCN4 Pa

rM

a b c d

Figure 7.8: Activity of opto-ParR constructs. (a) Schematic of opto-ParR constructs. ParRN-
iLID fusion protein, with ParRN domain, leucine zipper motif (GCN4), YFP, and iLID. An extra
copy of ParRN domain forms a natural dimer with ParRN on the fusion protein, and the fusion
protein force dimerizes due to GCN4. The resulting ParRN-iLID dimer interacts with parC.
SspB-ParRC fusion protein, has SspB, leucine zipper (GCN4), ParRC, and ParRC-p. The fusion
protein force dimerizes due to GCN4. The resulting SspB-ParRC dimer interacts with ParM fil-
ament. Upon illumination, the ParRN-iLID and SspB-ParRC interact and form the opto-ParRC
complex. (b) An EMSA on 6% polyacrylamide gel, showing parC binding response of ParRN-
iLID, in absence and presence of photo-activation. Lanes — negative control (1.5 nM parC),
ParR (76 nM, 1.5 nM parC), and ParRN-iLID (76 nM, 1.5 nM parC). (See Fig. 7.S2 for activity of
other constructs from Tab. 7.1.) (c) (d) Formation higher-order structures with (c) ParM (2.5µM),
and SspB-ParRC AF488 (300nM) (see Fig. 7.S5 for a video) and (d) ParM (2.5µM), and ParR
(300nM) (see Fig. 7.S4 for a video). Scale bar - 3µm.

We first tested the interactions of ParRN-iLID with parC DNA using Electrophoretic
Mobility Shift Assay (EMSA). The ParR (wild type) shows the largest shift, with most
of the ParRC stuck in the well, with some smear indicative of partial binding (some
sites out of 10). The ParRN-iLID also showed a significant shift with a clean band,
suggesting partial but consistent binding (Fig. 7.8(b)). This binding to the parC DNA
was not affected by photo-activation of iLID, as expected.
Next, we tested the other half, SspB-ParRC interaction with ParM filaments in a

dynamic assay. The ParR (wild type) forms aster of ParM fiaments (as described
above) (Fig. 7.8(d), Fig. 7.S4). SspB-ParRC too formed a higher order structure, with
a few filaments interacting at the tip (Fig. 7.8(c)). This suggests decreased binding
of SspB-ParRC to ParM compared to ParR (wild type), but still effective enough to
interact with one or more ParM filaments.
We also tested all the components, both ParRN-iLID and SspB-ParRC with ParM

and parC, of opto-ParMRC together in dynamic assay. But our preliminary results
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were inconclusive and showing signs of modest constitutive binding, independent
photo-activation. The design of opto-ParR constructs needs further fine-tuning.

7.3 DISCUSSION
Adapting a system to a new purpose is a two-step process, first understand and
rebuild the system, and later modify it accordingly. In this chapter, we first rebuild
an in vitrominimal spindle, encoded by the well-known R1 plasmid from E. coli. Then
we tried to redesign it to be controlled by light, for coordination with the cell cycle
of the synthetic cell.

7.3.1 REPRODUCING THE PARMRC SPINDLE
We were able to reproduce the DNA segregation with in vitro reconstituted ParMRC,
as reported in Garner et al. [573]. There ParMRC spindle was assembled with the
help of micro-beads coated with parC DNA [573], and similar strategies have been
used to assembly the ParMRC spindle for synthetic cell purpose too [575, 576]. The
use of parC coated beads helps with observing and tracking the DNA. However, this
approach promotes formation of thick ParM bundles, even ParM bands [573]. These
conditions are far from cell physiology. Cell solely contains doublets, pure two anti-
parallel filament ParM spindles, maybe a few with a few filaments [571]. Here, we
tried to lower the ParM bundling by decreasing ParM concentration, and stabiliz-
ing them with AMPPNP, to obtain single filaments like in cells, but it does make it
hard to observed them overtime. But in the process, we loose the dynamic instabil-
ity of the filaments, making the search-and-capture mechanism inefficient. This
study represents a preliminary proof-of-concept for ParM-based DNA segregation.
Additional work is required to optimize the system under physiologically relevant
conditions, such as protein and ATP concentrations.

7.3.2 OPTIMIZING THE OPTO-CONTROL
Having a controlled cell division is important for the cells, let alone for the synthetic
cell, as it is minimal, with no redundancy check points or stress response mechan-
isms. Hence, we introduced an opto-switch for controlling the DNA segregation in
ParMRC system by regulating the ParR and ParRC complex assembly. Our individual
components of opto-ParR system work as expected but, our current whole system
together is not light responsive. The SspB-ParRC being able to form aster-like struc-
tures can also contribute to the problem. The assembly of higher order structure on
ParM tip should be mediated by oligomerisation of ParRN-iLID-parC nucleoprotein
complex, only upon photo-activation.
The opto-ParR system needs to be further optimized. We propose the following

new constructs, based on set of three new strategies (Fig. 7.9). In type 1, construct
a regulates the DNA binding. The LOV domain can be strategically inserted in the
ParR in-between the two domains, such that it will make the ParR dimer and DNA
binding pocket light responsive. Upon illumination, the conformational change from
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LOV will disrupt the interlocking of β strands, and dimers will also fall apart. This
will distrupt the ParR’s binding to the parC.

ParRC-pParRΔC-p LOVΔJα
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Figure 7.9: Opto-ParR con-
structs. Schematic of 3 types of
proposed opto-ParR constructs.
(a) targets binding to parC, (b-d)
target binding to ParM, and
(e) targets interaction of ParR
domains. Arrows represent the
nature of protein interactions —
black are constitutive, cyan are
active under blue light, gray are
active in dark, and flat arrow
represent inhibitory effect.

In type 2, constructs b-d control the filament binding. For regulating the ParM
binding, the ParRC-p can be targeted. In construct b, the ParRC-p is fused with the
LOV domain, replacing the Jα helix in LOV with ParRC-p, and the LOV domain is
connected with (the rest of the) ParRΔC-p. The ParRΔC-p can bind to parC, however
the ParRC-p peptide is only accessible upon illumination. This will make the bind-
ing of ParR to ParM light responsive. Some mutations might be needed to ensure
tight packing of the peptide in the LOV pocket. Constructs c, d2, and d3 are based
on a Z-lock mechanism [585]. In a Z-lock construct, the protien-of-interest (PoI)
is inserted in-between LOV and (one of the) Zdk domain. In dark/lock state, Zdk
binds back on LOV, trapping the PoI. Thus PoI is sterically blocked from interact-
ing with its binding partner. Upon illumination, the conformational change in LOV
distrupts Zdk’s binding and unlocks PoI, making it available for interactions. In con-
struct c, the ParRC-p is the PoI, and the Z-lock system is connected with (the rest
of the) ParRΔC-p. Thus ParRC-p peptide will only be able to interact with ParM upon
illumination.
Construct d1 is wild-type ParR i.e. ParRΔC-p connected with the ParRC-p. In con-

struct d2, the ParRC-p*, a mutant11 of ParRC-p, is the PoI in Z-lock system. The
ParRC-p* peptide can only interact under illumination. Thus construct d2 will com-
pete with wt-ParR (d1) for binding to ParM. The concentrations and the binding
affinities of d2 and d1 should be tuned in such a way that under illumination even
with low-binding but high concentrations the d2 will compete out the d1, and pre-
vents the wt-ParR’s interactions with the ParM. Under dark, with low-binding and
negligible concentrations of d2, wt-ParR system with work normally. Thus d1-d2
construct pair will create a light responsive system. In construct d3, an anti-ParRC-p

binding peptide, an synthetically designed12 peptide, is the PoI in Z-lock system.
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The anti-ParRC-p binding peptide can only bind with ParRC-p peptide under illumin-
ation. The concentrations and the binding affinities of d3 and d1 should be tuned
in such a way that under illumination even with low-binding but high concentrations
the d3 will bind to and deplete out the d1, and thus reducing the available pool of
wt-ParR for interacting with the ParM. Thus d1-d3 construct pair will create a light
responsive system.
In type 3, constructs e control assembly of the ParR domains. While the ParRΔC-p

can bind to the parC, and the ParRC-p can bind the ParM, their interaction with each
other is light responsive. The construct e1 has SsrA tag connected with the ParRΔC-p.
While the construct e2 has SspB(LOV2) chimera connected to the ParRC-p peptide.
The LOV2 domain is strategically inserted in the SspB (based on 3D topology map),
such that upon illumination, the conformational change in LOV break off the SspB
structure. This distrupts its ability to bind to SsrA tag. Only in the dark state, e2 can
interact with e1, connecting the two ParR parts, and thus assembling the adaptor
protein (ParR) required for connecting the parC DNA to the ParM filament. This
design is based on PhoBIT1 system (photo-inducible binary interaction tools, a light-
OFF switch) [586] and is more like the two-part opto-ParR strategy previously we
tested in this chapter.
We remain hopeful, that some of these new approaches will enable spatiotem-

poral opto-ParR control. They simplify the design down to a single component (ex-
cept one, e), as opposed to the previous two parts. Also, some of them allow for
the use of wild type ParR. This will help retain the shape and structure (without the
presence of sterically bulky iLID and SspB domains), designed through natural evol-
ution, to assemble into the lockwasher-like ParRC segrosome complex. And thus
the synthetic cell can have the opto-ParMRC based DNA segregation module.
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7.4 MATERIAL AND METHODS
7.4.1 MATERIALS
CHEMICALS See Secs. 2.6&4.5 for a detailed list of chemicals. Chemicals were
purchased from Merck (Merck Life Science), unless otherwise stated: Adenosine 5'-
(β,γ-imido)triphosphate lithium salt hydrate (AMP-PNP, 10102547001 Roche), PURE-
frex® 2.0 (PF201 GeneFrontier Corporation, China), Riboflavin-5’-phosphate sodium
salt dihydrate (FMN, 11491918 Thermo), FluoroTect™ GreenLys (L5001 Promega),
RNase A (A7973 Promega).

LIPIDS See Sec. 2.6 for a detailed list of lipids.

BUFFERS AND PROTEINS See Secs. 2.6&4.5 for more details about buffers. And
Sec. 2.6 for more details related to protein purification.
F-buffer13 was composed of 30mM Tris (pH 7.5 adjusted with HCl), 100mM KCl,

1mM DTT, and 2mM MgCl2. Buffer was filter sterilized (Whatman™ 0.2µm) and
stored at 4 °C.
All protein mixes were made on ice (4 °C), unless otherwise stated.
LactC2-iLID — For expression in the PURE system, the C2-L2-iLID region from

modified pMAL-c5X (pED48, see Sec. 2.6) was amplified by PCR using a forward
primer (Ed194) containing a T7 promoter, a lac operator, a ribosome binding site
and an in-frame N-terminal T7-tag (residues MASMTGGQQMG), and a reverse primer
annealing to the 3' end of iLID (Ed195).

Ed194 | T7 promoter lac operatorRBST7 tag
1 TAATACGACT CACTATAGGG GAATTGTGAG CGGATAACAA
41 TTCCCCTCTA GAAATAATTT TGTTTAACTT TAAGAAGGAG
81 ATATACATAT GGCTAGCATG ACTGGTGGAC AGCAAATGGG

121 TTGCACTGAA CCCCTAGGCC TGAAG
Ed195

1 TTAAAAGTAA TTTTCGTCGT TCGC

parC — For visualization of parC DNA, a 418 bp stretch containing ten parC re-
peats was amplified by PCR from a fragment of the R1 plasmid [588] cloned into 
pUC57 (kindly provided by Christophe Danelon, Toulouse Biotechnology Institute, 
France), by using two primers (Ed136 and Ed137) labelled at their 5' end with 
Atto-647N.
Ed136

11A mutant of ParRC-p peptide should be generate such that it has higher dissociation constant (Kd)
than the original peptide. This mutant can be made with a combination of approaches like, evaluating
binding affinities of peptide variants with single of multiple point-mutations usingMolecular Dynamics
simulations, and/or experimentally generating and testing direct- or point- mutation library of the
peptide.

12Computationally design the anti-ParRC-p binding peptide with slightly higher dissociation constant (Kd),
using the new Rosetta-DL tools (based on RoseTTA-Fold [587]), and evaluating the binding affinities
using Molecular Dynamics simulations.

13Actin also has a buffer with similar name, F-buffer.

https://www.sigmaaldrich.com/NL/en/product/roche/10102547001
https://purefrex.genefrontier.com/products/cellfreeproteinsynthesiskits/purefrex2.0.html
https://www.fishersci.nl/shop/products/riboflavin-5-phosphate-sodium-salt-dihydrate-thermo-scientific/11491918
https://nld.promega.com/products/protein-detection/protein-labeling/fluorotect-greenlys-in-vitro-translation-labeling-system/?catNum=L5001
https://nld.promega.com/products/biochemicals-and-labware/biochemical-buffers-and-reagents/rnase-a-solution/?catNum=A7973
https://www.genscript.com/gsfiles/vector-map/bacteria/pMAL-c5X.pdf
https://github.com/RosettaCommons/Rosetta-DL/
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1 CCGACCGTGG AATACCGCAG CCGT
Ed137

1 CATTTATAAA ACTCCTTATG GTGT

ParM — The actin-like protein ParM (originating from plasmid R1 [588]) was ex-
pressed from plasmid pJSC1 [568] in Escherichia coli C41/DE3 [589, 590], purified
essentially according to [574], labelled with Alexa Fluor™ 568 C5-Maleimide (Ther-
moFisher A20341) according the manufacturer’s instructions (∼31% efficiency) and
stored at −80 °C in buffer F.
ParR and derivatives — Wildtype ParR (originating from plasmid R1 [588]) was

expressed as a ParR-intein-CBD fusion protein from plasmid pTXB1-ParR (kindly
provided by Prof. Jan Löwe, MRC Cambridge, UK) and purified using chitin Seph-
arose (New England Biolabs S6651S) according to the manufacturer’s instructions.
The resulting tag-free ParR was labelled for 30min at room temperature with 0.1mM
Alexa Fluor™ 488 C5 Maleimide (ThermoFisher A10254), and separated from free
label by gel filtration (Superdex S200) in 50mM Tris (pH 7.0), 100mM KCl, 1mM
MgCl2.
Several ParR fusion proteins were constructed for optogenetic studies, the earliest

version of which contains two fused ‘tandem’ N-terminal fragments of ParR (residues
2-53) that are covalently linked by a 23-residue long sequence, similarly to the nat-
urally occurring tandem RHH protein AvtR [591]. In addition, it contains a GCN4-
derived leucine zipper for dimerization, and an iLID domain for light-dependent
recruitment of SspB-fusion proteins [240]. It was expressed from pED64 in Es-
cherichia coli ER2566 cells [592] and purified using Talon resin (ThermoFisher)
via an amino-terminal His8-tag that was subsequently removed by treatment with
homemade HRV 3C protease. Several derivatives of plasmid pED64 were construc-
ted (see Tab. 7.1), that either lacked the leucine zipper (pED78 and pED84), included
a YFP domain (pED77, pED78, pED82, and pED84), or contained an unfused ParRN

tandem (pED80, pED82, and pED84). The latter two ‘bicistronic’ ParRN constructs
were created by introducing a stop codon at the end of the first ParRN coding region,
and replacing the flexible linker for 20 noncoding nucleotides containing a ribosome
binding site. The final buffer used for size exclusion chromatography and storage
was 20mM HEPES/NaOH (pH 7.5, room temperature), 200mM NaCl, 5%w/v gly-
cerol.

Table 7.1: ParR derivative constructs.
Several derivatives of plasmid pED64
for different ParRN fusion proteins.

Plasmid ParRN LZ YFP

pED64 Tandem + -
pED77 Tandem + +
pED78 Tandem - +
pED80 Unfused + -
pED82 Unfused + +
pED84 Unfused - +

The fusion protein that we refer to as ‘SspB-ParRC’ is expressed as a dimeric fu-

https://www.fishersci.co.uk/shop/products/alexa-fluor-568-c-sub-5-sub-maleimide/10144052
https://www.neb.com/en/products/s6651-chitin-resin
https://www.fishersci.co.uk/shop/products/alexa-fluor-488-c-sub-5-sub-maleimide/10593233
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sion protein of MBP, SspB, a GCN4-derived leucine zipper, the C-terminal fragment
of ParR (residues 54-117), a Twin-Strep-tag (not used for purification), and a second
stretch of the ParM-binding C-terminal peptide of ParR (residues 101-117) [555]. It
was expressed from pED65 in Escherichia coli ER2566, purified using amylose resin
(New England Biolabs E8021S), MBP-tag cleaved off by 3C protease, and labelled
with Alexa Fluor™ 488 (ThermoFisher) according the manufacturer’s instructions
and stored at −80 °C in the same buffer as ParRN-iLID.

Key | ParRN L LZ iLID YFP
pED64

1 MGHHHHHHHH DYDIPTTLEV LFQGPMDKRR TIAFKLNPDV
41 NQTDKIVCDT LDSIPQGERS RLNRAALTAG LALYRQDSGG
81 GATAGAGGAG GPAGLINPGG MDKRRTIAFK LNPDVNQTDK

121 IVCDTLDSIP QGERSRLNRA ALTAGLALYR QDGMKQLEDK
161 VEELLSKNYH LENEVARLKK LVGEGSGEFL ATTLERIEKN
201 FVITDPRLPD NPIIFASDSF LQLTEYSREE ILGRNCRFLQ
241 GPETDRATVR KIRDAIDNQT EVTVQLINYT KSGKKFWNVF
281 HLQPMRDYKG DVQYFIGVQL DGTERLHGAA EREAVMLIKK
321 TAFQIAEAAN DENYF
pED77

1 MGHHHHHHHH DYDIPTTLEV LFQGPMDKRR TIAFKLNPDV
41 NQTDKIVCDT LDSIPQGERS RLNRAALTAG LALYRQDSGG
81 GATAGAGGAG GPAGLINPGG MDKRRTIAFK LNPDVNQTDK

121 IVCDTLDSIP QGERSRLNRA ALTAGLALYR QDGMKQLEDK
161 VEELLSKNYH LENEVARLKK LVGEGGMVSK GEELFTGVVP
201 ILVELDGDVN GHKFSVSGEG EGDATYGKLT LKFICTTGKL
241 PVPWPTLVTT FGYGLQCFAR YPDHMKQHDF FKSAMPEGYV
281 QERTIFFKDD GNYKTRAEVK FEGDTLVNRI ELKGIDFKED
321 GNILGHKLEY NYNSHNVYIM ADKQKNGIKV NFKIRHNIED
361 GSVQLADHYQ QNTPIGDGPV LLPDNHYLSY QSKLSKDPNE
401 KRDHMVLLEF VTAAGITLGM DELYKSGLRS GSGEFLATTL
441 ERIEKNFVIT DPRLPDNPII FASDSFLQLT EYSREEILGR
481 NCRFLQGPET DRATVRKIRD AIDNQTEVTV QLINYTKSGK
521 KFWNVFHLQP MRDYKGDVQY FIGVQLDGTE RLHGAAEREA
561 VMLIKKTAFQ IAEAANDENY F
pED78

1 MGHHHHHHHH DYDIPTTLEV LFQGPMDKRR TIAFKLNPDV
41 NQTDKIVCDT LDSIPQGERS RLNRAALTAG LALYRQDSGG
81 GATAGAGGAG GPAGLINPGG MDKRRTIAFK LNPDVNQTDK

121 IVCDTLDSIP QGERSRLNRA ALTAGLALYR QDGMKQLEDK
161 GGMVSKGEEL FTGVVPILVE LDGDVNGHKF SVSGEGEGDA
201 TYGKLTLKFI CTTGKLPVPW PTLVTTFGYG LQCFARYPDH
241 MKQHDFFKSA MPEGYVQERT IFFKDDGNYK TRAEVKFEGD
281 TLVNRIELKG IDFKEDGNIL GHKLEYNYNS HNVYIMADKQ
321 KNGIKVNFKI RHNIEDGSVQ LADHYQQNTP IGDGPVLLPD

https://www.neb.com/en/products/e8021-amylose-resin
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361 NHYLSYQSKL SKDPNEKRDH MVLLEFVTAA GITLGMDELY
401 KSGLRSGSGE FLATTLERIE KNFVITDPRL PDNPIIFASD
441 SFLQLTEYSR EEILGRNCRF LQGPETDRAT VRKIRDAIDN
481 QTEVTVQLIN YTKSGKKFWN VFHLQPMRDY KGDVQYFIGV
521 QLDGTERLHG AAEREAVMLI KKTAFQIAEA ANDENYF
pED80

1 MGHHHHHHHH DYDIPTTLEV LFQGPMDKRR TIAFKLNPDV
41 NQTDKIVCDT LDSIPQGERS RLNRAALTAG LALYRQD
1 MDKRRTIAFK LNPDVNQTDK IVCDTLDSIP QGERSRLNRA

41 ALTAGLALYR QDGMKQLEDK VEELLSKNYH LENEVARLKK
81 LVGEGSGEFL ATTLERIEKN FVITDPRLPD NPIIFASDSF
121 LQLTEYSREE ILGRNCRFLQ GPETDRATVR KIRDAIDNQT
161 EVTVQLINYT KSGKKFWNVF HLQPMRDYKG DVQYFIGVQL
201 DGTERLHGAA EREAVMLIKK TAFQIAEAAN DENYF
pED82

1 MGHHHHHHHH DYDIPTTLEV LFQGPMDKRR TIAFKLNPDV
41 NQTDKIVCDT LDSIPQGERS RLNRAALTAG LALYRQD
1 MDKRRTIAFK LNPDVNQTDK IVCDTLDSIP QGERSRLNRA

41 ALTAGLALYR QDGMKQLEDK VEELLSKNYH LENEVARLKK
81 LVGEGGMVSK GEELFTGVVP ILVELDGDVN GHKFSVSGEG
121 EGDATYGKLT LKFICTTGKL PVPWPTLVTT FGYGLQCFAR
161 YPDHMKQHDF FKSAMPEGYV QERTIFFKDD GNYKTRAEVK
201 FEGDTLVNRI ELKGIDFKED GNILGHKLEY NYNSHNVYIM
241 ADKQKNGIKV NFKIRHNIED GSVQLADHYQ QNTPIGDGPV
281 LLPDNHYLSY QSKLSKDPNE KRDHMVLLEF VTAAGITLGM
321 DELYKSGLRS GSGEFLATTL ERIEKNFVIT DPRLPDNPII
361 FASDSFLQLT EYSREEILGR NCRFLQGPET DRATVRKIRD
401 AIDNQTEVTV QLINYTKSGK KFWNVFHLQP MRDYKGDVQY
441 FIGVQLDGTE RLHGAAEREA VMLIKKTAFQ IAEAANDENY
481 F
pED84
1 MGHHHHHHHH DYDIPTTLEV LFQGPMDKRR TIAFKLNPDV

41 NQTDKIVCDT LDSIPQGERS RLNRAALTAG LALYRQD
1 MDKRRTIAFK LNPDVNQTDK IVCDTLDSIP QGERSRLNRA

41 ALTAGLALYR QDGMKQLEDK GGMVSKGEEL FTGVVPILVE
81 LDGDVNGHKF SVSGEGEGDA TYGKLTLKFI CTTGKLPVPW
121 PTLVTTFGYG LQCFARYPDH MKQHDFFKSA MPEGYVQERT
161 IFFKDDGNYK TRAEVKFEGD TLVNRIELKG IDFKEDGNIL
201 GHKLEYNYNS HNVYIMADKQ KNGIKVNFKI RHNIEDGSVQ
241 LADHYQQNTP IGDGPVLLPD NHYLSYQSKL SKDPNEKRDH
281 MVLLEFVTAA GITLGMDELY KSGLRSGSGE FLATTLERIE
321 KNFVITDPRL PDNPIIFASD SFLQLTEYSR EEILGRNCRF
361 LQGPETDRAT VRKIRDAIDN QTEVTVQLIN YTKSGKKFWN
401 VFHLQPMRDY KGDVQYFIGV QLDGTERLHG AAEREAVMLI
441 KKTAFQI
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SAMPLE PREPARATION Samples were prepared as described in Sec. 2.6. Cover-
slips were either cleaned in acid Piranha or silanized. Coverslips were Oxygen
plasma treated (50W, 3min, Plasma Prep III SPI), followed by silanization with
either Dimethyloctadecyl[3-(trimethoxysilyl)propyl]ammonium chloride (DMOAP, 435694
Sigma) or Trichloroethylene (TCE, 251402 Sigma) (2%v/v, 20min). Coverslips were
washed with isopropyl alcohol (IPA), deionised water, and dried under an N2 gas
stream.
IMAGE ACQUISITION AND ANALYSIS Image acquisition was performed as described
in Sec. 2.6. Samples were also observed on a Nikon ECLIPSE Ti2 inverted micro-
scope with ring-TIRF unit (iLas 2 GATACA Systems, Paris) with 405nm (100mW),
488nm (150mW), 561 nm (150mW), 642 nm (140mW) laser lines and a quad filter
cube (TRF89901 Chroma), a EM-CCD camera (iXon Ultra 888 Oxford Instruments),
and 100 x objective (CFI APO TIRF 100XC oil 1.49NA, Nikon). The final magnifica-
tion was 7.8125pixel/µm.

7.4.2 METHODS
DYNAMICS ASSAY
The protocol is similar to the MT dynamics assay (see Sec. 4.5) and [555, 574].
ParMRC mix — A 20µL protein mix of 6mgmL−1 BSA, 0.8% methyl-cellulose,
1 x OX, 50mM glucose, 0.4–5µM ParM (3.1% Alexa Fluor®568-ParM), 30–300nM
ParR (Cy5 labelled, optional), 0–750pM parC (ATTO 647 -N labelled, optional), and
2–10mM ATP or 2.5mM AMP-PNP was made in F-buffer.
The flow chambers were assembled and functionalized with 10min incubations

of 5mgmL−1 BSA. The mix was added in the flow chamber and the flow chamber
was sealed with vacuum grease. The sample was imaged in TIRF mode, and photo-
activation was performed with a pulse of 488nm laser, whenever required.

ENCAPSULATION
PROTEIN MIX A 40µL protein mix of 2mgmL−1 BSA, 1 x OX, 2.5µM ParM (10% Al-
exa Fluor®568), 3mM AMP-PNP, 1.75%w/v Sucrose, and 50mM glucose was made
in F-buffer.
LO DISPERSION LO dispersion were made as described in Sec. 2.6. LO dispersion of
99.875 n% DOPC, 0.1 n% PEG-2k-PE, and 0.025 n% Cy5-PE was made as described
in Sec. 2.6.
FORMATION GUVs were formed with eDICE, as described in Sec. 2.6.

ILID EXPRESSION
PURE EXPRESSION PUREfrex® 2.0 was utilized as per supplier instructions. The
20µL reaction mix of 10µL solution I (buffer), 2µL solution II (enzymes), 1µL solu-
tion III (ribosomes), 1µL FluoroTect™ GreenLys (5 x diluted), 5 nM LactC2-iLID DNA
template, and 0–10µM FMN was made in deionised water. Protein expression was

https://www.2spi.com/item/z11055/
https://www.sigmaaldrich.com/NL/en/product/aldrich/435694
https://www.sigmaaldrich.com/NL/en/product/sigald/251402
https://www.microscope.healthcare.nikon.com/en_EU/products/inverted-microscopes/eclipse-ti2-series
https://www.gataca-systems.com/products/gataca-products/ilas-2/
https://www.chroma.com/products/sets/trf89901-et-405-488-561-640nm-laser-quad-band-set-for-tirf-applications#legend-selector1
https://andor.oxinst.com/assets/uploads/products/andor/documents/andor-ixon-ultra-emccd-specifications.pdf
https://www.microscope.healthcare.nikon.com/en_EU/products/optics/selector/comparison/-1932
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performed in PCR tubes, 5–24h at 37 °C on the thermocycler. The sample was
treated with 0.3µL RNase A for 30min at 37 °C.
DETECTION Sample was denatured in SDS loading buffer (with 10mM DTT) for
10min at 90 °C. Samples were loaded and run on a 4–12% gradient NuPAGE™
gel (10338442 Invitrogen) at 200V for 20min. Gel was imaged on a gel imager
(Typhoon Amersham Biosciences).
ACTIVITY ON SLB A pre-mix of 13mgmL−1 κ-casein, 0.1% methyl-cellulose, 50mM
KCl, and 1 x OXwasmade. A 13µL proteinmix of 0.384mgmL−1 κ-casein, 1µL Trolox,
10µL PURE expressed LactC2-iLID, and 1µM SspB-mCh was made in deionised
water.
SUVs and SLB formation was performed as described in Sec. 6.4.

OPTO-PARR ACTIVITY
PARRN-ILID Electrophoretic Mobility Shift Assay — The 8.8µL reaction mixes of
1.5 nM parC with no ParR, or either 76 nM ParR or 76 nM ParRN-iLID were made in F-
buffer, and incubated in absence and presence of blue LED lamp (5730 LED 456nm,
30W; FL-30 SMD, Eurolite) for 25min. Subsequently, 1.2µL glycerol (30%), and 2µL
gel loading dye was added. The dark and exposed samples were loaded and run on
6% Novex™ TBE gels (12005735 Invitrogen) at 100V for 90min. Gels were imaged
on a gel imager (Typhoon Amersham Biosciences).
SSPB-PARRC SspB-ParRC mix — A 20µL protein mix of 6mgmL−1 BSA, 0.8%
methyl-cellulose, 1 x OX, 50mMglucose, 2.5µMParM (3.1%Alexa Fluor®568-ParM),
300nM SspB-ParRC (Alexa Fluor®488), and 2.5mMAMP-PNP wasmade in F-buffer.
The activity was tested in dynamic assay (as described above).
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https://www.cytivalifesciences.com/en/us/shop/protein-analysis/molecular-imaging-for-proteins/imaging-systems/amersham-typhoon-gel-and-blot-imaging-systems-p-00192
https://www.reichelt.com/nl/en/shop/product/led_ip_fl-30_smd_blue-300857
https://www.fishersci.nl/shop/products/novex-tbe-gels-6-4/12005735
https://www.cytivalifesciences.com/en/us/shop/protein-analysis/molecular-imaging-for-proteins/imaging-systems/amersham-typhoon-gel-and-blot-imaging-systems-p-00192
mailto:E.O.vanderSluis@tudelft.nl
mailto:anne.doerr@nature.com
https://orcid.org/0000-0002-0961-6640
https://orcid.org/0000-0001-6580-1106
https://orcid.org/0000-0002-5218-6615
https://orcid.org/0000-0002-9072-0858


7 7

194 7 Opto-ParMRC for Synthetic cell

7.6 SUPPLEMENTARY INFORMATION
7.6.1 SUPPLEMENTARY FIGURES

a b

Figure 7.S1: ParM polymerization. Critical concentration of ParM is 0.6µMwith 2.5mM AMP-
PNP. (a) No filaments with 0.4µM ParM, and (b) filaments 0.8µM ParM.

C     wt    64    77   78    82    84    C

Figure 7.S2: Activity of ParRN constructs. An EMSA on 6% polyacrylamide gel, showing
parC binding response of various ParRN-iLID (Tab. 7.1), in presence of photo-activation. Lanes
— ’C’ (parC only), ‘wt’ (wild type ParR), ParRN constructs, and ‘C’. Concentrations — 76nM
ParRN constructs, 1.5 nM parC each.
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7.6.2 SUPPLEMENTARY MOVIES

Figure 7.S3: ParMRC dynamics. The
parC is seen segregating via elongat-
ing ParM spindle (from Fig. 7.5(c)). [
 | reduced]

Figure 7.S4: ParMR dynamics. ParR
assembles ParM filaments into asters
and is also seen segregating via elong-
ating ParM spindle (from Fig. 7.8(d)
and Fig. 7.5(b)). [  | reduced]

Figure 7.S5: ParMRN dynamics.
ParRN searches for ParM filaments
and captures them, assembling them
into asters (from Fig. 7.8(c)). [  |
reduced]





8
DISCUSSION AND OUTLOOK

Hindsight is 20/20.
Between a rock and a hard place.

On the horizon.
Time will tell.

Building things from scratch improves our understanding of the mechanisms un-
derlying their working. Building a synthetic cell is an ambitious task, but it could
potentially provide us with a better understanding of life and its origins. So far, we
have focused on cell division, understanding the asymmetric spindle positioning in
in vitro reconstituted systems of C. elegans embryos’ first cell division. We also in-
creased the complexity of reconstitutions by introducing new components. We then
designed a minimal synthetic spindle for DNA segregation in synthetic cells and
presented our preliminary work. In this chapter, we discuss the major challenges
encountered during this process. We summarize our findings and suggest future
directions for both systems.

This chapter includes lipid phase seperation experiments performed by Luca Chicoş (under supervision
of Yash Jawale), and opto-switches designed together with Beatriz Orozco Monroy, and Eli van der
Sluis.
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INTRODUCTION
We discussed the various complex and coordinated functions performed by a cell as
the fundamental unit of life. Most of these cellular processes are executed through
the cytoskeleton, especially microtubules (MTs, Chapter 1). Our focus was on MT-
related nucleus and aster positioning. Out of the two approaches used to study
these processes, we used bottom-up in vitro reconstitutions. For this, we explored
different techniques of droplet and vesicle formation to create in vitro 3D cell-like
containers (Chapter 2). We found that no one method suits all the needs, and the
choice of methods depends on the requirement of this system. We investigated
one of the methods, cDICE, to understand vesicle formation (Chapter 3). It was ob-
served that tubulin encapsulation in vesicles is a problem with most of the methods
(Chapter 4). Therefore, went back to using droplets for MT-based encapsulation and
increased the complexity of MT-based reconstitution with introduction of new com-
ponents like a bead (a nucleus mimic) and actin cortex (Chapter 5). We attempted to
assemble a basic mitotic spindle with an optogenetic tool to create an asymmetric
spindle positioning system inspired by the first cell division in a C. elegans embryo
(Chapter 6). While the basic biophysical interactions — the pulling and pushing
forces worked as expected, controlling the biochemical interactions — protein-(non-
)protein interactions, in a minimal environment, whether it be vesicles or droplets
and not the cell, was challenging. Fundamental insights into the mechanisms un-
derlying various eukaryotic cellular functions are important for understanding the
cell physiology and disease state, and a synthetic cell with reduced redundancies
and cross-interactions across cellular processes could be an interesting tool to learn
about life. So, we (as a part of BaSyC1) started designing a minimal ParMRC-based
DNA-segregation spindle for synthetic cells (Chapter 7). Synthetic cells have a po-
tential to be a simple and well-characterized system that can be used to rapidly
develop robust real-world applications.

8.1 CHALLENGES
Some of the challenges we faced during this work are described in the following
subsections. These challenges posed severe limitations on the scope of the work to
assemble an asymmetric spindle positioning (Sec. 1.3.2) and warrant further invest-
igation. Overcoming these challenges could potentially advance the work and the
overall field of in vitro 3D cytoskeletal reconstitutions.

CENTROSOME VARIABILITY
As our work is focused on reconstituting MT-based aster positioning system, MTOCs
are a major component of the reconstitution. MTOCs are required to generate sev-
eral MTs that form the aster, generate pushing forces and provide tracks, for motors
to generate pulling forces and MAPs to regulate their dynamics. We have used
centrosomes, the natural and most potent MTOC of the cell. Given that MTOCs are
purified from cells, we see batch-to-batch variation in quantity and concentration

1BaSyC — Building a Synthetic Cell consortium, the Netherlands

https://www.basyc.nl/
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of centrosomes. The quality of the centrosomes is observed to vary with different
purification protocols (Sec. 5.2.1). This makes the development of reliable and re-
producible experiments challenging.
The current sucrose density gradient (SDG)-based centrifugation protocol [234,

437] is based on Bornens & Moudjou [234] from the 90 s. Centrosome purification
needs to be optimized and standardized. There is a need for development of a new
centrosome purification protocol, particularly for in vitro work, where purification
yields higher concentration and centrosomes are still viable in their principal activity
of MT nucleation. The quality of centrosomes should not only be assessed by using
immunostaining and electron microscopy, but also using in vitro nucleation assay.
A recent method, centrosome affinity capture (CAPture)-based pull-down [465],

has provided an alternative, but still has limited applications in vitro. Alternatives
for centrosomes as MTOCs have also been developed. These artificial MTOCs in-
clude coating micron-sized beads with nucleator MAPs like Aurora-A kinase (from
Xenopus egg extracts) [480] or with stable MT seeds [473]. Although these artificial
MTOCs can successfully nucleate an aster-like structures, the process is hampered
by beads sinking in 3D reconstitutions [481, §4]. Similarly, we are additionally ex-
ploring creation of artificial MTOCs, but this time accounting for the limitations we
experienced previously. Our plan will involve coating nano-beads2 with nucleator
MAPs like CLASP23,4 CLASP has been shown to nucleate MTs in a non-centrosomal
manner [593].

TUBULIN AND LIPIDS INCOMPATIBILITY
This work hinges around tubulin encapsulation as well, given that we are focused
on reconstituting 3D aster positioning systems. While there are different types of
containers, vesicles are more cell-like, as compared to the droplets. Considering the
advantages (and disadvantages) of vesicles over droplets (see Sec. 2.2), tubulin en-
capsulation in vesicles is preferred. However, we learned in Ch. 3, how the presence
of even the tubulin buffer, MRB80, can negatively affect vesicle formation by alter-
ing the physical properties of the solution and lipid adsorption dynamics required
for the formation of lipid layers in cDICE for GUV formation. This effect intensi-
fies, becomes adverse in the presence of tubulin. The yield of vesicles is drastically
reduced. These effects are predictable, given how complicated it is to work with
tubulin (Sec. 4.1), but dynamic tubulin encapsulation in vesicles was not found feas-
ible under current conditions (Sec. 4.3). Despite employing various vesicle formation
strategies, we did not obtain any vesicles containing functionally active tubulin and
in general, there were very few vesicles (Sec. 4.2.2). With a more direct observation
in MSA with FsLB, it became clear that the presence of tubulin disrupts the lipid
membrane (Sec. 4.2.3).
2∼100–200nm nano-sized beads are buoyant enough to not sink well during experimental timeframe
(∼2–5h), and still would have surface area enough to nucleate many MTs (≥100) to form an aster-like
structure.

3Cytoplasmic Linker Associated Protein 2
4[personal communications] Anna Akhmanova (Utrecht University, Utrecht, the Netherlands) suggested
the use of CLASP2 as a potent single-MAP basedMT nucleator, and has kindly gifted a CLASP2 protein
sample.

a.akhmanova@uu.nl


8 8

200 8 Discussion and Outlook

All the observations are indicative of some form of incompatibility between tubulin
and lipid membranes. Tubulin is known to stick to membranes [428] but preliminary
results from AFM5, with tubulin on SLB show the presence of some form of tubulin
rings, which appear to have formed holes in SLB6. Further studies are needed to
decode the underlying mechanism. While coarse-grained molecular dynamics has
demonstrated the preference of tubulin dimer polymerization site towards lipids
[369], all-atom molecular dynamics or even quantum molecular dynamics (allowing
for better interactions, and protein conformational changes like unfolding) simula-
tion may provide better quantitative insights.

OPTO-SWITCH INCOMPATIBILITY
In minimal in vitro reconstitution, the system needs to be simplified and complex
pathways need to be substituted. Also, constantly increasing the reconstitution
complexity by addition of more components in the mix requires innovative and or-
thogonal ways to retain control over them. Opto-genetics is one such tool which
provides the ability to have spatio-temporal control over protein functionality (Sec. 5.1).
We tested opto-switch, iLID-SspB pair, a reversible light induced dimerizing system,
with the motivation to recruit dynein asymmetrically on the cortex for asymmetric
spindle positioning. Initial tests on glass surface show ideal reversible photo ac-
tivation with spatio temporal control. However, testing inside droplets had almost
no activation (Sec. 6.2.2). Similar photo activation issues have been encountered
previously [481, §5].

5Atomic Force Microscopy
6Unpublished, data not shown.
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Figure 8.1: Photo-activation in GUVs. Photo-activation on LactC2-YFP-iLID and SspBnano-
mCherry in GUVs. (top) Image showing intensity of iLID recruited at the membrane of the
GUV. Follows, image montage of SspB intensities at the cortex, representing time points —
I0 pre-activation, IAct maximum (following a continuous activation). (bottom) Corresponding
SspB binding dynamics. Intensity of SspB is normalized with averaged pre-activation ROI
intensity to obtain a fold increase. iLID-SspB show activation and binding at GUV cortex.
Scale bar — 20µm.
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In our previous experiments, we have consistently observed better photo activa-
tion on SLBs (Sec. 6.3), which has a bilayer of lipids as compared to a monolayer
(loaded with surfactants) of droplets. So, we tested photo activation in vesicles.
SspB binds to the iLID localized on the GUV membrane, upon photo activation
(Fig. 8.1). This shows that opto-switch, iLID-SspB pair, can be used to trigger spatio
temporal regulation of proteins in GUVs.
While other opto-switches7 like VVD (Magnets) or CRY2-CIB1 can be tested to

check if there is an issue specific to iLID-SspB, functionality in GUVs (more cell-
like) over droplets is preferred.

8.2 MINIMAL MITOTIC SPINDLE
8.2.1 DISCUSSION
A spindle is one of themost intricate mechanical structure inside the cell, critical bal-
ancing pulling and pushing forces, governed by the law of biophysics. Many efforts
have been made to recapture its properties and aesthetics, to understand it more
precisely. In our quest for reconstituting an in vitro 3D asymmetric spindle position-

Figure 8.2: Building up
complexity. Summary
of building complexity
towards reconstituting
aster positioning sys-
tems. (Images created
with BioRender.com)
[  | click on
interactive buttons]

Single aster w/ Dynein
Double aster w/ Dynein

w/ Crosslinker
Single aster w/ Nucleus
Single aster w/ Cortex

ing system, we first tested the encapsulation of tubulin in containers (Sec. 4.2.2).
We also introduced, optimized, and characterized other cytoskeletal (actin) and non-
cytoskeletal (nucleus-mimic, opto-switch) components (Secs. 5.2&6.2). This al-
lowed us to build up the complexity of the minimal reconstitutions, mimicking a
fully functional cellular process. We were able to assemble single aster positioning
with dynein, nucleus and actin cortex, and double aster positioning with dynein, and
kinesin5 and Ase1 (Fig. 8.2). Our current efforts to assemble an asymmetric spindle
positioning system are stalled due to the following conundrum8. Opto-switch does
not seem to work in droplets, but works in vesicles; on the other hand, tubulin en-
capsulation appears to be feasible only in droplets. Opto-switches are essential for
fabricating asymmetric dynein localization at the cortex (a prerequisite for asym-
metric spindle positioning), tubulin only can make the asters, and containers are
mandatory, to provide a boundary for force generation. Either of the issues needs to

7see heterodimers at OptoBase
8Catch-22

https://www.optobase.org/switches/
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be solved. A potential solution is to substitute opto-switches with CID9 systems. Re-
cent developments have led to creation of reversible CID systems, such as HaloTag-
eDHFR with azoMTX [594]. Ideally, minimal spindle reconstitutions should be done
in vesicles.

8.2.2 OUTLOOK
Here, we describe things that to explored to potentially increase the complexity of
in vitro 3D aster-based reconstitutions.

Spindle

Minimal w/ Cortex

Aster

/w Nucleus & Cortex
w/ Opto-control
with ablation
w/ DNA w/ Cargo

Figure 8.3: Increasing
complexity. Possible ways
to further increase the
complexity towards recon-
stituting aster positioning
systems. (Images created
with BioRender.com) [ 
| click on interactive
buttons]

With previously well-characterized components, we can assemble a bipolar spindle
with motors (dynein, kinesin5) and MAPs Ase1 together, and aster positioning with
nucleus and actin cortex together (Fig. 8.3), with new components: aster position-
ing with cargo transport (for cytoplasmic pulling) [139] and nucleotide (ATP, GTP)
regeneration systems, and Ndc80 (proxy for kinetochores, chromosomes-mimics
with rods) [595] and anillin (actin-MT crosslinker responsible for cytokinetic ring
alignment) [596] localization at mid-plane in two aster system. The aster position-
ing system could also be tested to quantify forces with physical manipulations [172]
like shape and size changes, laser ablation, micro-needle, and magnetic tweezers.

Figure 8.4: Aster ablation. Ablating MT aster
in droplet, with a laser. [  ]

LASER ABLATION
Laser ablation [597] is a technique that
uses femtosecond pulse laser to precisely
dissect subcellular structures like MTs.
These cuts can be used to perturb the
spindle, disrupt the force balance, and
observe the resulting movements to in-
fer the underlying mechanism. Ablation
experiments inC. elegans embryos have
shown the role of cortical pulling in asym-
metric spindle positioning [194, 598] and
pronuclear centration [598]. In Xenopus
eggs extracts, these experiments helped reveal MT flux and polarity in spindles
[599]. Here, we show our preliminary attempts at using laser ablation to sever MTs

9chemically induced dimerization
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in 3D in vitro constitutions. Ablating the centrosome of the aster inside a droplet
shows dispersion of MTs centering the aster with pushing forces (Fig. 8.4). These
laser ablation experiments will also help understand the force balance in in vitro
reconstituted minimal spindle systems.

LIPID DOMAINS

a

b c

Lipids

T = 30oC T = 25.8oC

T < Tm

Figure 8.5: LLPS. (a) (left) Lipid types with dif-
ferent head and tails. (right) Schematic of
lipid liquid-liquid phase separation on GUVs
below melting temperature (Tm). (Image cre-
ated with BioRender.com) (b) GUV at T =30 °C.
(c) GUV at T =25.8 °C [  ]

A cell membrane is not just a physical
boundary or confinement for contains
the contents of the cell. It is as com-
plex as the cell itself and plays an im-
portant role in cell function regulation.
Membrane is described in the fluid mo-
saic model [600] as two leaflets (lay-
ers) containing a sea of lipid molecules
and proteins. Lipids in the membrane
have three phases, solid gel (G, So
or Lβ), liquid-ordered (Lo), and liquid-
disordered or liquid-crystalline (Ld or
Lα). These are temperature sensit-
ive, above melting temperature (Tm),
phases shift to Ld . Lipids in Ld (and
Lo) phase exhibit high mobility and fast
lateral diffusion (Ld > Lo � So) [601].
The Lo phase is also known as lipid rafts
(domains) and has physiological func-
tions [602]. Domains are caused by
phase separation of lipids into mostly Ld-Lo phases (Fig. 8.4(a)). A ternary mixture
of lipids is required for liquid-liquid phase separation (LLPS), with a sterol (choles-
terol) being mandatory [603]. Ratio or composition of ternary mixture is difficult to
predict, and needs to be experimentally determined [293, 604].
These lipid domains can be used in in vitro constitutions for targeted recruitment

of proteins, such as dynein for asymmetric spindle positioning. The sole use of
opto-switch is not enough for localized membranes, since the activated protein can
rapidly (<1min) diffuse out of the photo-activated region-of-interest (∼10µm) on
the membrane. The domain nature of rafts and reduced lateral mobility of lipids
can help contain the protein to a limited region of the membrane. In principle, the
protein can be directly attached to the domain. In our attempts, LLPS was observed
on GUVs (Figs. 8.4(b)&8.4(c)) with DOPC:DPPC:Chol (35:35:30) lipid mixture on
lower temperature (T < Tm). For our ideal experiment of 3D in vitro reconstitution of
asymmetric spindle positioning, in microfluidic traps (for shape symmetry-breaking),
a ternary lipid mixture of DiPhyPS:DPPC:Chol (70:20:10-20:60:20) is suitable10. The
Lo domains will align with walls of the trap and Ld domains at the two ends can,

10[personal communications] Sarah Keller (University of Washington, Seattle USA) helped to identify the
LLPS experimental conditions suitable for our experiment.

https://orcid.org/0000-0001-5919-0185
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act as (anterior-posterior) poles. And dynein can be recruited to either pole (with
LactC2-tag targeting to DxPS (DiPhyPs) lipids concentrated in Ld domains).

SIMULATIONS

Figure 8.6: Spindle simulation.
Simulating aster (and spindle)
positioning scenarios with differ-
ent components using Cytosim
[605]. [  ]

Similar to in vivo and in vitro experiments and
the way their findings complement each other, in
silico experiments are also valuable. ALthough res-
ults from in silico models and simulations are con-
sidered as predictions only until they are verified
with or match either in vivo or in vitro results, they
can help speculate and test theories. Cytosim11

is one such tool, commonly used for simulating
cytoskeleton-based scenarios [605]. Simulations
have helped to explain cellular processes by test-
ing hypotheses. For example, the MT pushing forces
dominate centrosome positioning in confinement
[484]. In fission yeast, the nuclear centering caused
by MT dynamics requires a length-dependent cata-
strophe [606]. And in a C. elegans embryos, the
anaphase spindle oscillation is controlled by MT dy-
namics [607]. We have also setup in vitro aster positioning simulations to validate
our data and models (Fig. 8.6). Furthermore, simulations can potentially scan the
parameter-space of different protein concentrations used in reconstitution and help
reduce or identify ideal conditions to test in in vitro experiments.
Lastly, in the context of spindle assembly and positioning mechanisms — typically

explained by the push-pull model — I propose viewing the spindle through the lens
of tensegrity as well [608]. Although the tensegrity model has been proposed for
the whole cell [609, 610], I suggest that the spindle itself can also be considered a
tensegrity structure, with microtubules (MTs) acting as compression elements, and
the membrane (at a large scale), together with motors and MAPs (at a smaller scale),
serving as tension elements that enable remodelling. While the push-pull model ex-
plains localized force generation within the spindle, a tensegrity-based perspective
offers a complementary framework for understanding how these forces are glob-
ally integrated and balanced — potentially explaining transitions between distinct
spindle architectures during different stages of cell division.

8.3 SYNTHETIC CELL SPINDLE
8.3.1 DISCUSSION
Synthetic cell holds a great promise for the future of our understanding of life (Sec. 1.4).
Reconstituting a cell from scratch, with known and well characterized components,
provides better control for designing real-world biotech applications. We focused
on designing a minimal DNA segregation spindle for the cell division module of the

11Cytosim, a Langevin-Brownian dynamics simulator.

https://gitlab.com/f-nedelec/cytosim
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synthetic cell. It is based on ParMRC system from E. coli. We introduced spatiotem-
poral control on DNA segregation using an opto-switch (Ch. 7). It involves controlling
the ParMRC complex formation. Regulation is currently being achieved by splitting
ParR N- and C- terminus domains and fusing them with iLID-SspB pair respectively.
ParR will assemble only upon photo-activation by light, allowing spindle formation
and subsequent segregation of DNA (Fig. 8.7). The Opto-ParMRC system needs
further optimization, as the ParMRC complex formation is not completely light re-
sponsive yet (Sec. 7.2.1). This aspect remains under active investigation.

Figure 8.7: Opto-ParMRC. ParMRC based min-
imal spindle for synthetic cell with optogen-
etic spatiotemporal control, regulated with cell
cycle. (Images created with BioRender.com) [
 ]

8.3.2 OUTLOOK
The following aspects need to be investigated to streamline opto-switch based spa-
tiotemporal control of DNA segregation and assess the feasibility of integrating the
modules into the synthetic cell cycle.

SINGLE COMPONENT OPTO-PARR
As discussed in Sec. 7.3, the single component (only iLID based) strategy to make
opto-ParR has advantages over the two component (iLID-SspB based). However,
the approach to target ParR dimer’s ability to bind to parC DNA is challenging ow-
ing to the need for ParMRC complex to attain its characteristic semicircular ring
conformation. The presence of bulky iLID protein may still create stearic hindrance,
even though the strategy to target ParR dimer’s ability to bind to the ParM filament
appears to be superior. This is because: first, the bulky iLID protein will either be
positioned away from the parC binding domain or may even be absent, leaving ParR
as wild type. Conceptually, this may allow for promoting ParM filament depolymer-
ization once the DNA segregation has been achieved, as reversible unbinding of
ParR (i.e. falling off of ParRC) from ParM filament tip may destabilize it. This could
eventually help later during cytokinesis, as no ParM filament would be present in
the fission plane, preventing cell division.

MODULE INTEGRATION
Chapter 7 describes a module for DNA segregation in synthetic cells, but it repres-
ents only one ”module” of the broader framework. A synthetic cell is required to
perform other cellular processes (modules) as well, in a coordinated manner [611].
The following are some modules developed in isolation in the BaSyC research con-
sortium that can be used to put together a possible synthetic cell cycle.
First, compatibility with these other modules needs to be tested, and optimized

for. A synthetic cell consistently needs energy for its metabolism and other cellu-
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lar processes. Module with ArcA, ArcB, ArcC1, and ArcD212 genes can constantly
regenerate ATP within the system [612]. Synthetic cell needs to produce new pro-
teins to sustain its cellular machinery. Proteins can be synthesized using PURE13

systems [584]. Synthetic cell needs to grow, increase its membrane. A module with
pGEMM7 gene cassette14 can be used to produce PE and PG lipids for membrane
growth [613]. On achieving sufficient growth, the synthetic cell needs to replicate its
DNA. A module based on titration of DnaA levels [614] can trigger DNA replication
initiation using a ϕ29 system [615]. Once replicated, DNA can be segregated by our
Opto-ParMRC module. After DNA segregation, cell division needs to be initiated.
A module, based on FtsZ-FtsA genes, can assemble and begin constriction of the
liposome [616]. The division needs to take place in the middle of the cell. A mod-
ule of MinDE genes can regulate the positioning of the FtsZ ring and even deform
vesicles [617]. Complete cytokinesis is required for the daughter cell formation. A
module based on DynaminA can scission the membrane at the neck formation from
FtsZ ring constriction [618].
Second, these modules need to function in a coordinated manner, need a spati-

otemporal regulation in accordance with the synthetic cell cycle [611]. For example,
cell division should not be triggered before DNA replication. While in vitro reconstit-
ution with a single module involving limited number of proteins is already technically
demanding, incorporating (∼20–25) proteins acrossmultiplemodules from different
species presents a significantly greater challenge. Achieving optimal functionality
in a single container would mark a significant milestone, as the integration of them
into a spatiotemporal cycle remains challenging. Evolutionary processes have em-
ployed generous time and resources, with countless attempts to design, create and
evolve the cell, compared to our limited time, resources, and attempts to create even
one minimal synthetic cell, despite its known and tried and tested natural design.
Working on first principles, full understanding of certain components must be sac-
rificed, as was previously done. For example, ribosomes cannot be expressed and
assembled functionally in vitro, and the synthetic cell requires a constant external
supply of basic resources. Similarly, eventually for module integration, the idea of
building a synthetic cell (BaSyC)15 from scratch with known components, calls for a
combination of evolution (natural) and AI16 (synthetic) black-box17 optimizations to
evolve life from non-life (evolf)18.

12Arginine deiminase (ArcA), ornithine transcarbamoylase (ArcB), carbamate kinase (ArcC1), and the ar-
ginine/ornithine antiporter ArcD2.

13IVTT systems — PURExpress, PUREfrex and PUREfrex2.0
14Seven genes — plsB, plsC, cdsA, pssA, psd, pgsa, and pgpa
15BaSyC — Building a Synthetic Cell consortium, the Netherlands
16artificial intelligence
17A system without any knowledge of its internal working.
18evolf — Evolving life from non-life consortium, the Netherlands

https://www.basyc.nl/
https://www.evolf.life/
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8.4 MATERIAL AND METHODS
8.4.1 MATERIALS
CHEMICALS See Sec. 2.6 for a detailed list of chemicals.

LIPIDS See Sec. 2.6 for a detailed list of lipids. All lipids were purchased from Avanti
Research (Merck Life Science): 1,2-dihexadecanoyl-sn-glycero-3-phosphocholine (DPPC
(Tm 41 °C), 850355C), cholest-5-en-3β-ol (Chol, 700100P).
8.4.2 METHODS
OPTO-GENETIC ACTIVATION IN GUVS
PROTEIN MIX Effect of proteins — A 40µL protein mix of 1mM Trolox, 0.5mgmL−1

κ-casein, 50mM KCl, 1 x OX, 2µM SspB-mCh, 2µM LactC2-YFP-iLID, 18.5%w/v Op-
tiPrep™, and 50mM glucose was made in MRB80.
LO DISPERSION LO dispersion were made as described in Sec. 2.6. LO dispersion
of 68.75 n% DOPC, 30n% DOPS, 1 n% biotin-PE, and 0.25 n% Cy5-PE was made as
described in Sec. 2.6.
FORMATION GUVs were formed with cDICE as described in Sec. 2.6. The sample
was imaged in confocal mode and photo-activation was performed with a pulse of
488nm laser.

https://www.sigmaaldrich.com/NL/en/product/avanti/850355c
https://www.sigmaaldrich.com/NL/en/product/avanti/700100p
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ASTER ABLATION IN DROPLET
PROTEIN MIX A pre-mix of 0.3mgmL−1 κ-casein, 0.016% Tween 20, 1 x OX, 50mM
glucose, and 2µM Atto488 (NHS ester) dye was made. A 20µL protein mix with
8.61µL pre-mix, 25µM tubulin (10% rhodamine-tubulin, stock 100µM), 3mM GTP,
∼1.56µL sucrose (70%w/v stock), and 10%v centrosomes was made in MRB80.
The mix was airfuged before the addition of centrosomes. After adding of centro-
somes, the mix was maintained at room temperature (to prevent cold shock to
centrosomes).
LIPID-IN-OIL (LO) DISPERSION LO dispersion of 69.99 n% DOPC, 30n% DOPS, and
0.01 n% Cy5-PE was made as described in Sec. 2.6.
FORMATION Droplets were formed by pipetting method as described in Sec. 2.6.
The sample was heated to 30 °C to induce tubulin polymerization. The sample was
ablated with 355nm (400ps, 2 kW) UV pulse laser (iLas 3 GATACA Systems, Paris).

LLPS
SWELLING MIX A 300µL swelling mix containing sucrose was made in MRB80. Os-
molality was adjusted to 284mOsm.
LIPID SUBSTRATE Lipid solution (1mgmL−1) of 35 n% DOPC, 35 n% DPPC, 30n%
Chol, and∼0.002n%Cy5-PE wasmade in chloroform. Lipid-coated coverslips were
made as described in Sec. 2.6.
FORMATION The gel-based swelled GUVs were formed as described in Sec. 2.6.
The coverslips were heated to 60 °C (TM>41 °C) on a hot plate, during swelling for
20min. And the collected GUVs were also incubated at 41 °C for 10–15min to melt
the lipids, before imaging.

CYTOSIM
The simulation was executed in Cytosim, a Langevin-Brownian dynamics simulator
downloaded from f-nedelec/cytosim GitLab repository. A 10min simulation with 1
aster, and 250MTs/aster in a 3D cell (� 30µm), was run on Intel machine (6th gen
Core i3) running Linux (Ubuntu 22.04) with 8GB memory. Runs lasted ∼4h.

8.5 DATA AVAILABILITY
All data used in the dissertation are available as a collection via 4TU.ResearchData
at DOI: 10.4121/1647ae32-1a2d-4c18-8ad8-3e81ba87ac6a [324], which includes source
data for the images and plots for all the chapters.
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