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SUMMARY

Cells are the fundamental unit of life. All living matter is made of cells: from the small
systems imperceptible to our eye, like bacteria or archaea; to bigger systems, like plants
or magnificent trees, fungi, and animals - including ourselves: the humans. All these sys-
tems vary in size yet they are all alive. And the common element of these systems is that
they are all composed of cells. Cells are therefore fundamental, but also very complex
systems. One may say, broadly, that cells are a cocktail of subsystems that, in combina-
tion and in the right balance, can become this basic unit of life. Understanding cells, and
their diverse mechanisms, would therefore imply that, eventually, curious scientists (like
the author herself) may eventually be able to (better) understand life.

From a physics perspective, cells are fascinating because they constantly endure
mechanical stresses and strains that challenge their survival, yet they also actively de-
form themselves. Our own cells exhibit remarkable deformability in response to external
forces such as blood flow or muscle contraction. They also actively alter their own shape.
During wound healing, cells in the skin for instance move as coherent cell sheets to heal
wounds and renew tissue. And upon cellular division and differentiation, cells experi-
ence considerable shape transformations and therefore endure big deformations. Cell
deformability is also an important factor in many diseases. During cancer metastasis,
tumor cells for instance squeeze themselves through tissues and vessel and lymph node
walls. All in all: cells are often pushed to deform, yet they somehow manage to endure
those changes. So we may ask ourselves: How do they do this? To address this question,
we can take a closer look at the units that form a cell.

As mentioned, cells are a complex cocktail of different elements: in this mixology,
and, in the context of mammalian cells, cells have a crucial element that gives them
shape: the cytoskeleton. The cytoskeleton, as its name indicates, is the skeleton of the
cell. This cytoskeleton is composed of many different cytoskeletal proteins, that we
group into three main categories or families: actin filaments, microtubules, and inter-
mediate filaments. It is unclear how exactly the different cytoskeletal families collec-
tively determine the mechanical properties of the cell, but it is clear that they interact.
Historically in science, the three main cytoskeletal biopolymers have traditionally been
regarded as independent systems with separate cellular tasks. However, growing evi-
dence shows that their functions are coordinated and that this coordination is essential
for many core cellular functions.

With this in mind, many scientists are currently studying the cytoskeleton, the col-
laboration and interaction between the cytoskeletal families (which we refer to as 'cy-
toskeletal crosstalk’), and the synergy that emerges from these interactions. There are
several experimental approaches used for this purpose, but a very interesting approach
is to study these cytoskeletal components outside of the cell in controlled environmental
conditions: the cytoskeletal components are therefore purified and scientist investigate
how they interact with each other. This minimalist approach, called in vitro reconsti-
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8 SUMMARY

tution, allows a more profound and fundamental understanding of how these different
elements work and helps identify the components that are minimally required for cell-
like mechanical functions to happen.

In this thesis, we first delve into the cytoskeleton and its role in the shape and func-
tion of the cell in Chapter 1. We do so with the intention to understand the different
cytoskeletal families, their role in cell mechanics, and the role of auxiliary proteins in
helping them interact. We discuss actin filaments, microtubules and intermediate fila-
ments, and dive also into auxiliary proteins that link the cytoskeletal families (which we
call ‘crosslinkers’), like plectin. Finally Chapter 1 summarizes the central aim and key
objectives of the thesis.

In order to contextualize our research focus on cytoskeletal crosstalk, we next help
the reader navigate through the existing literature on the role of cytoskeletal crosstalk
in cell mechanics and cell migration, a process that involves major cell deformations as
explained above. Cell migration is a fundamental process for life that depends on the
dynamics and mechanics of actin, microtubules and intermediate filaments and their
coordination. In Chapter 2, we summarize the literature in the context of cell migration,
but we not only focus on bottom-up reconstitution (which we refer to as cell-free) as
reported in this thesis, but also on top-down studies (live-cell studies). We summarize
prior literature on cytoskeletal crosstalk and compare and confront the main findings
from cell-free and live-cell experiments. We end with a perspective on how bridging the
two approaches can help address the many open questions of how cytoskeletal crosstalk
governs cell mechanics and makes cells move.

After this context on cytoskeletal crosstalk, in Chapter 3 we employ in vitro recon-
stitution to combine actin and vimentin networks and study their interaction and me-
chanical crosstalk. We use a novel microrheology image analysis technique, Differential
Dynamic Microscopy (DDM), as a proof-of-concept, to understand the spatiotemporal
dynamics of these networks. In particular, we focus on a little explored system: the in-
teraction of actin and vimentin and their composites. In our assays, in order to control
the contributions of actin or vimentin to the composite’s spatiotemporal dynamics, we
vary the concentrations of actin and vimentin in such a way that the composite networks
always have the same mesh size as single-filament control networks. Therefore we ex-
plore the contributions of actin and vimentin to the composite’s mechanical crosstalk
and observe that co-entangled actin-vimentin networks have additive properties when
their mesh size is used as control parameter, and that no mechanical synergy emerges.

In Chapters 4 and 5 we study the interaction of actin and vimentin mediated by a
direct and controllable crosslinker. To this end, in Chapter 4, we engineer an actin-
vimentin crosslinker that mimics and simplifies the biophysical role of plectin. We em-
ploy cloning techniques to select the domains of interest (a green fluorescent protein
tag for fluorescent imaging, the actin binding domain of MACF1, a cortexillin coiled coil
to mediate dimerization and the intermediate filament binding domain of plectin). We
show that this crosslinker (which we refer to as "ACTIF’) is functional and binds to both
actin and vimentin filaments. We show that it forms dimers via Interferometric Scatter-
ing Microscopy, similar to full-length plectin, and we characterize its biophysical proper-
ties: with Total Internal Reflection Microscopy we imaged co-localization of actin, ACTIF
and vimentin and afterwards quantified the binding kinetics and affinities of ACTIF for
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actin and vimentin. We also show, with Transmission Electron Microscopy, that ACTIF
causes the formation of composite bundles of actin and vimentin filaments with a mor-
phology that is dependent on ACTIF’s concentration.

Having established a functional and well-characterized actin-vimentin crosslinker
ACTIE we move a big step further in Chapter 5: we crosslink actin and vimentin fil-
aments in reconstituted cytoskeletal networks and we study their mechanical proper-
ties via bulk rheology. We compare the influence of ACTIF on the linear viscoelastic
properties, strain-stiffening response and rupture behavior of actin or vimentin alone
and in combination. We discovered that ACTIF introduces mechanical synergy in actin-
vimentin composite networks and we quantify its (complex) dependence on ACTIF con-
centration. This Chapter sets a milestone in bottom-up cytoskeletal studies and an strong
basis for further experimental and theoretical studies to better understand the interac-
tion of the two semiflexible biopolymers and their role in the network’s synergistic re-
sponse to mechanical load.

To dissect the load-bearing roles of actin and vimentin in the cytoskeleton, it would
be desirable to be able to measure load transmission within each individual network.
Towards this goal, in Chapter 6, we develop force-sensing crosslinker proteins capable
of reporting on local tension by changes in their fluorescence properties. Due to time
constraints, we were able to develop only sensors for actin networks, but the modu-
lar design of the sensors should in future also allow for the creation of sensors for vi-
mentin networks. All crosslinkers consist of two actin binding domains, so we can me-
diate actin-actin interactions, separated by a FRET (Fdrster resonance energy transfer)
cassette and a force-sensing peptide. We chose tension-sensing peptides with force sen-
sitivities relevant to the force range of actin-related processes in the cell, which were
previously calibrated by our collaborators [1]. Moreover, we also engineered a no-force
control and a donor-only control. We show that the engineered force-sensing crosslink-
ers are functional in the sense that they can crosslink actin networks: we use TIRF to
image co-localization of actin filaments with the crosslinker and bulk rheology to assess
the mechanical properties of actin networks crosslinked via the sensors. With a look on
the future, we propose a potential experimental setup to validate the force sensors in
reconstituted actin networks with forces generated internally by myosin motors.

In this thesis we focused on studying cytoskeletal crosstalk via in vitro reconstitu-
tion with a major emphasis on intermediate filaments. But as in any broad and mul-
tidisciplinary scientific project, many questions remain unanswered: How can we bet-
ter understand the functional consequences of cytoskeletal crosstalk for cell mechanics?
Can we do so by combining bottom-up research with simultaneous top-down studies in
cells? How can we better understand the tissue-specific roles of the different interme-
diate filament proteins in different cell types? In Chapter 7 we bring together a series
of pilot projects that set the basis to approach these questions in future, with the ulti-
mate goal to better understand cytoskeletal crosstalk and, in particular, the central role
of intermediate filaments therein.






SAMENVATTING

Cellen zijn de fundamentele bouwsteen van alle levende organismen, van kleine eencel-
lige organismen die onzichtbaar zijn met het blote oog, zoals bacterieén en archaea, tot
grotere wezens, zoals planten, bomen, gisten en ook dieren — inclusief wij zelf: de mens.
Cellen, hoe klein o0k, zijn uiterst complexe systemen die op hun beurt een cocktail van
subsystemen zijn. Het onderzoeken van cellen en hun werkingsprincipes zal uiteinde-
lijk leergierige wetenschappers (zoals de auteur zelf) in staat stellen om leven (beter) te
begrijpen.

Cellen zijn fascinerend vanuit een fysisch oogpunt omdat ze voortdurend mecha-
nische spanningen en vervormingen moeten trotseren die hun voortbestaan bemoeilij-
ken. Bovendien vertonen cellen een opmerkelijk vermogen om te vervormen als reac-
tie op externe krachten, die bijvoorbeeld ontstaan door het stromen van het bloed in
onze aderen of het samentrekken van onze spieren. Verder veranderen cellen ook actief
hun eigen vorm. Huidcellen, bijvoorbeeld, bewegen als samenhangende lagen tijdens
het helen van wonden en het vernieuwen van weefsel. Ook ervaren cellen flinke vorm-
veranderingen tijdens de celdeling en differentiatie. De vervormbaarheid van cellen is
een belangrijk aspect in vele ziektes. Tijdens de uitzaaiing van tumoren, de zogeheten
metastase, wringen kankercellen zich tussen weefsels en door de wanden van bloedva-
ten en lymfevaten. Op deze manier banen ze zich een weg door het lichaam. Kortom:
cellen ondergaan vaak gedwongen vormveranderingen, maar weten toch deze verande-
ringen te verduren. We vragen ons dan ook af hoe cellen dit doen en om deze vraag te
kunnen beantwoorden zullen we de onderdelen die een cel vormen in meer detail be-
studeren.

Zoals eerder vermeld zijn cellen een complexe cocktail van verschillende elementen,
waaronder, in de context van zoogdiercellen, het cytoskelet. Dit is een cruciaal element
dat hen vorm geeft. Zoals de naam aangeeft is dit cytoskelet het geraamte van de cel. Het
cytoskelet is opgebouwd uit veel verschillende eiwitten die we in drie voorname groepen
of families categoriseren: actine filamenten, microtubuli, en intermediaire filamenten.
Het is niet duidelijk hoe deze verschillende groepen samen de mechanische eigenschap-
pen van de cel bepalen, maar we weten wel dat ze met elkaar interageren. Deze biopo-
lymeren werden traditioneel gezien als onafhankelijke systemen met aparte taken in de
cel. Er is echter steeds meer bewijs dat aantoont dat hun functies gecodrdineerd zijn en
dat deze coodrdinatie essentieel is voor verscheidene kerntaken in de cel.

Met dit in gedachten bestuderen op dit moment veel wetenschappers het cytoske-
let, de samenwerking en de interacties tussen en de verschillende componenten van
het cytoskelet en de synergie die hieruit ontstaat. Er zijn verschillende experimentele
aanpakken mogelijk, maar een veelbelovende aanpak is het bestuderen van opgezui-
verde cytoskelet componenten buiten de cel in een gecontroleerde omgeving. Deze aan-
pak stelt onderzoekers in staat te bestuderen hoe de onderdelen met elkaar interageren.
Deze minimalistische aanpak, de zogenaamde in vitro reconstructie, maakt een beter en
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12 SAMENVATTING

meer fundamenteel begrip van de werking van deze componenten mogelijk en helpt bij
de identificatie van componenten die minimaal nodig zijn om celachtige mechanische
functies te verkrijgen.

In dit proefschrift duiken we in Chapter 1 eerst in de rol die het cytoskelet heeft in
het vormgeven en functioneren van de cel. Dit doen we met de bedoeling om de ver-
schillende cytoskelet families, hun rol in de mechanica van de cel en de rol die helpe-
reiwitten hebben beter te begrijpen. We bespreken actine filamenten, microtubuli en
intermediaire filamenten, en we behandelen ook de helpereiwitten die de verschillende
componenten van het cytoskelet met elkaar verbinden (we noemen deze dan ook ‘cros-
slinkers’), zoals plectine. Uiteindelijk vat Chapter 1 het centrale doel en de voornaamste
doelstellingen van dit proefschrift samen.

We loodsen de lezer door de bestaande literatuur over de functie die cytoskelet kruis-
communicatie speelt in cel mechanica en cel migratie. Dit laatste is een fundamenteel
proces waarin cellen uitgesproken vorm-vervormingen ondergaan en dat afthangt van
de dynamisch codérdinatie en de mechanica van actine, microtubuli en intermediaire
filamenten. In Chapter 2 geven we een overzicht van de beschikbare literatuur in de
context van cel migratie. We focussen niet enkel op “bottom-up” reconstitutie (een aan-
pak waarbij geen levende cellen aan te pas komen en die verder in dit proefschrift be-
sproken wordt), maar ook op “top-down” studies (studies in levende cellen). We geven
een overzicht van het reeds gepubliceerde werk over cytoskelet kruiscommunicatie en
we vergelijken de voornaamste resultaten van ‘bottom-up’ en ‘top-down’ experimenten.
We eindigen dit hoofdstuk door perspectief te bieden over we de beide benaderingen
kunnen verbinden en hoe dit kan helpen om vragen te beantwoorden omtrent de func-
tie van cytoskelet kruiscommunicatie in cel mechanica en cel migratie.

Na deze duiding over cytoskelet kruiscommunicatie passen we in Chapter 3 in vitro
reconstitutie toe om actine en vimentine netwerken te combineren en hun mechanische
interacties te bestuderen. We passen een nieuwe techniek, ‘Differential Dynamic Micro-
scopy’ (DDM), toe als ‘proof-of-concept’ om de dynamica van deze netwerken zowel in
de ruimtelijke en tijdsdimensie beter te begrijpen. We focussen specifiek op een nog
maar weinig bestudeerd systeem, namelijk de interactie tussen actine en vimentine en
hun composieten. In onze proeven variéren we de concentratie van actine en vimentine
zodanig dat de grootte van de mazen in de composiet netwerken hetzelfde is als voor de
controle netwerken die opgebouwd zijn uit slechts één type filament. Zodoende kun-
nen we de bijdragen van actine en vimentine aan de mechanische kruiscommunicatie
van het composiet netwerk bepalen. We observeren dat verstrengelde actine-vimentine
netwerken simpele additieve eigenschappen hebben als hun maasgrootte als controle
parameter gebruikt wordt en dat geen mechanische synergie ontstaat.

In Chapter 4 en 5 bestuderen we de interactie van actine en vimentine die gemedi-
eerd wordt door een directe en controleerbare ‘crosslinker. We ontwikkelen in Chap-
ter 4 een actine-vimentine ‘crosslinker’ die de biofysische rol van plectine uit cellen op
een vereenvoudigde manier nabootst. Door middel van een klonering strategie selec-
teren we de relevante domeinen (een groen fluorescent eiwit label voor de visualisatie,
het actine-bindend domein van MACF]1, een cortexilline ‘coiled coil’ om de dimerisatie
te bevorderen en het intermediair filament bindend domain van plectine). We tonen
aan dat deze ‘crosslinker’ (die we ‘ACTIF’ noemen) functioneel is en zowel aan actine als
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vimentine filamenten bindt. We tonen ook aan via ‘Interferometric Scattering Micro-
scopy’ dat ACTIF dimeren vormt, net zoals plectine, en we karakteriseren de biofysische
eigenschappen ervan: we visualiseerden co-gelokaliseerd actine, ACTIF en vimentine
met ‘Total Internal Reflection Microscopy’ en we kwantificeerden nadien de bindingski-
netiek en affiniteit van ACTIF voor actine en vimentine. Verder tonen we ook met behulp
van transmissie elektron microscopie aan dat ACTIF de vorming van actine-vimentine
composiet bundels veroorzaakt, waarbij de morfologie van de bundels athankelijk is van
de ACTIF concentratie.

Na ACTIE een functionele en goed gekarakteriseerde actine-vimentine ‘crosslinker’,
te hebben ontwikkeld, nemen we een grote stap voorwaarts in Chapter 5: we linken ac-
tine en vimentine filamenten in gereconstrueerde cytoskelet netwerken en bestuderen
de mechanische eigenschappen met behulp van bulk reologie. We vergelijken de invloed
van ACTIF op de lineaire viscoelastische eigenschappen, de verstijving onder spanning
en het scheuren van actine of vimentine, alleen of samen in een netwerk. We hebben
ontdekt dat ACTIF mechanische synergie introduceert in actine-vimentine composiet
netwerken en we kwantificeren de (complexe) ACTIF concentratie afthankelijkheid van
deze netwerken. Dit hoofdstuk is een mijlpaal in ‘bottom-up’ cytoskelet studies en legt
een sterke basis voor verder experimenteel en theoretisch onderzoek om zo de interac-
ties van deze twee semiflexibele biopolymeren en hun rol in de synergistische respons
van het netwerk op mechanische belasting beter te begrijpen.

Om de mechanische rol van actine en vimentine in het cytoskelet verder te doorgron-
den, zou men de transmissie van de belasting doorheen elk individueel netwerk moeten
kunnen achterhalen. Daarom ontwikkelen we in Chapter 6 kracht-detecterende ‘cros-
slinker’ eiwitten die het vermogen hebben om lokale spanningen aan te geven door mid-
del van veranderingen in hun fluorescente eigenschappen. Als gevolg van tijdsgebrek
hebben we enkel sensoren voor actine netwerken kunnen ontwikkelen, maar het mo-
dulaire ontwerp van de sensors maakt het in de toekomst ook mogelijk sensoren voor
vimentine te ontwikkelen. Alle ‘crosslinkers’ bestaan uit twee actine bindende domei-
nen, zodat actine-actine crosslinking mogelijk is, gescheiden door een FRET (‘Forster
resonance energy transfer’) cassette en een kracht-detecterend peptide. We kiezen voor
spanning detecterende peptiden met een gevoeligheid die overeenkomt met de krach-
ten die ontwikkeld worden door actine-gerelateerde processen in de cel. Deze peptiden
zijn eerder gekalibreerd door onze partners [1]. Ook ontwikkelden we een ‘no-force’ con-
trole en een ‘donor-only’ controle. We gebruiken TIRF om de co-lokalisatie van actine
filamenten met de ‘crosslinker’ te visualiseren en we gebruiken bulk reologie om de me-
chanische eigenschappen van actine netwerken die met behulp van de sensor gelinkt
zijn te analyseren. We tonen aan hiermee dat de sensors functioneel zijn: ze kunnen
actine netwerken crosslinken. Met het oog op de toekomst stellen we ook een poten-
tiéle experimentele opzet voor om de sensoren te valideren in gereconstrueerde actine
netwerken waarin intern krachten gegenereerd worden door myosine motoreiwitten.

In dit proefschrift hebben we de nadruk gelegd op het bestuderen van cytoskelet
kruiscommunicatie via in vitro reconstructie, met daarbij een sterke nadruk op interme-
diaire filamenten. Maar, zoals in elk interdisciplinair wetenschappelijk project blijven
veel vragen nog steeds onbeantwoord. Hoe kunnen we de functionele consequenties
van cytoskelet kruiscommunicatie beter begrijpen? Kunnen we dit doen door ‘bottom-
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up’ en ‘top-down’ studies te combineren? Hoe kunnen we de weefselspecifieke functies
van de verschillende intermediaire filamenten in verschillende celtypes beter begrijpen?
In Chapter 7 stellen we een reeks eerste experimenten voor die de basis vormen om deze
vragen in de toekomst te kunnen beantwoorden, met als ultiem doel een beter begrip te
ontwikkelen van cytoskelet kruiscommunicatie en welke centrale rol intermediaire fila-
menten hierin spelen.
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INTRODUCTION

The cell is the minimal living building block of life, found as simple unicellular organisms
like bacteria but also in the most complex multicellular organisms like ourselves. Cells
are constantly exposed to external stresses that deform them and challenge their survival.
While bacterial and plant cells mainly rely on their cell wall for mechanical protection,
cells in our body are able to sustain large deformations thanks to the cytoskeleton, which
is composed of different families of cytoskeletal components. The mixing and dynamic in-
terplay of the cytoskeletal components allow the cell to actively deform itself yet maintain
its shape when subjected to external stresses. In this thesis we work with in vitro (cell-
free) reconstituted cytoskeletal networks, where a controlled and fine-tuned combination
of cytoskeletal components and tailored buffer conditions allow us to study the role of cy-
toskeletal crosstalk in the mechanical properties of the cytoskeleton. Hence the title of this
thesis ('Cytoskeletal Cocktails: Reconstituting Life with a Taste of Its Mechanics’), which
expresses the use of controlled mixing of cytoskeletal networks to ultimately help under-
stand cells (i.e. life). This chapter serves as an introduction to the cytoskeleton and the
different cytoskeletal families and to the concept of cytoskeletal crosstalk. At the end we
explain the aim and central questions addressed in this thesis and briefly summarize the
contents of the following chapters. !

!n this Chapter we incorporated some adapted fragments of the following papers: a review co-written by Irene
Istiriz, James Conboy, Anouk Van der Net and Gijsje Koenderink, published in Biophysics Reviews (2024);
and a co-authored paper of Irene Istiiriz and Duc Quang Tran, published in European Journal of Cell Biology
(2024).
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20 1. INTRODUCTION

1.1. THE CELL

INCE the very beginnings, humans have been intrigued by the complexity of life. The

first microscopic observation of the cell by Robert Hooke in 1665 [2] was a pivotal mo-
ment in the history of science. Since then, the cell has become recognized as the basic
building block of life. It is clear that in order to understand life, it is essential to under-
stand the working principles of life’s most minimal expression: the cell. From a physics
point of view, cells are fascinating, since they constantly endure mechanical stresses and
strains that challenge their survival yet they also actively deform themselves. Cells in
our body for instance demonstrate significant deformability every time they divide. Also
immune cells and metastatic cancer cells need to heavily deform themselves in order
to squeeze through the small pores present in interstitial tissues [3, 4]. At the scale of a
single cell, the extracellular matrix present in the tissue is highly irregular, requiring the
cells to constantly adapt their shape for migration.

Now, we may ask ourselves the question: how can we better understand cells and
their function? In the past decades, many scientist have focused on understanding the
properties of cellular components via bottom-up reconstitution of cell-free systems. Bottom-
up reconstitution (often referred to as in vitro reconstitution, although we note that the
term in vitro also carries the connotation of laboratory cell culture) involves creating
minimal systems by assembling purified components. This method allows researchers
to determine which components and interactions are necessary and sufficient for par-
ticular cellular functions.

A crucial element of the cell is the cytoskeleton, which consists of a family of biopoly-
mers that control the cell’s shape and mechanical stability. In the area of cell mechanics,
researchers have reconstituted the cytoskeletal proteins that form the fibrous network
that controls cell shape and mechanics. The right temperature, pH and buffer conditions
(like ionic strength) will induce the self-assembly of cytoskeletal proteins into polymers
(a process that we refer to as polymerization). Therefore, reconstituting the cytoskeleton
can be compared to fine-tuning the right balance of ingredients for a perfect recipe or a
perfect cytoskeletal cocktail. The different elements (protein monomers, buffers, wa-
ter) are mixed up and the reconstituted cytoskeletal elements emerge. In this thesis we
use in vitro reconstitution as a tool to assess the individual contributions and synergy of
different components of the cytoskeleton to the cell’s overall mechanics.

1.2. THE CYTOSKELETON

Aswe mentioned, living cells possess both high mechanical strength and the remarkable
capacity to deform during activities such as cell division and migration. This unique me-
chanical behavior is due to the cytoskeleton. Together with the enveloping plasma mem-
brane, the cytoskeleton provides the cell with a well-defined shape and with mechanical
stability. The cytoskeleton is composed of a network of biopolymers that occupy the
cell’s cytoplasm and connect to the plasma membrane and nucleus. The cytoskeleton
allows the cell to deform but also makes it resilient to breakage. There are three main
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cytoskeletal families: F-actin, intermediate filaments and microtubules (schematically
represented in Figure 1.1A). Although not covered by the research described within this
thesis, it is important to mention that in the recent years septins have also gained inter-
est, and are starting to be mentioned as the fourth family of the cytoskeleton [5]. A brief
introduction to all four cytoskeletal filament types follows below.

A

Actin Filaments Intermediate Microtubules
Filaments

Diameter 7 nmé 9-11 nm' 25 nm™
Persistence Length ~10 ym?® ~0.5-2 pm%-2 ~1 mm'
Timescales Minutes'? Hours+27 Seconds-minutes’®
B C
Cell studies Cell-free studies

Figure 1.1: (A) Schematic of the three major cytoskeletal filament types and their distinctive physical proper-
ties. The fourth filament type (the septins) are not shown here. (B) Fluorescent confocal microscopy image
of human melanoma (MV3) cells stained for a-tubulin (green), F-actin (magenta), and vimentin (cyan). The
cell nuclei are shown in blue. (C) An electron microscopy image of an in vitro reconstituted three-component
cytoskeletal network showing F-actin (magenta arrows), microtubules (green arrows) and vimentin (cyan ar-
rows). Filaments were pre-polymerized separately at 1 uM. Actin and microtubules were polymerized in MRBO
buffer (80 mM PIPES pH 6.8, 1 mM EGTA and 4 mM MgCl,) with 50 mM KCl, 1 mM DTT and 0.5 mM ATP),
while vimentin was polymerized in V-buffer (40 mM PIPES pH 7, 1 mM EGTA and 4 mM MgCl, 100 mM KCl,
1 mM DTT). The filaments were combined in MRB80 buffer (with 50 mM KCI, 1 mM DTT and 0.5 mM ATP).
Scale bar in C is 100 nm.

1.2.1. ACTIN FILAMENTS

An actin monomer is a globular protein with a molecular weight of ~42 kDa and diame-
ter of approximately 5 nm. Actin filaments (F-actin) are double helices with a diameter
of ~ 7 nm, made of two strands of globular monomers [6]. The filaments are semiflexible
since their thermal persistence length [, = x/ kg T (where « is the bending rigidity and
kg T thermal energy) is ~ 10um, of the same order as the filament contour length [7].
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Actin filaments have an intrinsic structural polarity with a “barbed end” and a “pointed
end”. Polymerization-linked ATP hydrolysis causes treadmilling, where the filaments
grow at the barbed end and disassemble from the pointed end [8]. The polymerization
of actin follows a nucleation-and-growth pathway: four monomers form a stable seed
complex before filament growth begins. Filaments reconstituted from purified actin turn
over slowly (one subunit every 3—4 s), but actin turnover in the cell is catalyzed by actin-
binding proteins. Typical actin network turnover times are of order seconds in the lead-
ing edge of motile cells [9] to minutes in the actin cortex [10].

In the cell, different higher-order structures of actin are present. In adherent cells
[11] and within membrane protrusions such as filopodia [12, 13] and stereocilia [14],
actin filaments form rigid bundles. Additionally, actin forms a densely crosslinked net-
work known as the actin cortex underneath the plasma membrane, capable of exerting
contractile forces through myosin motor proteins [15]. Various F-actin-binding proteins,
including filamin [16], alpha-actinin [17], fascin [18], and fimbrin [19], are responsible
for forming these bundles and crosslinked networks. These proteins generally crosslink
two actin filaments reversibly, with a typical crosslinking lifetime of a few seconds.

Actin networks are dynamically restructured by molecular motor proteins, such as
myosin-2 [20]. Myosin-2 motors assemble into bipolar filaments that are small (tens
of motors per filament) in non-muscle cells and much larger (hundreds of motors per
filament) in muscle cells. These filaments feature motor domains at both ends, enabling
myosin to move directionally along actin filaments and to slide these filaments past each
other, thereby reorganizing actin networks. Together with myosin motor proteins, actin
filaments form networks and bundles that generate contractile forces [15]. In muscle
cells, myosin-2 facilitates macroscopic contraction [21], while in nonmuscle cells [22],
it enables the contraction of the cell surface during cell division and the generation of
tension in stress fibers to endure external forces.

1.2.2. INTERMEDIATE FILAMENTS

Intermediate filaments are homo-/heteropolymers made of rod-shaped proteins that
are encoded by more than 70 genes in humans [23]. Intermediate filaments have been
classified into six groups based on the similarities in their amino acid sequences. Types
I and II include two groups of keratins [24, 25], which are expressed in epithelial cells
[26]. Certain type I and II keratins, known as hard keratins, are utilized in the forma-
tion of structures like hair, nails, and horns [27]. In contrast, the other type I and II
keratins, referred to as soft keratins, are prevalent in the cytoplasm of epithelial cells.
The type I1I intermediate filament proteins include vimentin (present in fibroblasts and
smooth muscle cells, among others). Other type III proteins are desmin [28], found in
muscle cells, and glial fibrillary acidic protein (GFAP) [29], expressed in astrocytes. In
this thesis we mostly focus on vimentin and briefly consider GFAP. The type IV inter-
mediate filament proteins include neurofilament (NF) proteins [30, 31] (known as NF-L,
NF-M, and NF-H for light, medium, and heavy, respectively). These proteins form the
major intermediate filaments of many types of mature neurons. This group also includes
a-internexin [32] (expressed at an earlier stage of neuron development than neurofila-
ments) and nestin [33] (expressed even earlier during neural development). The type V
intermediate filament proteins are the nuclear lamins [34], which are found in all cells
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in our body with a nucleus. They assemble into an orthogonal meshwork underlying the
nuclear membrane that forms the scaffold of the nuclear envelope[35]. All intermedi-
ate filament monomer proteins have a central a-helical rod domain of approximately
310 amino acids (350 amino acids in lamins) [20]. This central rod domain is flanked by
amino- and carboxy-terminal domains, which vary in sequence and length between the
different intermediate filament proteins.

Intermediate filament proteins are expressed in a cell-type-specific manner. Mes-
enchymal cells for instance express vimentin, whereas epithelial cells express keratins
[36, 37]. As we mentioned, all intermediate filament proteins share a common domain
and secondary structure consisting of an alpha-helical rod domain flanked by intrinsi-
cally disordered head and tail domains. The initial stage of filament assembly involves
the creation of dimers, where the central rod domains of two polypeptide chains inter-
twine into a coiled-coil structure [38, 20]. These dimers then align in a staggered antipar-
allel manner to form tetramers, which can connect end-to-end to generate protofila-
ments. The final filaments are composed of several protofilaments: for vimentin fila-
ments, it has been show that they are organized into five protofibrils [39]. In the case of
keratin, K5/K14 filaments form a hollow cylinder with an internal electron dense core.
The wall of the cylinder is constructed of a ring of six protofilaments [26]. Due to their
assembly from antiparallel tetramers, the ends of intermediate filaments are identical,
making them nonpolar (in contrast with the already described actin filaments and with
microtubules, which are explained in the next section). Moreover, intermediate fila-
ments are much more stable than actin filaments and microtubules, with slow subunit
exchange along their length and annealing and fragmentation on hour time scales in
reconstituted systems [40, 41] and in cells [42, 43].

Intermediate filaments are somewhat thicker (~ 10 nm) [44] than actin filaments, but
they are nevertheless much more flexible (I, ~ 0.5 - 2 um, depending on intermediate
filament composition and ionic strength [45, 46, 47, 48, 49]) because of their hierarchi-
cal rope-like structure. Another unique feature of intermediate filaments is their high
extensibility in response to tensile loading: these filaments can tolerate tensile strains
of up to 300% without breaking. By contrast, actin filaments and microtubules break at
strains of less than 10% because they are built of weakly interacting globular subunits.

1.2.3. MICROTUBULES

Microtubules are cylindrical structures with a diameter of approximately 25 nm, formed
by the polymerization of a- and g-tubulin subunits [50]. They extend throughout the
cell, providing structural support and participating in various cellular functions. Micro-
tubules are essential for cell division and play significant roles in cell motility, mainte-
nance of cell shape, intracellular signaling, and the formation of specialized structures
like cilia and flagella.

The polymerization of microtubules involves nucleation and elongation processes
[51]. It begins with the formation of a stable seed structure that serves as a template for
the addition of a- and f-tubulin dimers, which then arrange into protofilaments. Typi-
cally, 13 protofilaments align side-by-side to create a hollow tubular structure [52]. The
microtubule elongates through the continued addition of tubulin subunits. Like actin
filaments, microtubules are structurally polar, with the plus end growing faster than the
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Figure 1.2: Schematic representation of full-lenght plectin. The isoform-specific N-terminal head domain is
indicated by a star, followed by the actin-binding domain (ABD) (blue), an elongated plakin domain (yellow),
a central alpha-helical rod domain (200 nm long) that mediates dimerization, six tandemly arranged plakin
repeat domains separated by linker regions of variable length (the first four grey, the two related to the IFBD,
violet), and finally, a short tail region containing Gly-Ser-Arg (GSR) repeats (pink square at the end).

minus end.

Polymerization is driven by the hydrolysis of guanosine triphosphate (GTP), which is
bound to the B-tubulin subunits [53]. Tubulin dimers bound to GTP are more likely to
be added to the growing microtubule, while those bound to GDP are more likely to dis-
sociate [54]. As the microtubule grows, GTP bound to the tubulin dimers is hydrolyzed
to GDP. When the concentration of GDP-bound tubulin reaches a critical level, a catas-
trophe event occurs, leading to rapid disassembly or shrinkage of the microtubule. This
may be followed by a rescue event, where new GTP-bound tubulin subunits are added,
allowing the microtubule to regrow. This stochastic alternation between growth and
shrinkage is known as dynamic instability [55].

1.2.4. SEPTINS

Septins were recognized about a decade ago as the fourth component of the cytoskele-
ton [5]. They are a class of GTP-binding proteins found in all eukaryotic cells except
for higher plants [56]. Septins can polymerize into nonpolar filaments of approximately
4 nm in thickness, which subsequently organize into diverse structures such as paired
filaments, rings, and gauzes [57]. These proteins play multiple roles within the cell, in-
cluding scaffolding for protein recruitment, forming barriers for subcellular compart-
mentalization, regulating cell division, and aiding in cell migration. Additionally, septins
are implicated in host-microbe interactions [58] and are associated with various human
diseases, including cancer and neurodegenerative disorders. Septins are not further cov-
ered in this thesis.

1.2.5. PLECTIN: A GIANT CROSSLINKER

In cells, intermediate filaments are crosslinked to F-actin and microtubules via large
crosslinking proteins including members of the plakin family such as plectin [59, 60, 61].
Electron microscopy imaging and proximity ligation assays in cells have shown that be-
sides forming crosslinks of intermediate filaments to F-actin and microtubules, plectin
also forms crosslinks between intermediate filaments [62, 63, 64, 65, 66]. Vimentin fila-
ments have been observed to closely associate with actin stress fibers [67], and there is
evidence that this association depends on plectin [68, 66]. Plectin has also been impli-
cated in crosslinking of vimentin to F-actin at the base of invadopodia [69, 70] and to the
actin cortex of cells during mitosis [71].
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The many splice isoforms of plectin share a conserved tripartite structure with a
plakin domain, central rod domain, and C-terminal domain (Figure 1.2). Depending
on the isoform, plectin can have up to seven functional domains. The N-terminal mo-
tif is isoform-specific and targets plectin to specific cellular locations such as the nu-
cleus, hemidesmosomes, or focal adhesions [72]. Actin-binding is mediated by calponin
homology domains that form an actin-binding domain (ABD) directly following the N-
terminal motif [73, 74]. Intermediate filament binding is mediated by four domains at
the C-terminus consisting of two plakin repeat domains (PRDs) separated by a linker re-
gion and a short C-terminal extremity containing Gly-Ser-Arg (GSR) repeats [59]. The
PRDs and the linker region have a similar basic groove that binds the acidic coiled-coil
rod domain of intermediate filaments [75, 76, 77, 78, 60]. Plectin depletion has been
shown to alter the mechanical behavior of cells to varying degrees depending on cell
type [79, 80, 81, 82, 83]. Moreover, plectin depletion impairs the mechanical stabil-
ity of epithelial and endothelial cell sheets [84, 85]. Plectin mutations are associated
with severe skin blistering disorders and muscular dystrophy. However, plectin’s spe-
cific role in these mechanical abnormalities as a cytoskeletal crosslinker has been dif-
ficult to decipher since it has several other roles besides direct crosslinking: it also an-
chors intermediate filaments to cell-matrix and cell-cell adhesion receptor complexes
(86, 87, 88, 89, 90], to LINC complexes in the nuclear envelope [91] and to mitochondria
[72].

1.3. FOCUS OF THIS THESIS: CYTOSKELETAL CROSSTALK

It is unclear how exactly the different cytoskeletal families interact and how they col-
lectively determine the mechanical properties of the cell. The three main cytoskeletal
biopolymers have traditionally been regarded as independent systems with separate cel-
lular tasks. However, growing evidence shows that their functions are coordinated and
that this coordination is essential for many core cellular functions (see Chapter 2 for a
detailed review). Directional cell migration, for instance, relies on F-actin to generate
the driving force, but coordination with both microtubules and intermediate filaments
is required to polarize the F-actin cytoskeleton and control the amplitude and direc-
tionality of force generation [68, 92, 93, 94, 95]. In dividing cells, F-actin/microtubule
interactions control the correct placement of the division plane and F-actin/vimentin
interactions at the cell cortex are essential for normal mitotic progression [96, 71]. These
examples underscore the need to study the mechanisms that couple the activities of the
three cytoskeletal systems. Despite the potential of in vitro reconstitution to understand
cytoskeletal interactions and their role in cytoskeletal mechanics, there have been few
reconstitution studies combining different cytoskeletal biopolymer families so far.

In this thesis we explore this direction of research, with a focus on combinations
of two, rather than three, interacting subsystems for tractability. But then which two
subsystems should we choose for our cytoskeletal cocktail? Upon starting this thesis,
and having to decide which cytoskeletal composite system to focus on, I realized that in
contrast to F-actin and microtubules, the properties of intermediate filaments received
little scientific attention in the past, and their functions still remain enigmatic. Yet there
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is strong evidence that they have a major impact on cell mechanics. Keratin filaments
for instance have been shown to have a stronger impact on the stiffness of keratinocytes
than the actin cortex [97, 98] and vimentin filaments have been shown to protect cells
against large stresses and act as a 'safety belt’ [99]: the fundamental role of intermediate
filaments is undeniable. Therefore I decided to make intermediate filaments the main
subject of interest for this thesis.

Upon looking up prior in vitro studies of vimentin reconstituted together with other
cytoskeletal components, it became evident that the literature on actin-vimentin crosstalk
reported some interesting contradictory results: Esue et al. [100] reported synergistic
mechanical properties of actin and vimentin composite networks, meaning that com-
posite networks had a higher stiffness than expected from a simple linear superposition
of the two constituent networks. By contrast, Golde et al. [101] reported that no mechan-
ical synergy emerged in these composites. Motivated by this controversy and by the clear
importance of actin-vimentin interactions for cell mechanics, I therefore decided to add
actin filaments as the second main ingredient in my cytoskeletal cocktails.

1.4. OUTLINE OF THIS THESIS

As motivated above, the aim of this thesis was to understand the crosstalk of F-actin
and vimentin intermediate filaments. How do actin and vimentin interact? Can we con-
trol this interaction to better understand the contributions of each cytoskeletal filament
to cytoskeletal mechanics? What are the mechanical properties that emerge from this
interaction? To answer these main questions, and many more that arose during my sci-
entific journey, in this thesis, we use in vitro reconstitution to study the crosstalk of actin
and vimentin. For the benefit of the reader, we build up the complexity in each subse-
quent thesis chapter, starting with simple cocktails (no crosslinker) and slowly making
our cocktail more complex (adding crosslinkers).

In Chapter 2 we guide the reader through the existing literature on the role of cy-
toskeletal crosstalk in cell mechanics and migration. Cell migration, which is a funda-
mental process for life, depends on the dynamics and mechanics of actin, microtubules
and intermediate filaments and their coordination. In this chapter we not only focus on
bottom-up reconstitution (which we refer to as cell-free), but also on top-down studies
(live-cell studies). We summarize prior literature on cytoskeletal crosstalk and compare
and confront the main findings from cell-free and live-cell experiments. We end with a
perspective on how bridging the two approaches can help address the open questions of
how cytoskeletal crosstalk governs cell mechanics and makes cells move.

After this context on cytoskeletal crosstalk, in Chapter 3, we employ in vitro recon-
stitution to combine actin and vimentin and study their interaction and mechanical
crosstalk. First, we use bulk rheology to measure the linear elastic properties of actin and
vimentin, alone and in combination. We vary the concentrations of actin and vimentin
in such a way that the composite networks always a comparable mesh size as the single-
filament control networks. To check this, we use a novel microrheology image analysis
technique known as Differential Dynamic Microscopy (DDM). Our rheology data reveal
that co-entangled actin-vimentin networks have simple additive elastic properties when
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their mesh size is used as control parameter and no mechanical synergy emerges, resolv-
ing the controversy in the literature explained above.

In Chapters 4 and 5 we study the interaction of actin and vimentin mediated by a
direct and controllable crosslinker. To this end, in Chapter 4, we engineer an actin-
vimentin crosslinker that mimics and simplifies the biophysical role of plectin. We em-
ploy cloning techniques to select the domains of interest, namely a fluorescent protein
tag for fluorescent imaging, the actin binding domain of MACF1, a cortexillin coiled coil
to mediate dimerization and the intermediate filament binding domain of plectin. We
show that this crosslinker (which we refer to as 'ACTIF’) is functional and binds to both
actin and vimentin filaments. We show that it forms dimers via Interferometric Scatter-
ing Microscopy, similar to full-length plectin. We next characterize its biophysical prop-
erties: with Total Internal Reflection Microscopy we imaged co-localization of actin, AC-
TIF and vimentin and afterwards quantified the binding kinetics and affinities of ACTIF
for actin and vimentin. We also show, with Transmission Electron Microscopy, that AC-
TIF induces composite bundles of actin and vimentin filaments with a morphology that
is dependent on ACTIF’s concentration.

Having established a functional and well-characterized actin-vimentin crosslinker
ACTIE we move a big step further in Chapter 5: we crosslink actin and vimentin fila-
ments in reconstituted cytoskeletal networks and we study their mechanical properties
via bulk rheology. We compare the influence of ACTIF on the mechanical response of
actin or vimentin alone and in combination. We show that ACTIF is capable of crosslink-
ing both the single-polymer control networks and composite networks of actin and vi-
mentin. Interestingly, we find that ACTIF introduces mechanical synergy in the compos-
ites, not present in absence of ACTIE Finally, we show that different interactions com-
pete to cause a very complex dependence of the nonlinear elastic response and rupture
behavior of the crosslinked composites on the concentration of ACTIE This Chapter sets
a milestone in bottom-up cytoskeletal studies and an extensive basis for further experi-
mental and theoretical studies to better understand the interaction of the two semiflexi-
ble biopolymers and their role in the network’s synergistic response to mechanical load.

To dissect the load-bearing roles of actin and vimentin in the cytoskeleton, it would
be desirable to be able to measure load transmission within each individual network.
Towards this goal, in Chapter 6, we develop force-sensing crosslinker proteins capable
of reporting on local tension by changes in their fluorescence properties. Due to time
constraints, we were able to develop only sensors for actin networks, but the modu-
lar design of the sensors should in future also allow for the creation of sensors for vi-
mentin networks. All crosslinkers consist of two actin binding domains, so we can me-
diate actin-actin interactions, separated by a FRET (Forster resonance energy transfer)
cassette and force-sensing peptide. We chose peptides with force sensitivities relevant to
the force range of actin-related processes in the cell, which were previously calibrated by
our collaborators [1]. Moreover, we also engineered a no-force control and a donor-only
control. We show that the engineered force-sensing crosslinkers are functional and can
crosslink actin networks: we use TIRF to image co-localization of actin filaments with
the crosslinker and bulk rheology to assess the mechanical properties of actin networks
crosslinked via the sensors. With a look on the future, we propose a potential experi-
mental setup to validate the force sensors in reconstituted actin networks with forces
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generated internally by myosin motors.

In this thesis we focused on studying cytoskeletal crosstalk via in vitro reconstitu-
tion with a major emphasis on intermediate filaments. But as in any broad and mul-
tidisciplinary scientific project, many questions remain unanswered: How can we bet-
ter understand the functional consequences of cytoskeletal crosstalk for cell mechanics?
Can we do so by combining bottom-up research with simultaneous top-down studies in
cells? How can we better understand the tissue-specific roles of the different interme-
diate filament proteins in different cell types? In Chapter 7 we bring together a series
of pilot projects that set the basis to approach these questions in future with the ulti-
mate goal to better understand cytoskeletal crosstalk and, in particular, the central role
of intermediate filaments therein.



HOW CYTOSKELETAL CROSSTALK
MAKES CELLS MOVE

Cell migration is a fundamental process for life and is highly dependent on the dynam-
ical and mechanical properties of the cytoskeleton. Intensive physical and biochemical
crosstalk between actin, microtubules, and intermediate filaments ensures their coordi-
nation to enable cell migration. In this Chapter, the different mechanical aspects that
govern cell migration are discussed. For each of these aspects, we provide a novel perspec-
tive by juxtaposing two complementary approaches to the biophysical study of cytoskele-
tal crosstalk: live-cell studies (which we here refer to as top-down studies) and cell-free
studies (which we here refer to as bottom-up studies). We end with a perspective on how
to better bridge the two perspectives in future to address the many open questions of how
cytoskeletal crosstalk makes cells move. This Chapter sets a baseline to understand the sci-
entific context of the cytoskeletal crosstalk studies presented in this thesis and the potential
applications of our findings.!

I This chapter is co-authored with James Conboy, Anouk van der Net and Gijsje Koenderink and was published
in Biophysics Reviews (2024).
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2.1. INTRODUCTION

ELL migration is a process that is fundamental for life. It is a major contributor to

tissue morphogenesis in developing embryos [102] and drives angiogenesis [103],
bone formation [104], tissue repair [105] and immune surveillance [106]. On the flip side,
however, cell migration is also responsible for pathological cell migration during chronic
inflammation [107] and cancer metastasis [108]. Cell migration depends on the mechan-
ical and dynamical properties of the cytoskeleton, a network of dynamic biopolymers
that self-assemble from small protein building blocks. There are three main cytoskeletal
biopolymers: actin filaments, microtubules, and intermediate filaments, as introduced
in Chapter 1. They have markedly different structural, mechanical and dynamical prop-
erties. Note that in addition, septins are identified as the fourth cytoskeletal component
[5] (we will return to this at the end of this chapter).

The physical properties of the cytoskeletal filaments are directly connected to their
functions in cell migration. Actin, with its ability to generate protrusive and contrac-
tile forces, provides the main driving forces for polymerization-driven mesenchymal mi-
gration and bleb-based amoeboid migration [109, 110]. Meanwhile microtubules play a
key role in establishing front-rear polarity and promoting persistent migration, aided by
their large persistence length that is much longer than the size of the cell [111]. Finally,
intermediate filaments, with their mechanical resilience, protect the migrating cell and
its nucleus from mechanical damage, which is especially important when cells squeeze
through confined environments [112, 113]. There is growing evidence that cell migra-
tion requires a dynamic interplay between the three cytoskeletal filament systems that
depends on mechanical and signaling crosstalk. In mesenchymal migration, coupling of
actin to microtubules and intermediate filaments is for instance essential to polarize the
actin cytoskeleton and thereby control force generation [114]. In Table 2.1 we highlight
examples of the different cytoskeletal crosstalk modalities.

In this chapter we review recent insights in the role of cytoskeletal crosstalk in cell
migration. We focus on mechanical aspects, which are also the focus of the thesis. For
more detailed cell biological insights, we refer the reader to several excellent reviews
[114, 115, 116, 117]. We take a mainly experimental perspective and refer the reader to
other reviews for more theoretically oriented perspectives [118, 119]. Throughout this
review, we confront two opposite experimental approaches to studying the biophysics
of cytoskeletal crosstalk: live cell (top-down) studies versus cell-free (bottom-up) stud-
ies of simplified model systems reconstituted from component parts. Live-cell studies
have the benefit of physiological relevance, but mechanistic dissection can be challeng-
ing because of the cell’s compositional complexity. Each cytoskeletal system exhibits
enormous compositional diversity with different isoforms and posttranslational modifi-
cations [120]. Moreover, cytoskeletal coupling is mechanosensitive as a consequence of
mechanosensory signalling loops and transcriptional regulation [121]. Cell-free studies
(the focus of this thesis) provide a powerful approach to complement live-cell studies
because they allow for highly controlled experiments from the level of single protein, to
filaments, to networks.

Cytoskeletal crosstalk contributes to every aspect of cell migration (Figure 2.1). The
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Table 2.1: Table highlighting the different cytoskeletal crosstalk modalities that are discussed in this chapter,
each with an example from the text.

structure of this chapter follows these aspects: we cover cell deformability, front-back
polarity, contractility and finally plasticity, which refers to the ability of cells to adapt
their mode of migration to their environment [122]. We note that we only briefly cover
adhesion control in collective cell migration, since this falls outside the scope of this
thesis, but we refer the reader to a more complete overview in our original review [123].
At the end of the chapter, we provide a perspective on how connections can be made
between cell-free and live-cell studies to address the many open questions on the role of
cytoskeletal crosstalk in cell migration.

2.2. CELL DEFORMABILITY

2.2.1. LIVE-CELL STUDIES

MECHANICAL CHALLENGES IN CELL MIGRATION

Migrating cells must deform their nucleus and cytoskeleton, especially when they move
through interstitial tissues that impose significant confinement. Depending on tissue
type, cells encounter extracellular matrix (ECM) and interstices between tissues with
sizes ranging between 2 and 30 ym, comparable to their own body and sometimes even
nuclear size [124]. Metastasizing cancer cells have to overcome even more severe phys-
ical barriers as they intravasate across the endothelium into blood vessels or across ep-
ithelial tissues into lymphatic vessels. Cell deformability is therefore an important de-
terminant of cell migration [125]. For many cancer cells, for instance, lower stiffness
correlates with higher motility [126].

Migrating cells experience a complex combination of tensile, compressive and shear
deformations of varying amplitude and rate. The effect of these mechanical parameters
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Deformability Contractility Polarization Adhesion Plasticity

Pressure
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Figure 2.1: Cytoskeletal crosstalk contributes to every aspect of cell migration including: (1) Cell deformabil-
ity that governs the ability of cells to migrate through confining environments. Red arrows show deformation
caused by the cell migrating through the extracellular matrix. (2) Contractility as a major driver of cell motil-
ity. Red arrows show actin-myosin contraction. (3) Front-rear polarity for directional migration. (4) Cell-cell
adhesions to coordinate collective migration. The leader cell is shown in dark blue. (5) Plasticity, the ability of
cells to interconvert between different migration strategies in response to their environment, for example be-
tween mesenchymal and nuclear piston modes. Here the nucleus is pulled forwards (dark blue arrow). Black
arrows show the direction of migration. Actin (magenta), vimentin (cyan), nucleus (teal), intercellular adhe-
sions (green linkers), plectin (pink linkers) and extracellular matrix fibers (purple).

on cell deformability has been extensively characterized using quantitative biophysi-
cal techniques. To study the viscoelastic properties of cells without the impact of cell
adhesion, cells can be detached from their substrate and measured in suspension by
micropipette aspiration [127], optical stretching [128], parallel-plates rheometers [129],
or high-throughput microfluidic methods [130]. These measurements are mostly rele-
vant for amoeboid migration where cells exhibit only weak adhesion to their environ-
ment. For mesenchymal migration, it is more relevant to study mechanics on adherent
cells. Whole-cell measurements of adherent cells can be done by monolayer rheology or
stretching [131, 132, 133] or by single-cell atomic force microscopy [134, 135]. Localized
measurements to resolve the mechanics of specific subcellular regions can be done by
magnetic twisting cytometry [136], atomic force microscopy [137], optical or magnetic
tweezers [138, 139], or particle tracking microrheology [140]. Some of these methods
allow for in situ measurements in migrating cells [141, 142].

The nucleus is generally considered the stiffest and largest organelle with a stiffness
reported to range from 0.1 to 10 kPa, dependent on cell-type [143] (although we note that
recent data appear to challenge this notion, suggesting the nucleus may be softer than
hitherto believed [144]). The main contributors to the rigidity of the nucleus are hete-
rochromatin and the nuclear lamina (also termed the nucleoskeleton), which contains
lamin intermediate filaments [145, 146, 147]. Intact nuclei in situ have a higher stiff-
ness than isolated nuclei because the nucleus is coupled to the cytoskeleton through the
LINC complex (composed of SUN-domain proteins and KASH-domain proteins, which
physically connect the cytoskeleton to the nucleoskeleton) [148]. Since the nucleus is
not only the stiffest but also the largest cellular organelle, it poses a major bottleneck for
confined migration [149]. When cells are embedded in collagen networks or microfab-
ricated microchannels, their migration velocity linearly decreases with decreasing pore
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size until migration is physically blocked when the pore size reaches 10% of the nuclear
cross section [150]. Under highly confined conditions, cells can only move if they are
able to remove blocking ECM fibers with proteolytic enzymes [150, 151].

REGULATION OF CELL DEFORMABILITY THROUGH CYTOSKELETAL CROSSTALK

The actin cytoskeleton is often considered the main determinant of cell mechanics. Drug-
induced depolymerization of actin filaments indeed significantly softens cells both un-

der non-adherent and adherent conditions [152, 153]. An important contribution of
the actin cytoskeleton to cell stiffness comes from contractile forces generated by actin-

myosin stress fibers [154] and by the actin cortex [155].

Intermediate filaments form dense networks that are mainly perinuclear, so they
contribute little to cortical stiffness but strongly affect the cytoplasmic shear modulus
[156] and the resistance of cells to compression [135]. For leukocytes and tumor cells
performing 3D migration, the intermediate filament cytoskeleton is a major determi-
nant of cell deformability. Intermediate filament protein deletion or network disrup-
tion causes significant cell softening while at the same time enhancing cell migration
(157,158, 159, 113].

Microtubules generally do not contribute much to cell stiffness, with drugs that in-
terfere with microtubule polymerization having minor effects on cell mechanics [160].
Recently, though, microtubules were shown to exhibit interesting mechano-responsive
properties. Cytoskeletal compression induced by cyclic cell stretching or by confined
migration was shown to stabilize deformed microtubules by triggering recruitment of
the microtubule-binding protein CLASP2 [161]. When cells are transferred from rigid 2D
substrates to softer 3D hydrogels, the mechanical contribution of microtubules becomes
more important because actin stress fibers become less prominent. In cells migrating
through collagen gels, microtubules for instance play a crucial role in mechanical sup-
port of cellular protrusions [162].

It remains an open question how the interactions between the three cytoskeletal
biopolymers influence the mechanics of the composite cytoskeleton. Theoretical mod-
els predict that composite networks composed of interpenetrating networks of a rigid
and a flexible polymer are substantially stiffer than expected from the sum of the moduli
of the separate networks [163]. Rigid fiber networks by themselves are expected to be
soft at low deformation because they deform in a non-affine manner, where the elastic-
ity is governed by fiber bending [164]. The presence of a background network of flex-
ible polymer suppresses these non-affine bending deformations [163]. Unfortunately
this prediction is difficult to directly test in live-cell experiments because it is very chal-
lenging to specifically remove one cytoskeletal network without also affecting the oth-
ers. Microtubule depolymerization is for instance well-known to activate acto-myosin
contraction by the release of the microtubule-associated guanine nucleotide exchange
factor GEF-H1 [165]. At large strains, though, there is some evidence of mechanical syn-
ergy between the cytoskeletal networks. Epithelial cell layers are able to undergo ex-
treme stretching under constant tension ('active superelasticity’) by strain-softening of
the actin cortex followed by re-stiffening thanks to the keratin intermediate filament net-
work [166]. Physical crosslinking between actin and keratin is essential for the mainte-
nance of epithelial stability [85]. The ability of flexible polymers to suppress bending
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deformations of rigid polymers has the interesting consequence that the rigid polymers
are reinforced against compressive loads [167]. Under compressive loading, rigid poly-
mers exhibit an Euler buckling instability at a critical compression force f, ~ 10x/L?,
where L is the polymer length. For microtubules, the critical compression force is only
of order 1 pN [168]. In the cell, however, microtubules can bear 100-fold larger com-
pression forces because the surrounding actin and intermediate filament cytoskeleton
constrains microtubule buckling [169, 170]. This is consistent with the so-called tenseg-
rity model, which states that cellular shape stability is achieved via a balance between
actin filaments and intermediate filaments loaded under tension, and microtubules and
thick actin bundles under compression [171].

2.2.2. CELL-FREE RECONSTITUTION STUDIES

Live-cell mechanical measurements can be difficult to interpret in quantitative terms be-
cause they are sensitive to the amplitude, type and rate of deformation, geometry of the
mechanical probe, the probed location in the cell, and the cell’s extracellular environ-
ment [172]. Cell-free reconstitution studies provide a useful complement because they
permit quantitative measurements of the mechanical properties of isolated cytoskeletal
components, both at the single filament and at the network level.

MECHANICAL PROPERTIES OF INDIVIDUAL CYTOSKELETAL FILAMENTS

At the single filament level, cytoskeletal biopolymers have been bent, stretched, com-
pressed, and twisted using optical and magnetic tweezers [173, 174, 175, 176], atomic
force microscopy [177, 178], and microfluidic devices [179]. Actin filaments and micro-
tubules have a high bending and stretching rigidity, but they break at rather low tensile
strains (~ 150% strains) [180, 181]. Moreover, actin filaments become more fragile un-
der torsion [180] and microtubules soften upon repeated bending [179]. This fragility is
likely related to the fact that actin filaments and microtubules are made of globular sub-
units. By contrast, intermediate filaments are made of fibrous subunits held together by
extensive lateral interactions. Intermediate filaments easily stretch and bend due to their
open structure and they can withstand tensile strains of more than 200% before rupture
[177]. Similar to a car’s safety belt, intermediate filaments are soft under small and slow
deformations but stiff under large and fast deformations [173]. Recent evidence sug-
gests that different intermediate filament proteins respond differently to tensile loads.
When subjected to stretch-relax cycles, keratin filaments elongate with every cycle but
keep the same stiffness, whereas vimentin filaments soften with every cycle but always
return to the same initial length [182]. It appears that vimentin stretches by monomer
unfolding [183], whereas keratin filaments stretch by viscous sliding of subunits [182]. It
will be interesting to see what further diversity may be generated by co-polymerization
of different intermediate filament proteins and by post-translational modifications.
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MECHANICAL PROPERTIES OF SINGLE-SUBSYSTEM CYTOSKELETAL NETWORKS

At the network level, mechanical properties are most conveniently probed by either bulk
rheology or microrheology (see Chapter 3 for examples). In bulk rheology, cytoskeletal
networks are sheared between the two parallel plates of a rheometer, providing a read-
out of the macroscopic viscoelastic response [184]. Microrheology instead probes the
localized viscoelastic response of a material by tracking the motion of embedded probe
particles, either in response to thermal fluctuations (passive microrheology [185]) or to
a force applied by optical or magnetic tweezers (active microrheology [186]).

The mechanical response of cytoskeletal networks is determined by an interplay of
the stiffness of the filaments and their interactions. In absence of crosslinkers, actin fila-
ments and microtubules form entangled networks that easily fluidize under shear due to
filament disentanglement [187, 188, 189]. Crosslinker proteins prevent this fluidization
and cause the networks to strain-stiffen. This strain-stiffening response is only moder-
ate for microtubules because of their high rigidity and because shearing causes force-
induced unbinding of crosslinks [187, 186]. Actin networks exhibit more pronounced
strain-stiffening because their elasticity is affected by the entropic elastic response of the
filaments to tensile loading [190]. Tensile loading reduces the conformational entropy
of actin filaments, pulling out bending fluctuations, causing entropic strain-stiffening
[191]. Increased crosslink densities shift the onset of strain-stiffening to smaller shear
strains because less excess length is stored in bending fluctuations when the crosslinks
are more closely spaced [190]. Some crosslinker proteins (most notably filamin) are so
large that their compliance directly contributes to the network response. Crosslinker ex-
tensibility increases the rupture strain by postponing the point where the actin filaments
experience tensile loading [192, 193]. Bundling of actin filaments, which is common
at high concentrations of crosslinker proteins, suppresses entropic elasticity. Bundled
actin networks still strain-stiffen [190], but by an enthalpic mechanism that involves a
transition from soft bending modes at low strains to rigid stretching modes at high strain
[194, 195]. Under compression, actin and microtubule networks soften due to filament
buckling [135]. For branched actin networks, compressive softening has been shown to
be reversible, likely because the buckled filaments are prevented from collapsing by their
connections with the network [196].

The mechanical properties of intermediate filament networks differ in various re-
spects from those of actin and microtubule networks. First, intermediate filaments form
strain-stiffening networks even in absence of any crosslinker proteins, as demonstrated
for vimentin, neurofilaments, desmin, and keratin [197, 198]. The filaments sponta-
neously form crosslinks mediated by electrostatic interactions between their disordered
C-terminal tails. Upon tail truncation, the networks no longer strain-stiffen [199, 200,
201]. The effective crosslink density depends on the concentration of divalent cations
such as Mg?*, Ca?* or Zn?* [199, 198, 202, 203] and is sensitive to the buffer ionic strength
and pH [204]. For keratins, there are additional hydrophobic interactions between the
central rod domains that stiffen the networks [47]. Second, intermediate filament net-
works have much larger rupture strains than actin and microtubule networks as a con-
sequence of the larger single-filament extensibility. This is reflected in the dependence
of the elastic modulus K on the applied shear stress 0. While actin networks only exhibit

an entropic strain-stiffening regime where K increases as o2, intermediate filament net-
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works exhibit an additional enthalpic regime where K increases more weakly, reflecting
strain-induced filament alignment [197]. After yielding, intermediate filament networks
can even recover their initial shear modulus, likely by the re-establishment of tail-tail
crosslinks [33, 200].

MECHANICAL PROPERTIES OF COMPOSITE CYTOSKELETAL NETWORKS

Recently there has been increasing attention for the mechanical properties of cytoskele-
tal composites. Reconstitution of composite networks requires careful tuning of the
buffer conditions since the different cytoskeletal polymers are traditionally reconstituted
in their own optimized buffer conditions. Intermediate filaments are especially sensitive
to solution pH and ionic concentrations, forming filaments of different widths and pro-
tein mass-per-length ratios depending on the buffer [205]. Until now nearly all studies
of composite networks have focused on two-component composites of cytoskeletal fil-
aments co-polymerized in the absence of crosslinkers. At small strains, co-entangled
composites (specifically combinations of actin/vimentin [101], actin/keratin [206, 207],
actin/microtubules [208], and vimentin/microtubules [209] have generally been shown
to exhibit a simple additive viscoelastic response. However, there is evidence for di-
rect interactions of vimentin filaments with actin filaments [100] as well as microtubules
[210], which could potentially influence the network rheology. These interactions could
potentially lead to cell-type specific cytoskeletal crosstalk, since they are mediated by
the C-terminal tail of intermediate filaments that shows large length and sequence vari-
ations between different intermediate filament proteins. It was furthermore shown that
vimentin can impose steric constraints that hamper actin network formation and thus
cause network weakening [211].

Atlarge strains, there is evidence of synergistic enhancement of the mechanical prop-
erties in certain cytoskeletal composites. For actin/keratin composites, the strong strain-
stiffening response of the keratin network was found to dominate the high-strain re-
sponse of the composites [207]. For actin/microtubule composites, microtubules were
shown to promote strain-stiffening of the actin networks, even at low density [212, 213].
This effect was explained by the ability of rigid microtubules to suppress nonaffine bend-
ing fluctuations of actin filaments. It will be interesting to explore how these synergies
are modified in the presence of crosslinkers. Recent work showed that when actin fila-
ments and microtubules are crosslinked to each other by biotin-streptavidin, the com-
posite is more elastic than when both filaments are independently crosslinked [214].

To the best of our knowledge, there has so far been only one study of three-component
networks combining actin, vimentin and microtubules [215]. It was shown by microrhe-
ology that the linear elastic modulus of the composite is dominated by actin, with little
contribution from either microtubules or vimentin. Yet vimentin was shown to signif-
icantly extend the elastic regime to longer timescales. The authors proposed that the
vimentin network that fills in the pore spaces of the actin network [67] slows stress re-
laxation by constraining actin reptation. More work is needed to systematically study
cytoskeletal composites and to explore the impact of crosslinking with cytolinker pro-
teins such as plectin. Due to their high molecular weight these proteins are difficult to
purify. To circumvent this problem, one can engineer proteins that contain only the
cytoskeletal binding domains separated by a spacer [216]. As described later in this the-
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sis (see Chapters 4 and 5), we recently found that crosslinking with a plectin-mimetic
crosslinker causes synergistic stiffening of actin-vimentin composites (see also [217]).

2.3. CELL CONTRACTILITY

2.3.1. LIVE-CELL STUDIES

ACTO-MYOSIN CONTRACTION IS THE DRIVING FORCE BEHIND CELL MIGRA-
TION

The actin cytoskeleton is the engine behind cell migration [218]. Depending on the ex-
tracellular environment, cells can switch between different mechanisms that use actin-
based forces in different ways [219]. Fibroblasts and other adherent cells perform mes-
enchymal migration, which relies on integrin-based adhesion to the extracellular ma-
trix (ECM). The process occurs via a four-step cycle. First, actin polymerization pushes
against the membrane at the leading edge, producing lamellipodia in cells migrating on
flat rigid surfaces or pseudopodia in cells migrating in 3D extracellular matrices. Next,
the cell generates integrin-based adhesions with the substrate that connect to the con-
tractile machinery of acto-myosin stress fibres. Through a combination of pulling from
the front and squeezing from the rear, the cell body moves forward. Finally, old adhe-
sions are detached from the substrate or dissolved at the trailing edge [220]. The contrac-
tile forces involved in cell migration have been measured through the traction forces ex-
erted on the substrate. This is usually done by adhering cells to a hydrogel substrate with
known mechanical properties, such as polyacrylamide. By measuring the displacements
of fluorescent tracer particles incorporated in the gel with fluorescence microscopy, one
can computationally infer the traction forces using continuum mechanics models [221].

Adherent cells that experience strong confinement utilize a nuclear piston mecha-
nism where actin-myosin contraction in front of the nucleus pulls the nucleus forward.
Since the nucleus divides the cell in forward and rearward compartments, it acts as a pis-
ton that pressurizes the forward compartment and drives forward a cylindrical lobopo-
dial protrusion [222]. Weakly adherent cells such as leukocytes and physically confined
fibroblasts and cancer cells perform amoeboid migration, characterized by spherical
membrane blebs at the leading edge (reviewed in [223]). Blebs are created by myosin-
driven contraction of the actin cortex underneath the cell membrane, which builds up
hydrostatic pressure in the cytoplasm. Local rupture of the actin cortex or its attachment
to the membrane causes local membrane delamination, pushing forward a membrane
bleb. Over time the actin cortex regrows under the bleb membrane and myosin contrac-
tion drives bleb retraction. Confinement can also induce other migration modes that
require little substrate adhesion. Cells can move via friction generated by actin flows
within the cortex based on myosin contraction and actin turnover [224], and some tu-
mor cells can migrate by using active transport of water from the front to the back of the
cell to propel themselves forward (osmotic engine model [225]).
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THE ROLE OF MICROTUBULES AND INTERMEDIATE FILAMENTS IN CELL CON-
TRACTILITY

While not being components of the contractile machinery, both microtubules and in-
termediate filaments are important for regulating cell contraction. Microtubules nega-
tively regulate the assembly and contractility of actin stress fibers by sequestering GEF-
H1, an activator of the small GTPase Rho, in an autoinhibited state [226]. Microtubule
depolymerization by nocodazole releases active GEF-H1, leading to a global increase of
contractility as measured by traction force microscopy [227]. During both mesenchy-
mal and amoeboid migration, microtubule depolymerization and consequent GEF-H1
is tightly regulated so that actin contractility can be precisely timed and localized in a
mechanosensitive manner [228, 229, 230]. Besides biochemical regulation, it is likely
that mechanical synergy is also involved in microtubule-based control of actin contrac-
tility, since microtubules are able to absorb some of the forces from the contractile actin
cytoskeleton [171].

Intermediate filaments likewise regulate actin-based cell contraction by a combina-
tion of mechanical synergy and biochemical signaling. In cells migrating on flat surfaces,
vimentin has been reported to inhibit stress fiber assembly and contractility through
down-regulating GEF-H1 and RhoA [94]. Nevertheless, traction force measurements
have shown that vimentin-null cells are less contractile than their wild-type counterparts
[67]. Taken together with the observation that vimentin filaments orient traction stresses
along the front-rear axis, this suggests a mechanical synergy where vimentin helps build
up and transmit larger contractile forces [93]. Recently it was shown by structured illu-
mination microscopy and electron microscopy that vimentin filaments are closely as-
sociated with actin stress fibers, forming meshworks that wrap around stress fibers or
co-align with them [67, 121]. Physical coupling between the two systems is dependent
on the cytolinker protein plectin [68] Interestingly, it was recently shown that plectin
binds vimentin in response to acto-myosin pulling forces [66]. The mechanism for this
mechanosensitivity is unknown but could involve catch bonding[231]. Plectin-mediated
coupling of actin and vimentin was recently shown to be essential for cells migrating via
the nuclear piston mechanism [66]. The vimentin network helps transmit acto-myosin
pulling forces to the nucleus, thus enhancing the pressure in the front of the nucleus.
It is not yet known whether intermediate filaments also influence cell migration modes
driven by contractile activity of the actin cortex, but recent observations that vimentin
and F-actin are associated within the cell cortex suggest this is likely [67].

2.3.2. CELL-FREE RECONSTITUTION STUDIES

There is an extensive body of work using cell-free reconstitution to elucidate the mech-
anisms by which myosin II motor proteins contract actin networks (reviewed in [232]).
The contraction mechanism has been found to depend on the actin network connectiv-
ity, which is controlled by filament length and by crosslinking. Well-connected networks
of long filaments contract because myosins generate compressive stress that causes the
actin filaments to buckle and break [233]. By contrast, when the filaments are short,
myosins contract the network by polarity sorting, transporting and clustering actin fila-
ment plus ends to form polar actin asters [234]. In both cases, the length scale of con-
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traction is set by the network connectivity. Global network contraction requires the actin
network to be crosslinked above a critical percolation threshold [235]. However, exces-
sive crosslinking will prevent contraction by making the network too rigid [236].

As described above, several cell migration mechanisms rely on myosin-driven con-
traction of the actin cortex. Recently several groups have been able to reconstitute biomimetic
actin cortices by co-encapsulating actin and myosin inside cell-sized lipid vesicles. For
weak actin-membrane attachment, the network detaches from the membrane upon con-
traction [237]. In case of stronger attachment, myosin contraction can cause membrane
blebbing [238]. Cortical flows that are important for driving amoeboid migration re-
quire not only myosin activity, but also network remodeling through actin depolymer-
ization [239]. Under particular conditions, crosslinked actin-myosin cortical networks
in emulsion droplets have been observed to exhibit cortical flows [240], likely because
myosin can promote actin turnover [241]. Cell extracts, which contain additional pro-
teins to promote actin turnover, also exhibit cortical flows when encapsulated in emul-
sion droplets [242, 243, 244]. When these droplets are confined, the myosin-driven cor-
tical flows can propel the droplets forward due to friction with the channel walls, mim-
icking amoeboid migration of nonadhesive cells [245].

So far only few studies have looked at the effect of intermediate filaments or mi-
crotubules on contraction of actin-myosin networks. The addition of a vimentin net-
work that interpenetrates an actin network has been shown to promote myosin-driven
contraction by increasing the network connectivity [215]. Similarly, also the addition of
microtubules has been shown to promote uniform macroscopic myosin-driven contrac-
tion [246].

2.4. FRONT-REAR POLARIZATION

2.4.1. LIVE-CELL STUDIES

CROSSTALK BETWEEN ACTIN AND MICROTUBULES GOVERNS CELL POLAR-
IZATION IN MIGRATION

Directed cell migration requires the breaking of cell symmetry to generate a cell front
and a cell rear along an axis aligned with the direction of locomotion. Until now, the role
of cytoskeletal crosstalk in front-rear polarity has mostly been studied in the context of
2D mesenchymal cell migration [247]. It is long known that the microtubule cytoskele-
ton is essential for maintaining a polarized distribution of actin-based forces with actin
polymerization in the front and myosin [I-based contraction forces in the cell body and
rear [248]. Microtubules align along the axis of cell movement with their plus ends ori-
ented towards the leading edge. They appear to stimulate actin-driven cell protrusion
by multiple mechanisms. They activate Racl and inhibit Rho, therefore promoting actin
polymerization and preventing myosin-II-driven contractility at the leading edge. More-
over, actin filaments have been observed to grow directly from microtubule tips toward
the leading edge in growth cones of neurons, with the help of protein complexes involv-
ing APC and CLIP-170 [249, 250]. There is an interesting actin/microtubule reciprocity,
though, since the microtubules require guidance along actin stress fibers to reach the
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leading edge. This guidance requires actin-microtubule crosslinking, for instance by
ACF7, Growth Arrest-Specific Proteins (Gas2L1), CLIP-associating proteins (CLASPs) or
drebrins (reviewed in [251]). These proteins target growing microtubule plus ends by
binding to EB (end-binding) proteins, and all of them except drebrin also possess a
microtubule-lattice-binding domain. When these crosslinkers are depleted from cells,
microtubules cease to grow along actin stress fibers and the microtubule array loses its
front-rear polarity [252, 253]. Persistent cell migration is strongly hampered as a con-
sequence, not only because actin-based protrusions are misregulated, but also because
microtubules fail to reach cortical microtubule stabilizing complexes (CMSCs) that sur-
round focal adhesions [254].

Microtubule dynamics have also been shown to regulate amoeboid cell migration by
locally promoting the retraction of protrusions. In migrating dendritic cells, microtubule
depolymerization within protrusions distant from the microtubule organizing center
triggers actomyosin contractility, which is controlled by RhoA and its corresponding ex-
change factor Lfc [230]. Tethering and stabilization of microtubule plus ends by CMSC
binding is required for microtubule-dependent focal adhesion turnover, which is essen-
tial for migration (reviewed in [117]).

It is not yet clear how these crosstalk mechanisms are modified when cells perform
3D mesenchymal migration, but likely the core mechanisms are shared. One important
new factor in 3D migration is that microtubules have a more important mechanical role
and are needed to support pseudopodia [162]. A second important new factor is that the
rigidity of the nucleus hampers migration through small pores. It was recently shown
that microtubules anchored to the nucleus play an important role in active transport of
MT1-MMBP which degrades the extracellular matrix, to the cell surface where it drives
extracellular matrix proteolysis in front of the nucleus [255].

INTERMEDIATE FILAMENTS CONTRIBUTE TO CELL POLARIZATION VIA CROSSTALK
WITH ACTIN AND MICROTUBULES

Although intermediate filaments lack intrinsic polarity, they do contribute to directed
mesenchymal migration [115]. When the vimentin network is disassembled using pep-
tides or when vimentin expression is knocked down, cells lose their polarity and lamel-
lipodia appear all around the cell [256]. Vimentin forms closely associated parallel arrays
with microtubules in migrating cells [257, 92]. Experiments conducted using vimentin-
deficient mouse embryonic fibroblasts attached to polarized and non-polarized protein
micropatterns demonstrated that the lack of vimentin alters microtubule organisation,
disrupting cell polarity [258]. The two cytoskeletal networks organize in an interdepen-
dent manner. The vimentin distribution is polarized by a collaboration between active
motor-driven transport along microtubules and actin-driven retrograde flow [259]. Con-
versely, since the vimentin network is about 10-fold more long-lived than the micro-
tubule network, it can serve as a template for guiding microtubule growth along previous
microtubule tracks [92]. This provides a feedback mechanism to sustain front-rear po-
larity. Moreover, the alignment of the vimentin network with the polarity axis mechan-
ically integrates actin-based forces and orients them to promote directional migration
[93]. This mechanical integration is probably aided by vimentin-microtubule crosslinker
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proteins such as plectin and APC [257].

In addition to this mechanical role, there is growing evidence for signalling func-
tions of intermediate filaments in cell migration (reviewed in [114]). At the cell periph-
ery, there is for instance Rac-mediated crosstalk between vimentin and actin, where Rac
causes vimentin disassembly by controlling the phosphorylation of vimentin at Ser-38,
a p21-activated kinase phosphorylation site, promoting actin-driven membrane protru-
sion [256]. Intermediate filaments also regulate focal adhesion clustering and turnover
by binding integrins and via biochemical signalling [260].

2.4.2. CELL-FREE RECONSTITUTION STUDIES

POLARIZATION CROSSTALK STUDIES INVOLVING INTERMEDIATE FILAMENTS

Several studies have explored how interactions between two different cytoskeletal fil-
ament types may contribute to the front-rear polarity of migrating cells. These stud-
ies mostly used surface assays where one or both cytoskeletal filaments were surface-
anchored to facilitate imaging and control the geometry of interaction. These assays
straightforwardly allow to probe the crosstalk involved in filament polymerization, an es-
sential component of cell polarization. Most of these studies focused on actin-microtubule
crosstalk (see below), and just a few of them investigated the interplay of intermedi-
ate filaments with actin or microtubules. When surface-anchored microtubules were
grown in the presence of an entangled vimentin network, they were found to be sta-
bilized against depolymerization by direct interactions with vimentin filaments [210].
Vimentin attachment reduced the catastrophe frequency and induced rescue of depoly-
merizing microtubules. However, in the absence of crosslinker proteins, these inter-
actions were found to be short and infrequent. It is likely that vimentin-microtubule
crosslinkers such as APC and plectin create more drastic effects on vimentin and mi-
crotubule polymerization. Interestingly, the vimentin-binding region of APC by itself
promotes vimentin polymerization [257], which may perhaps promote vimentin poly-
merization along microtubules. As we show in this thesis (Chapter 3), actin and vimentin
filaments do not interact in the absence of crosslinkers, but when an engineered plectin-
mimicking crosslinker is added, actin filaments polymerize along surface-anchored vi-
mentin filaments (see also [217]).

POLARIZATION CROSSTALK STUDIES INVOLVING MICROTUBULES

A larger set of studies investigated the interplay of microtubules with different actin
network structures designed to mimic structures found at the front of crawling cells.
Branched or densely entangled actin network that mimic the dense actin array in the
lamellipodium were shown to act as a steric barier for microtubule growth [261, 262,
263]. However, when microtubules were crosslinked to actin by Tau protein, they were
able to generate sufficient polymerization force to penetrate dense actin barriers [263].
By contrast, when actin was arranged in stiff bundles that mimic actin stress fibers or
bundles in filopodia, steric interactions were instead found to promote alignment and
growth of microtubules along the actin bundles [261, 263]. Actin-microtubule crosslink-
ing proteins such as ACF7, Gas2L1, or CLASP2 were shown to promote actin-guided
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microtubule growth by allowing growing microtubules to be captured by and zippered
along the actin bundles [261, 263, 264, 265, 216, 266].

Conversely, microtubules can also influence actin polymerization. Microtubule-lattice
binding crosslinkers can induce guided polymerization of actin filaments along micro-
tubule [265, 267]. Microtubule-tip binding crosslinkers can induce active transport of
actin filaments by the growing microtubule tip [216, 268]. Computer simulations and
theoretical modeling showed that this transport is driven by the affinity of the cross-
linker for the chemically distinct microtubule tip region [268]. These interactions may
potentially enable growing microtubules to relocate newly nucleated actin filaments to
the leading edge of the cell and thus boost migration.

Altogether, cell-free reconstitution studies suggest that coupled polarization of the
three cytoskeletal filament systems observed in the cell can at least partly be understood
on the basis of a mechanical interplay.

2.5. COLLECTIVE MIGRATION & INTERCELLULAR ADHESIONS

Below we briefly review cell-based studies of the role of cytoskeletal crosstalk in the reg-
ulation of intercellular adhesion dynamics and collective migration. For a more detailed
overview, we refer the reader to our review [123].

In epithelial tissues, keratin intermediate filaments and actin jointly influence desmo-
somal and adherens junctions because they are crosslinked via plectin. Plectin orga-
nizes keratin into a rim-and-spoke configuration where contractile forces generated by
acto-myosin are balanced by compressive elements provided by the keratin network,
thus balancing internal tension and stabilizing cell-cell contacts [85]. Deletion of plectin
therefore causes perturbations of both desmosomes and adherens junctions. Although
endothelial cells do not have desmosmes, also here plectin-mediated crosslinking be-
tween F-actin and vimentin intermediate filaments regulates adherens junction strength
and tissue integrity [84]. Migrating epithelial cells need to dynamically rearrange their
adhesive contacts. Desmosome remodeling is dependent on both actin and keratin. As-
sembly of desmosomes at the leading edge and subsequent transport to the lateral sides
is mediated through extensive actin remodelling, while more matured desmosomes are
guided via keratins to the cell center to eventually disassemble [269]. Intermediate fil-
aments have an important mechanical role in distributing actin-myosin based forces,
similar to their role in single-cell migration. Collective movement of both embryonic
cells and astrocytes with proper leader-follower dynamics was shown to be highly de-
pendent on this mechanical synergy of actin and intermediate filaments [270, 89].

There is ample evidence that microtubule-actin crosstalk affects adherens junctions
via mechanisms similar to those observed for focal adhesions. Adherens junctions con-
tain multiple proteins that bind microtubule plus ends, including APC, ACF7 and CLASP
[271, 272]. This allows microtubules to promote myosin II activation and local con-
centration of cadherin molecules [273] and facilitates trafficking of junctional compo-
nents to the cell surface [274, 275]. At the same time, microtubules promote junctional
actin assembly by promoting liquid-liquid-phase separation of the actin nucleator cor-
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don bleu (Cobl) [276]. In studies of in vivo collective migration it was found that cell-
cell contacts differed in their requirement for dynamic microtubules along the leader-
follower axis [277]. Cells of the leading domain remained cohesive in the absence of dy-
namic microtubules, whereas dynamic microtubules were essential for the conversion
of leader cells to epithelial followers. Interestingly, it was recently shown that physical
confinement of collectively migrating cancer cells can induce the dissociation of leader
cells by actin-microtubule crosstalk [278]. Confinement-induced microtubule destabi-
lization releases and activates GEF-H1, which promotes RhoA activation and results in
leader cell detachment.

2.6. PLASTICITY OF CELL MIGRATION

2.6.1. LIVE-CELL STUDIES

CELLULAR PLASTICITY IS MEDIATED THROUGH FOCAL ADHESIONS

Most terminally differentiated cells such as epithelial and stromal cells migrate only
during morphogenesis. However, tissue injury can induce cell plasticity. Mature cells
can re-enter the cell cycle and change their phenotype guided by paligenosis programs
[279]. Unfortunately plasticity can also contribute to disease. For instance, malignant
cancer cells are often hyperplastic, contributing to their invasiveness. A well-studied
example of cell plasticity is epithelial-mesenchymal transition (EMT), a reversible pro-
cess in which epithelial cells lose polarity through cytoskeletal remodelling, individual-
ize and gain motility. EMT is a critical process in embryonic development and wound
healing, but it also plays a key role in fibrosis and cancer invasion. EMT and the reverse
mesenchymal-epithelial transition (MET) are influenced not only by biochemical cues,
but also by mechanical properties of the ECM [280, 281].

Cells sense the mechanical properties of the ECM through their acto-myosin cy-
toskeleton at focal adhesions, mediating mechanotransduction and activating down-
stream plasticity mechanisms in response to environmental changes. Focal adhesions
are based on integrin adhesion receptors that interact with the ECM through their extra-
cellular domains and with the actin cytoskeleton through their cytoplasmic tails [282].
The actin-integrin connection is mediated through talin and kindlin (reviewed in [283]).
Single integrins form small and transient junctions, but mechanical stimulation rein-
forces integrin adhesions by causing maturation into large focal adhesions. Upon me-
chanical stimulation, talin and kindlin undergo conformational changes that expose
cryptic binding sites for additional cytoskeletal and signalling proteins [282]. Mechanical
stimulation further reinforces focal adhesions by inducing actin polymerization [284].
Variations in the biochemical composition and physical properties of the ECM can elicit
different 3D cell migration modes characterized by different amounts of cell-ECM adhe-
sion [219, 285]. Highly crosslinked and dense matrices elicit lobopodial migration, char-
acterized by a high number of focal adhesions and high actomyosin contractility. Less
dense, fibrous environments elicit mesenchymal migration with a characteristic front-
to-rear gradient of focal adhesions. In low-confining areas that lack adhesion sites, cells
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depend on bleb formation to drive themselves forward, a mechanism that does not re-
quire focal adhesions [219].
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Figure 2.2: Schematic of the two general cytoskeletal crosstalk mechanisms and their effect on cytoskeletal
biophysics. Entanglements and crosslinks regulate stress stiffening, compressive reinforcement, force dis-
tribution and slower stress relaxation (left). Bundling regulates coupled polymerization and nucleation, guid-
ance and co-alignment, and tip-mediated transport of filaments (right). Color scheme: actin (magenta), mi-
crotubules (green), intermediate filaments (cyan) and crosslinkers (pink).

ROLE OF MICROTUBULES IN CELL MIGRATION PLASTICITY

Not much is known about the role of cytoskeletal crosstalk in migration plasticity. Mi-
crotubules are likely involved through their feedback interactions with actin near focal
adhesions. It was recently shown that higher substrate rigidity promotes microtubule
acetylation through the recruitment of a-tubulin acetyltransferase (@ TAT) to focal ad-
hesions by talin [121]. In turn, microtubule acetylation tunes the mechanosensitivity
of focal adhesions by promoting the release of GEF-H1 from microtubules to activate
RhoA, which in turn promotes actomyosin contractility [121]. In breast cancer cells,
actin-microtubule crosstalk near focal adhesions via the scaffolding protein IQGAP1 was
demonstrated to promote invasion in wound healing and transwell assays [286]. In fi-
brosarcoma cells, the microtubule-destabilizing protein stathmin was shown to influ-
ence migration mode switching [287]. Increased stathmin activity, and as a result less
stable microtubule networks, promoted amoeboid-like migration, while phosphoryla-
tion of stathmin led to a more elongated migratory phenotype. Besides crosstalk near fo-
cal adhesions, microtubules can also influence migration mode switching through me-
chanical effects. In confined or compressed cells, microtubules are stabilized through
CLASP2 localization to the lattice, providing a mechanosensitive pathways for cells to
adapt to highly constricting environments [161].

ROLE OF INTERMEDIATE FILAMENTS IN CELL MIGRATION PLASTICITY

The intermediate filament protein vimentin is considered a key cellular plasticity regula-
tor and marker of tumor cell malignancy, especially based on its general upregulation in
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EMT and in motile cancer cells [288]. Carcinoma cells in addition express integrin a634,
which recruits vimentin to focal adhesions through its binding to plectin, promoting a
3D invasive phenotype switch [289]. Together with nuclear lamins, vimentin contributes
to migration plasticity through regulation of nuclear deformation, for instance allowing
for a transition towards amoeboid-like and faster migration in Hela cells and melanoma
cells when encountering confinement [290, 113]. Moreover, cells migrating under high
confinement use their nucleus as a piston to squeeze through small pores. This com-
plicated pulling mechanism is regulated through crosstalk between the vimentin cage
around the nucleus and actomyosin in front of the nucleus [222].

2.6.2. CELL-FREE RECONSTITUTION STUDIES

Understanding the molecular basis of migration plasticity is an enormous challenge
since integrin-based matrix adhesions contain over 100 types of molecules that are po-
tentially mechanosensitive [291].

One of the first mechanotransduction events during adhesion maturation is stretch-
ing of talin, followed by vinculin binding and activation. This core process was elegantly
reconstituted by overlaying a network of actin-myosin bundles mimicking stress fibers
on a talin-micropatterned surface [292]. It was shown that direct binding of the con-
tractile actin-myosin network to talin was sufficient to stretch the protein and induce
the association and activation of vinculin. Talin binding facilitates vinculin activation
by allosterically weakening the head-tail interaction that keeps it in an auto-inhibited
conformation [293]. Exposure of the actin-binding tail induces a positive feedback that
reinforces the connection with actin [292]. Using the same assay, it was shown that ac-
tivated vinculin can interact with Arp2/3 complex-mediated branched actin networks
and modify their organization by crosslinking actin filaments into bundles [294]. This
is likely an important step towards focal adhesion maturation. Single-molecule studies
showed that vinculin forms a directionally asymmetric catch bond with F-actin [295]. In
this way vinculin can organize the polarity of the actin cytoskeleton and contribute to
front-rear asymmetry in migrating cells. Recently the interaction of integrins, talin and
kindlin, another major focal adhesion regulator, was reconstituted on giant unilamel-
lar vesicles [296]. It was shown that phosphoinositide-rich membranes recruit talin and
kindlin, which then cause the formation of large integrin clusters that can recruit actin-
myosin. Another study showed that membrane-bound talin can also activate vinculin
and the two proteins together can link actin to the membrane [297].

Cell-free reconstitution studies suggest that the actin cytoskeleton itself also contains
proteins that mediate mechanotransduction. An example is filamin A (FLNA), a large
multi-domain scaffolding protein that cross-links actin filaments and binds numerous
proteins via cryptic binding sites along its length. Using reconstituted actin networks
crosslinked with FLNA, it was shown that mechanical strain on the FLNA crosslinks alters
its binding affinity for its binding partners[298]. Both externally imposed bulk shear and
contraction by myosin-II increased binding of the cytoplasmic tail of -integrin while it
weakened binding of FilGAP, a GTPase that inactivates Rac. Mechanical strain on FLNA
can thus stabilize extracellular matrix binding and at the same time influence actin dy-
namics through Rac activity.
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2.7. THE ROAD AHEAD

Cytoskeletal crosstalk is increasingly recognized as a major determinant of cell migra-
tion. Coupling between the actin, microtubule and intermediate filament cytoskeleton
influences cell migration by regulating cell deformability, contractility, front-rear polar-
ity and migration plasticity. Coupling of filaments through entanglements, crosslinking
and bundling regulates a variety of mechanisms that mediate cellular mechanics and
cytoskeletal dynamics involved in these migration strategies (Figure 2.2). To complicate
matters, there is growing evidence that a fourth cytoskeletal protein family, the septins,
also strongly impacts cell migration. Septins are well-equipped to mediate cytoskeletal
crosstalk since they can bind to the cell membrane, actin and microtubules [299]. Re-
cent research demonstrated roles of septins in mesenchymal and amoeboid single-cell
migration [300, 301] and in the regulation of endothelial and epithelial cell-cell adhesion
[302, 303].

Elucidating the biophysical mechanisms by which cytoskeletal crosstalk regulates
cell migration is challenging due to the enormous molecular complexity of the cell and
feedback between mechanical forces and biochemical signaling. Cell-free reconstitu-
tion provides a valuable complement to live-cell studies because it simplifies the chal-
lenge of separating biochemical and physical contributions to cytoskeletal crosstalk. Yet
we do note that caution should be used when translating findings regarding cytoskele-
tal crosstalk from bottom-up studies to cells. Cell-free model systems present a highly
simplified environment in terms of molecular complexity, crowding, ionic conditions,
spatial heterogeneities, mechanical conditions, etcetera. Cytoskeletal interactions or
mechanical effects observed in a cell-free system do not necessarily occur (in the same
way) in the cellular environment. The power of cell-free studies is to develop and test hy-
potheses regarding possible interactions and their biophysical impact under well-controlled
conditions. Using cell-based studies, one can then test how these findings carry over to
the cellular environment.

2.7.1. INCREASING THE COMPLEXITY FROM THE BOTTOM-UP

Clearly there still remains an enormous gap between the complexity of cells and the
simplicity of reconstituted systems. How can this gap be bridged? We propose differ-
ent routes to bridge this gap (Figure 2.3). One obvious direction to bridge this gap is to
enhance the complexity of cell-free assays. We would like to mention three aspects here.

First, it will be important to introduce controlled interactions between the cytoskele-
tal constituents. Most cell-free studies so far combined cytoskeletal filaments without
any accessory proteins. Interestingly, this work showed that steric interactions alone
suffice to give rise to nonlinear stiffening and enhanced compressive strength. There
is some evidence that intermediate filaments directly interact with actin filaments and
microtubules via electrostatic interactions [100, 210], but this could be an artefact of in
vitro conditions. Single-molecule measurements of filament interactions within cells or
cell lysates could shed light on this issue. An important next step to bridge the gap to
the cell is to incorporate accessory proteins that mediate cytoskeletal coupling. Several
studies have shown that crosslinking via cytolinkers is sufficient to give rise to cytoskele-
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Figure 2.3: Our proposed route to bridge the gap between live cell (top down) and cell free (bottom up) ap-
proaches in the research of cytoskeletal crosstalk in cell migration. Micropatterning and optogenetic
tools can be used to manipulate cytoskeletal interactions both in cell-free and live cell model systems. These
approaches, together with other advances, can therefore help bridge the gap between the two research ap-
proaches. Color scheme: actin (magenta), microtubules (green), intermediate filaments (cyan) and crosslink-
ers (pink).

tal filament co-alignment and mechanical synergy (e.g. [216, 217]). More detailed in-
vestigations of the effects of cytolinkers, both in vitro and in cells, will be important to
delineate their roles in cytoskeletal co-organization, mechanical synergy, and mechan-
otransduction. In this thesis we make first steps in this direction by exploring the impact
of cytolinkers on the mechanical synergy of actin and vimentin using cell-free reconsti-
tution (Chapters 4 and 5) and we explore the use of these cytolinkers in cells (Chapter
7).

Second, it will be important to introduce cell-mimicking geometrical constraints.
In the cell, cytoskeletal crosstalk is guided by geometrical constraints provided by the
cell membrane. The membrane organizes the cytoskeleton through spatial confinement
and by providing adhesion sites where cytoskeletal filaments are nucleated or anchored.
Reconstitution experiments have begun to recapitulate these constraints by encapsu-
lating cytoskeletal proteins inside cell-sized emulsion droplets or lipid vesicles, includ-
ing actin/microtubule and actin/keratin composites [206, 304]. These model systems
could form a basis for reconstituting synthetic cells capable of migration. Adhesion-
independent migration is probably easiest to reconstitute. Flow-driven confined migra-
tion was recently reconstituted, although based on a cell extract, so the minimal set of
ingredients is not yet known [245]. It will be interesting to incorporate microtubules
and/or intermediate filaments in this assay to control cell polarity and mechanics. Mes-
enchymal migration is likely more challenging to reconstitute because it requires coor-
dinated actin polymerization, contraction, and cell-matrix adhesion. Motility driven by
actin polymerization has been successfully reconstituted on the outer surface of lipid
vesicles (reviewed in [305]), but motility of vesicles with actin polymerization inside will
require substrate adhesion. Surface micropatterning provides an interesting approach
to impose polarized shapes to synthetic cells by forcing them to adapt to the pattern
shape and size [306].

Third, it will be important to introduce symmetry-breaking cues. One could for in-
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stance use light-induced dimerization to induce spatial patterning and symmetry break-
ing of cytoskeletal networks. Light-inducible dimers (LIDs) come from photoactivatable
systems naturally occurring in plants and allow for reversible photoactivation [307]. Re-
cently it was for instance shown that microtubule-interacting proteins fused to opto-
chemical dimerization domains can be used to drive symmetry breaking of microtubule
networks inside emulsion droplets [308].

2.7.2. REDUCING THE COMPLEXITY FROM THE TOP-DOWN

The opposite direction to bridge the gap between live-cell and cell-free studies is to re-
duce the complexity of living cells. Some of the same techniques that can provide more
control over cell-free systems can also provide control over the behavior of living cells.

Surface micropatterning for instance allows one to confine cells to adhesive islands
with precisely controlled geometries, forcing the cells to adopt prescribed shape and cor-
responding cytoskeletal organizations. Imaging many cells adhered on the same pattern
greatly facilitates quantification of cytoskeletal crosstalk [258]. Moreover, micropattern-
ing can be used to investigate how cytoskeletal interactions affect single-cell and collec-
tive cell migration dynamics [309].

Light-inducible dimerization can be used to manipulate cytoskeletal interactions
with high spatial and temporal control. It was for instance recently shown that F-actin
can be crosslinked to microtubule plus ends by transfecting cells with an iLID-tagged
EB-binding SxIP peptide and SspB-tagged actin-binding domains [310]. This could be
an interesting tool to systematically study the crosstalk of microtubules with actin and
intermediate filaments that takes place near cell adhesions.

Finally, molecular tension sensors provide a very interesting tool to selectively inter-
rogate mechanical interactions between cytoskeletal networks. Tension sensors con-
sist of two fluorescent proteins separated by a peptide with a calibrated mechanical
compliance. Under strain, the fluorescent proteins are separated, decreasing fluores-
cence energy transfer (FRET) between them. By embedding a tension sensor in the actin
crosslinker FLNA, it was recently shown that molecular tension can be measured within
the actin cytoskeleton [311]. It will be interesting to use a similar approach to measure
tension within the intermediate filament cytoskeleton and test force transmission be-
tween the actin and intermediate filament cytoskeleton. In this thesis we make first steps
in this direction in Chapter 6, where we develop tension-sensing proteins that crosslink
F-actin.
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SPATIOTEMPORAL DYNAMICS OF
CO-ENTANGLED COMPOSITE
NETWORKS OF F-ACTIN AND

VIMENTIN

Cell shape and deformability are determined by the cytoskeleton, which consists of an in-
terpenetrating network of actin filaments, microtubules, and intermediate filaments. In
mesenchymal cells, interactions between actin and vimentin, a type of intermediate fila-
ment, contribute to vital cellular processes such as cell division and migration. However,
the molecular nature of these interactions and the resulting mechanical synergy between
actin and vimentin remain poorly understood. A few prior studies have used in vitro re-
constitution to test for mechanical synergy in composite networks of actin and vimentin,
but there is contradictory evidence whether or not these filaments combine to give syner-
gistic mechanical enhancement. In this Chapter we revisit this question using bulk rhe-
ology measurements in which we compare co-entangled actin-vimentin composites with
single-component networks of actin or vimentin. We choose protein concentrations such
that the network mesh sizes should be comparable, an assumption that we validate by Dif-
ferential Dynamic Microscopy (DDM) measurements of the mobility of embedded tracer
particles. We show by bulk rheology that the linear viscoelastic properties of co-entangled
actin-vimentin networks are a simple superposition of the properties of the two compo-
nent networks, suggesting that no mechanical synergy emerges in absence of accessory
proteins.
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3.1. INTRODUCTION

HE mammalian cell cytoskeleton is a scaffold made up of different filamentous pro-

teins, including actin, microtubules, and intermediate filaments (IFs). The interac-
tions among these cytoskeletal components are crucial for controlling the cell’s overall
shape and internal structure and for regulating basic cellular functions. For example, the
combined actions of filamentous (F-)actin and microtubules influence cell shape and
polarity [251] (F-actin/microtubule crosstalk), while the organization and transport of
vimentin networks (an intermediate filament protein expressed in mesenchymal cells)
depend on their interactions with microtubules [43] (vimentin/microtubule crosstalk).
Recently, vimentin and actin were shown to form an interpenetrating network struc-
ture within the cell cortex that is important for cell division in confined environments
[67, 215]. Moreover, high resolution imaging of mouse embryonic fibroblasts revealed
coupling between actin and vimentin structures within the cortex as well as in stress
fibers [67] (F-actin/vimentin crosstalk).

Previous studies on cell mechanics have overwhelmingly focused on the individual
contribution of each cytoskeletal system, obtained by measuring the change in cell stiff-
ness or contractile force generation upon genetic or pharmacological manipulations.
These studies have been complemented by mechanical studies on individually recon-
stituted cytoskeletal components [312]. Based on these studies, intermediate filaments
are thought to mainly govern cell strength, while F-actin is thought to mainly govern
cell stiffness and contractility [313, 314]. However, the mechanical properties of the cy-
toskeleton as a whole, resulting from the combination of different cytoskeletal subsys-
tems, remains poorly understood.

In recent years there has been a shift towards a more comprehensive approach that
considers interactions between different cytoskeletal subsystems. For instance, exper-
imental and theoretical studies have revealed substantial alterations in the nonlinear
viscoelastic behavior of filamentous (F-)actin networks as soon as even a small density
of microtubules are incorporated [212]. Several studies have addressed reconstituted
networks of F-actin and vimentin, but there is contradictory evidence whether or not
these filaments combine to give synergistic mechanical enhancement. One study re-
ported a synergistic stiffness enhancement for co-polymerized networks of actin and
vimentin at a total protein monomer concentration of 24 uM, compared to their single-
component counterparts, each at a monomer concentration of 24 uM [100]. The authors
proposed that the filaments experience direct interactions facilitated by the disordered
C-terminal tail domains of vimentin, which decorate the surface of vimentin filaments.
They showed that synergistic stiffening was indeed absent in composite networks re-
constituted using a tail-truncated vimentin mutant. While this finding is suggestive of
direct F-actin/vimentin interactions, the precise physical origin and binding strength re-
mained elusive. Moreover, later work showed that when the mesh size of the networks
was kept constant instead of the concentration, composite actin-vimentin networks ex-
hibited a rheological response that was a simple superposition of the response of the
single-component networks [101]. Note that, due to the different monomer molecular
weight (42 kDa) and filament width of F-actin (double-stranded helices [6]) versus vi-
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mentin (53.6 kDa monomer molecular weight, 32 monomers per cross-section [315]),
networks of the same protein molar concentration have a different mesh size. The mesh
size reflects the average spacing between neighboring filaments, which is the main de-
terminant of the concentration-dependent rheology of semiflexible polymer networks
[316]. When the mesh size is held constant, any differences in network properties be-
tween composite versus single-component networks should reflect filament interactions,
whereas when the monomer concentration is held constant, these differences will be im-
pacted by a different filament spacing.

In this chapter, in part motivated by the disparity from these previous studies, we
aim to better understand what are the dynamic and mechanical properties that emerge
from combining F-actin and vimentin filaments in reconstituted networks. It is impor-
tant to note that in the cell the interaction between F-actin and vimentin is regulated by
crosslinker proteins like plectin [61] (see Chapters 4 and 5 of this thesis). In this chapter,
we limit ourselves to the more basic reconstitution of just F-actin and vimentin filaments
without any additional crosslinker protein. To study the network dynamics and mesh
size, we performed passive microrheology, a method that relies on the quantification of
the thermal fluctuations of embedded probe particles [317]. Instead of single-particle
tracking, which has been used extensively in prior studies of actin and vimentin net-
works [215, 197, 318], we use Differential Dynamic Microscopy (DDM). DDM has the
advantage that it does not require localization and tracking of individual particles. In-
stead, images are analyzed in Fourier space to extract the characteristic decorrelation
times of density fluctuations across a span of wave vectors. One thus obtains informa-
tion equivalent to light scattering but with real-space images acquired on a microscope
[319, 320]. Recently a few labs picked up on this method in the context of cytoskeletal
networks in vitro [321, 246, 322] and in cells [323]. In our study, we extend an existing
analysis pipeline [324] with custom-written Python modules for data analysis. In par-
allel, we also study the stress relaxation dynamics of the networks by small amplitude
oscillatory shear measurements. The DDM measurements reveal that the spatiotempo-
ral dynamics of the F-actin-vimentin composites reflect a superposition of the F-actin
and vimentin network dynamics. In line with this finding, the bulk linear viscoelastic
properties for composite networks are a simple superposition of the two networks when
compared at constant mesh size. We conclude that there is no significant mechanical
synergy between F-actin and vimentin networks in the absence of crosslinking.

3.2. PRINCIPLE OF DIFFERENTIAL DYNAMIC MICROSCOPY

Differential dynamic microscopy (DDM) is an analytical technique that allows for the
quantification of the decorrelation rate of structural features within a system based on
time lapse sequences of two-dimensional microscopy images, I(x, y, t), where I is the
intensity in each pixel (x,y) [319, 320]. Here we used either bright field or wide field
fluorescence imaging of tracer particles embedded within the reconstituted cytoskeletal
network. However, we note that the method is very general and also extends to alter-
native imaging modalities such as dark field microscopy [325] and to alternative probes
such as the cytoskeletal filaments themselves [326].
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A fundamental step in DDM involves subtracting frames separated by a lag time
At: this process eliminates the time-independent signal, thus revealing the displace-
ments of mobile tracer particles. At alag time characteristic of the system, the difference
images become statistically indistinguishable. This occurs when the tracers particles
have moved sufficiently far from their original positions, eliminating correlation with
the image at the initial time, f. The next step in the DDM analysis entails a 2D Fourier
transform of the difference image of each pair of images separated by Az, which is then
squared, producing the image structure function:

D(G,AD) = (| 1(G; At + to) — 1(G; 10)1*) 4, 3.1)

D(q, At) depends on the lag time and on the wave vector 4. This wavevector corresponds
to a spatial frequency, A = 27”. For each g-value, D(g,At) probes movement at a specific
length scale. If the particle dynamics are isotropic, as is the case for reconstituted so-
lutions of cytoskeletal filaments, the image structure function can be radially averaged,
using the magnitude of §. Furthermore, in case of random tracer particle movement
driven by thermal fluctuations, subtracting images separated by the same time lag at dif-
ferent times yields statistically identical Fourier transforms. Thus, to enhance statistical
accuracy, Fourier transforms for all image pairs with equal At were averaged.

The image structure function can be related to the intermediate scattering function
(ISF), which contains information about the underlying dynamics of the sample [319]:

D(q,A1) = A1 - f(4,AD] + B(q) (3.2)

Here, f(g,At) is the ISE and A(§) and B(g) are dependent on the optical properties of the
microscope and the sample. B(g) is the background, which depends on the noise in the
images, while A(g) is the amplitude, associated with the static scattering of the sample
[327]. These parameters can be determined by fitting the data with D(g; At — 0) = B(§).
When the tracer particles are immersed in a simple Newtonian fluid, the ISF starts at a
value of 1 at zero lag time and decays to a final value of 0 as correlation within the system
is entirely lost. Decorrelation is more rapid for large g-values, which corresponds to
small wavelengths in real space. When the tracer particles undergo simple Brownian
motion, the ISF is expected to decay exponentially [319]:

f(@,Ap =e 7@, 3.3)

where 7(q) is the characteristic decay time of the system, which governs the diffusion
coefficient D of the particles.

For particles embedded in more complex non-Newtonian materials such as a cy-
toskeletal protein network, particle motion becomes subdiffusive due to particle con-
finement [328]. The particle confinement will depend on the tracer particle size relative
to the network mesh size. Particles that are similar-sized or larger than the meshes will be
strongly hindered in their diffusion [329]. When the particles are larger than the meshes,
their diffusion coefficient is mainly dependent on the linear viscoelastic properties of
the network. This is the basis for microrheology, where the network rheology is inferred
from the ISF (or in the time domain, the mean squared displacement of the particles)
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by generalizing the Stokes-Einstein relation and replacing the solvent viscosity by the
complex shear modulus [330, 331].

3.3. RESULTS

3.3.1. LINEAR RHEOLOGY OF F-ACTIN, VIMENTIN AND COMPOSITES THEREOF

We first revisited earlier contradictory findings summarized in the Introduction regard-
ing mechanical synergy in composite networks of F-actin and vimentin. We polymerized
actin (24 uM), vimentin (18 M), or composite actin-vimentin networks (24uM actin +
18uM vimentin) between the cone-and-plate of a rheometer and performed linear vis-
coelastic measurements. We chose the actin and vimentin monomer concentrations
such that we expected a similar average mesh size of 300 nm as estimated based on
the protein concentration and the known mass-per-unit length of the filaments (see de-
tailed explanation in Appendix 3.8.1). We performed the experiments with two different
batches of vimentin: one batch that was also used for DDM later in this chapter (Figure
3.1A), and another batch that was used in the later Chapters 4 and 5 (Figure 3.1B). In
both cases, we applied small amplitude oscillatory shear with a strain amplitude of 1%
while varying the frequency logarithmically and determined the network elastic (stor-
age) shear modulus, G', and viscous (loss) modulus, G”, from the stress response.

In case of the vimentin batch used for DDM measurements, the elastic moduli were
comparable for F-actin (blue curve), vimentin (pink curve) and actin+vimentin (black),
with values of ~4 Pa (Figure 3.1A (top)). The vimentin network (pink curve in Figure 3.1A
(bottom)) was slightly more solid-like than the F-actin network (blue curve), as charac-
terized by a slightly smaller loss tangent tan(6) = % The composite network had a loss
tangent intermediate between that of F-actin and vimentin. The frequency dependen-
cies of the elastic modulus and loss tangent were similar for all three networks, suggest-
ing similar stress relaxation dynamics. These results indicate that there is no mechanical
enhancement between the two subsystems upon co-polymerization.

In case of the vimentin batch used in later chapters (Chapters 4 and 5), the F-actin
network (blue curve) was softer than the vimentin network (pink curve) (see Figure 3.1B
(top)). The F-actin network had an elastic modulus of ~ 1.5 Pa, whereas the vimentin
network had an elastic modulus of ~ 3 Pa. The stiffness of the F-actin/vimentin compos-
ite network (black curve) was approximately equal to the sum of the elastic moduli of the
two isolated networks (more details are discussed in Chapter 4). The loss tangent of the
networks (Figure 3.1B (bottom)) was quite noisy but showed F-actin-vimentin compos-
ite networks (black curve) to be in-between the single-filament networks of vimentin
(pink curve) and F-actin (blue curve). These observations again indicate that the vis-
coelastic properties of F-actin/vimentin composites are a simple superposition of two
non-interacting networks.
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Figure 3.1: Linear bulk rheology of F-actin (24uM), vimentin (18 uM) and 24uM actin + 18uM vimentin com-
posites. The color code is the same in both panels (see legend at the bottom). (A) Data obtained with the
vimentin batch also used for DDM assays. (Top) Frequency dependence of the storage modulus G’ of F-actin-
vimentin composite network (black curve) and of one-component F-actin (blue curve) and vimentin (pink
curve) networks. (Bottom) Corresponding loss tangents, defined as the ratio of the loss modulus G” to the
storage modulus G’ (same color code). Note that the loss tangent is noisy because the applied strain and the
shear moduli (especially G”) are small, so the stress is close to the sensitivity limit of the rheometer. Also note
that tanA is dimensionless. (B) Corresponding data obtained with the vimentin batch used in Chapters 4 and
5.

3.3.2. SPATIOTEMPORAL DYNAMICS OF F-ACTIN, VIMENTIN AND COMPOS-
ITES THEREOF

In order to compare the spatiotemporal dynamics of F-actin, vimentin and composite F-
actin-vimentin networks, we performed comparative microrheology measurements on
the three types of networks using DDM analysis of time-lapse movies of tracer particles
embedded in the networks. These measurements provide an indirect way to test the the-
oretical estimates of the network mesh size. As explained in Appendix 3.8.1, estimating
the mesh size from the protein monomer concentrations assumes that the networks are
isotropic and uniform. To test the validity of this assumption, we used tracer beads with
two different sizes (0.6 ym or 1.1 ym) and networks with four different estimated mesh
sizes (0.25 pm, 0.3 ym, 0.4 pm and 0.5 ym). A detailed overview of the parameters we
explored is shown in Appendix Tables 3.1 and 3.2 for F-actin and vimentin networks, re-
spectively. We made sure to perform this systematic series of experiments all with the
same batch of dialyzed vimentin and G-actin, to minimize any influence of batch-to-
batch variations (see below). We expect the particles to become strongly hampered in
their motion when their diameter becomes comparable to the mesh size [329]. We quan-
tified the dynamics of the particles through the intermediate scattering function (ISF),
which is shown for a constant g-value of 4.65 um', an intermediate value where the ISF is
minimally affected by noise or drift [332]. We adjusted the particle concentrations such
that the number of particles was between 5-10 in the field of view for all the samples,
with the help of calibration samples of particles in glycerol/water solutions at different
dilutions (see Appendix Figure 3.4).

We first studied the dynamics of tracer particles with two different sizes (0.6 or 1.1
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Figure 3.2: DDM data showing the intermediate scattering function (ISF) for tracer particles in F-actin and
vimentin networks as a function of particle size and network mesh size. (A) Series of ISF data for tracer particles
with a diameter of 0.6 um in actin networks prepared at different concentrations corresponding to theoretical
mesh sizes of 0.3 um (dark blue curve), 0.4 um (blue curve) or 0.5 um (dark violet curve). (B) Corresponding
series of ISF data for tracer particles with a diameter of 1.1 um in actin networks (same color code as in A).
(C) Series of ISF data for tracer particles with a diameter of 0.6 pm in vimentin networks prepared at different
concentrations corresponding to theoretical mesh sizes of 0.25 um (black curve), 0.3 um (violet curve) and 0.4
pm (pink curve). (D) Series of ISF data for tracer particles with a diameter of 1.1 ym in vimentin networks
prepared at different concentrations corresponding to theoretical mesh sizes of 0.3 um (violet curve), 0.4 yum
(pink curve) and 0.5 ym (salmon curve). All ISF data were obtained at a constant g value of 4.65 um!. Note
that the ISF is dimensionless.
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pm) in F-actin networks. For the smaller particles (0.6 um, Figure 3.2A), we observed
decorrelation of the ISF with a slowing down when the mesh size was decreased from
0.5 pm (dark violet curve) to 0.4 um (blue curve) and 0.3 um (dark blue curve). The ISF
curves did not decorrelate to zero, as expected in case of free diffusion. However, we
note that even in simple water-glycerol mixtures, our ISF curves did not decorrelate fully
to zero (see Appendix Figure 3.4). We hence suspect that this effect reflects problems
with the background estimation, where we probably used inaccurate estimates of A(g)
and B in the calculation needed to determine the ISF from the DDM matrix (see Equa-
tion 3.2). It has been reported previously that B can be overestimated in this approach
[324]. The DDM data show that the tracer particles were not immobilized in any of the
F-actin networks, even though the ratio of particle size to the average estimated mesh
size was larger than 1 in all cases (Rp34 = 2, to Ryg4a = 1.5, and Ry 54 = 1.2). Since we an-
ticipate a distribution of mesh sizes, this is not unexpected. For the larger particles (1.1
um), we observed similar dynamics as for the smaller particles in networks with the two
largest mesh sizes (0.4 ym (blue curve) and 0.5 pym (dark violet curve), corresponding
to particle size/mesh size ratios of Ry44 = 2.75 and Ry 54 = 2.2, respectively). However,
the ISF showed significantly slower and incomplete relaxation when the particles were
embedded in the F-actin network with the smallest mesh size (0.3 um (dark blue curve),
corresponding to Ry 34 = 3.6). These observations suggest that the theoretical mesh size
estimates for F-actin networks provide a reasonable proxy of the average interfilament
spacing.

Next we performed similar measurements with the same two particle sizes for vi-
mentin networks. For the smaller particles (0.6 ym diameter, Figure 3.2C), we observed
a strong impact of the vimentin concentration on particle mobility. For the largest mesh
size (pink curve, 0.4 pm, corresponding to R4y = 1.5), the ISF fully decorrelated, just
like in F-actin networks at Ry44 = 1.5. In this case the tracer particles are hence uncon-
strained by the network. However, when the mesh size was reduced to 0.3 um (violet
curve), corresponding to Ry 3y = 2, the ISF no longer fully decorrelated to zero, indicat-
ing hindrance of particle motion. When the mesh size was further reduced to 0.25 um
(black curve), corresponding to Ry 25y = 2.4, the ISF did not correlate at all on the exper-
imental time scale, indicating particle caging. For the larger particles (1.1 ym diameter,
Figure 3.2D), we qualitatively observed a similar concentration-dependent increase in
particle hindrance as the particle/mesh size ratio increased from Ry 5y = 2.2 (light pink
curve) to Ry4y = 2.75 (pink curve) and Ry 3y = 3.6 (violet curve). Altogether, these obser-
vations suggest that the theoretical mesh size estimates also provide a reasonable proxy
of the average interfilament spacing for vimentin.

The trend of increased particle hindrance with increasing particle size-to-mesh size
ratio is consistent between the F-actin and vimentin networks. Interestingly, however,
in this series of measurements the extent of particle hindrance is larger in vimentin net-
works than in F-actin networks when we compare ISF curves for the same particle/mesh
size ratio. Strong hindrance of the particles already occurred at particle/mesh size ra-
tios above 2 in vimentin, whereas this required a particle/mesh size ratio of 3.6 in F-
actin. This difference could of course be simply due to inaccuracies in the key assump-
tions (network uniformity and isotropy) or numbers (filament mass-length ratio) that
enter the theoretical mesh size calculation. However, the larger hindrance by vimentin
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as compared to F-actin could also be an effect of the larger flexibility of vimentin fil-
aments (with a persistence length of 0.5-1 ym) as compared to actin filaments (with
a persistence length of 10 um). Previous microrheology measurements reporting heat
maps of the probability distributions of particle positions for 1 um particles indeed also
indicated more constrained motion in vimentin (9 uM, Rv;imentin = 1.6) as compared
to F-actin networks (24 uM, Rctin = 3.5) and attributed this to the larger flexibility of
vimentin filaments [215].

Finally we compared the dynamics of the single-component networks with the dy-
namics of composite F-actin-vimentin networks prepared at the same (theoretical) mesh
size of 0.4 um, using tracer particles with a diameter of either 0.6 um (Figure 3.3A) or
1.1um (Figure 3.3B). In both cases we tested composites with two different composi-
tions: either with F-actin being the dominant component (actin concentration 2-fold
larger than the vimentin concentration, dark blue curves in Figure 3.3A and B)) or with
vimentin being dominant (vimentin concentration 2.2-fold larger than the actin con-
centration, violet curves). We note that this series of experiments was performed with a
different batch of dialyzed G-actin from the one used above. For both composites, the
ISF curves are intermediate between the curves for F-actin and vimentin networks. This
observation suggests that the spatiotemporal dynamics of the composite reflects a sim-
ple combination of the dynamics of the separate components. We furthermore see that
for both particle sizes, the ISF decorrelated fastest for vimentin and slowest for F-actin.
We note that this observation is opposite to the data presented in Figure 3.2A,B, where
vimentin caused more hindrance than F-actin networks in slightly denser (mesh size of
0.4 um) networks. In particular the particle dynamics in F-actin networks are slower in
the data set in Figure 3.3A,B as compared to the data set in Figure 3.2A,B. This discrep-
ancy reflects the pronounced variability we observed between experiments performed
on F-actin networks on different days (see Appendix Figure 3.5). However, sample prepa-
ration required dialysis of the G-actin stock solution into fresh buffer (see Methods 3.7.1),
which could introduce variations. For instance, differences in the activity of dithiothre-
itol (DTT), which is included in the buffer to prevent G-actin oxidation [333], could lead
to variations in actin polymerization/depolymerization and crosslinking [334].

3.4. DISCUSSION

To better understand what are the spatiotemporal and mechanical properties that emerge
from combining F-actin and vimentin filaments, we performed bulk rheology and tracer
particle microrheology on in vitroreconstituted networks of F-actin, vimentin and com-
posites thereof. This chapter was partly motivated by contradictory evidence from ear-
lier studies where one study claimed that vimentin filaments bind to actin filaments via
their C-terminal tails leading to mechanical enhancement in vimentin-F-actin compos-
ites [100], whereas later work concluded that the mechanical properties of vimentin-F-
actin composites are a simple superposition of noninteracting networks [101]. Despite a
slight batch-to-batch variability, our bulk rheology measurements indicate that F-actin-
vimentin composite networks display a mechanical response that is simply a superpo-
sition of the two constituents. Consistent with this, Differential Dynamic Microscopy
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Figure 3.3: DDM data comparing the ISF curves for tracer particles embedded in either vimentin networks
(pink curve), F-actin networks (blue curve), or two different composites, with either c,¢ti5 > Cpimentin (dark
blue curve) or ¢yimentin > Cactin (Violet curve). In all cases, the (theoretical) average mesh size is 0.4 ym. (A)
ISFs for tracer particles with a diameter of 0.6 um. (B) ISFs for tracer particles with a diameter of 1.1 um. All
ISF curves were obtained at the same g value of 4.65 um!. Note that the ISF is dimensionless.

(DDM) measurements showed that the dynamics of tracer particles in composite F-
actin-vimentin networks was inbetween the dynamics observed in single-component
F-actin or vimentin networks. Neither F-actin nor vimentin appeared to dominate the
composites’ dynamics, again suggesting that there is no mechanical synergy in co-entangled
F-actin-vimentin composites.

Importantly, in our comparative measurements, we aimed to prepare F-actin and vi-
mentin networks at the same mesh size, which we estimated from the monomer concen-
tration using a calculation that assumes that the networks are uniform and isotropic. To
validate this assumption, we employed Differential Dynamic Microscopy (DDM) mea-
surements where we systametically varied the particle size and the network mesh size.
We acknowledge that tracer particle mobility is an indirect measure of the network mi-
crostructure. However, unfortunately more direct measurements of the mesh size by
confocal fluorescence microscopy are exceedingly challenging because the mesh sizes
are comparable to the diffraction limit and actin and vimentin filaments exhibit signifi-
cant thermal bending undulations. By tracking the change in mobility of the tracer par-
ticles with variations in the ratio of particle size-to-mesh size, we confirmed that the the-
oretically calculated mesh sizes were in reasonable agreement with the apparent mesh
sizes as experienced by the tracer particles. In a series of experiments where we system-
atically varied the network mesh size, we found that the particles were more constrained
in vimentin as compared to F-actin networks for the same the particle size/mesh size
ratio, which could reflect the larger flexibility of vimentin filaments [215]. However, we
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note that in a different experiment performed only at a single mesh size, the particles
were more constrained by F-actin than by vimentin. This discrepancy points to experi-
mental variability in the actin dynamics whose exact source we could not yet pinpoint.

Our conclusion that co-entangled F-actin-vimentin networks do not display any me-
chanical enhancement is consistent with prior rheological evidence [101] and is also
supported by evidence which we will present in Chapter 4, where we visualize mixtures
of actin and vimentin filaments via TIRF microscopy. It is important to remind the reader
that the fact that we did not find any mechanical synergy between actin and vimentin in
co-entangled composite networks does not exclude the possibility of mechanical syn-
ergy in the cell, where accessory proteins may introduce interactions.

3.5. CONCLUSION

The measurements we performed with Differential dynamic microscopy show that the
spatiotemporal dynamics of the actin and vimentin composites are a superposition of
the F-actin and vimentin network dynamics. Consistent with this conclusion, we found
that the linear viscoelastic properties of composite networks are a simple superposition
of the two networks when compared at constant mesh size. We conclude that there is no
significant mechanical synergy between F-actin and vimentin in in vitro reconstituted
networks (in the absence of crosslinking).

3.6. ACKNOWLEDGEMENTS

I would like to note that the time-lapse experiments used for the DDM analysis here
presented were performed by Hannah Verwei. Also, I would like to thank Stijn Heinen
for his valuable help and contribution to the Scripts for DDM data analysis. I would also
like to thank Kabir Razack and Lucia Baldauf for the collaboration in our actin-vimentin
project, mostly not shown here, and Jeffrey den Haan for protein purification.

3.7. MATERIALS AND METHODS

All chemicals were bought from Sigma Aldrich unless specified otherwise.

3.7.1. G-ACTIN PREPARATION

Lyophilized monomeric (G)-actin (42 kDa) isolated from rabbit skeletal muscle was pro-
cured from HYPERMOL (a-actin, cat. #: 8101-03). One milligram of the lyophilized pro-
tein was reconstituted in 250 uM of milliQ water, resulting in a final concentration of 4
mg/mL G-actin in G-buffer with additives (namely 2 mM Tris-Cl pH 8.2, 0.4 mM ATP, 0.1
mM DTT, 0.08 mM CaCl, and 0.2% unspecified disaccharides). To remove the additives,
we dialyzed the G-actin solution against 200 mL of G-buffer (5 mM Tris-HCI pH 7.8, 0.2
mM CaCly, 0.2 mM Nap, ATP, 1 mM DTT) at 4 °C overnight using a 20 kDa molecular
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weight cut-off dialysis cassette (Slide-A-Lyzer™ MINI Dialysis Device, 20K MWCO, 0.5
mL, Thermo Scientific, cat. #: 88402). The following day, the dialysis buffer was replaced
and the protein was dialyzed for an additional 24 hours. To remove any protein aggre-
gates, the dialyzed G-actin was airfuged using an Air-Driven Ultracentrifuge (Beckman
Coulter) at 30 psi (148,000g) for 1 hour. The rotor was pre-cooled to 4 °C, but the Airfuge
itself is not actively cooled. If any pellet was observed post-centrifugation, it was resus-
pended and the solution was subjected to another 24 hours of dialysis in fresh G-buffer,
followed by centrifugation. The final G-actin concentration was determined by measur-
ing the UV absorbance at 290 nm using a Nanodrop spectrophotometer, assuming an
extinction coefficient of € = 0.62 crm ™! mg‘l mL [335]. The dialyzed G-actin was aliquot-
ted, snap-frozen in liquid N>, and stored at -80 °C. Before use, snap-frozen aliquots were
thawed on ice or at 4 °C for at least 2 hours.

3.7.2. VIMENTIN PURIFICATION

For vimentin purification, we refer the reader to the Methods section in Chapter 4. For
experiments, about 100 pL denatured vimentin aliquots were transferred to dialysis tub-
ing (Servapor, molecular weight cut off at 12 kDa) and vimentin was renatured by step-
wise dialysis from 8 M, 6 M, 4 M, 2 M, 1 M, to 0 M urea and transferred by dialysis into
sodium phosphate buffer (pH 7.0, 2.5 mM sodium phosphate, 1 mM DTT) at room tem-
perature with at least 15 minutes for each step. The final dialysis step was performed
overnight at 4 °Cin 2 L of the sodium phosphate buffer. The vimentin concentration was
determined by UV-VIS absorbance measurements using a molecular weight of 53.65 kDa
and extinction coefficient at 280 nm of 22,450 M~! cm™! [200].

3.7.3. TRACER PARTICLE PASSIVATION

Spherical polystyrene particles with diameters of 0.6 and 1.1 um (Sigma Aldrich) were
passivated against protein interactions according to a protocol refined by Jansen et al.
[336], drawing upon a protocol devised by Kim et al. [337]. We first sonicated 15 uL
aliquots of the particle suspensions for 5 minutes to disperse any aggregates. Subse-
quently, the suspensions were centrifuged at 16000 rcf to precipitate the particles. The
pellet was isolated by aspirating the supernatant and resuspended and incubated for 10-
minutes in 100 uL of a 1% (w/w) F-127 Pluronic solution (Sigma Aldrich). Next, 40 uL of
anhydrous toluene (99.8%) was introduced in order to swell the beads, which facilitates
insertion of the Pluronic polymers. The solution was allowed to incubate for 3 hours at
room temperature on a wheel spinning at 20 rpm. The toluene was then evaporated off
by placing the Eppendorf tubes in a heating block at 98 °C. To remove excess Pluronic
molecules, the bead suspensions were subjected three times to a cycle of vortexing, son-
ication (10 min), and centrifugation (5 minutes per iteration). After each centrifugation
step, the supernatant was carefully decanted and the volume was replenished with Milli-
Q water to sim0.5 mL. The 1.1 um particles were prepared within one month before uti-
lization and were stored refrigerated. The 0.6 um particles were prepared one week to
three months before use.
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3.7.4. SAMPLE PREPARATION FOR DIFFERENTIAL DYNAMIC MICROSCOPY

Thin high-precision coverslips (170 £5um) and thicker coverslips underwent a rigor-
ous cleansing procedure involving ethanol and isopropanol, followed by rinsing with
Milli-Q water. Next, the coverslips were dried with a nitrogen gun. Parafilm strips were
placed between the coverslips and melted using a hotplate, generating 6-8 thin rect-
angular imaging chambers per coverslip. These chambers were passivated with a 0.1
mg/ml solution of Poly (L-lysine) polyethylene glycol biotin (PLL-PEG-bio) in MiliQ to
avert non-specific interactions with the glass surface. The passivated coverslips were
stored refrigerated between 2 to 48 hours before sample loading. Prior to sample load-
ing, the chambers were thoroughly flushed with an assembly buffer containing 40 mM
Piperazine-N,N‘-bis(2-ethane sulfonic acid) (PIPES) (pH=7.4), 70 mM KCl, 4 mM MgCl,,
and 1 mM EGTA.

Samples were prepared on ice in assembly buffer supplemented with 1 mM DTT and
0.5 mM MgATP. The final sample volume was standardized to 15 uL. We prepared two to
three independent samples per condition, except for some controls. Particles and pro-
teins were introduced separately in each independent replicate. For composite samples,
vimentin tetramers and G-actin were homogeneously mixed in a separate Eppendorf
tube before being introduced into the sample mixture. Prior to addition to the sample,
particles were sonicated for 10-minutes to disperse any aggregates. The particle volume
was empirically determined based on the number of particles per region of interest (ROI)
observed during imaging. We aimed for a target range of 5-20 particles per ROI to prevent
artifacts arising from particles moving out of frame: this range was established experi-
mentally and does not exclude other particle concentrations to be used for the assays.
Subsequently, actin and/or vimentin were introduced and the mixture was slowly but
thoroughly resuspended immediately before sample loading. After sample loading into
the chambers, we immediate sealed the channels with vacuum grease. Samples were in-
cubated at room temperature in a Petri dish enveloped with wet tissues and sealed with
parafilm to prevent drying. Incubation times ranged from 15 minutes to 4 hours.

Calibration samples for DDM with particles in Newtonian fluids of varying viscosity
were prepared by mixing glycerol (99.9%) with Mili-Q water at different volume ratios
(0, 0.5, 1, and 1.5). Particles were subsequently resuspended in the glycerol-water mix-
ture. For samples containing only water, a higher particle volume fraction was used to
counteract settling to the surface.

3.7.5. IMAGE ACQUISITION FOR DIFFERENTIAL DYNAMIC MICROSCOPY

Videos were recorded in bright field mode on an inverted Nikon Ti-Eclipse microscope
utilizing a 100x oil oil immersion objective with a numerical aperture of 1.4. Videos were
recorded with a CMOS camera (Hamatsu, Orca-Flash 4.0). We imaged a region of inter-
est (ROI) with dimensions of 1024x1024 pixels. With 2x2 binning, this resulted in a final
ROI of 512 x 512 pixels, corresponding to 66.56x66.56 um. The focal plane was held in
focus using the Perfect Focus option of the microscope. The objective was centered in
the middle of the imaging chamber, and the image plane was positioned at least 20 um
above the surface, marked by the edge of the channel. The autoexposure time was set
to 10 ms, resulting in an effective frame rate of 99.9 fps. Two to three videos, each com-
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prising 5000 loops, were generated for each sample without any delay between frames.
The ROI was chosen to ensure that there were at least 5 particles in view and maximum
20, as discussed in Section 3.7.4, preferably away from the edges of the field of view to
ensure they stayed in view. Ideally, the imaged regions were randomly selected areas in
the middle of the imaging chamber, each containing approximately 5-20 particles.
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3.8. APPENDIX

3.8.1. THEORETICAL ESTIMATION OF NETWORK MESH SIZES

Consistent with earlier work exploring mechanical synergy in F-actin-vimentin compos-
ite networks [101], we decided to compare composite networks with single-polymer net-
works at a constant network architecture, i.e., with the same mesh size { and hence the
same typical separation between adjacent filaments [316]. Since we were unable to mea-
sure the mesh size directly by imaging (the mesh size being smaller than the diffraction
limit), we estimated the average mesh size from the protein concentrations by a simple
calculation assuming that the networks are isotropic and uniform. The calculation fur-
thermore assumes that the filaments (at least at the scale of the mesh size) are rigid rods,
forming geometric cubes [338]. If the monomer molecular weight and the mass-per-unit
filament length are known, the mesh size can be correlated with protein concentration,
making it an experimentally adjustable parameter:

(=4/3—, (3.4)

where ¢ denotes the protein monomer concentration in units of g m=3. The mass-per-
unit length (mp) is 2.66 x 1071 g m~! for actin filaments (based on their known double-
helical structure) and 5.48 x 10~ g m~! for vimentin (based on scanning transmission
electron microscopy data [339]). Based on Equation (3.4), we can for example calcu-
late that, to achieve a theoretical mesh size of 0.4um, one requires 19.2uM vimentin or
11.9uM G-actin.

For composite F-actin-vimentin networks, we computed the average mesh size as a
geometric mean of the actin and vimentin contributions [101]:

-3 -3 -3
" =07"+¢
3 -3 (3. -3 (3.5)
-3 _ ( mLActin ) + ( mLVimentin )
CActin XCActin

In order to calculate the monomer concentrations of actin (c4)and vimentin (cy)
needed to obtain a specific mesh size from Equation 3.5, we use an additional equa-
tion to impose constraints on the ratio of ¢y and c4. Specifically we chose two condi-
tions, cy =2.2¢4 (vimentin dominant) and cy = 0.5¢4 (actin dominant). For example, to
achieve an average mesh size of 0.4um, this yields 12.5uM vimentin with 7.2uM actin
for the first condition and 4.3uM vimentin with 11.0uM actin for the second condition.
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3.8.2. APPENDIX TABLES AND FIGURES

Actin networks

Particle diameter (um) | Mesh size (um) | Ratio Particle/Mesh size
0,6 0,3 2

0,6 0,4 1,5

0,6 0,5 1,2

Particle diameter (um) | Mesh size (um) | Ratio Particle/Mesh size
1,1 0,3 3,6

1,1 0,4 2,75

1,1 0,5 2,2

Table 3.1: Overview of the parameters explored in DDM experiments with different tracer particle sizes and
different actin concentrations. The table shows the theoretically estimated mesh size for each actin network
and corresponding particle size/mesh size ratio.

Vimentin networks

Particle diameter (um) | Mesh size (um) | Ratio Particle/Mesh size
0.6 0.25 2.4

0.6 0.3 2

0.6 0.4 1.5

Particle diameter (um) | Mesh size (um) | Ratio Particle/Mesh size
1.1 0.3 3.6

1.1 0.4 2.75

1.1 0.5 2.2

Table 3.2: Overview of the parameters explored in DDM experiments with different tracer particle sizes and
different vimentin concentrations. The table shows the theoretically estimated mesh size for each vimentin

network and corresponding particle size/mesh size ratio.
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Figure 3.4: DDM data comparing the ISF curves for tracer particles (0.6 um of diameter) embedded in different
glycerol/water ratios, used as a control of the method and to estimate particle count within the frames. The
studied glycerol/water ratios are R=0 (yellow curve), R=0.5 (grey curve) and R=1 (black curve).
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Figure 3.5: DDM data comparing the ISF curves for tracer particles (0.6 um of diameter) embedded in different
actin networks, all with a theoretical mesh size of 0.4 um. The different datasets correspond to different dates
of experiments. These are shown to display the variability issues we had regarding F-actin network dynamics.
Orange curve corresponds to the data shown for the single networks (see Figure 3.2) and yellow curve corre-
sponds to the data shown in the composite networks (see Figure 3.3).






CYTOLINKER-MEDIATED
CROSSTALK BETWEEN ACTIN AND
VIMENTIN

Cell shape and motility are determined by the cytoskeleton, an interpenetrating network
of actin filaments, microtubules, and intermediate filaments. The biophysical properties
of each filament type individually have been studied extensively by cell-free reconstitution.
By contrast, the interactions between the three cytoskeletal networks are relatively unex-
plored. They are coupled via crosslinkers of the plakin family such as plectin. These are
challenging proteins for reconstitution because of their giant size and multidomain struc-
ture. In this chapter we engineer a recombinant actin-vimentin crosslinker protein which
we call ACTIF’ that provides a minimal model system for plectin, recapitulating its mod-
ular design with actin-binding and intermediate filament-binding domains separated by
a coiled-coil linker for dimerisation. We show by fluorescence and electron microscopy
that ACTIF has a high binding affinity for vimentin and actin and creates mixed actin-
vimentin bundles. Finally, we demonstrate the modularity of this approach by creating an
ACTIF variant with the intermediate filament binding domain of Adenomatous Polyposis
Coli. Our protein engineering approach provides a new cell-free system for the biophysical
characterization of intermediate filament-binding crosslinkers and for understanding the
mechanical synergy between actin and vimentin in mesenchymal cells. !

1 This chapter’s first authorship is co-authored with Quang D.Tran and was published in European Journal of
Cell Biology (2024).
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4.1. INTRODUCTION

HE cytoskeleton serves multiple crucial functions within mammalian cells. It de-

fines cell shape [340], provides mechanical stability [341], drives cell movement and
division [342], connects cells within tissues [343], and influences intracellular signaling
processes [344]. As explained in Chapter 1, the cytoskeleton is a network of three pri-
mary types of biopolymers: actin filaments (F-actin), microtubules (MTs), and interme-
diate filaments (IFs), each playing distinct roles in various cellular activities. F-actin and
MTs have been widely studied for their roles in regulating cell mechanics and essential
processes such as cell division and migration [251]. Both biopolymers form dynamic
networks that can generate forces by active (de)polymerization and by the activity of
molecular motor proteins. F-actin networks drive different modes of cell migration and
also drive membrane constriction in dividing cells by forming a contractile ring. At the
same time, F-actin is an important determinant of cell stiffness and strength [340]. MTs
build the mitotic spindle that drives chromosome segregation in dividing cells, while
also contributing to the overall mechanical integrity of the cytoskeleton [251].

By contrast, much less is known about the role of IFs in cell function. Traditionally,
they are considered mostly as a kind of “cellular safety belt" that protects cells against
large mechanical stresses [99, 135, 345]. Indeed IFs can stretch to more than 3 times
their rest length because they are built up of fibrous subunits that can unfold [346, 347].
However, in the past years, many additional non-mechanical functions of IFs have been
discovered [348]. IF networks contribute to the functioning of several cellular organelles
[349, 350] and regulate signaling pathways that control cell survival, growth, and dif-
ferentiation [351, 288]. This raises the interesting possibility that IFs confer cell-type-
specific functions. The two most well-studied IFs are keratins, expressed in non-motile
epithelial cells, and vimentin, expressed in motile mesenchymal cells. Recent biophys-
ical studies indicate that keratin and vimentin have distinct mechanical properties tai-
lored to their cellular functions [182].

Cytoskeletal coupling is known to involve a combination of biochemical coupling via
signaling loops and transcriptional regulation [352] and physical coupling via crosslink-
ing proteins [85], motor proteins [114], and joint connections to adhesion receptor com-
plexes in the plasma membrane [84] and to LINC complexes in the nuclear envelope
[353]. This complexity makes it difficult to understand the mechanisms of cytoskeletal
coupling in cells. As argued in Chapter 2, cell-free reconstitution can provide a way to
overcome this challenge. In this reductionist approach, components of the cytoskele-
ton are purified and studied in isolation or together with a limited set of regulatory
proteins. In the past, cell-free reconstitution of isolated cytoskeletal biopolymers has
successfully delivered quantitative models explaining how F-actin drives cell motility
[354], how MTs organize the mitotic spindle [355], and how IFs provide mechanical re-
silience [313]. However, coupling between different cytoskeletal subsystems has only
recently begun to be investigated by reconstitution. Most of the available work has fo-
cused on F-actin/MT coordination, with studies of molecular motor motility at F-actin-
MT crossings [356, 357], interdependent F-actin/MT polymerization [358, 359, 268], and
mechanical synergy in F-actin/MT composites [208, 213, 360]. There are even fewer
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studies of cytoskeletal composites involving IFs. A few studies have investigated the col-
lective viscoelastic properties of two-component (IF/F-actin) [100, 211, 101] and three-
component composite networks [215] and the interactions between single IFs and MTs
[210]. In all these studies, the cytoskeletal filaments were combined in the absence of
any cytolinkers.

There is hence a need for reconstitution studies where plectin’s crosslinking role can
be studied in isolation from its other functions. Unfortunately, plectin is a challenging
protein for reconstitution because of its giant size (500 kDa) and multidomain structure.
Full-length plectin can in principle be obtained from mammalian cells [63], but it is dif-
ficult to obtain proteins in high yield and purity using this strategy.

Here we engineer a recombinant actin-vimentin crosslinker that we call ACTIF’, which
is designed to crosslink F-actin and IFs in a similar manner as plectin. The engineered
linker has a modular design with an N-terminal Green Fluorescent Protein (GFP) tag
and actin-binding domain, a C-terminal IF-binding domain, and a coiled-coil linker to
induce parallel dimerisation. Its small (138 kDa) size allows for convenient recombi-
nant expression in bacteria. We demonstrate by imaging and rheology that ACTIF with
the plectin intermediate filament binding domain (IFBD) efficiently crosslinks vimentin
intermediate filaments to F-actin. Using Total Internal Reflection Fluorescence (TIRF)
imaging, we quantitatively characterize the binding kinetics for the plectin-derived AC-
TIF crosslinker. Finally, we demonstrate the modularity of our approach by creating an
alternative ACTIF variant with an IFBD based on the armadillo repeats of the tumor sup-
pressor protein Adenomatous Polyposis Coli (APC) [257]. Our work provides a powerful
new reconstitution platform to study the biophysical mechanisms that contribute to the
functional coupling of the F-actin and IF cytoskeleton that controls cell mechanics and
migration.

4.2, RESULTS

ACTIF CROSSLINKS F-ACTIN AND VIMENTIN AND MEDIATES CO-LOCALIZATION

Full-length plectin (Fig. 4.1(top)) is a giant (> 500 kDa) multidomain cytolinker protein
[61]. The isoform-specific N-terminal head domain (indicated by a star in Fig. 4.1, top
schematic) is followed by the actin-binding domain (ABD), an elongated plakin domain
[361, 362, 363], a central alpha-helical rod domain (200 nm long) that mediates plectin
dimerization, six tandemly arranged plakin repeat domains (PRDs, ~300 residues each)
separated by linker regions of variable length, and finally, a short tail region containing
Gly-Ser-Arg (GSR) repeats. The first four PRD domains do not contribute to IF-binding
[364, 365]. The last two PRD domains contribute together with the PRD5-PRD6 linker
region (~50 residues) and the GSR-containing C-terminal extremity to ensure efficient
IF binding [59]. The linker region is essential but not sufficient for strong IF-binding
[364, 76, 59]. In addition, a sequence of approximately 50 amino acid residues (4262-
4316) within one-third of the PRD5 is indispensable for filament association [364].

We generated a minimal crosslinker protein designed to model the crosslinking ac-
tivity of plectin (Fig. 1 (bottom)), which we call ACTIE We based the design on an earlier
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Figure 4.1: (Top) Domain structure of full-length plectin. (Bottom) Domain structure of ACTIF with the actin
binding domain (ABD) composed of tandem calponin homology (CH) domains from MACF and the inter-
mediate filament binding domain (IFBD) from plectin. Note that plectin has a larger spacer consisting of a
plakin domain, rod domain, and plectin repeat (PRD) domains. These domains are replaced altogether by a
cortexillin coiled-coil domain in ACTIE The star in the top schematic stands for plectin’s isoform-specific head
domain. The approximate molecular weight (MW) of both proteins is specified above the schematics.

engineered cytolinker called TipAct that models the actin-microtubule cytolinker pro-
tein MACF/ACF7 [359, 268]. The TipAct protein consisted of an N-terminal green flu-
orescent protein (GFP) tag, followed by the F-actin binding domain of MACE a coiled-
coil spacer domain, and a C-terminal microtubule-binding domain. We retained this
domain structure but replaced the microtubule-binding domain with the C-terminal in-
termediate filament binding domain (IFBD) of plectin. To ensure robust IF-binding, we
included the last two PRD domains (PRD5 and PRD6) and their connecting linker [364].
The ABD from MACF consists of a tandem of two calponin-homology (CH) domains and
resembles the ABD of plectin [73, 366, 367]. The coiled-coil spacer domain separating
the ABD and IFBD was taken from cortexillin I, in order to mimic plectin’s dimeric state
by inducing parallel dimerization of ACTIF [368]. By removing the large plakin rod and
the first four PRD domains of plectin, we obtained an actin-IF cytolinker protein with a
molecular weight of only 138 kDa, enabling us to express the protein in bacteria.

We first tested the purity and oligomeric state of the purified ACTIF protein. To test
the protein purity, we performed SDS-PAGE analysis after the final gel filtration chro-
matography step (see Appendix Figure 4.13). As shown in Fig. 4.2A, the SDS-PAGE gel
shows a major band localized at the expected molecular weight of 138 kDa and smaller
bands indicative of protein degradation. Densitometry analysis showed that full length
ACTIF made up 64% of the protein preparation (Appendix Figure 4.14).

To test whether the smaller molecular weight products are degradation products of
ACTIE we tested for the presence of the N-terminal eGFP tag in the bands by fluores-
cence imaging of the gels using a Typhoon imager (Appendix Figure 4.15) and by Western
blot analysis using antibodies to detect GFP (Appendix Figure 4.16). Both experiments
showed that all the proteins present in the ACTIF preparation contained eGFP, indicating
that the lower molecular weight products are indeed degradation products of ACTIE

Finally, we performed liquid chromatography-mass spectrometry (LC-MS) analysis
of the ACTTF preparation (Appendix Figure 4.17). This analysis confirmed that the most
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Figure 4.2: (A) SDS-PAGE of ACTIF purification after gel filtration. 10 uL of proteins at 10 uM were loaded
and stained with InstantBlue Coomassie Protein Stain for polyacrylamide gels. (B) Interferometric scattering
microscopy (iISCAT) of ACTIF preparation (50 nM in F-buffer buffer) shows a peak at a molecular weight of 243
kDa, indicating that ACTIF forms a dimer.

abundant protein in the sample had a molecular weight compatible with the expected
value for ACTIF at 138,747 Da, with a precision of about 1 Da. Putative identification
of some of the mass peaks allowed us to identify ACTIF fragments, consistent with the
conclusion from Typhoon and Western blot analysis that these proteins result from par-
tial proteolysis of ACTIE To check the oligomeric state of the ACTIF protein in solution,
we performed interferometric scattering (iISCAT) microscopy [369]. With iSCAT the light
scattering of molecules near a surface is amplified with reference light, typically the re-
flection of the laser on the bottom of the glass slide (Appendix Figure 4.12). Background
subtraction makes it possible to detect the molecules landing on or moving away from
the surface. The detected signal is directly proportional to the molecular weight of the
proteins [369]. As shown in Fig. 6.4C), the mass histogram confirms that the crosslinker
is dimeric, as shown by the peak of 98% of signal counts being centered around 243 + 73
kDa, about twice the molecular weight of the monomer. Note that this peak likely in-
cludes dimers of full length ACTIF as well as dimers of the degradation products.

Before testing the crosslinking activity of ACTIE we first wanted to test whether F-
actin and vimentin have any direct interactions under our experimental conditions. This
idea was motivated by earlier findings that vimentin can bind F-actin with its C-terminal
tails [100]. To test for interactions, we used a TIRF microscopy assay (Fig. 4.3A). We
prepared a microfluidic flow chamber made of coverglass treated with vimentin an-
tibodies that securely trap vimentin filaments, and with passivation agents including
pluronic F127 and bovine serum albumin (BSA), to prevent unwanted protein bind-
ing to the substrate. Pre-assembled vimentin filaments fluorescently labeled with Alexa
Fluor 555 were next introduced into the chamber and allowed to adhere to the substrate.
Next, we flowed in ATTO-647-labeled G-actin monomers in F-buffer supplemented with
0.2 % methylcellulose, to polymerize F-actin directly in the chamber. Methylcellulose
was used to force the growing F-actin filaments close to the substrate with vimentin.
As shown in Fig. 4.3B, we did not observe any signs of co-localization between F-actin
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Figure 4.3: (A) Schematic of control experiment with TIRF microscopy to probe for interactions between vi-
mentin filaments, immobilized on the microscope coverslip using vimentin antibodies, and F-actin polymer-
ized from 1 uM G-actin in solution. Methylcellulose (0.2 %) was added to push F-actin down toward the sur-
face. (B) Images showing no co-localization between the filaments, suggesting there are no interactions.

and the fixed vimentin filaments from the beginning of the F-actin polymerization until
they became long filaments. Time-lapse movies confirmed that the F-actin filaments are
freely moving (Supporting Movie S1). We conclude that vimentin and F-actin do not in-
teract directly under the conditions of our assay. Moreover, since G-actin co-existed with
F-actin during the in situ assembly, the absence of colocalization of actin and vimentin
signals suggested that neither G-actin nor F-actin bind vimentin filaments in our experi-
mental conditions, although we cannot rule out that transient weak interaction may take
place.

Having established that vimentin and F-actin do not significantly interact, we could
then test whether ACTIF induces interactions. We again used a TIRF imaging assay
where we sequentially flushed in the different components (Fig. 4.4A). We first flushed
in 37 nM of pre-assembled vimentin and allowed these filaments to adhere to the vi-
mentin antibodies on the substrate. We previously showed that vimentin attachment to
a glass surface through antibodies has minor impact on the structural organization of
the filaments [183]. When we next flushed in 5.3 nM of ACTIE we observed that it rapidly
bound to the vimentin filaments as seen by co-localization (Fig. 4.4B (middle)). Finally,
we flushed in 0.1 uM of pre-assembled F-actin. Note that as the F-actin was diluted 100-
fold just before use from a stock solution of 10 uM F-actin pre-polymerized for 1 h, we
assumed the concentration of G-actin to be in the nM range (100 times smaller than the
critical concentration for actin polymerization), thus providing minimal contribution to
the fluorescent signal in the actin channel.

Over time, we observed that the actin filaments settled and remained on top of the
vimentin filaments (Fig. 4.4B (right)). At steady state, F-actin, vimentin, and ACTIF
co-localized, as shown in the merged image (Fig. 4.4B (far right). Following the maxi-
mum intensity of the F-actin signal along a cross-section drawn perpendicularly to the
vimentin filaments, we could follow the time evolution of successive F-actin binding
events, which appeared as intensity steps (Fig. 4.4C). By quantifying pixel fluorescence
intensities in the F-actin channel along vimentin filaments at steady states (~ 150 fila-
ments from 2 independent experiments), we observed a complex distribution with mul-
tiple peaks indicating the presence of multiple actin filaments (Fig. 4.4D), different from
the single peak distribution obtained with vimentin only (Appendix Figure 4.18). As the
intensity of the first peak matched the intensity expected for single F-actin, we estimated
that an average of 3 actin filaments and up to 7 actin filaments could bind a vimentin fil-
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Figure 4.4: (A) Schematic of sequential steps in the TIRF experiments to probe ACTIF-mediated binding of
F-actin to vimentin filaments (left). First ACTIF preparation (5 nM in F-buffer) was flushed into the channel
containing surface-bound vimentin filaments for 15 min. Next pre-formed F-actin (0.1 uM in F-buffer) was
flushed in. (B) Images showing vimentin-ACTIF-F-actin colocalization (C) Images of F-actin attachment over
time on top of ACTIF-bound vimentin filaments. (D) Mean intensity over time of a representative F-actin at
the cross-section marked by the white line in (C), showing multiple actin filaments recruited on top of ACTIF-
bound vimentin. (E) Distribution of pixel fluorescence intensities in the F-actin channel along vimentin fila-
ments (~150 filaments from 2 independent experiments) at steady state. The probability distribution function
(PDF) was fitted by a multiple Gaussian, with the peak positions constrained to be multiples of the position
of the first peak, and common width for all the peaks except the last one. The first peak was estimated at an
intensity ~600, as expected for single F-actin imaged in similar conditions. Scale bar: 5 ym.

ament through ACTIF crosslinking at steady state (Fig. 4.4E). These observations prove
that ACTIF is capable of binding both F-actin and vimentin and of crosslinking the two
filament types.

ACTIF ROBUSTLY BINDS AND COUPLES VIMENTIN AND F-ACTIN FILAMENTS

We performed a series of TIRF microscopy assays to validate the efficiency of ACTIF in
crosslinking actin and vimentin filaments in real-time. In the similar TIRF microscopy
and flow chamber setup as shown in Fig. 4.4(A and B), we flowed ACTIF at a low con-
centration of ¢ = 5 nM into a channel with surface-bound vimentin filaments (Fig. 4.5A).
We observed rapid co-localization of ACTIF with vimentin within 10 min (Fig. 4.5B). Us-
ing the coloc 2 plugin from Fiji, we quantified the colocalization between the different
components and obtained Manders coefficients of M1 = 0.978 and M2 = 0.984 for the
colocalization of ACTIF vs. vimentin and M1 = 0.972 and M2 = 0.987 for the colocaliza-
tion of F-actin and vimentin. Fluorescence quantification showed that ACTIF bound to
vimentin with a reaction rate K = 0.0140 +0.0024 s~! (mean + SD, averaged over 3 inde-
pendent repeats) obtained by fitting the kinetics of association with a single exponential
(Fig. 4.5D).

Once the ACTIF signal reached a steady state (after 10 minutes), we performed a Flu-
orescence Recovery After Photobleaching (FRAP) assay (Fig. 4.5A) to measure the ACTIF
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unbinding rate, assuming that the recovery is reaction-limited [370]. As shown in Fig.
4.5C and quantified in Fig. 4.5E, we observed about 30 % of ACTIF is mobile (N = 3 in-
dependent repeats). We presume that the mobile fraction corresponds to dimeric ACTIF
and the immobile fraction to higher oligomerization of ACTIF induced by attachment to
vimentin, which increases protein avidity. By fitting the recovery curve to a single expo-
nential, we estimated the unbinding rate of the mobile fraction of ACTIF from vimentin
filaments of kg =~ 0.0032 +0.0012 s~! (mean + SD, N = 3 repeats). Moreover, according
to densitometry and Typhoon assays (Appendix Figure 4.14 and 4.15), only 64 % of the
ACTIF preparation was full-length with a functional IFBD domain, which reduced the
binding efficiency of ACTIF on vimentin filaments. With the assumption of a first-order
reaction with binding efficiency of 65 % and assuming that 30 % of ACTIF is mobile, the
rate K of association kinetics can be approximated by: K = 0.65 kon ¢ + fm kogf, Where kon
is the binding rate and f, is the mobile fraction. From the concentration c, the rate K
and the unbinding rate k¢ estimated by FRAP, we estimated the binding rate of ACTIF
to vimentin kop = (3.7+0.7) - 105 M~!'s™! (mean + SD, N = 3 repeats), and the affinity
described by a dissociation equilibrium constant K; = 0.9 £ 0.4 nM (N = 3 repeats).

We next tested the F-actin crosslinking ability of the vimentin-bound ACTIF by flow-
ing in pre-assembled F-actin in a buffer without methylcellulose. We observed that
the F-actin filaments quickly attached and localized along vimentin filaments, forming
composites of F-actin-ACTIF-vimentin (Fig. 4.6A). Interestingly, once the composites
were established, ACTIF was fixed inside the composites as its fluorescence intensity re-
mained constant over time when we flushed in a solution that contained F-actin but
no ACTIF (Fig. 4.6B, green curve). We verified that ACTIF partially dissociated from
vimentin in the absence of F-actin when the ACTIF soluble pool was flushed out (Fig.
4.6B, orange curve), indicating that ACTIF is stabilized on vimentin through its binding
to actin. Note that this experiment also demonstrates that the incomplete fluorescence
recovery seen in FRAP experiments is not due to any protein alteration by bleaching. Our
findings suggest strong binding of ACTIF to vimentin filaments and stable crosslinking
between vimentin and F-actin filaments.

To study the binding and unbinding rates of ACTIF on F-actin, we modified the ex-
perimental setup by immobilizing pre-assembled biotinylated actin filaments on the
surface of the flow chamber, which had been coated with neutravidin, and the pas-
sivation agents F127 and BSA, respectively. Next, we flowed in ACTIF to characterize
the kinetics of association to F-actin, then performed FRAP to measure the unbind-
ing rate from F-actin and deduce the binding rate to F-actin, and finally flowed in vi-
mentin filaments to create F-actin-ACTIF-vimentin composites (Fig. 4.7A and Figure
4.8A). When we flowed in ACTIF at the same concentration of ~5 nM, as in the earlier
experiment with immobilized vimentin, we did not observe any signs of binding to the
immobilized F-actin (Fig. 4.7(B (Top), D) after 10 minutes. To our surprise, we needed
to flow in ¢ = 500 nM of ACTIF to achieve a final ACTIF fluorescence intensity equiv-
alent to its intensity on vimentin achieved with a 100-fold lower ACTIF concentration
(Fig. 4.7B(Bottom)). Although it is expected that the number of binding sites for ACTIF
on F-actin is not the same as that on vimentin (see Discussion), the difference by a fac-
tor of 100 in concentration indicates the binding rate is much lower on actin than on
vimentin. By fitting the time-dependent increase of the ACTIF fluorescence intensity to
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Figure 4.5: TIRF microscopy experiment to elucidate the crosslinking efficiency of ACTIE A) Assay to mea-
sure the binding rate of ACTIF to surface-bound vimentin by imaging (left) and the unbinding rate by FRAP
(right). B) Still images at ¢ = 0, directly after flushing in 5 nM ACTIF preparation, and at ¢ = 10 min, show-
ing ACTIF (green) co-localizing with vimentin filaments (magenta). C) Images showing the recovery of ACTIF
fluorescence at ¢ = 20 min after photobleaching the region boxed by white dashed lines at ¢ = 0. D) Mean flu-
orescence intensity of ACTIF on vimentin filaments (averaged over 30 filaments) over time, obtained from the
representative repeat shown in B. The data is fitted by an exponential equation, I = leq) (1— e~X%)_E) Recovery
of fluorescence intensity of ACTIF on vimentin filaments (mean fluorescence averaged over 30 filaments) over
time after photobleaching, obtained from the representative repeat shown in C. The data is fitted by an expo-
nential equation, I = Jega (1 - e~ Kottty

a single exponential, we obtained a reaction rate K ~ 0.0080 + 0.0013 s~! (mean + SD,
N =3 repeats) (Fig. 4.7D). FRAP measurements on the actin-bound ACTIF allowed us to
estimate the mobile ACTIF unbinding rate of kg ~ 0.0064 +0.0011 s~ ! from F-actin, and
a mobile fraction of about 48 % (N = 3) (Fig. 4.7C, E). The binding efficiency of ACTIF
on F-actin is not affected by the 65 % purity of the protein since the ABD domain on the
N-terminus is always intact (See Appendix Figure 4.15). Hence, the association kinetics
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Figure 4.6: (A) Assay and images of steady-state vimentin-ACTIF-F-actin composites with surface-bound vi-
mentin. (B) Normalized fluorescence intensity of ACTIF in the actin-vimentin composites (green) over time
after flushing in a solution containing F-actin but no ACTIF

(at £ =0), and on vimentin (orange) over time after flushing out solution-phase ACTIF
(averaged over 30 and 50 filaments respectively).

Table 4.1: Summary of (un)binding rate constants and affinities of ACTIF towards vimentin and actin filaments
measured by TIRF imaging and FRAP assays. Values shown in Repeat 1-3 are means averaged over 30 filaments
calculated for each independent repeat experiment. The combined “Mean + SD" represents the averaged
mean from 3 repeats with SD being the standard deviation of the means.

Repeat # K™ kon M~ 's™!) | % mobile Mobile fraction
fm Kott (571 Kq (nM)
ACTIF 1 0.0111 3.1-10° 25 % 0.0023 0.75
on 2 0.0170 4.7-108 27 % 0.0025 0.53
vimentin 3 0.0138 3.4-10° 40 % 0.0049 1.43
c=53nM | Mean +SD | 0.0140+0.0024 | (3.7+0.7)-10° Bl+7) % 0.0032+0.0012 0.9+0.4
ACTIF 1 0.0079 7.7-10° 56 % 0.0068 883
on 2 0.0096 13.6-10° 32% 0.0075 551
F-actin 3 0.0065 7.2-10° 55 % 0.0049 681
¢=530nM | Mean + SD | 0.0080+0.0013 | (9.5+2.9)-10% | (48+11)% | 0.0064+0.0011 705+ 137

of ACTIF on F-actin is estimated by K = kon ¢ + fm kotf. From the values of K, ¢, kqg and
fm, we estimated the binding rate to F-actin ko, = (9.5+2.9)- 103 M~ 1s7! and the affinity
to F-actin described by K; = 705 + 137 nM.

When we finally flushed in pre-assembled vimentin filaments, we again obtained
colocalization of the vimentin filaments with the ACTIF-saturated F-actin, reaffirming
the robust formation of the composite (Fig. 4.8A). Time-lapse imaging also again showed
the ACTIF signal in the composite structure to be constant, even though no ACTIF was
supplied in the solution (Fig. 4.8B). Overall, our results indicate the binding of ACTIF to
F-actin is about 700 times lower than its affinity to vimentin (summary in Table 4.1).

THE PLECTIN IFBD INDUCES VIMENTIN BUNDLING

To test whether the isolated plectin IFBD domain is capable of binding or bundling vi-
mentin, we expressed and purified this domain, comprising PRD 5 and PRD 6 and the
intervening linker region that provides the major IF-binding site of plectin [364]. iSCAT
imaging showed the isolated IFBD to form mostly monomers with a small (13%) fraction
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Figure 4.7: (A) Assay to measure the binding rate of ACTIF to surface-bound F-actin by imaging (left) and
the unbinding rate by FRAP (right). I, (B) Images of ACTIF (green) co-localizing with actin filaments (cyan)
at t = 10 min after flushing in ACTIF at a concentration of ~5 nM (Top) and ~500 nM (Bottom). (C) Images
showing the recovery of ACTIF fluorescence at 500 nM on F-actin at £ = 15 min after photobleaching the region
boxed by white dashed lines at ¢ = 0. (D) Fluorescence intensity of ACTIF preparation at concentrations of
5nM and 500 nM on F-actin (both conditions averaged over 30 filaments) over time. The data is fitted by an
exponential equation, I = Ieqy (1—- e Kty (B Recovery of fluorescence intensity of ACTIF preparation at 500 nM
on F-actin (averaged over 30 filaments) over time after photobleaching). The data is fitted by an exponential
equation, I = Jego (1— e~ Kotrt),
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Figure 4.8: (A) Assay and images of steady-state actin-ACTIF-vimentin composites with surface-bound F-actin.
(B) Normalized fluorescence intensity of ACTIF in the composites over time, after flushing in F-actin while
flushing out solution-phase ACTIF at t = 0 (averaged over 30 filaments). Shaded areas in all the graphs show the
standard deviations over 30 to 50 filaments. Dashed lines show exponential fits for the kinetics of association
and for FRAP recovery curves. Scale bars: 5 ym.

of dimers (Appendix Figure 4.19A) and SDS-PAGE analysis showed a major band at the
expected molecular weight of 71 kDa (Appendix Figure 4.19B). Next, we co-polymerized
the IFBD with vimentin filaments at different IFBD:vimentin molar ratios, always keep-
ing the vimentin molar concentration fixed at 4 uM, and imaged the mixtures by electron
microscopy (EM). EM provides higher spatial resolution than TIRF imaging and allows
us to resolve filament and bundle morphologies and widths.

Vimentin filaments reconstituted in the absence of the IFBD were visible in EM im-
ages as semiflexible filaments (Fig. 4.9A (left)). To determine the filament widths, we
plotted intensity profiles perpendicular to the segment of interest at multiple locations
along the filament contours. We then measured the width of the bright area between
the darker borders, which corresponds to the filament diameter. We observed an aver-
age filament width of ~10 nm (Appendix Figure 4.20), in agreement with previous liter-
ature [371]. Surprisingly, when vimentin was co-polymerized with the IFBD at a molar
ratio of IFBD:vimentin of 1:10 (0.4 uM of IFBD), it formed thin bundles (see Fig. 4.9A
(middle)). Bundles often contained around three to four distinguishable filaments. Us-
ing the same procedure as described above to determine the bundle widths, we found
that the bundles had a variable width with an average bundle size of 33 + 12 nm (Fig.
4.9B). Upon increasing the IFBD:vimentin molar ratio to 1:1 (4 uM of IFBD), vimentin
filaments formed straight and well-aligned bundles (Fig. 4.9A (right)) of an average di-
ameter of 58 + 22 nm (Fig. 4.9B). The bundles formed at a 1:1 IFBD:vimentin ratio were
significantly thicker than those formed at a 1:10 ratio (p < 0.0001, calculated by a statis-
tical unpaired t-test). We conclude that the IFBD domain can by itself bundle vimentin
filaments at high (> 400 nM) concentrations. Presumably, bundling requires dimeriza-
tion or clustering of the IFBD domain, which we showed to be mostly monomeric (with
only 13 % dimeric) in iSCAT measurements performed at a concentration of 40 nM (Ap-
pendix Figure 4.19A). Potentially, at the high (> 400 nM) concentrations used in the EM
assays, the IFBD domain can oligomerize even more. As a control, we also tested co-
polymerized actin and IFBD. In this case, EM images showed no signs of actin bundling,
but plectin was present in the form of dense globular structures, suggesting that the IFBD
can cluster at high concentrations (Appendix Figure 4.22).
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ACTIF FORMS BUNDLES OF F-ACTIN AND VIMENTIN FILAMENTS

With the certainty based on EM data that the IFBD from plectin can bind vimentin fil-
aments, we next imaged mixtures of F-actin and vimentin filaments with and without
ACTIE always keeping the monomer concentrations at 1 M for actin and 1uM for vi-
mentin. In the absence of ACTIE actin filaments can be distinguished from vimentin fil-
aments by their smaller diameter (8 nm vs 10 nm) [371]) and by their larger persistence
length (10 pm vs 1 um [371]). As shown in Figure 4.9 C(left) and Suplemental Figure 4.23,
the two filament types can indeed be easily distinguished.

Upon adding ACTIF in a molar ratio of 1:100 to the sum of the vimentin and actin
molar concentrations, we found that tightly packed bundles formed (Fig. 4.9C (middle))
with an average diameter of 66 + 34 nm (Fig. 4.9D). Note that bundling of actin and
vimentin by ACTIF occurs at a much lower crosslinker:monomer ratio than bundling of
vimentin by the IFBD domain, consistent with ACTIF being a parallel dimer presenting
two actin-binding domains on one end and two IF-binding domains on the other end.

At aten-fold larger ACTIF:monomer ratio of 1:10 (0.2 uM of ACTIF), even thicker bun-
dles were observed that consisted of a larger number of filaments (Fig. 4.9C (right)). The
average bundle size was significantly larger (131 + 66 nm) than for the bundles formed at
the 1:100 molar ratio (Fig. 4.9D), p < 0.00001). Interestingly, the bundle widths showed
an apparently bimodal distribution at the 1:10 ACTIF:monomer ratio, with the first peak
centered around a similar width of 70 nm as observed at 1:100. This observation sug-
gests a hierarchical bundling process, where thinner bundles can get connected into
thicker bundles. Many bundles were too dense to observe their constituent filaments,
but in some cases we could observe bundles clearly consisting of a mixture of actin and
vimentin filaments (Appendix Figure 4.24A), some bundles eventually splitting into two
or more sub-bundles (Appendix Figure 4.24B) and some bundles apparently consisting
only of actin filaments (Appendix Figure 4.24C).

We note that the presence of 36 % of truncated ACTIF that does not bind vimentin
may impact the morphology and composition of actin bundles. We furthermore con-
clude that ACTIF drives the formation of mixed actin-vimentin bundles in a concentration-
dependent manner.

COMPOSITE F-ACTIN/VIMENTIN NETWORKS STIFFEN UPON CROSSLINKING
WITH ACTIF

To test whether ACTIF is capable of crosslinking F-actin and vimentin in dense net-
works, we used shear rheology to measure the viscoelastic properties of composite net-
works formed with or without ACTIE The viscoelastic response of cytoskeletal networks
is known to be sensitive to the presence of crosslinkers, which tend to enhance the elas-
tic modulus and suppress viscous dissipation [372]. We polymerized actin (24 uM), vi-
mentin (18 M), or composite actin-vimentin networks between the plates of a rheome-
ter. We did not observe any major differences in the polymerization kinetics between
one-component versus two-component networks (Appendix Figure 4.25). After 2 hours,
when network formation was completed, we measured the linear viscoelastic response
by applying small amplitude oscillatory shear with a strain amplitude of 1% while vary-
ing the frequency logarithmically between 0.001 and 10 Hz. We determined the network
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Figure 4.9: Electron microscopy (EM) to test binding and crosslinking activities of ACTIF preparation and its
plectin IFBD. A) EM images of reconstituted vimentin filaments alone (left) or co-polymerized with 0.4 uM
(middle) or 4 uM (right) of IFBD (schematic on top). Enlarged versions are shown in Appendix Figure 4.21).
Corresponding box plots of vimentin bundle widths, with 17 bundles measured for 0.4 uM of IFBD and 28
bundles measured for 4 uM of IFBD. Two independent sample replicates per condition were imaged.. ***
p <0.001 from unpaired ¢-test. C) EM images of co-polymerized F-actin (cyan) and vimentin filaments (pink)
without ACTIF preparation (left) or with 0.02 uM (middle) or 0.2 uM (right) of ACTIF preparation (schematic
on top). D) Corresponding box plots of the F-actin/vimentin co-bundles. **** p < 0.0001 from unpaired ¢-
test. For both conditions, 40 bundles were measured. Two independent sample replicates per condition were
imaged.

elastic (storage) shear modulus, G', and viscous (loss) modulus, G”, from the stress re-
sponse. In the absence of ACTIE the composite networks had a small elastic modulus
of order ~ 10 Pa that increased very weakly as an approximate power law with frequency
with an exponent of 0.07 (grey curve in Fig. 4.10A). In the presence of ACTIF (4.2 uM),
the networks were more than an order of magnitude stiffer (green curve in Fig. 4.10A),
as summarized in Fig. 4.10B. The frequency dependence for the crosslinked network
again followed a weak power law with an exponent of 0.07. Simultaneously, the network
with ACTIF was more solid-like, as characterized by a smaller loss tangent, tan(8) = %,
compared to the corresponding network without ACTIF (Fig. 4.10B)). The rheology mea-
surements hence prove that ACTIF crosslinks the composite network.

To test whether there is mechanical synergy upon combining actin and vimentin, we
also performed rheology measurements for isolated actin networks (blue curve in Fig.
4.10A) and vimentin networks (pink curve in Fig. 4.10A). The stiffness of the actin/vimentin
composite network formed without ACTIF was approximately equal to the sum of the
elastic moduli of the two isolated networks (Fig. 4.10A). Interestingly, when actin was
polymerized in the presence of ACTIF (4.2 uM), it formed stiffer networks than in the ab-
sence of ACTIF (Appendix Figure 4.26A), indicating that ACTIF is capable of crosslinking
actin filaments. By contrast, when vimentin was polymerized in the presence of ACTIF
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Figure 4.10: Rheology on crosslinked actin and vimentin composites via ACTIE (A) (Top) Frequency depen-
dence of the storage modulus of crosslinked (green) and non-crosslinked (grey) actin/vimentin composite
networks and of one-component actin (blue) or vimentin (pink) networks. Protein concentrations: 24 uM F-
actin, 18 uM vimentin. (Bottom) Corresponding loss tangents, defined as the ratio of the loss modulus G” to
the storage modulus G’ (same color code). Note that the loss tangent is noisy because the applied strain and
the shear moduli (especially G”) are small, so the stress is close to the sensitivity limit of the rheometer. B)
Bar plots comparing the elastic modulus G’ at a frequency of 1 Hz of entangled and crosslinked networks of
actin, vimentin, and actin/vimentin composites. Protein concentrations: 24 uM F-actin, 18 uM vimentin, 4.2
UM ACTIF preparation. For each condition, N = 2, circles are individual data points. All scale bars are 100 nm,
except in the far left image of panel A, where the scale bar is 1000 nm.

it formed a slightly softer network than in the absence of ACTIF (Appendix Figure 4.26B).
This suggests that ACTIF may partially disrupt crosslinking by vimentin’s C-terminal tail
domains [200] or that ACTIF generates network inhomogeneities by bundling vimentin
filaments. Interestingly, the stiffness of the crosslinked actin/vimentin composite net-
work is larger than the sum of the moduli of the two isolated networks (Fig. 4.10B), sug-
gesting the presence of some form of mechanical synergy. We will explore this mechan-
ical synergy and the suggested competition between ACTIF and vimentin’s C-terminal
tails in more depth in Chapter 5.

ACTIF CROSSLINKER VARIANT WITH THE IFBD OF APC

The engineered ACTIF crosslinker has a modular design such that its functional mod-
ules can be swapped for alternative domains. To prove the benefit of this modularity,
we swapped the IFBD from plectin for an alternative IFBD, taken from the Adenoma-
tous Polyposis Coli (APC) protein. APC was reported to directly bind vimentin filaments
in astrocytes, leading to crosslinking and elongation of vimentin filaments along micro-
tubules [257]. IF-binding was traced to the N-terminal Armadillo repeats of APC via bio-
chemical assays with truncated APC proteins. We hence engineered an ACTIF variant
where the IFBD from plectin was substituted by the armadillo repeats of APC, specif-
ically, the region referred to as APCn2 [257]. The ACTIF-APCn2 crosslinker therefore
consisted of an N-terminal GFP-tag, followed by the F-actin binding domain of MACF2,
the cortexillin I coiled-coil to induce dimerization, and finally a C-terminal region con-
taining the armadillo repeats of APC (Fig. 4.11A). We performed iSCAT to check the
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Figure 4.11: ACTIF crosslinker with the IFBD of APC binds and crosslinks F-actin and vimentin. A) Schematic
representation of the engineered crosslinker ACTIF-APCn2, which is identical to ACTIF aside from its IFBD
domain consisting of the armadillo repeats of APC. B) EM image of actin 1.5 yuM and vimentin 1.5 uM co-
polymerized in the absence (left) and presence (right) of 0.3 uM ACTIF-APCn2. ACTIF-APCn2 forms thick
straight bundles. Scale bars: 100 nm. C) Schematic and fluorescent images from the TIRF microscopy as-
say following the same protocol as Fig. 4.4(E), showing F-actin was added in solution and recruited on top
of ACTIF-APCn2-bound vimentin after ACTIF-APCn2 at ~5 nM was flushed into the chamber with vimentin
filaments on the substrate. Scale bars: 5 pm.

oligomeric state of the ACTIF-APCn2 crosslinker and found it to be dimeric (Appendix
Figure 4.19C). To test the protein purity, we performed SDS-PAGE analysis after the final
gel filtration chromatography step. As shown in Appendix Figure 4.19D, the SDS-PAGE
gel shows a major band localized at the expected molecular weight of 116 kDa and a
smaller second band at ~80 kDa indicative of some protein degradation.

We first performed EM assays to test the ability of ACTIF-APCn2 to crosslink F-actin
and vimentin filaments. We compared actin and vimentin mixtures co-polymerized in
the absence (Fig. 4.11B (left)) and presence (Fig. 4.11B (right)) of 0.3 uM of ACTIF-
APCn2. ACTIF-APCn2 caused the formation of thick straight bundles of F-actin and
vimentin filaments, showing that it is capable of crosslinking the two filament types.
ACTIF-APCn2 induces bundles that are strikingly long (Appendix Figure 4.27A) and that
are thinner than ACTIF-induced bundles (average width of 58 + 8 nm at 0.3 uM of ACTIF-
APCn2, Appendix Figure 4.27B). We next performed TIRF microscopy to validate the ef-
ficacy of ACTIF-APCn2 in crosslinking actin and vimentin filaments in real-time. Af-
ter immobilizing vimentin filaments on a substrate as described earlier, we sequentially
flushed in ACTIF-APCn2 (~5 nM) for 10 min, then pre-assembled F-actin. We observed
binding of ACTIF-APCn2 to vimentin and progressive recruitment of F-actin on top of
the ACTIF-APC2-decorated vimentin filaments (Fig. 4.11C), forming a stable actin-ACTIF-
APCn2-vimentin composite. Quantative colocalization analysis gave Manders coeffi-
cients of M1 =0.932 and M2 = 0.929 for the colocalization of ACTIF-APCn2 on vimentin
and M1 = 0.906 and M2 = 0.916 for the colocalization of actin on vimentin, similar to
the values observed with ACTIE When we characterized the ACTIF-APCn2 association
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on vimentin at a similar concentration as for ACTIF (5 nM), we noted that ACTIF-APCn2
associated at a rate about 60 times lower than ACTIF during the initial phase of fluo-
rescence intensity increase (Appendix Figure 4.28). We conclude that the type of IFBD
impacts the association rate of the ACTIF on vimentin.

4.3. DISCUSSION

In this work, we reconstituted specific interactions between actin and vimentin fila-
ments by engineering a cytolinker protein that recapitulates the crosslinking activity of
plectin. We found that the engineered cytolinker protein, which we named ACTIE has
a high binding affinity (Kq = 1.4 nM) for vimentin and lower binding affinity for actin
(Kq = 0.7 uM). TIRF imaging showed that ACTIF molecules very stably crosslink actin
and vimentin filaments since we did not observe any dissociation when we removed the
soluble ACTIF pool, while ACTIF partially dissociated when only attached to vimentin.
ACTIF is thus able to form long-lived composite actin-vimentin bundles.

The affinity of ACTIF on vimentin and on actin was estimated from the mobile frac-
tion of ACTIF in FRAP experiments, which we believe is dimeric (~30% on vimentin and
~50% on actin). We presume that the high proportion of immobile ACTIF results from
oligomerization induced by the high density of ACTIF on the filaments, which increases
the strength of the bond between the oligomers and the filaments. This could explain
why we only observed one population of dimers of ACTIF with the iSCAT experiments in
similar conditions (concentration and buffer), but two populations on filaments (dimers
and oligomers induced by the high density on filaments). We believe that the ACTIF im-
mobile fraction is more important on vimentin than on F-actin due to the higher density
of binding sites on vimentin (at least 800 per micron length of vimentin filaments made
of 10 tetramers per cross-section [39] and an axial repeat of 50 nm [183], compared to 360
per micron length of F-actin [373] if we assume one ACTIF per monomer of vimentin or
actin).

The high affinity of ACTIF for vimentin is qualitatively consistent with previous bio-
chemical measurements using different plectin fragments, showing that the PRD5 and
PRD6 domains and intervening linker constitute the main vimentin binding site. In
quantitative terms, ACTIF under the conditions of our assays had a higher binding affin-
ity for vimentin as compared to values reported previously for these fragments, specifi-
cally fragments consisting of the PRD5 domain and linker (K3 = 50 nM) [364], the PRD5-
PRDG6 (including the linker region) (Kq = 0.15—0.3 uM) [374], or the entire C-terminus
starting from the PRD5 domain (Kq = 135 nM) [59]. Variants of ACTIF with IFBDs com-
posed of different combinations of domains could be used in the future to sort out the
contribution and synergy of the different domains of plectin implicated in controlling its
affinity for vimentin. Also, ACTIF variants could be used for testing the binding affinity
and crosslinking efficiency of PRD and linker domains from other plakin proteins. Se-
quence analysis has shown that these domains differ in the number of basic residues
in their IF-binding groove, suggesting that they present a spectrum from weak to strong
binding affinities [60]. The lower binding affinity of ACTIF’s ABD for F-actin is consis-
tent with previous measurements for TipAct [359], the engineered actin-microtubule
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crosslinker that formed the template for ACTIE ACTIF has the same MACF-derived ABD
as TipAct and its affinity for actin was measured at about 5 uM by a co-sedimentation as-
say in MRB40 buffer. Since both ACTIF and TipAct are dimers, this also further validates
our assumption that the ACTIF mobile fraction is dimeric. Sequence analysis shows a
73.8% overlap between the ABD of MACF and the ABD of plectin (see sequence align-
ment in Appendix Figure 4.29). Both ABDs consist of two calponin homology (CH) do-
mains in tandem. The isolated CH1 supports binding to actin, albeit with a lower affinity
than the tandem; in contrast, CH2 domain has a weaker affinity. The tandem binds at full
capacity and has three conserved actin binding sites [375]. The plectin ABD, with its CH
domains in a closed conformation, has also been reported to have structural similarity
with fimbrin [367], despite dissimilar sequences. Observations of plectin localization in
cells suggest that the high binding affinity for vimentin and low affinity for actin of AC-
TIF are physiologically relevant. EM images showed that in IF-containing cells, plectin
co-localized largely with the vimentin network, whereas in IF-deficient cells, it became
mainly associated with the actin cytoskeleton [64].

We showed by electron microscopy that ACTIF induces the formation of crosslinked
actin/vimentin bundles and networks already at rather low molar ratios of just 1 ACTIF
molecule per 100 actin/vimentin monomers. The isolated IFBD domain could induce
bundling of vimentin filaments, but only at much higher (1:1) molar ratios of IFBD:monomer.
This finding is consistent with previous work showing that the PRD5 domain by itself
can crosslink vimentin (and cytokeratin) filaments [376]. However, we note that con-
trary to that study, we did not observe any negative effect of the isolated IFBD domain
on vimentin filament formation. The fact that the IFBD domain alone can bundle vi-
mentin filaments suggests that it may oligomerize. Indeed in EM images of actin fila-
ments mixed with the IFBD domain, we observed globular structures (non-interacting
with F-actin), indicating the presence of IFBD clusters. Oligomerization of full-length
plectin has been previously observed by electron microscopy images of rotary-shadowed
samples, where filament-bound plectin structures were shown to be oligomeric [63]. It
would be interesting for future studies to investigate the ultrastructure of the bundles
formed by ACTIF crosslinking by thin-section EM or cryo-electron tomography.

ACTIF not only forms crosslinks between actin and vimentin filaments, but it also
forms crosslinks between actin filaments. This finding is consistent with previous work
showing that the ABD of plectin by itself can bundle actin filaments [73]. In this earlier
study, actin bundling relied on dimerization of the ABD. In the case of ACTIE we enforced
dimerization using a cortexillin coiled-coil spacer domain. We cannot exclude that, ad-
ditionally, interactions between the ABD domains may also contribute to the observed
ACTIF-mediated F-actin bundling. In this study we focused on cytolinker-mediated in-
teractions of vimentin and actin in their filamentous forms. In the future it will be in-
teresting to also test interactions between filamentous and soluble forms (G-actin and
vimentin tetramers or unit-length filaments). It was recently shown in cells that the vi-
mentin network obstructs G-actin diffusion, possibly due to transient attractive interac-
tions or binding between the two proteins that contributes to the reduced motion [67].

The modular engineered cytolinkers we introduced here can provide a strong basis
for understanding the regulation and functions of cytolinker-mediated actin/intermediate
filament crosslinking in cells. Using cell-free assays, one can test the interactions of cy-
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tolinkers with actin and intermediate filaments under well-controlled conditions. Using
cell-based studies, one can then test how these findings carry over to the cellular en-
vironment, which is much more complex due to effects such as molecular crowding,
nonequilibrium activity, etc. To connect cell-free studies to cell-based studies, it will be
important to test the effect of cytolinker size, and more specifically the effect of spacer
length. In cell-free studies, the effect of spacer length could be studied by purifying full
length plectin or APCn2 or engineered variants with different spacer domains from in-
sect or mammalian cells. In cell-based studies, the effect of spacer length could be stud-
ied by transfecting cells with knockouts for endogenous cytolinkers with engineered cy-
tolinker constructs. We note that previous work from our lab with an engineered actin-
microtubule crosslinker mimicking ACF7/MACF showed that short constructs with the
same spacer domain as ACTIF behaved identically to full-length ACF7/MACF in cell-free
assays [266].

Several important open questions could be addressed using our engineered cytolink-
ers. First, it will be interesting to compare binding and crosslinking by ACTIF and ACTIF-
APCn2 with different types of intermediate filaments (IFs), given that the expression pat-
tern of IF proteins is cell-type specific and may convey cell-specific cellular functions.
Plectin and other plakins have been shown to possess a broad binding specificity to-
wards different types of IFs, including not only vimentin, which we studied in this work,
but also cytokeratins, desmin, GFAP and neurofilaments [63, 376, 76, 89], because they
recognize the conserved rod domain of IF proteins. By contrast, APC was reported to
interact with vimentin and GFAP, but not with keratin, although the structural basis for
this is still unknown [257]. Our system makes it possible to perform quantitative com-
parisons of the kinetic (un)binding rates and the crosslinking efficiency of different IF
types. Second, it is also relevant to uncover how posttranslational modifications (PTMs)
of IFs such as phosphorylation [377], glycosyation [378] and electrophilic or oxidative
modifications [379] may affect interactions with ACTIF and ACTIF-APCn2. Conversely,
it would also be interesting to test how PTMs of plectin regulate its interactions with IFs.
Cell studies have shown evidence for regulation by phosphorylation of sites like serine
4642 in the C-terminal extremity [380, 381, 382] and by oxidation and nitrosylation of
cysteines in plectin’s IFBD [374]. Finally, a recent study showed that the association be-
tween plectin and vimentin is mechanosensitive and requires actomyosin contractility
[66]. Our reconstitution assay could be used to test whether this mechanosensitivity is
intrinsic to plectin, for instance to its force-sensing plakin domain [383].

Our work also provides an interesting proof-of-concept for constructing cytoskele-
tal systems to be applied in active matter model systems [384, 385] or in synthetic cells
[386, 387]. In these systems, designer crosslinkers like ACTIF could be used to manip-
ulate the material’s mechanical properties and associated dynamics. An interesting ex-
pansion of our work would be to engineer a light-activatable cytolinker variant, where
the crosslinking effect can be spatiotemporally controlled by illumination. Other inter-
esting modular options to tune cytoskeletal crosstalk are to add tubulin-binding sites or
binding sites for actin- or microtubule-based motor proteins.



86 4. CYTOLINKER-MEDIATED CROSSTALK BETWEEN ACTIN AND VIMENTIN

4.4. CONCLUSIONS

Our results reveal specific crosslinking of actin and vimentin filaments mediated by the
engineered crosslinker ACTIE Actin and vimentin filaments form composite bundles
and stiff networks upon crosslinking via ACTIE This engineered crosslinker enables bio-
chemical, structural, and biophysical studies of crosslinker-mediated cytoskeletal inter-
actions. The crosslinker’s modular design provides an opportunity to test different IF
binding domains to better understand intermediate filament binding, as demonstrated
by our proof of concept comparing the IFBDs from plectin and APC. This approach also
provides the opportunity to unravel the effect that actin-vimentin crosstalk exerts on
the mechanical properties of the cytoskeleton, either in a simplified in vitro system as
reported here, or directly in cells.
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4.6. METHODS

4.6.1. PROTEINS

ACTIF PLASMID CONSTRUCTION

ACTIF was designed to contain an enhanced Green Fluorescent Protein (eGFP) tag fol-
lowed by the ABD from MACE the coiled-coiled linker of Cortexillin I, and the IFBD of
plectin. We inserted additional residues for flexibility between the different domains, as
shown in Appendix Figure 4.30. As a vector, we used the TipAct construct [359]. For the
IFBD insert, we used a plasmid corresponding to residues 4030-4631 aa of the isoform
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Q9QXS1-1 of mouse plectin, aregion that contains the plakin repeat domains 5 and 6 and
intervening linker[364]. The two fragments (vector and insert) were amplified using the
primers indicated in Appendix Table 4.2. PCR amplification was performed using KOD
Xtreme Hot start DNA polymerase (#1975). The PCR products were run on a 1% agarose
gel (Biorad #1613100EDU) and cleaned using the Wizard® SV Gel and PCR Clean-Up
System A9281. For electrophoresis, samples were prepared with Tracklt™ Cyan/Yellow
Loading Buffer (Invitrogen #10482035), and TrackIt™ 1 Kb Plus DNA Ladder (Invitrogen
#10488085) was used as a ladder. The electrophoresis gel was run at 100V for 20 minutes
(Biorad #1613100EDU). Next, the fragments were assembled using the Gibson assembly,
following the instructions of NEBuilder HiFi DNA Assembly Cloning Kit (#£55208). Af-
terward, the sample was transformed into Dh5a competent E. coli cells (#C2987). To de-
termine if the plasmid contained the insert, a miniprep was performed for sequencing
via Macrogen. The miniprep was performed using the PureYield™ Plasmid Miniprep
System A1222. After sequencing, the plasmid was transformed into E. coli BL21 (NEB
#C2527).

ACTIF PROTEIN PURIFICATION

A pre-culture of E. coli BL21 cells expressing ACTIF was grown from a glycerol stock in
Luria-Bertani (LB) medium containing 1:1000 diluted kanamycin at 37 °C. Growth was
upscaled to a total of 12 liters (separated in 4 cultures of 3 L each), adding 1:1000 di-
luted kanamycin, and 25 mL of ACTIF preculture. The cultures were incubated at 37 °C
in flasks on a shaker platform at 200 rpm. When the Optical Density (OD) reached 0.9,
we cooled the 4 cultures down in an ice bath for 30 minutes, then induced overnight
expression with 1 mM Isopropyl B-D-1-thiogalactopyranoside (IPTG #11411446001) at
16 °C. The cultures were harvested by a 15 min centrifugation in the Avanti JLA8.1000
fixed angle rotor at 4000 rpm at 25 °C. The supernatant was discarded, and the cell
pellets were combined in one 50 mL falcon tube. The cells were resuspended with ly-
sis buffer (20 mM sodium phosphate pH 7.4, 10 % glycerol, 5 mM 2-mercaptoethanol,
500 mM NaCl, 45 mM imidazole), supplemented with cOmpleteTM EDTA-free protease
inhibitor cocktail (SigmaAldrich, St. Louis, MO, USA #11836153001) and 1 mg/mL of
lysozyme from chicken egg white (Sigma Aldrich #10837059001). The cell solution was
incubated on ice for 30 minutes. The lysate was passed through the French press three
times at 20 kpsi and next centrifuged at 17,000 x g for 1 hour and 20 minutes at 4 °C
(Avanti JXN-26). The supernatant was collected and incubated with 1 mL pre-washed
nickel-IMAC resin (Thermo Fisher Scientific #88221) overnight at 4 °C. The beads were
pre-washed with wash buffer (20 mM sodium phosphate pH 7.4, 10% glycerol, 5 mM 2-
mercaptoethanol, 500 mM NaCl, 45 mM imidazole) in an empty column (Econo-Pac®
Chromatography Columns #7321010). The lysate was passed through the disposable
column for gravity flow purification. The flow-through was collected and kept at 4 °C.
The column was washed three times with wash buffer. To elute the protein from the col-
umn, the column was incubated with elution buffer (20 mM sodium phosphate pH 7.4,
10% glycerol, 5 mM 2-mercaptoethanol, 500 mM NaCl, 200 mM imidazole) for 20 min-
utes at 4 °C. Afterward, an analysis of protein yield and purity for the eluate was per-
formed by SDS-PAGE analysis. To improve the protein purity, a final size exclusion chro-
matography step was performed on a Superdex 200 10/300 prep grade (Cytiva) column.
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The column was previously stored in ethanol, and it was washed with 1.5x column vol-
ume of MiliQ and then with 1.5x column volume of MRB40 buffer (40mM piperazine-
N,N’-bis(2-ethanesulfonic acid) (PIPES) pH 7.0, 4 mM MgCl2, and 1 mM Ethylene gly-
col tetraacetic acid (EGTA)). After the column was equilibrated, we injected the sample
through the 5 mL loop and ran it at a flow rate of 0.5 mL/min, while collecting 0.3 mL
fractions. The fractions of interest as judged from the absorbance at 280 nm were pooled
and analyzed by SDS-PAGE gel electrophoresis. The sample was aliquoted at the desired
molar concentration, calculated using values for the molecular weight and extinction
coefficient of 138 kDa and 101,245 M~!cm ™!, respectively, which were theoretically es-
timated with Expasy analysis tool [388]. The aliquots were stored at -80 °C. We typically
obtained 7 mg from 12 L of bacterial cell culture at a concentration of about 7 mg/mL.

By quantifying the intensity of the protein bands observed on the SDS-page gel in
Appendix Figure 4.14 using the plugin called “Gels" on Fiji, we estimated the purity of
ACTIF at 64%. To test whether the lower-molecular weight bands are degradation prod-
ucts of ACTIE we performed fluorescence imaging of the SDS-page gels using a Typhoon
(Appendix Figure 4.15). The most prominent bands in the SDS-page gel displayed a flu-
orescent GFP signal, indicating that these bands indeed result from partial proteolysis of
ACTIE Western blot analysis where we stained the bands with anti-GFP antibodies con-
firmed this conclusion (Appendix Figure 4.16). Finally, we also performed liquid chro-
matography-mass spectrometry (LC-MS) to assess the purify of the ACTIF preparation.
LC-MS analysis showed that the most abundant protein in the sample had a molecular
weight of 138 kDa, as expected from the amino-acid sequence of ACTIF (Appendix Fig-
ure 4.17). Putative identification of the main peaks of the LS-MS chromatogram allowed
us to identify degraded fragments of ACTIF sample.

IFBD (PLECTIN) CONSTRUCTION

The IFBD(plectin) construct consisted of an N-terminal His6-tag followed by the region
of the isoform Q9QXS1-1 of mouse plectin of 4030-4631 aa, corresponding to the plakin
repeat domains 5 and 6 and intervening linkers, as shown in Appendix Figure 4.31. The
plasmid assembly was performed as reported for ACTIE and the used primers are pre-
sented in Appendix Table 4.4.

ACTIF-APCN2 CONSTRUCTION

ACTIF-APCn2 was designed as a variant of ACTIE with the plectin-derived IFBD replaced
by the armadillo repeats of APC, again using the TipAct construct [359, 268] as a vector.
For the insert, we used a plasmid courtesy of Sandrine Etienne-Manneville that corre-
sponded to the APCn2 fragment of APC, specifically from residue 334 to 740 [257]. The
assembly was performed as reported for ACTIF using the primers presented in Appendix
Table 4.3. The final sequence is shown in Appendix Figure 4.32.

IFBD (PLECTIN) PROTEIN PURIFICATION

IFBD (plectin) was purified following the same protocol as for ACTIE but no gel filtration
was required. In order to calculate the final concentration of the purified sample, the
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respective molecular weight and extinction coefficients are 71 kDa and 48,165 M~ cm™},

which were calculated based on the protein sequence with the Expasy analysis tool [388].
We typically obtained 5 mg from 6 L of bacterial cell culture.

ACTIF-APCN2 PROTEIN PURIFICATION

ACTIF-APCn2 was purified following the exact same protocol as ACTIF until the lysis
step. Culture pellets were resuspended in 40 mL of lysis buffer (20 mM sodium phos-
phate pH 7.4, 500 mM NaCl, 45 mM imidazole, 5 mM bME, 10 % v/v glycerol), 1 cOm-
plete™, EDTA-free Protease Inhibitor Cocktail (Roche) and 1 mg/mL of lysozyme from
chicken egg white (Sigma Aldrich). Lysis of the spun down cultures was performed by
sonication, using a 422A tip, with a protocol following amplitude 40 % , 10 seconds on,
10 seconds off, for a duration of 10 minutes. Afterwards, the lysate was centrifuged us-
ing TI45 40,000 rpm, for 30 min at 4 °C. The supernatant was loaded on a 5mL HisTrap
FF column (Cytiva) and the purification was performed using the AKTA system. The
column was washed with 50 mL lysis buffer and was eluted with 50 mL lysis buffer sup-
plemented with 200mM imidazole. The flow rate of the buffers was 1 mL/min. Fractions
with the clean protein based on the SDS-gel were pooled. In order to calculate the final
concentration of the purified sample, the respective molecular weight and extinction
coefficients are 116 kDa and 94,770 M~ cm™!, which were theoretically estimated with
Expasy analysis tool [388]. We typically obtained 6-8 mg from 12 L of bacterial cell cul-
ture at a concentration of 6-8 mg/mL. By quantifying the intensity of the protein bands
observed on the SDS-page gel, we estimated a purity of 72% (Appendix Figure 4.14).

ACTIN PURIFICATION

For EM and rheology experiments, lyophilized rabbit alpha-skeletal muscle actin was
purchased from Hypermol EK. Actin was dialyzed against G-buffer (pH 7.8) comprising
5 mM Tris-HCI, 0.1 mM MgCl,, 0.2 mM ATP and 5 mM DTT. After dialysis, G-actin was
aliquoted, flash-frozen in liquid nitrogen and stored at -80 °C. The final actin concentra-
tion was measured by UV-VIS absorbance measurements using an extinction coefficient
at 290 nm of 26,600 M~! cm™! and molecular weight of G-actin of 42 kDa [335].

For TIRF experiments, alpha-skeletal actin was purified from rabbit muscle acetone
powder following a protocol in ref. [389] that was based on an earlier protocol [390].
G-actin was fluorescently labeled on accessible surface lysines using ATTO-643 succin-
imidyl ester (Life Technologies) as described previously [391]. Similarly, actin was la-
beled with biotin using biotin succinimidyl ester (Life Technologies). An SDS-page gel
showing the purity of the actin preparation is provided in Appendix Figure 4.14.

VIMENTIN PURIFICATION

Wild-type human vimentin was purified from TG1 E. coli bacteria (Sigma-Aldrich) fol-
lowing an earlier protocol [392]. In brief, we started the induction when the OD reached
1.2, and cultured the bacteria in Terrific Broth medium overnight at 37 °C. Then, we
collected the bacterial cells by centrifuging the culture medium, and lysed them with
lysozyme, together with DNase (Roche), RNase (Roche), and protease inhibitors (Pefa-
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bloc and PMSF) in a 50 mM TRIS buffer pH 8. We washed the released inclusion bod-
ies 5 times in the presence of DTT, and protease inhibitors: first with 200mM NacCl, 1%
sodium desoxycholate, 1% NP40, 20mM TRIS pH 7.5, 2mM EDTA; second with 10mM
TRIS pH 8, 0.5% Triton X 100; third with 10 mM TRIS pH 8, 0.5% Triton X 100 and 1.5M
KCL; fourth with 10 mM TRIS pH 8, 0.5% Triton X 100; and finally with 10 mM TRIS,
0.1 mM EDTA pH 8 and 20ul DTT. Washing includes successive steps of incubation on
ice for 20 min, centrifugation at 8000 rpm for 10 min at 4 degrees Celsius, and resuspen-
sion using a cooled douncer. After washing, we resuspended the inclusion bodies in a
denaturing buffer (8 M urea, 5 mM Tris pH 7.5, 1 mM EDTA, 1 mM DTT, 1 % PMSF) and
centrifuged them at high speed (100000 x g) for 1 h. Upon collecting the supernatant,
we conducted vimentin purification by two sequential steps of exchange chromatog-
raphy, using first an anionic (DEAE Sepharose, GE Healthcare) and then a cationic (CM
Sepharose, GE Healthcare) column in a buffer of pH 7.5 containing 8 M urea, 5 mM TRIS,
1 mM EDTA, and 0.1 mM EGTA. We collected the vimentin protein in 2 mL Eppendorf
tubes and monitored the protein concentration by Bradford assay. Only the most con-
centrated fractions were selected and pooled together. We stored the vimentin at -80 °C
with an additional 10 mM methylamine hydrochloride solution. An SDS-page gel show-
ing the purity of the vimentin preparation is provided in Appendix Figure 4.14.

For experiments, about 100 yL denatured vimentin aliquots were transferred to dial-
ysis tubing (Servapor, molecular weight cut off at 12 kDa) and vimentin was renatured by
stepwise dialysis from8 M, 6 M, 4 M, 2 M, 1 M, 0 M urea into sodium phosphate buffer
(pH 7.0, 2.5 mM sodium phosphate, 1 mM DTT) at room temperature with at least 15
minutes for each step. The final dialysis step was performed overnight at 4 °C in 2 L of
the sodium phosphate buffer. The vimentin concentration was determined by UV-VIS
absorbance measurements using a molecular weight of 53.65 kDa and extinction coeffi-
cient at 280 nm of 22,450 M~ cm™! [200].

FLUORESCENT LABELING OF VIMENTIN

We labeled vimentin proteins by coupling an Alexa Fluor 555 dye to cysteine-328, as de-
scribed previously [393, 394]. In short, denatured vimentin stored in 8 M urea was di-
alyzed for 3 h in a labeling buffer of pH 7.0 containing 50 mM sodium phosphate and
5 M urea. Next, the fluorescent dye (AF-555 C2 maleimide, ThermoFisher) dissolved
in DMSO was added in a molar ratio of 5:1 of (dye:vimentin). The solution was gently
mixed for 1 h at room temperature, and the reaction was then quenched by the addition
of 1 mM DTT. We used a Dye Removal Column (#22858, ThermoFisher) to remove ex-
cess dye. Finally, we renatured the labeled vimentin by stepwise dialysis from 8 M, 6 M,
4M, 2M, 1 M, 0 M urea to sodium phosphate buffer (pH 7.0, 2.5 mM sodium phosphate,
1 mM DTT). The final product was stored at 4 °C and used within 10 days.

SDS-PAGE GELS

We used 10% Mini-PROTEAN TGX precast polyacrylamide gels with 10 wells (Bio-rad).
We loaded 10 uL of proteins at 10 uM mixed in a 3:1 ratio with 4X Laemmli Buffer Sample
(Bio-rad) provided with 10% DTT. We ran the gels for 1h at 120 V with Tris/Glycine/SDS
buffer (Bio-rad) and stained the gels with InstantBlue protein stain (Expedeon) for 1h.
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To assess purity before and after gel filtration of ACTIE we used a 4-15% Mini-PROTEAN
TGX Precast Protein Gels, 15-well, 15uL (Bio-rad). We loaded 10 uL of protein mixed in a
1:1 ratio with Laemmli 2x Concentrate (Merck). The gel was ran for 35min at 200V with
Tris/Glycine/SDS buffer (Bio-rad) and stained with InstantBlue Coomassie Protein Stain
(Cat # Ab119211) for 2 hours. Gel imaging was performed using a ChemiDoc Imaging
System (Bio-rad). The intensity of the bands observed on the SDS-page gels were ana-
lyzed using the plugin “Gels" from Fiji [395].

TYPHOON IMAGING

An SDS-PAGE gel with the samples of interest was prepared. The proteins were diluted
with 2x Laemmli Sample buffer (2x Laemmli Sample Buffer S3401-1VL). 10 uL of pro-
teins (at concentrations of 53 uM for ACTIE 30 uM for GFP and 122 uM for VCA) were
loaded onto the Mini-Protean TGX Gels. The gels were ran for 35 min at 200 V in 1x
Tris/Glycine/SDS buffer from Bio-Rad. Gels were afterwards washed with demi-water
and imaged with the Amersham Typhoon. The wavelengths for Cy2, Cy3 and Cy5 were
chosen, according to the marker (Colorcoded Prestained Protein Marker Broad Range
(10-250kDa) Lot4 74154S)). Images of the three wavelengths were combined using Im-
ageQuant TL.

WESTERN BLOT

The samples were boiled at 95°C for 5 min in 3:1 Laemmli sample/loading buffer pro-
vided with 10% DTT. These samples were spun down for 5 min at 16000g before loading
10uL into 10% Mini-PROTEAN TGX precast gels (Bio-Rad). The gel was run on gel elec-
trophoresis at 150 V for 1 h. After the run was complete, we performed a wet transfer to a
nitrocellulose membrane (Bio-Rad) for 1h at 0.09 A at room temperature. The membrane
was then blocked with 4% milk solution diluted in TBS 1X provided with 0.5% Tween 20
(TBS-T) for 30 minutes. After the blocking, the membrane was incubated with 10 mL of
anti-GFP primary antibodies (Roche, Cat.#11814460001) at a concentration of 1 pg/mL
in 4% milk/TBS-T for 1h. The membrane was then washed three times for 15 min with
TBS-T on a shaker. For the secondary antibody staining, the membrane was incubated
with 10 mL TBS-T with secondary antibodies Mouse HRP at a dilution of 1:5000 (Jackson
ImmunoResearch, Cat.#715-035-151) for 45 min at room temperature on a shaker. After
incubation, the membrane was washed 3 times for 15 min in TBS-T. We used a Chemi-
Doc Imaging System (Bio-rad) to image the western blot. Activation of the HRP was done
using an ECL Western Blotting Substrate detection kit (Pierce, Cat.#P132106).

LIQUID CHROMATOGRAPHY-MASS SPECTROMETRY (LC-MS)

Intact protein analysis by LC-MS was performed as described previously [396]. Samples
were injected onto a custom made BioResolve RP (450 A, 2.7 um, 0.3 mm x 150 mm)
Polyphenyl Column (Waters, Milford, MA, USA) using an Acquity M-Class chromato-
graphic system from Waters. Mobile phases A and B were H,O and H,O/acetonitrile
20/80, respectively, acidified with 0.1 % (v/v) Difluoroacetic Acid. Samples were eluted
at a flow rate of 6 uL/min using the following slope change points: 0-5 min hold at 12.5 %
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B, 10 min gradient to 25 % B, 40 min gradient to 50% B, 10 min wash at 80 % B and finally
5 min hold at 12.5 % B. The eluent was sprayed using the conventional ESI ion source
of a Waters Cyclic IMS SELECT SERIES mass spectrometer operating in the positive ion
mode. 500ng were injected on the column. The time of flight was operated in V-mode
with a resolution specification of 60,000 FWHM at a mass range of m/z 50-4000.

4.6.2. TOTAL INTERNAL REFLECTION FLUORESCENCE MICROSCOPY (TIRF-
M)

ASSEMBLY OF FLUORESCENT VIMENTIN AND ACTIN FILAMENTS

Prior to the experiment, we polymerized vimentin filaments from AF-555-labeled vi-
mentin (with 10 % labeling fraction) at a concentration of 3.7 uM in V-buffer (2.5 mM
sodium phosphate, pH 7.0, 100 mM KClI) for 3 h at 37 °C using a water bath. We also
polymerized F-actin from 10 uM G-actin labeled with ATTO-643 (10 % labeling fraction)
in F-buffer (20 mM Tris—HCI, pH 7.4, 50 mM KCl, 2 mM MgCl,, 0.5 mM ATP) for 1 h at
room temperature. In experiments that required F-actin immobilization, we assembled
biotinylated F-actin from 10 uM G-actin labeled with both ATTO-643 (10 % labeling frac-
tion) and biotin (1 % labeling fraction) in F-buffer for 1 h at room temperature. We note
that labeling fractions of 10 % do not impact the assembly of actin [397] nor vimentin
[394].

TIRF-M EXPERIMENTAL SETUP

We assembled the composites of vimentin, F-actin and ACTIF in a flow chamber. The
flow chamber was constructed from silanized coverslips following a previously described
protocol [398, 394]. Briefly, we incubated cleaned coverslips with dichlorodimethylsilane
0.05 % in trichloroethylene for 1 h at room temperature. We sonicated the coverslips 3
times in methanol, each for 15 min, to wash off the excess silane. We then heated up two
silanized coverslips compressing pieces of parafilm in between to 50 °C on a hot plate.
This made the parafilm melt and attach to the two coverslips, resulting in a flow chamber
with a volume of about 10 microliters.

For the control experiment to test the actin-vimentin direct interaction, we first flowed
vimentin antibodies (SC666260, Santa Cruz Biotechnology) at a concentration of 2 yug/mL
in F-buffer into the chamber and incubated for 5 min. We passivated the flow chamber
by flowing Pluronic F127 1 % in F-buffer and incubating for 15 min. We continued flow-
ing bovine serum albumin (BSA) 5 % in F-buffer and incubated for 15 min. Finally, we
thoroughly rinsed the chamber by flowing an extensive amount of F-buffer. We prepared
ATTO-643-labeled G-actin (10 % labeling fraction) at 1 uM in F-buffer supplemented
with an oxygen scavenger mixture (glucose 1.2 mg/mlL, glucose oxidase 40 pug/mL, glu-
cose catalase 8 ug/mL, DTT 1 mM) and 0.2 % methylcellulose 4000 cP, and gently flowed
them into the chamber with vimentin filaments on substrate. We captured images of
the whole process of F-actin polymerizing from G-actin and rapidly elongating to long
filaments while freely moving close to the vimentin filaments.

For the TIRF-M assay in which vimentin filaments were attached to the substrate,
we used a similar protocol to have the flow chamber coated with vimentin antibodies
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and passivated with F127 and BSA as described in the control experiment above. We
then began the composite assembly by diluting pre-assembled vimentin filaments 100
times in F-buffer (final concentration: 37 nM), then flowing them into the chamber and
incubating for 5 min for filament attachment onto the vimentin antibodies. Next, the
chamber was rinsed, and ACTIF diluted in F-buffer supplemented with the oxygen scav-
enger mixture to a final concentration of 5.3 nM was flushed into the chamber while
imaging had started in advance in order to capture the early state of protein attachment
to vimentin filaments. After 15 min, we performed FRAP assay by photo-bleaching a
region of ACTIF binding to vimentin filaments and observing the fluorescence recovery
over 20 min. Finally, pre-assembled actin filaments were diluted 100 times in F-buffer
with an oxygen scavenger (final concentration: 0.1 uM) and flushed into the chamber,
forming vimentin-ACTIF-actin composites.

For the assay with immobilized F-actin, we flowed neutravidin (Cat. #31000, Ther-
moFisher) at a concentration of 10 pg/mL in F-buffer into the chamber and incubated
for 5 min. We again passivated the flow chamber with Pluronic F127 1 % in F-buffer and
BSA 5 % in F-buffer, and thoroughly rinsed the chamber afterward, similar to the pre-
vious assay. Here, our first step in the composite assembly was diluting pre-assembled
biotinylated F-actin 100 times in F-buffer (final concentration: 0.1 uM), then flushing
them into the chamber, and incubating for 5 min. F-actin with biotin was constrained
on the substrate due to the neutravidin coating. Then, we rinsed the chamber and flowed
in diluted ACTIF at 5.3 nM or at 530 nM in F-buffer with oxygen scavenger while imaging
the binding reaction for 15 min. We also performed a FRAP assay by photo-bleaching a
region of ACTIF on F-actin and recording the recovery for 20 min. Finally, pre-assembled
vimentin filaments diluted 100 times in F-buffer with oxygen scavenger (final concentra-
tion: 37 nM) were flowed into the chamber for the formation of actin/vimentin compos-
ite bundles.

TIRF microscopy was performed on a Nikon Eclipse Ti inverted microscope con-
trolled by MicroManager, equipped with a 60x oil-immersion objective and a Kinetix
sCMOS Camera (Photometrics). The TIRF illumination was performed using an Ilas2
module (GATACA Systems). The experiment temperature was maintained at 25 °C using
objective and microscope stage temperature controllers.

4.6.3. INTERFEROMETRIC SCATTERING MICROSCOPY

Interferometric Scattering Microscopy (iSCAT) experiments were conducted with a OneMP
Mass Photometer (Refeyn). The instrument was equipped with a 525 nm laser for illumi-
nation. iSCAT measurements were carried out using CultureWell gaskets (Cat. #GBL103250,
Grace Biolabs) affixed to #1.5 coverslips (Cat. #13296788, Corning). To prepare the cov-
erslips for optimal protein adhesion, a meticulous stepwise sonication cleaning process
was employed. The coverslips were sonicated sequentially in MilliQ water, 50% iso-
propanol, and again in MilliQ water, each for a duration of 5 minutes. Following the
cleaning process, the coverslips were incubated with a poly-L-lysine solution (PLL, Cat.
#P4832, Merck) for 30 seconds. Subsequently, the coverslips were rinsed with MilliQ wa-
ter and dried under a stream of N, gas. The treated coverslips were stored upright in
a Teflon rack within a covered beaker to protect them from dust. They were utilized
within a week to maintain their cleanliness. During the iSCAT measurements, videos
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were recorded with a field of view measuring 10 x 10 um. The recording duration ranged
from 6000 to 15000 frames, with a frame rate of 300 frames per second. This ensured a
minimum count of 1000 particles per video. Maintaining a dilute solution of proteins is
crucial to ensure well-separated scattering patterns with no overlap. Hence protein con-
centrations (in the range of 10 nM to 50 nM, dilution with F-buffer from the stock con-
centration of the protein) were chosen to achieve adequate separation of landing events
while still collecting sufficient statistics within a maximum of 15000 frames to limit data
volume. The iSCAT video analysis was executed using the DiscoverMP software, a com-
mercial software package provided by Refeyn.

4.6.4. TRANSMISSION ELECTRON MICROSCOPY

Electron microscopy analysis was conducted on samples deposited on Cu400 carbon
support grids (Quantifoil, Cat. #N1-C73nCu40-01) with a JEM-1400Plus transmission
electron microscope (JEOL) operating at an acceleration voltage of 120 kV. Imaging was
carried out using a TemCam-F416 CMOS camera (TVIPS) with a resolution of 4k x4k pix-
els. The sample preparation protocol was as follows: Initially, the Cu400 grids underwent
a glow discharge treatment in an oxygen plasma using the GloQube-D instrument pro-
vided by Quorum Technologies Ltd. This procedure was essential to enhance protein
adsorption. Subsequently, a 4 uL droplet of the protein sample was delicately deposited
onto the grid and allowed to adsorb for 1 to 2 minutes. To eliminate any surplus protein
and salt, the samples underwent three washed with MilliQ water with careful blot-drying
after each wash. Finally, the samples were stained for 25 seconds with a 2% aqueous
solution of uranyl acetate from Electron Microscopy Sciences. Following staining, the
samples were meticulously blot-dried once again to eliminate any remaining liquid. We
made two independent repeats per sample condition. For each independently prepared
sample we usually prepared 2 grids (in case one would be broken or overstained). To
study the samples of vimentin and IFBD, we took a total of 100 images depicting all con-
ditions. To study the samples of actin, vimentin and ACTIE we took a total of 180 images
depicting all conditions. To study the samples of actin, vimentin and ACTIF-APCn2, we
took a total of 100 images depicting all conditions. Many bundles were imaged twice,
since we looked at different magnifications to inspect different regions of the bundles in
detail. Upon measuring bundle widths for statistics, we carefully avoided measuring the
same bundle.

4.6.5. RHEOLOGY

Rheological measurements were conducted using a stress-controlled KinexusMalvern
Pro rheometer equipped with a stainless steel cone-plate geometry. The cone had a ra-
dius of 20 mm and an angle of 1°. The temperature was maintained at 37 °C by Peltier
plates. F-actin-vimentin networks were polymerized between the plates of the rheome-
ter by loading 40 ul of the sample directly after mixing the proteins into the polymeriza-
tion buffer (F-buffer). To prevent solvent evaporation during the experiment, a thin layer
of mineral oil Type A was carefully applied around the sample edge. Progress of network
formation was monitored by applying a small oscillatory shear with a fixed strain am-
plitude of 0.5% and an oscillation frequency of 0.5 Hz for 2 hours. Following the 2-hour
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polymerization period, a frequency sweep was conducted in the range of 0.01 to 10 Hz
at a small strain amplitude of 1%, sampling 10 data points per decade. Data taken at fre-
quencies exceeding 3 Hz had to be discarded because they were dominated by inertial
effects from the rheometer. For each curve, we took an average over N = 2 independently
prepared samples.

4.6.6. DATA ANALYSIS

All quantitative analysis of TIRF imaging data was performed using Fiji. The images were
pre-processed with background subtraction and image registration. To quantify colocal-
ization of F-actin, vimentin, and the cytolinkers, we used the coloc2 plugin from Fiji to
perform a pixel intensity correlation over space. To retrieve reaction rates of ACTIF on vi-
mentin filaments (or on F-actin), we manually extracted the intensity values over time in
the ACTIF channel along 30 to 50 vimentin filaments. In this experiment, we performed
3 independent repeats with one field of view for each repeat. In each repeat, we calcu-
lated the mean and standard deviation of ACTIF intensity over 30 - 50 ROIs and fitted
the intensity curves using GraphPad Prism. To retrieve the number of actin filaments
attached to vimentin through ACTIE we quantified the pixel fluorescence intensities in
the F-actin channel along vimentin filaments (~150 filaments, NV = 2 independent exper-
iments) and plotted the distribution of intensities. This distribution displayed multiple
peaks, with the first peak at an intensity of ~600 a.u., as expected for single F-actin in
these imaging conditions. The distribution was fitted by a multiple Gaussian, with the
peak positions constrained to be multiples of the position of the first peak, and common
width for all the peaks except the last one.

To obtain the unbinding rate of ACTIF from vimentin filaments (or from F-actin)
from FRAP data, we again first performed background subtraction and image registra-
tion. Then, we again selected 30 ROIs following shapes of vimentin filaments (or F-
actin) from a pre-bleached image. The selected filaments needed to be inside the photo-
bleaching region. Then we extracted the intensity value of ACTIF over time from the
selected ROIs. In this experiment, we also performed 3 independent repeats with one
field of view for each repeat. In each repeat, we obtained the mean and standard devia-
tion of the ACTIF intensity over 30 ROIs and fitted the intensity curves using GraphPad
Prism.

For TEM microscopy, image analysis was performed by Fiji. In order to determine the
filament widths, intensity profiles perpendicular to the segment of interest were plot-
ted at multiple locations along the filament contours. The filament diameter was deter-
mined from the width of the bright area between the darker borders. For copolymerized
vimentin and IFBD, N = 28 bundles were measured for the 1:10 IFBD:vimentin molar
ratio and N = 17 bundles for the 1:1 IFBD:vimentin molar ratio. For copolymerized actin
and vimentin with ACTIE N = 40 bundles were measured for each ACTIF:monomer ra-
tio.

For shear rheology, data was extracted from the rSpace Software (NETZSCH Analyz-
ing and Testing). Custom Python scripts were used to plot G’ and tan(6) as a function of
oscillation frequency. We calculated an average of N = 2 curves of independently pre-
pared experiments per condition.
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4.7. APPENDIX

4.7.1. TABLES AND FIGURES

Table 4.2: Primers used for Gibson Assembly of ACTIF construct.

Construct Forward primer Reverse primer

ACTIF Vector 5’- TGAGATCCGGCTGCTAACAAAGCC -3’ 5’- CCCTCTGATTCTGGTGGCTTCGAT -3
Insert 5'- AAAGTTCCTGAGGGTGGAGAAGGGAAAGCTCGT TTAGAGAGTAGCAAA -3"  5'- TTGTTGTTCGAGTTTTGATTTTTCATCGATGGCTTCAGCTA ATTTCAA -3’

Table 4.3: Primers used for Gibson Assembly of ACTIF-APCn2 construct.

Construct Forward primer Reverse primer

ACTIF-APCn2 Vector 5'- GAAAAATCAAAACTCGAACAACAA -3 5’- CCCTTCTCCACCCTCAGGAACTTT -3
Insert 5"- ATCGAAGCCACCAGAATCAGAGGGCTAGCTATGTCTAGCTCCCAAGAC-3"  5'- GGCTTTGTTAGCAGCCGGATCTCAGGCATCCTTGTACTTCGCAGGCCT -3

Table 4.4: Primers used for Gibson Assembly of IFBD(plectin) construct.

Construct Forward primer Reverse primer

IFBD Vector 5’- GATCCGGCTGCTAACAAAGCCCGA-3" 5"- GCGACCCATTTGCTGTCCACCAGT-3"
Insert 5"- ACTGGTGGACAGCAAATGGGTCGCATCGAAGCCACCAGAATCAGAGGG-3'  5'-TCGGGCTTTGTTAGCAGCCGGATCTCAGGCGGTCGAGCCAGAGCCACT -3

00:00:41

00:00:46

Figure 4.12: Frames from a time-lapse video recorded for interferometric scattering microscopy of a sample of
40nM ACTIE Different time frames are shown in seconds. The area of detection shown is 18 ym?.
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Figure 4.13: Gel filtration purification of ACTIE (A) SDS-PAGE gel of ACTIF fractions obtained by His-tag pro-
tein purification. The lanes show the flowthrough (FT), fractions from the wash steps, and fractions from the
elution steps. On the right, the molecular weight reference. (B) Chromatogram of the size exclusion purifi-
cation with the pooled fractions (C1-D7 fractions, F fractions and G fractions) marked by the rectangles. The
first peak corresponds to the expected molecular weight of ACTIF (138 kDa). (C) SDS-PAGE gel of the pooled
fractions C1-D7, corresponding to the first peak in the chromatogram. (D) SDS-PAGE gel of the pooled frac-
tions E corresponding to the second peak in the chromatogram. (E) SDS-PAGE gel of the pooled fractions G,
corresponding to the third peak in the chromatogram.
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Figure 4.14: SDS-PAGE gel of purified vimentin, G-actin, ACTIF and ACTIF-APCn2. The purities of the full-
length products as determined by densitometry analysis of the gel are specified at the bottom.
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Figure 4.15: Typhoon fluorescence imaging of an SDS-PAGE gel containing ACTIE His-tagged GFP (as a positive
control) and VCA (non-fluorescent control protein). Green fluorescent signal is detected for full-length ACTIF

and the lower bands (indicating proteolysis) and for the His-tagged GFP control sample. No fluorescent signal
is detected for VCA.
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Figure 4.16: Western blot analysis of an ACTIF preparation with mouse anti-GFP antibodies. Blot imaging of
activated secondary antibody labeled with HRP overlayed with a colorimetric image of the protein ladder. The
different lanes correspond to different ACTIF dilutions, and the protein concentration is written on top of the
lanes. 10 uL of protein/Laemli was loaded by lane.
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Figure 4.17: Liquid chromatography-mass spectrometry (LC-MS) analysis of ACTIE Putative identification of
the peaks in the mass spectrogram is indicated on the graph with the size of the corresponding ACTIF fragment,
the theoretical mass and experimental mass. Inset: Deconvolved mass spectra of the most abundant proteins
with masses of 138747.5 Da and 138925.2 Da, corresponding to full length ACTIF with N-gluconoylation (+178
Da), a standard post-translational modification obtained for N-terminally His-tagged proteins expressed in
E.Coli.
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Figure 4.18: Distribution of pixel fluorescence intensities along vimentin filaments. The distribution appears as
a single peak with the average intensity expected for single filaments under these imaging conditions, indicat-
ing that vimentin exists mainly as single filaments when attached to the substrate. Sample size, 100 filaments.
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Figure 4.19: iSCAT and SDS-PAGE of ACTIF-APCn2 and IFBD. (A) iSCAT histogram count of IFBD (plectin),
portraying a mostly monomeric population with a 13% dimeric population count. (B) SDS-PAGE of the pooled
fractions of IFBD(plectin) after purification, with an arrow marking the band of interest. (C) iSCAT histogram
count of APCn2, portraying a 95% dimeric population. (D) SDS-PAGE of the pooled fractions of APCn2, with
an arrow marking the band of interest. For the gels, 10 uL of proteins at 10 uM were loaded and stained with

Coomassie.
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Figure 4.20: Histogram of diameters of randomly sampled vimentin filaments (N = 50).



4.7. APPENDIX 103

Figure 4.21: Zoomed-in transmission electron microscopy images of 4 uM of vimentin filaments bundled with
(A) 0.4 uM IFBD or (B) 4 uM IFBD. The arrows indicate examples of measured bundles. Scale bars indicate 100
nm.
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Figure 4.22: Transmission electron microscopy images of actin filaments at 2 uM concentration (A) polymer-
ized without IFBD or (B) with 20 muM IFBD (from plectin). The IFBD tends to oligomerize (see globular
structures present in (B) but not in (A)). We do not observe evidence for any interactions between actin and
the globular IFBD structures. Scale bars indicate 100 nm.

Figure 4.23: Zoomed-in electron microscopy images comparing vimentin and co-polymerized vimentin-actin
composites. (A) 4 uM vimentin filaments. (B) 1 uM vimentin and 1 uM F-actin. Pink arrows indicate vimentin
filaments, which are recognizable based on their larger diameter and smaller persistence length as compared
to F-actin. Blue arrows in B indicate F-actin. Scale bars indicate 100 nm.
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Figure 4.24: Transmission electron microscopy of copolymerized actin, vimentin and ACTIF showing detailed
views of the bundles. (A) Mixed actin and vimentin within a bundle (blue arrows for actin, magenta for vi-
mentin). (B) Another example, showing variations in bundle packing along the bundle length. (C) Bundle
where we only observe actin filaments, based on their diameter. Scale bars indicate 100 nm.
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Figure 4.25: Polymerization curves for different reconstituted networks recorded by small amplitude oscilla-
tory shear measurements. Actin (24 uM, blue), vimentin (18 uM, pink), actin and vimentin composite (24 uM
actin, 18 uM vimentin, grey), and actin and vimentin composite crosslinked with 4.2 uM ACTIF (green). Curves
averaged over N=2 measurements.
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Figure 4.26: (A) Frequency sweep for an actin network (24 uM) and for a crosslinked actin network (24 uM
actin + 2.4 uM ACTIF), showing the elastic and viscous shear moduli (top) and corresponding loss tangents
(bottom). (B) Frequency sweep for a vimentin network (18 uM) and for a crosslinked vimentin network (18 uM
+ 1.8 uM ACTIF) showing the elastic and viscous shear moduli(top) and corresponding loss tangents (bottom).
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Figure 4.27: Transmission electron microscopy images of bundles of F-actin and vimentin formed with ACTIF-
APCn2. (A) Overview of copolymerized actin (1.5 uM) and vimentin (1.5 M) bundles formed with 0.3 uM of
ACTIF-APCn2. Scale bar 1 um. (B) Box plot depicting the bundle widths of 7 bundles from 2 independently
prepared EM grids. (C) Zoomed-in image of a bundle. Scale bar 100 nm.
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Figure 4.28: Binding affinity of ACTIF-APCn2 for vimentin filaments. (A) Schematic of the binding assay and
images of ACTIF-APCn2 (green) at 5 nM co-localized with vimentin filaments (magenta) attached to the sub-
strate, at ¢ = 10 min after flushing ACTIF-APCn2 into the chamber. (B) Fluorescence intensity of ACTIF-APCn2
at 5 nM (dark green), in comparison with ACTIF at the same concentration of 5 nM (light green), on vimentin
filaments over time (averaged over 30 filaments). Black lines represent linear regression of the curves. The
shaded area represents standard deviations. Scale bar: 5 ym.

PLEC 1 RVQKKTFTKWVNKHLIKAQRHISDLYEDLRDGHNLISLLEVLSGDSLPREKGRMRFHKLG 60
ACTIF 1 RVQKKTFTKWVNKHLMKVRKHINDLYEDLRDGHNLISLLEVLSGIKLPREKGRMRFHRLY 60

PLEC 61 NVQIALDYLRHRQVKLVNIRNDDIADGNPKLTLGLIWIIILEFQ-----——-————-] MTAK 108
ACTIF 61 NVQIALDFLKQROVKLVNIRNDDITDGNPKLTLGLIWTIILHFQISDIYISGESGDMSAK 120

PLEC 109 EKLLLWSQRMVEGYQGLRCDNFTSSWRDGRLFNAITHRHKPLLIDMNKVYRQTNLENLDQ 168
ACTIF 121 EKLLLWTQKVTAGYTGIKCTNFSSCWSDGKMFNALIHRYRPDLVDMERVQIQSNRENLEQ 180

PLEC 169 AFSVAERDLGVTRLLDPEDVDVPQPDEKSIITYVSSLYDAMP 210
ACTIF 181 AFEVAER-LGVTRLLDAEDVDVPSPDEKSVITYVSSIYDAFP 221

Figure 4.29: Sequence alignment of the calponin homology domains of plectin (top) and ACTIF (bottom),
where the CH tandem of ACTIF has been taken from MACF (Q9QXZ0, 78-298 aa). In red, sequence differences.
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Figure 4.30: ACTIF’s amino-acid sequence and domain organization. (A) ACTIF domain organization with
the amino-acid numbers indicated from the sequence in (B). eGFP, enhanced green fluorescent protein; ABD,

ACTIF
e @@ S s
. Cortexillin
His  oGrp cH cH coiled-coil IFBD

-tag

ABD

VORKTFTKWVNKHLMKVRKH
INDLYEDLRDGHNLISLLEVLSGIKLPREKGRMRFHRLONVQIALDFLKQRQVKLVNIRN
DDITDGNPKLTLGLIWTIILHFQISDIYISGESGDMSAKEKLLLWTQKVTAGYTGIKCTN
FSSCWSDGKMFNALIHRYRPDLVDMERVQIQSNRENLEQAFEVAERLGVTRLLDAEDVDV
PSPDEKSVITYVSSIYDAFP EMANRLAGLENSLESEKVSREQL
IKQKDQLNSLLASLESEGAEREKRLRELEAKLDETLKNLELEKLARMELEARLAKTEKDR
AILELKLAEAID RVPGAQQFFRGLRKQITVEELVRSQVMDEATA
LOLOEGLTSIEEVTKNLOKFLEGTSCIAGVFVDATKERLSVYQAMKKGIIRPGTAFELLE
AQAATGYVIDPIKGLKLTVEEAVRMGIVGPEFKDKLLSAERAVTGYKDPYSGKLISLFQA
MKKGLILKDHGIRLLEAQIATGGIIDPEESHRLPVEVAYKRGLFDEEMNEILTDPSDDTK
GFFDPNTEENLTYLQLMERCITDPQTGLCLLPLKEKKRERKTSSKSSVRKRRVVIVDPET
GKEMSVYEAYRKGLIDHQTYLELSEQECEWEEITISSSDGVVKSMIIDRRSGRQYDIDDA
ITKNLIDRSALDQYRAGTLSITEFADMLSGNAGGFRSRSSSVGSSSSYPISSAGPRTQLA
SWSDPTEETGPVAGILDTETLEKVSITEAMHRNLVDNITGOQRLLEAQACTGGIIDPSTGE
RFPVTEAVNKGLVDKIMVDRINLAQKAFCGFEDPRTKTKMSAAQALKKGWLYYEAGQRFL
EVQYLTGGLIEPDTPGRVSLDEALQRGTVDARTAQKLRDVSAYSKYLTCPKTKLKISYKD
ALDRSMVEEGTGLRLLEAAAQSSKGYYSPYSVSGSGSTA*
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actin-binding domain; CC, coiled-coil; IFBD, intermediate filament binding domain (B) Amino-acid sequence
of ACTIE The color code corresponds to the domains indicated on the diagram in (A) and the spacers between
domains are indicated in light grey letters.
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PYSGKLISLFQAMKKGLILKDHGIRLLEAQIATGGIIDPEESHRLPVEVAYKRGLFDEEM
NEILTDPSDDTKGFFDPNTEENLTYLQLMERCITDPQTGLCLLPLKEKKRERKTSSKSSV
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Figure 4.31: IFBD’s domain organization and amino-acid sequence. (A) Domain organization of IFBD (plectin).
(B) Amino-acid sequence of IFBD (plectin) domain. The color code corresponds to the domains indicated on

the diagram in (A).
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SKDPNEKRDHMVLLEFVTAAGITLGMDELYK VQKKTFTKWVNKHLMKVRKH 300
INDLYEDLRDGHNLISLLEVLSGIKLPREKGRMRFHRLONVQIALDFLKQRQVKLVNIRN 360
DDITDGNPKLTLGLIWTIILHFQISDIYISGESGDMSAKEKLLLWTQKVTAGYTGIKCTN 420
FSSCWSDGKMFNALIHRYRPDLVDMERVQIQSNRENLEQAFEVAERLGVTRLLDAEDVDV 480
PSPDEKSVITYVSSIYDAFP EMANRLAGLENSLESEKVSREQL 540
IKQKDQLNSLLASLESEGAEREKRLRELEAKLDETLKNLELEKLARMELEARLAKTEKDR 600
AILELKLAEAID LAMSSSQDSCISMRQSGCLPLLIQLLHGNDKD 660
SVLLGNSRGSKEARARASAALHNIIHSQPDDKRGRREIRVLHLLEQIRAYCETCWEWQEA 720
HEPGMDQDKNPMPAPVEHQICPAVCVLMKLSFDEEHRHAMNELGGLQAIAELLQVDCEMY 780
GLTNDHYSITLRRYAGMALTNLTFGDVANKATLCSMKGCMRALVAQLKSESEDLQQVIAS 840
VLRNLSWRADVNSKKTLREVGSVKALMECALEVKKESTLKSVLSALWNLSAHCTENKADI 900
CAVDGALAFLVGTLTYRSQTNTLAIIESGGGILRNVSSLIATNEDHRQILRENNCLQTLL 960
QHLKSHSLTIVSNACGTLWNLSARNPKDQEALWDMGAVSMLKNLIHSKHKMIAMGSAAAL 1020

RNLMANRPAKYKDA*

Figure 4.32: ACTIF-APCn2’s amino-acid sequence and domain organization. (A) Amino-acid sequence of
ACTIF-APCn2. The color code corresponds to the domains indicated on the diagram in (B) and the spacers
between domains are indicated in light grey letters. (B) ACTIF-APCn2 domain organization with the amino-
acid numbers indicated from the sequence in (A). His-tag, grey; eGFP, enhanced green fluorescent protein;
ABD, actin-binding domain; CC, coiled-coil; armadillo repeats.



CROSSLINKER-MEDIATED
MECHANICAL SYNERGY OF ACTIN
AND VIMENTIN

Cells mechanically interact with their environment through the cytoskeleton, a dynamical
scaffold consisting of protein polymers and their associated proteins including crosslink-
ers. The cytoskeleton is composed of three different cytoskeletal filament families (F-actin,
intermediate filaments and microtubules), in constant interaction. The impact of these
interactions on the mechanical properties of the cytoskeleton are relatively unexplored. In
this Chapter we focus on the mechanical consequences of F-actin-intermediate filament
interactions mediated by the plectin-mimicking crosslinker protein ACTIF presented in
Chapter 4. This engineered crosslinker has a modular design, with F-actin-binding and
intermediate filament-binding domains separated by a spacer that mediates dimeriza-
tion. We show that ACTIF can crosslink F-actin networks as well as vimentin intermediate
filament networks, likely due to its dimeric state. Moreover, we find that ACTIF causes a
strongly synergistic enhancement of the stiffness of composite F-actin-vimentin networks
as compared to the co-entangled (non-crosslinked) composites studied in Chapter 3. Our
findings set the basis for future studies of composite biopolymer materials and for under-
standing the contribution of crosslinking of the different cytoskeletal subsystems to cell
mechanics.!

1 This chapter is co-authored with Iain Muntz and is the basis for a manuscript in progress.
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5.1. INTRODUCTION

ELLS mechanically interact with their environment through the cytoskeleton, a highly
C interconnected polymeric network composed of three distinct cytoskeletal protein
subsystems: filamentous (F-)actin, microtubules and intermediate filaments. The cy-
toskeleton subsystems each have distinct functions, but they exert these functions in
a coupled manner to provide mechanical stability and function to the cell. The actin
and intermediate filament cytoskeletal networks have for instance been shown to con-
tribute in a collaborative manner to several essential cellular processes. In astrocytes,
vimentin regulates cell migration by restricting myosin-driven actin flow and aligning
traction stress [399]. During mitosis of mesenchymal cells, vimentin filaments interact
with the actin cortex, allowing cell division [96]. In adherent cells, actin stress fibers
interact with vimentin intermediate filaments and promote their retrograde flow in a
plectin-dependent manner [68, 94]. Yet, despite this evidence for functional crosstalk,
the specifics on the interplay between F-actin and vimentin are still unknown.

Previous cell-free studies of the interaction of F-actin and vimentin have focused on
composites formed in the absence of crosslinkers. In 2006, Esue et al. [100] reported
that actin and vimentin filaments exhibit interactions mediated via the tail domain of
vimentin, which also mediates crosslinking between vimentin filaments [200, 199, 202].
However, this finding was contradicted by a later study in 2018 by Golde et al. [101],
who found that composite networks reconstituted from F-actin and vimentin exhibit
mechanical properties that are simply a superposition of two non-interacting scaffolds.
Important to note is that the two studies used a different experimental design: Esue et
al. used the molar ratio of actin and vimentin monomers as a control parameter to com-
pare composite networks against single-component control networks, whereas Golde
et al. compared composite and control networks at the same mesh size. Comparisons
at the same mesh size are more insightful since this parameter, expressing the average
space between neighboring filaments, is the main determinant of the concentration-
dependent rheology of semiflexible polymer networks [316]. The mesh size has a differ-
ent dependence on the monomer concentration for actin and vimentin since the fil-
aments differ in their protein mass-per-length ratio. In Chapter 3 we confirmed via
bulk rheology that actin-vimentin composite networks exhibit simple additive proper-
ties when the mesh size is used as a control parameter.

Importantly, the fact that we did not find any mechanical synergy between F-actin
and vimentin in co-entangled composite networks does not exclude the possibility of
mechanical synergy in the cell. As discussed in more detail in Chapter 4, F-actin and
vimentin networks are crosslinked to each other by accessory proteins including the gi-
ant protein plectin. Plectin is a crosslinker from the plakin family [61] whose functions
have so far been mostly studied in cells. Unfortunately plectin is a challenging protein for
cell-free reconstitution because of its giant molecular weight (500 kDa) and multidomain
structure. Accordingly there have been very few studies on crosstalk between different
cytoskeletal families by plectin [82].

Previous cell-free studies of the impact of crosslinker proteins on the mechanical
properties of cytoskeletal networks have mainly focused on F-actin networks. A large
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body of work has revealed that F-actin networks exhibit a strongly nonlinear response

to shear, which depends on the nature of the crosslinker protein. In case of crosslinker
proteins that are small and noncompliant such as scruin, the nonlinearity arises from
the entropic strain-stiffening of the actin filaments [190, 400]. By contrast, compliant
crosslinker proteins such as filamin A introduce a more complex strain-stiffening mech-
anism where the crosslinker compliance dominates at small strain and the more rigid
actin filaments dominate at larger strain [401, 402]. To our knowledge, there have not
been any systematic experimental studies of the mechanics of crosslinked F-actin-vimentin
composite networks.

In this chapter we reconstitute crosslinked F-actin-vimentin composite networks
utilizing the engineered plectin-mimicking crosslinker ACTIF developed in Chapter 4
and study the mechanical properties of these networks. Since our biophysical char-
acterization in Chapter 4 showed that ACTIF can also crosslink single-component F-
actin or vimentin networks [217] , we systematically compare the impact of ACTIF on
F-actin networks, vimentin networks, and finally F-actin-vimentin composites. Specif-
ically, we measured the elastic response of the networks to small as well as large defor-
mations for different crosslinker/filament concentration ratios. Our results reveal that
ACTIF strongly stiffens F-actin networks but has a minor effect on vimentin networks,
likely due to competition with tail-mediated vimentin-vimentin crosslinking. We fur-
ther show that crosslinking F-actin and vimentin results in composite networks with
strongly enhanced elastic properties, pointing to crosslinker-mediated mechanical syn-
ergy between the two semiflexible polymers. These results set the basis for further un-
derstanding the mechanical properties of crosslinked semiflexible biopolymers of differ-
ent persistence lengths and for understanding the contribution of crosslinker-mediated
cytoskeletal crosstalk to cell mechanics.

5.2. RESULTS

We designed the ACTIF crosslinker such that it dimerizes via a cortexillin coiled-coil do-
main, in order to mimic the dimeric state of plectin. Its dimeric nature implies that AC-
TIF has two potential binding domains available for vimentin as well as for F-actin. We
therefore first checked the ability of ACTIF to crosslink vimentin and F-actin in single-
filament type networks. We reconstituted vimentin and F-actin networks at the same
monomer concentration of 18 uM and 24 uM, respectively, with a range of ACTIF:vimentin
crosslinking ratios. In the here presented study we do not use the mesh size as a control
parameter due to the crosslinker ACTIF having different binding affinities for actin and
vimentin [217] and the potential architectural homogeneities that may emerge from its
crosslinking activity (making a mesh size control not our main premise for the study).
Afterwards we reconstituted composite actin-vimentin networks to test for mechanical
synergy. Below we present the data, first for vimentin, then actin, and finally vimentin-
actin composites.
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5.2.1. IMPACT OF ACTIF ON VIMENTIN NETWORKS

LINEAR MECHANICS OF VIMENTIN NETWORKS

We compared the rheological properties of vimentin networks (18 uM) crosslinked with
different ACTIF-vimentin monomer molar ratios of 1:100 (0.18 uM ACTIF), 1:50 (0.36
uM ACTIF), 1:25 (0.72 uM ACTIF), and 1:10 (1.8 uM ACTIF) to control vimentin net-
works formed in absence of ACTIE Time-dependent monitoring of network formation
by small amplitude oscillatory measurements showed that the control networks reached
a steady-state elastic modulus G’ of approximately 2 Pa over a time period of 1-1.5 hours
(lightest curve in Figure 5.1A). Crosslinked networks with the lowest (1:100) or highest
(1:10) ACTIF:vimentin ratio reached a comparable stiffness as the control networks (Fig-
ure 5.1). Interestingly, networks crosslinked at intermediate ACTIF:vimentin ratios (1:50
and 1:25) reached a higher stiffness of ~ 5 Pa on average. These findings suggest that
ACTIF provides crosslinks between vimentin filaments with a measurable impact on
network stiffness for sufficiently high ACTIF-vimentin ratios. The observation that the
stiffening impact is lost at the highest ACTIF:vimentin ratio could potentially reflect a
competition with ionic crosslinks mediated by the C-terminal tail domains that deco-
rate the surface of vimentin filaments. It has been established in earlier work that the
tails crosslink vimentin networks even in absence of crosslinker proteins [315, 199, 202].
We speculate that high concentrations of ACTIF may perturb this crosslinking mecha-
nism. Alternatively, it is conceivable that ACTIF generates network inhomogeneities by
bundling vimentin filaments. Theoretical models suggest that bundling of semiflexible
polymers may lower the elastic modulus by causing the network deformation to become
more nonaffine [164]. Future confocal imaging will be needed to test this alternative
explanation.

We then proceeded to measure the linear viscoelastic response of the fully formed
networks by applying small amplitude oscillatory shear with a strain amplitude of 1%
while varying the frequency logarithmically between 0.001 and 10 Hz (frequency sweep
protocol). We determined the network elastic (storage) shear modulus, G', and vis-
cous (loss) modulus, G”, from the stress response (Figure 5.1B). Consistent with the
time sweep data discussed above, the elastic modulus showed a nonmonotonic depen-
dence on ACTIF concentration (Figure 5.1C). Networks with the lowest (1:100) and high-
est (1:10) ACTIF:vimentin ratios had an elastic modulus of ~ 2 Pa (at a frequency of
1 Hz) comparable to that of control networks. By contrast, networks with intermedi-
ate crosslink densities (1:50 and 1:25 ACTIF:vimentin ratios) were stiffer, with an elastic
modulus of ~ 4 Pa. All networks behaved as soft elastic solids, with G > G” over the
entire frequency range and a weak power law dependence of G’ on frequency, character-
istic of soft matter systems with a wide range of relaxation time scales (see Figure 5.1B
top). All networks showed a power-law dependence of G’ on frequency with an expo-
nent of ~ 0.081. The loss tangents tan(d) = G were slightly smaller for the networks with
intermediate ACTIF:vimentin crosslink ratios (1:100 and 1:50) as compared to the other
networks (see Figure 5.1B bottom), indicating a slightly more solid-like character consis-
tent with their larger elastic modulus. The most highly crosslinked networks (1:25 and
1:10 ACTIF:vimentin ratios) had comparable loss tangents as control networks. However,
we note that the loss tangent data were quite noisy since the stress was close to the sen-
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sitivity limit of the rheometer. In conclusion, ACTIF is capable of crosslinking vimentin
networks, but with a nonmonotonic concentration dependence.
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Figure 5.1: (A) Polymerization curves for vimentin (18 uM) polymerized without or with ACTIF (left), color-
coded by ACTIF:vimentin molar ratio. Plots show the evolution of the linear storage moduli, G', as a function
of polymerization time, measured by time-resolved small strain amplitude oscillations. (B) Frequency sweep
showing the dependence of the linear elastic modulus (Top) and loss tangent (Bottom) on oscillation frequency
for the same networks. (C) Elastic modulus Gg at6.28 rad - s~! (i.e. 1 Hz) of the vimentin networks as a function
of the ACTIF concentration. The color code is the same for all panels (legend at the bottom).

NONLINEAR MECHANICS OF VIMENTIN NETWORKS

To probe the nonlinear response of the vimentin networks to large shear loads, we per-
formed stress ramps with a constant loading rate of 1-10~3 decades of stress per second.
We determined the tangent modulus K’ by differentiating the stress-strain curves and
normalized it by the linear modulus K (Figure 5.2A). The control vimentin networks
without ACTIF showed a linear regime of constant elastic modulus up to an onset strain
Yo of ~0.5, followed by a pronounced two-stage strain-stiffening response. An initial
steep stiffening regime was followed by a regime of slightly less steep stiffening. This
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strain-dependence is consistent with previous studies showing that the first regime rep-
resents entropic strain-stiffening, where thermal bending undulations of the vimentin
filaments are pulled out, while the second regime represents an enthalpic regime, where
the vimentin filament backbones are stretched out [197]. Replotting the data in terms
of K’ versus stress (Figure 5.2B), we find that K’ initially increases as a power law in
stress with a power law exponent close to 3/2 (indicated by the dashed line), consistent
with entropically driven stiffening [197, 403, 164]. We can furthermore observe that the
control vimentin network stiffens by an impressive factor of ~100 before rupturing at a
stress of ~120 Pa (see Figure 5.1C), highlighting the elastomeric character of vimentin
filaments.

Interestingly, the corresponding networks crosslinked via ACTIE over the whole range
of ACTIF:vimentin ratios (1:100 to 1:10), all showed an initial shear-softening response
before undergoing strain-stiffening (Figure 5.2A). Since the control network does not
show this softening response, we suspect that this initial softening originates from un-
binding of ACTIF-mediated crosslinks between vimentin filaments. If true, this would
indicate that ACTIF forms crosslinks that are more likely to dissociate than crosslinks
mediated by the C-terminal vimentin tails at this specific loading rate. We furthermore
observe in Figure 5.2A that, once the crosslinked networks start to strain-stiffen, the K’-
strain curves overlap for all crosslinker ratios. Replotting the data in terms of K’ versus
stress (Figure 5.2B), we see that K’ increases as 0°/2, as for the control network. The
rupture stress where the networks fail shows an interesting nonmonotonic dependence
on the ACTIF concentration (Figure 5.2C). In the presence of ACTIE the rupture stress
initially increases with increasing ACTIF concentration, but eventually it falls back to
the same low value measured at the lowest ACTIF concentration. This nonmonotonic
concentration dependence mirrors the nonmonotonic dependence of the linear mod-
ulus on ACTIF concentration and again suggests an interesting competition between
ACTIF-mediated versus vimentin tail-mediated crosslinks to the mechanical integrity of
the networks. Interestingly, in the presence of ACTIE the rupture stress is always smaller
than for uncrosslinked networks. This observation suggests that tail-mediated crosslinks
dominate the network strength at high strains.

EFFECT OF C-TERMINAL VIMENTIN TAILS ON THE MECHANICAL RESPONSE

To test our hypothesis that ACTIF competes with vimentin tail-mediated crosslinking,
we turned to tail-truncated vimentin where the C—terminal region starting from residue
411, considered the last one in the central @—helical rod domain, is removed. [404, 315]).
Earlier studies showed that tail-truncated vimentin can still form elastic self-supporting
networks [315] with an identical linear elastic modulus to full-length vimentin [200],
but it has largely lost the strain-stiffening ability of full-length vimentin [200]. Hence
this work concluded that tail-mediated crosslinking is essential for maintaining net-
work integrity and mediating strain-stiffening under large shear. We note that since
tail-truncated vimentin forms thicker filaments than full length vimentin [405], it is im-
portant to perform these rheological comparisons at vimentin concentrations adjusted
such that the networks have the same filament length per volume. Specifically, we re-
constituted tail-truncated vimentin networks at a protein concentration of 63 M, which
corresponds to a filament length per volume of 2.34 - 10'3 m ™2 given a mass-length ratio
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Figure 5.2: (A) Strain-dependence of the differential modulus K’ normalized by the linear modulus, deter-
mined by stress ramp measurements with a constant loading rate of 1-1073 decades of stress per second.
Legend in the square in the bottom, common with the next panel. (B) Same data, but plotted as a function of
applied shear stress. The dashed line serves as a guideline for power law stiffening with an exponent of 3/2,
expected in case of entropically driven stiffening. Legend in the square in the bottom, common with the pre-
vious panel. (C) Rupture stress plotted against ACTIF concentration. The rupture stress corresponds to the
stress where K’ reaches its maximum value.
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of 48 kDa-nm™! [315], matching the filament length per volume reached by full length
vimentin at 18 uM (which has a mass-length ratio of 53 kDa- nm™~! [315, 39]).
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Figure 5.3: (A) Polymerization curves for tail-less vimentin (63 uM, blueish curves) and full length vimentin
(18 uM, reddish curves) with ACTIF (darker curves) or without ACTIF (lighter curves). Plots show the evolution
of the linear storage moduli as a function of polymerization time, measured by time-resolved small amplitude
oscillations. (B) Frequency sweep showing the dependence of the linear elastic modulus (Top) and loss tangent
(Bottom) on oscillation frequency for the same networks. (C) Elastic modulus Gy at 6.28 rad- s~ (i.e. 1 Hz) of
the vimentin and tail-less vimentin networks as a function of the ACTIF concentration. The color code is the
same for all panels (see legend in panel A).

The networks of full length and tail-truncated (tail-less) vimentin were polymerized
for one hour at 37 °C, in presence or absence of ACTIF (see Figure 5.3A). In absence of
ACTIE networks of full length vimentin (orange curve) and tail-less vimentin (light blue
curve) reached a similar final stiffness of ~ 2 Pa, as expected based on prior studies. Full
length vimentin crosslinked with ACTIF at a 10:1 vimentin:ACTIF ratio reached the same
stiffness (dark red curve). Interestingly, however, tail-less vimentin networks crosslinked
with ACTIF (dark blue curve) reached a larger final modulus of ~6 Pa.

All networks showed a power-law dependence of G’ on frequency with an exponent
of ~ 0.08 (Figure 5.3B (top)). Crosslinked tail-less vimentin networks were more solid-
like (tané< 0.2, dark violet curve in Figure 5.3B(bottom)) than their non-crosslinked
counterpart and than full length vimentin with/without ACTIF (tandé> 0.15, light green
curve in Figure 5.3B(bottom)). Note that the loss tangent is noisy because the applied
strain and the shear moduli (especially G”) are small, so the stress is close to the sensitiv-
ity limit of the rheometer. The higher stiffness and more solid-like nature of crosslinked
tail-less vimentin networks as compared to crosslinked full length vimentin networks is
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consistent with our hypothesis that ACTIF competes with tail-mediated crosslinks: in
absence of tails, ACTIF becomes the dominant crosslinker.

Finally we also compared the nonlinear response of full length and tail-less vimentin
network in absence and presence of ACTIE Figure 5.8A shows the strain dependence
of K’/ Ky, while Figure 5.8B shows the same data plotted as a function of stress. In ab-
sence of ACTIE the tail-less vimentin network strain-softened, in contrast to its strain-
stiffening full-length counterpart. This is indeed expected from the loss of tail-mediated
crosslinking upon tail truncation. Surprisingly, in presence of ACTIE the crosslinked tail-
less vimentin network still did not stress-stiffen (violet curve, see Figure 5.4B), unlike
full length vimentin with and without ACTIF (see orange and red curve in Figure 5.4B).
This observation suggests that the vimentin tails are important for strain-stiffening of
full length vimentin, and that ACTIF-mediated crosslinkers alone are unable to sup-
port strain-stiffening, either because they dissociate under load or because the causing
bundling and hence a nonaffine strain-weakening response. Future confocal imaging
will be needed to help distinguish between these scenarios by revealing the impact of
ACTIF on the network microstructure.
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Figure 5.4: (A) Normalized differential modulus K’ " of tail-less vimentin (63 UM, blueish curves) and full length
vimentin (18 uM, reddish curves) polymerized with ACTIF (darker curves) or without ACTIF (lighter curves)
as a function of shear strain, determined by stress ramp experiments. (B) Same data replotted as a function of
applied shear stress. The dashed line serves as a guideline for power law stress-stiffening with an exponent of
3/2.

5.2.2. IMPACT OF ACTIF ON F-ACTIN NETWORKS

LINEAR MECHANICS OF F-ACTIN NETWORKS

We next tested whether ACTIF is also capable of crosslinking F-actin networks. We re-
constituted control F-actin network at a concentration of 24 yM and compared it to net-
works assembled in the presence of ACTIF at different ACTIF:actin ratios. Specifically,
we tested ACTIF:actin ratios of 1:60 (0.4 uM ACTIF), 1:30 (0.8 uM ACTIF) and 1:10 (2.4
UM ACTIF). As shown in Figure 5.5A, control networks reached a modulus of ~ 2 Pa after
2 hours. The elastic modulus of the crosslinked networks progressively increased with
increasing ACTIF concentration, from ~ 2.5 Pa (1:60 ACTIF:actin ratio) to ~ 4 Pa (1:30
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ACTIF:actin ratio) to ~ 15 Pa (1:10 ACTIF:actin ratio). This dose-dependent stiffening
provides clear evidence that ACTIF is capable of crosslinking actin filaments.

The final elastic modulus showed weak power-law scaling with frequency (see Figure
5.5B(top)) with an exponent @ ~ 0.189 for control networks. In presence of ACTIE the
exponent decreased in a dose-dependent manner, from a ~ 0.135 (1:60 ACTIF:actin), to
a ~ 0.073 (1:30 ACTIF:actin), to a ~ 0.0346 (1:10 ACTIF:actin). This observation indi-
cates that ACTIF slows down stress relaxation through crosslinking of actin filaments.
Interestingly, the elastic modulus Gy (extracted as the modulus at 6.28 rad - s71) in-
creased monotonically with ACTIF concentration in a stronger than linear fashion (Fig-
ure 5.5C). We fitted the data with G(cActi f) = G(0) + A * [ACTIF]* and obtained a con-
centration exponent of x = 1.92 and the free parameter in the feet, G(0), G(0) = 5.68 Pa
(dashed line in Figure 5.5C). At the same time, the crosslinked network with the high-
est actin:ACTIF ratio (10:1) was significantly more solid-like (with tand ~0.1) as com-
pared to more weakly crosslinked and uncrosslinked networks (tané ~0.2) (see Figure
5.5B(bottom)). Together, these observations confirm that ACTIF is capable of crosslink-
ing actin filaments.
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Figure 5.5: (A) Polymerization curves for actin (24 uM) polymerized with or without ACTIE color-coded by
ACTIF:actin ratio as indicated in the legend (which applies to all panels). Plots show the evolution of the linear
storage moduli as a function of polymerization time, measured by time-resolved small amplitude oscillations.
(B) Frequency sweep showing the dependence of the linear elastic modulus (Top) and loss tangent (Bottom)
on oscillation frequency for the same networks. (C) Elastic modulus Gy at 6.28 rad- s™! (i.e. 1 Hz) of the
actin networks as a function of the ACTIF concentration. Dashed line shows a fit to the equation G(cActif) =
G(0) + A* [ACTIF]* with x =1.92 and G(0) = 5.68 Pa.
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NONLINEAR MECHANICS OF F-ACTIN NETWORKS

To test the impact of ACTIF on the nonlinear elastic response of actin networks, we
again performed stress ramps. The control (non-crosslinked) actin networks had a small
modulus and fluidized when the strain increased (crosses in Figure 5.6A)). By contrast,
the crosslinked networks displayed strain-stiffening behavior, albeit only over a narrow
strain regime (circles in Figure 5.6A, color-coded by ACTIF:actin ratio). Crosslinking by
ACTIF is indeed expected to prevent actin network fluidization and to introduce a strain-
stiffening response. Replotting the data in terms of K’ versus stress (Figure 5.6B), we see
that when the ACTIF:actin ratio increases, the networks tolerate larger shear stresses and
stiffen more. This trend is summarized in Figure 5.6C), which shows that the rupture
stress significantly increases with increasing ACTIF concentration.
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Figure 5.6: (A) Differential elastic modulus of actin networks with and without ACTIF as a function of shear
strain, determined by stress ramp experiments. (B) Same data replotted as a function of shear stress. (C)
Rupture stress (crosslinked networks) and fluidization stress (control network) plotted against ACTIF concen-
tration.

5.2.3. IMPACT OF ACTIF ON COMPOSITE F-ACTIN-VIMENTIN NETWORKS

Having established that ACTIF is capable of crosslinking F-actin and vimentin individu-
ally, we then proceeded to study the mechanical properties of composites of F-actin and
vimentin crosslinked via ACTIE We studied composites with constant concentrations of
24 pyM actin and 18 uM vimentin, crosslinked with ACTIF at different concentrations of
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ACTIE We explored different protein:ACTIF ratios, where 'protein’ stands for the total
concentration of G-actin and vimentin monomers (details in Appendix Table 5.1).

LINEAR MECHANICS OF COMPOSITE F-ACTIN-VIMENTIN NETWORKS
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Figure 5.7: (A) Polymerization curves for composite networks of actin (24 yM) and vimentin (18 uM) co-
polymerized in the presence or absence of ACTIE The curves are color-coded by ACTIF:protein ratio as in-
dicated in the legend on the far-right. Note that 'protein’ stands for the total concentration of actin + vimentin
(42 uM). Plots show the evolution of the linear storage moduli as a function of polymerization time measured
by time-resolved small amplitude oscillations. (B) Frequency sweep showing the dependence of the linear
elastic modulus (Top) and loss tangent (Bottom) on oscillation frequency for the same networks. (C) Elastic
modulus Gy at 6.28 rad- s_1 (i.e. 1 Hz) of the composite F-actin-vimentin networks as a function of the ACTIF
concentration. The line shows a linear fit according to G(cActif) = G(0) + A * [ACTIF)*, with x = 0.98 and
G(0) =1.25 Pa.

To test whether ACTIF crosslinkers can stiffen F-actin-vimentin composites, we first
monitored the evolution of the linear elastic modulus during network formation. As
shown in Figure 5.7A, the actin-vimentin networks were soft (~ 5 Pa) in absence of ACTIF
but 6-fold stiffer (~ 30 Pa) at the highest protein:ACTIF ratio of 5:1, confirming crosslink-
ing activity of ACTIE Both non-crosslinked and crosslinked composite networks showed
a weak power law increase of the linear elastic modulus with frequency with an expo-
nent of ~ 0.077 (Figure 5.7B(top)). This value is comparable to the power law expo-
nents we observed for single-polymer networks of F-actin and vimentin, indicating all
networks present similar stress relaxation dynamics over the studied frequency range.
However, crosslinked composites at the highest (5:1) protein:ACTIF ratio were signifi-
cantly more solid-like (rané< 0.2, dark green curve in Figure 5.7B(bottom)) than their
non-crosslinked counterpart (fand> 0.2, light green curve in Figure 5.7B(bottom))). The
elastic modulus Gy extracted at a single frequency (1 Hz) shows an interesting linear de-
pendence on ACTIF concentration (see Figure 5.7C), different from the nonmonotonic
dependence observed for vimentin and the near-quadratic dependence observed for F-
actin.
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NONLINEAR MECHANICS OF F-ACTIN-VIMENTIN COMPOSITE NETWORKS
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Figure 5.8: (A) Normalized differential modulus K " of F-actin-vimentin composite networks as a function of
shear strain, determined by stress ramp experiments. (B) Same data replotted as a function of shear stress. The
dashed line serves as a guideline for power law stress-stiffening with an exponent of 3/2. (C) Rupture stress

plotted against ACTIF concentration.

When probed by stress ramps, we found that control (non-crosslinked) F-actin-vimentin
composite networks initially softened, followed by a stiffening regime (crosses in Figure
5.8A). When we replot the data as a function of shear stress (crosses in Figure 5.8B), we
observe that the control networks reach a final modulus of ~70 Pa before rupturing at
a stress of ~10 Pa. When ACTIF is added, we observe a complex dependence on the
protein:ACTIF ratio. At lower ratios (50:1, 40:1, 30:1, and 20:1), the networks gradually
lose the initial softening response and strain-stiffening sets in at smaller strain than for
the control networks (circles in Figure 5.8A, color-coded by protein-ACTIF ratio). Both
effects indicate that ACTIF is capable of crosslinking the networks. At the highest pro-
tein:ACTIF ratios (10:1 and 5:1), the networks show only weak strain-stiffening (the two
darkest curves in Figure 5.8A). When we replot these data in terms of K’ as a function of
shear stress, we see that at lower protein:ACTIF ratios (50:1, 40:1, 30:1, and 20:1), the net-
works tolerate progressively larger shear stresses before rupture as the ACTIF concentra-
tion increases (circles in Figure 5.8B). They stress-stiffen according to the 0*/? power law
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stiffening expected for entropic networks (dashed line). By contrast, at the highest pro-
tein:ACTIF ratios (10:1 and 5:1), small shear stresses already induce network rupture (the
two darkest curves in Figure 5.8B). This nonmonotonic dependence of the rupture stress
on the ACTIF concentration is summarized in Figure 5.8C. When a small concentration
of ACTIF is added (protein:ACTIF ratio of 50:1), the rupture stress drastically decreases
compared to the control network. This could potentially be an effect of the competition
between ACTIF and the vimentin tails in vimentin crosslinking that we noted earlier.
Then, as the ACTIF concentration is increased, the rupture stress increases, reaching a
maximum value comparable to that of the control network for a protein:ACTIF ratio of
30:1. Apparently, ACTIF is introducing sufficient crosslinks to confer mechanical pro-
tection on the networks. However, as the ACTIF concentration is increased even more,
the rupture stress decreases again, while finally, at the highest ACTIF concentration (5:1
ratio), the rupture stress slightly increases again. The complex behavior in this regime
suggests that the relative contributions of F-actin crosslinking, vimentin crosslinking,
and F-actin-vimentin crosslinking to the overall network mechanics may be varying.

5.3. DISCUSSION

In this chapter we investigated the influence of crosslinking between actin and vimentin
filaments on the mechanical properties of composite F-actin-vimentin networks. For
this purpose, we used an engineered crosslinker called ACTIE which mimics the crosslink-
ing functionality of plectin, one of the main crosslinkers in the cell. We showed in Chap-
ter 4 by biochemical and single-molecule imaging assays that ACTIF is capable of bind-
ing, crosslinking and bundling vimentin and F-actin, both individually and together. We
attributed this to the fact that ACTIF is a dimer, so it has two binding domains for F-actin
as well as for vimentin. Based on these observations we anticipated complex effects of
ACTIF on the mechanics of composite F-actin-vimentin networks, and therefore system-
atically compared the effect of ACTIF on single-polymer networks of F-actin or vimentin
versus composite networks. Our data shows that ACTIF is indeed capable of crosslinking
vimentin as well as F-actin networks, confirming that ACTIF has two binding domains
available for both polymers. We furthermore found that ACTIF is capable of crosslinking
F-actin-vimentin composite networks, thereby introducing strong mechanical synergy.
We furthermore uncovered several interesting unanticipated effects pointing to a com-
petition of ACTIF-mediated crosslinking with vimentin tail-mediated crosslinking.

When vimentin was polymerized in the presence of ACTIE we observed a striking
nonmonotonic dependence of the network elastic modulus on ACTIF concentration,
with an optimum at intermediate ACTIF concentrations. Similarly, the rupture stress
of the networks showed an optimum at intermediate ACTIF concentrations and net-
works crosslinked with ACTIF were always weaker (i.e., having a lower rupture stress)
than control networks. Together, these observations strongly hint that ACTIF provides
crosslinks by forming ACTIF-mediated bonds between vimentin filaments, but at the
same time disrupts crosslinks formed by vimentin’s C-terminal tail domains [200]. In-
terestingly, we found that ACTIF much more strongly enhanced the elastic modulus
of tail-less vimentin networks than of full length vimentin networks, suggesting that
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conversely, tail-mediated crosslinking also interferes with ACTIF-mediated crosslink-
ing. This further reinforces the notion of a competition between ACTIF- versus tail-
mediated crosslinking. The observation that ACTIF-crosslinked vimentin networks have
a smaller rupture stress than control networks suggests that ACTIF crosslinkers dissoci-
ate more easily under tensile loading than tail-tail crosslinks. This idea is reinforced by
the observation that tail-less vimentin networks crosslinked with ACTIF did not stress-
stiffen. Indeed tail-mediated crosslinking has the benefit of high avidity, with bonds be-
ing individually weak but collectively strong [200]. In future it will be interesting to dis-
sect the crosslinking competition between ACTIF and the vimentin tails by performing
stress ramps at different loading rates, potentially coupled with single-molecule mea-
surements of the loading-rate dependent binding affinities [406]. In addition, it will be
important to test whether ACTIF introduces any changes in network structure through
confocal fluorescence imaging. Higher ACTIF concentrations may cause vimentin fil-
ament bundling, which is expected to repress strain-stiffening by causing a nonaffine
mechanical response.

When actin was polymerized in the presence of ACTIE we observed a clear dose-
dependent increase of both the linear modulus and the rupture stress of the networks
with ACTIF concentration. This provides strong evidence that ACTIF is capable of crosslink-
ing actin filaments. The networks stress-stiffened only weakly and only over a narrow
window of shear stress (and strain), which is reminiscent of the behavior of F-actin net-
works crosslinked with fascin [407]. Fascin was shown to cause F-actin bundling, hence
causing a highly nonaffine mechanical response characterized by weak (enthalpic) stiff-
ening, in contrast to the strong (entropic) stiffening seen for isotropically crosslinked
actin networks [400, 190, 401]. To test this interpretation, it will be important to perform
confocal imaging of the actin networks as a function of ACTIF concentration.

When F-actin-vimentin composite networks were polymerized in the presence of
ACTIE we observed a linear increase of the elastic modulus with increasing ACTIF con-
centration, reflecting a dose-dependent increase in network connectivity. By contrast,
the rupture stress showed a much more complex, nonmonotonic dependence on ACTIF
concentration. We conclude that ACTIF is capable of crosslinking the composite net-
works and introducing mechanical synergy, but in a complex concentration-dependent
manner. There are likely different crosslinking mechanisms at play: ACTIF can crosslink
F-actin-to-vimentin, but also F-actin to F-actin, and vimentin-to-vimentin. The rel-
ative contributions of these three crosslinking mechanisms will depend on the (load-
dependent) binding affinities associated with these interactions. Our kinetic measure-
ments under stress-free conditions reported in Chapter 4 showed that ACTIF has a 700
times higher binding affinity for vimentin as compared to F-actin [217]. This would sug-
gest that the stiffness and mechanical resilience of the composites is dominated by vi-
mentin, and that F-actin should only come into play at high crosslinker and/or F-actin
concentrations. Consistent with this idea, the stress ramp data show that the strain-
stiffening response of composite networks transforms from a more vimentin-like re-
sponse at low ACTIF concentration to a more actin-like response at high ACTIF con-
centration. Our working hypothesis is that the majority of the filament-bound ACTIF
poolresides on vimentin filaments. The ACTIF-coated vimentin filaments can engage in
crosslinks with either F-actin and vimentin filaments that are in close proximity, depen-
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dent on the relative proportions of F-actin and vimentin in the composites. In future, we
plan to test this idea by measuring the impact of the F-actin and vimentin concentra-
tions on the rheology of the composites. We note that competition between ACTIF and
tail-mediated crosslinking makes the behavior of the composites even more complex.
To pinpoint this particular effect, it would be interesting to perform rheological tests
on composite networks of F-actin with tail-less vimentin. We further note that it will
be important to test the impact of ACTIF on the microstructure of the networks. Prior
work showed that F-actin and vimentin composites in absence of any crosslinker form
an isotropic and homogeneous network [326]. We anticipate that ACTIF causes bundling
of F-actin and vimentin (on their own or in mixed bundles), especially at higher concen-
trations [217].

5.4. CONCLUSION

In this chapter we characterized the impact of crosslinking on the mechanical prop-
erties of F-actin-vimentin composite networks, using an engineered ACTIF crosslinker
that mimics the physiological funcion of plectin. We showed that ACTIF is capable of
crosslinking vimentin as well as F-actin networks, implying that ACTIF has two bind-
ing domains available for both polymers. We furthermore found that ACTIF is capa-
ble of crosslinking F-actin-vimentin composite networks, thereby introducing strong
mechanical synergy. We uncovered several interesting unanticipated effects that arise
from differences in the binding affinity of ACTIF for vimentin versus F-actin and from
a likely competition between ACTIF-mediated versus vimentin tail-mediated interac-
tions. These results form an exciting basis for understanding the mechanical properties
of F-actin-vimentin composites, but we acknowledge that more information (especially
regarding the network microstructure) is needed to draw firm conclusions. At the same
time, this work also provides basis for understanding the contribution of crosslinker-
mediated cytoskeletal crosstalk to cell mechanics (see Chapter 7).

5.5. METHODS

5.5.1. PROTEIN PURIFICATION AND RECONSTITUTION

Protein purification and characterization (in terms of purity and - in case of ACTIF -
oligomerization status) as well as sample preparation were performed as reported in the
Methods section of Chapter 4.

5.5.2. RHEOLOGY

Rheological measurements were conducted using a stress-controlled Malvern Kinexus
Pro rheometer and TA HR-2 rheometer, both equipped with a stainless steel cone-plate
geometry. For both, the cone had a radius of 20 mm and an angle of 1°. The tempera-
ture was maintained at ~37°C by Peltier plates. Networks were polymerized between the
plates of the rheometer by loading 40 pl of the sample directly after mixing the proteins
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in F-buffer; we always added the protein mix last (i.e G-actin, vimentin, or pre-mixed
composite of G-actin and vimentin; with or without ACTIF). To prevent solvent evapora-
tion during the experiment, a thin layer of mineral oil Type A (Sigma Aldrich, #8042475)
was carefully applied around the sample edge with a 200 uL pipette tip by placing some
drops around the top geometry and letting the oil flow and cover the geometry con-
tour. Progress of network formation was monitored by applying a small strain amplitude
(0.5%) oscillatory shear with an oscillation frequency of 0.5 Hz for a duration of 1.5 to 2
hours. Following this polymerization period, a frequency sweep was conducted in the
range of 0.01 to 10 Hz at a small strain amplitude of 1%, sampling 10 data points per
decade. Data taken at frequencies exceeding 3 Hz had to be discarded because they were
dominated by inertial effects from the rheometer. For each curve, we took an average
over N = 3 independently prepared samples (except for crosslinked tail-less vimentin
sample (dark violet curve) in Figures 5.3 and 5.4, where N=2. For nonlinear rheology ex-
periments, we implemented a stress ramp protocol following earlier work on vimentin
[200], where the stress was steadily increased from 10 to 1000 Pa at a loading rate of
1% 1073 decades of stress per second. The differential elastic modulus K’ was obtained
by differentiating the stress-strain curve with a custom-written python script.
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5.7. APPENDIX

Protein:ACTIF ratio | ACTIF concentration (uM)
No crosslinker 0
50:1 0.84
40:1 1.05
30:1 1.4
20:1 2.1
10:1 4.2
5:1 8.4

Table 5.1: ACTIF concentrations and corresponding protein:ACTIF ratios in experiments on reconstituted
composite networks of 24uM actin and 18 uM vimentin. "protein" refers to actin+vimentin.



ENGINEERING A LIBRARY OF
TENSION-SENSING ACTIN
CROSSLINKERS FOR
MOLECULAR-SCALE FORCE
MAPPING WITHIN RECONSTITUTED
ACTIN NETWORKS

Cells in our body are constantly subjected to a wide range of mechanical forces that regu-
late essential cellular functions. The cytoskeleton controls the mechanical response of the
cell to external forces, actively generates internal forces to deform the cell, and contributes
to mechanotransduction. The main component of the cytoskeleton responsible for these
functions is the actin cytoskeleton. Actin filaments form various structures, including the
cortex and stress fibers, but how these actin structures contribute to the generation and
transmission of mechanical forces is unclear. In order to understand these processes better,
it would be advantageous to be able to measure the molecular tension distribution within
the actin cytoskeleton in cells and in cell-free systems. This Chapter presents a new library
of engineered actin crosslinking proteins with embedded FRET-force sensors. Although
the purity of the crosslinking proteins is suboptimal, likely due to protein degradation, we
were able to prove by rheology that they are mechanically functional, being able to stiffen
reconstituted actin network. We end the chapter with a perspective on future applications
of the tension-sensing crosslinkers to measure the response of reconstituted actin networks
to myosin motor activity.

129
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6.1. INTRODUCTION

He cells in our body are subjected to a wide range of mechanical forces. They sense
T and respond to those forces in a process known as mechanotransduction [408]. Mechan-
otransduction is mediated by different subcellular structures, including the plasma mem-
brane and ion channels and adhesion receptors embedded therein [409, 410, 411], the
nucleus [412], and the cytoskeleton [408]. Disentangling the contributions of each of
these structures to cellular mechanotransduction is a complex task, since it is difficult
to map force propagation within the crowded interior of the cell. Nevertheless, there is
consensus that the cytoskeleton plays a central role, given its inherent mechanosensi-
tivity (with cytoskeletal proteins being able to undergo force-induced conformational
changes) and its connections to all the other mechanosensitive structures. While all
four cytoskeletal polymers (filamentous (F-)actin, microtubules, intermediate filaments
and septins) contribute to mechanotransduction [413], the role of F-actin has been most
widely studied.

The actin cytoskeleton is a complex biopolymer network essential for many cellular
processes, including cell division [342], locomotion [20], and cell shape alterations [414].
Its architecture and mechanical properties are finely tuned by dozens of actin-binding
proteins that influence the (de)polymerization dynamics and interactions of actin fila-
ments [415]. Among the actin-binding proteins, crosslinking proteins have a particu-
larly strong impact on the architecture and mechanics of the actin cytoskeleton [416].
By connecting pairs of actin filaments, they create crosslinked elastic gels [417, 418] or
bundled structures such as stress fibers [11]. Crosslinker proteins also influence the level
of contractile prestress in the actin cytoskeleton by tuning the range over which forces
generated by myosin motor proteins can propagate [419].

Measuring forces across the actin cytoskeleton requires methods with picoNewton
(pN) force sensitivity given that both myosin motors [420] and growing actin filaments
[421] exert pN-level forces. Several techniques have been developed to quantitatively
measure these forces in cells, including atomic force microscopy (AFM) and optical- and
magnetic-tweezer based force spectroscopy [422]. However, it is much less straightfor-
ward to measure forces on individual molecules in the crowded interior of the cell than
itis in vitro [423, 138].

To address this challenge, about 15 years ago a complementary approach was intro-
duced, based on molecular tension sensors. These are force-sensitive molecules whose
extension can be detected by Férster Resonance Energy Transfer (FRET) [424]. The ba-
sic idea of this method is that fluorophores can non-radiatively transfer energy to each
other with a strong (inverse sixth-power) dependence on their separation distance. By
connecting a donor fluorophore and an acceptor fluorophore via a deformable linker
with known compliance, molecular tension across the linker can be measured from the
donor-to-acceptor FRET signal. By incorporating this tension sensing module into a pro-
tein of choice, one can then specifically probe the load-bearing role of this protein. This
principle was first demonstrated for the actin-crosslinking protein alpha-actinin in 2008
[425]. Since then, a wide range of tension modules based on synthetic molecules, pro-
teins, or nucleic acids have been developed, which have been incorporated into different
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mechanosensitive proteins found in focal adhesions, cell-cell contacts, and the nuclear
membrane.

Attempts to measure molecular tension related to the actin cytoskeleton have mainly
been limited to indirect measurements on tension sensors incorporated in proteins as-
sociated with integrin adhesions. It is difficult to infer from these traction forces on
the substrate what are the internal forces inside the cell. There have been a few papers
where FRET-based tension sensors were physically embedded in the actin cytoskeleton
by equipping actin crosslinkers with a molecular tension sensor module [426, 427, 425,
311, 428]. However, it remains challenging to interpret these data because of the enor-
mous molecular and structural complexity of the cytoskeleton.

In vitro (cell-free) studies on networks reconstituted from purified cytoskeletal pro-
teins can greatly facilitate the interpretation of data obtained in cells, as reviewed in
Chapter 2. Rheological studies of crosslinked actin networks have for instance helped
delineate the mechanical impact of F-actin’s semiflexible filament properties and of the
binding kinetics of crosslinker proteins [400, 190, 429]. Despite their compositional sim-
plicity, in vitro actin networks have complex mechanical properties because actin fil-
aments are semiflexible polymers. Theoretical models predict that semiflexible poly-
mer networks deform nonaffinely and nonlinearly [403]. FRET-based tension sensors
in combination with reconstituted actin networks provide an opportunity to test these
models experimentally, which could eventually help interpret molecular tension mea-
surements in cells.

In this chapter, we engineered actin crosslinker proteins equipped with a FRET ten-
sion sensor module to enable molecular tension measurements in reconstituted F-actin
networks. We generated a library of crosslinkers, all with the same F-actin-binding do-
mains (taken from ACF7/MACEF [359]) and donor and acceptor fluorophores, but with
different mechanosensitive linker peptides. We created crosslinkers with four distinct
modules (i.e., two tension sensors and two control modules), developed and calibrated
by the Grashoff lab [430, 1, 431]. The two tension sensor modules have different pep-
tide linkers with force sensitivities in the range of 1-6 pN (F40) and 3-5 pN (FL), respec-
tively. We targeted this wide range in order to make sensors available for a range of force-
sensing applications, from reconstituted F-actin networks to composite cytoskeletal net-
works combining actin filaments with microtubules and/or intermediate filaments. We
demonstrate by rheology measurements that the engineered crosslinkers stiffen F-actin
networks, proving their crosslinking functionality. We end the chapter with a perspec-
tive on future applications of the tension-sensing crosslinkers to measure the response
of cytoskeletal networks to myosin motor activity or external forces in cell-free systems.

6.2. MEASURING THE FRET EFFICIENCY OF MOLECULAR TEN-
SION SENSORS

Molecular tension sensor modules consist of a donor and an acceptor fluorophore con-
nected by an elastic linker (see Fig. 6.1A). The fluorophores are chosen such that the
emission spectrum of the donor overlaps with the absorption spectrum of the accep-
tor. Upon excitation with light of the right wavelength, the donor can therefore non-
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radiatively transfer energy to the acceptor. A popular donor/acceptor fluorophore pair
for tension sensors is the combination of the yellow fluorescent protein Ypet ! and the
red fluorescent protein mCherry [432], also used in this Chapter.

The efficiency of non-radiative energy transfer strongly depends on the separation
distance r between the fluorophores, hence providing a sensitive readout of force-induced
elongation or compression of the linker. The FRET efficiency, E, defined as the fraction
of donor molecules that effectively transfer excitation energy to the acceptor, depends
onr as:

6
RO

= 3 G
R0+r

(6.1)

Ry is the Forster distance, which is the distance where the FRET efficiency is 50% (see
dashed lines in Fig. 6.1B). In a tension sensor, the separation distance R of the donor
and acceptor fluorophores, and hence the FRET efficiency E, will be modulated by the
force applied to the tension sensor and the compliance of the linker, as shown in Fig.
6.1B. These two parameters are therefore critical for designing tension sensors for in vitro
reconstituted networks. We note that Ry also depends on the relative orientation of the
donor and acceptor dipoles. A brief summary of further theoretical considerations to
guide the design of FRET sensors can be found in Appendix 6.8.1.

Experimentally, the FRET efficiency is often measured by intensity measurements.
Here the donor fluorophore is excited and the FRET ratio is computed from the mea-
sured fluorescence emission intensities of both the donor and the acceptor. The advan-
tage of this method is that it can be carried out with standard wide-field or confocal mi-
croscopes. An alternative is to use Fluorescence Lifetime Imaging, which requires more
specialized equipment but has the benefit of providing a readout of FRET efficiency that
is independent of the fluorophore concentrations.

6.3. RESULTS

6.3.1. ENGINEERING, PURIFICATION AND TESTING OF THE HOST ACTIN-
CROSSLINKER VECTOR

The first step in creating the library of tension-sensing actin crosslinkers was the engi-
neering and testing of the actin-crosslinker vector in which to host the sensors. We based
the design of the crosslinkers on the architectural plan of typical actin crosslinkers such
as filamin and a-actinin, which have two F-actin-binding domains (ABDs) separated by
a spacer domain. By analogy, we coupled two ABDs by a spacer that contained the ten-
sion sensor module. For the F-actin binding functionality, we decided to use the tandem
calponin homology domains (CH1-CH2) of ACF7/MACF7 [433] that we already charac-
terized extensively in Chapter 4. We note that calponin-homology domains are ubiq-
uitous actin-binding domains found in many actin-crosslinkers [434]. We obtained the

0lwe by default will refer to Ypet as Ypet(short), due to the terminology specified in the plasmid sequence
provided for the here implemented FRET cassettes used in [430, 431].
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Figure 6.1: (A) The FRET efficiency for a donor-acceptor fluorophore pair connected by an elastic linker region
depends on the linker extension. For the relaxed linker, the fluorophores are in close proximity, leading to a
high FRET efficiency (top). Upon stretching, the fluorophores are separated and the FRET efficiency decreases
(bottom). (B) The FRET efficiency has an inverse sixth power dependence on the donor-acceptor separation
distance. The dashed lines indicate the Forster distance Ry where the FRET efficiency is 50%.

ABP from the actin-microtubule crosslinker protein TipAct previously developed by our
lab [359].

We first engineered a host vector for the tension sensors, which we refer to as GFP-
ABD-ABD. This protein contained an enhanced green fluorescent protein (GFP) followed
by two sets of the CH1-CH2 tandem domains (ABDs) separated by a 4 amino acid linker
(Figure 6.2A) and terminating with a 6xHis tag allowing for His-tag affinity purification
(see sequence in Appendix Table 6.8). SDS-PAGE gel electrophoresis showed successful
recovery of the protein at the expected molecular weight of 84 kDa, although some lower
molecular weight bands (=55 kDa, 43 kDa, and 34 kDa) were also present, indicative of
proteolytic degradation (Figure 6.2B). Interferometric scattering (iISCAT) measurements
on dilute (50 nM) solutions of the GFP-ABD-ABD protein showed the presence of pro-
teins of different molecular weights (Figure 6.2C). The monomer peak at a molar mass of
71 +13 kDa contained only 18% of the total counts. We observed three additional peaks,
two smaller ones at a molecular weight of 132 + 23 kDa (19% of the counts) and 257 +
56 kDa (12% of the counts), and a larger third peak at a molecular weight of 408 + 36
kDa (49% of the counts). This finding surprised us, since the protein lacks any known
oligomerization domains.

To test the F-actin-binding functionality of the GFP-ABD-ABD protein, we first per-
formed total internal reflection fluorescence microscopy of a mixture of 2 uM actin co-
polymerized with 0.5 yuM GFP-ABD-ABD. As shown in Figure 6.2D, the GFP-ABD-ABD
crosslinker (green, bottom panel) co-localized with F-actin bundles (blue, middle panel),
indicating that the crosslinker indeed binds actin filaments. F-actin bundles were also
present in the no-crosslinker actin control sample (Figure 6.2E), indicating that the ob-
served bundling was (at least in part) caused by the methylcellulose (0.15%) we used as
a crowding agent. Previous reports showed methylcellulose-induced bundling at similar
concentrations [435, 436].



6. ENGINEERING A LIBRARY OF TENSION-SENSING ACTIN CROSSLINKERS FOR
134 MOLECULAR-SCALE FORCE MAPPING WITHIN RECONSTITUTED ACTIN NETWORKS

GFP-ABD-ABD wmw=384 kpa

GFP-ABD-ABD

o0 12.7kDa

Counts

Only actin control

257
0 56 kDa

150 300 450 600
Mass [kDa]

Figure 6.2: Design, purification and functional testing of the host actin-crosslinker vector for the FRET ten-
sion sensors. (A) Domain structure of the engineered GFP-tagged actin-crosslinker protein, GFP-ABD-ABD.
(B) SDS-PAGE gel analysis of the purified protein, showing a major band at the expected molecular weight
(84 kDa, marked with an arrow) together with smaller molecular weight bands indicative of some proteolytic
degradation. Lanes from left to right: Ladder (molecular weight marker), FT (Flowthrough), Wash 1 to 4 (con-
secutive washing steps), Elution 1 to Elution 3 (consecutive elution steps). (C) Interferometric scattering (iS-
CAT) microscopy histogram for a 50 nM GFP-ABD-ABD solution in 20 mM Tris-HCI [pH 7.4], 50 mM KCl, 2 mM
MgClp, 0.5 mM ATP. The first peak corresponds to the expected monomer molecular weight. The three higher
molecular weight peaks indicate multimerization or aggregation of the protein. (D) Total internal reflection
fluorescence (TIRF) images of F-actin (2 uM) polymerized in the presence of 0.5 uM GFP-ABD-ABD. F-actin
forms bundles (bottom) and the crosslinker (middle) co-localizes with the bundles (merge image, top), con-
firming the crosslinker’s ability to bind F-actin. (E) Corresponding TIRF image of F-actin polymerized in the
absence of GFP-ABD-ABD. We observe similar bundles as in (D), indicating that the methylcellulose crowding
agent present in the buffer is likely responsible for the bundling.
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6.3.2. DESIGN, CLONING AND OPTIMIZATION OF FORCE-SENSING ACTIN
CROSSLINKERS

CHOICE OF TENSION SENSOR MODULES

For the mechanosensitive peptides, we aimed at a force sensitivity corresponding to
typical forces exerted on the actin cytoskeleton by myosin motors, which have been
reported to be on the order of ~ 3-4 pN [420]. From an extensive literature research,
we identified several candidate tension sensor cassettes with a suitable force sensitiv-
ity, as summarized in Table 6.1. Of these, we decided to pick a set of well-characterized
mechanosensitive peptides developed and calibrated by the group of Dr. Carsten Grashoff
(University of Miinster). Specifically, we chose the modules TSMod and FLMod, which
we refer to as F40 and FL, respectively, following the terminology in the literature [1, 430].

Name Sensing element Sensor sensitivity Source
MTFM PEGY 0-20 pN Stabley et al. [437]
TSMod Flagelliform (GPGGA)g 1-6 pN Grashoff et al. [1]
FLMod Ferrodoxin(FL)-peptide 3-5pN Ringer et al. [430]
sstFRET Spectrin repeat 5-7 pN Meng and Sachs [438]
stFRET a-helix pN range Meng et al. [425]
PriSSM AS(GGS)g pN range Iwai et al. [439]
cpYFPc® Chromophore pN range Ichimura et al. [440]
cpstFRET circularly permuted Cerulean and Venus, 5-7pN Meng and Sachs [441]
AuNP-MTFM PEG 0-25 pN Liu et al. [442]
MTS Flagelliform (GPGGA)g 1-6 pN Morimatsu et al [443]

Table 6.1: Candidate molecular tension sensors of interest for in vitro cytoskeletal reconstitution based on their
<10 pN force sensitivity range. Abbreviations: MTFM = Molecular Tension-Based Fluorescence Microscopy,
PEG = Poly-Ethylene Glycol. Others: TSMod (tension sensor module), TS (tension sensor), sstFRET (single
stranded stretch-sensitive FRET), PriSSM (PRIM-based strain sensor module, where PRIM stands for prox-
imity imaging technique), cpYFPc (circularly permuted yellow fluorescent protein chromophore), cpstFRET
(circularly permuted stretch sensitive FRET), AuNP-MTEM (MTFM (molecular tension-based fluorescence mi-
croscopy) tagged with a gold nanoparticle), dSDNA (double-stranded DNA).

The library of FRET-actin crosslinkers we developed based on the TS and FL mod-
ules is shown in Figure 6.3. In all cases, the donor fluorophore was YPet(short) and the
acceptor fluorophore was mCherry, chosen for their optimal spectral overlap, needed for
a good FRET efficiency, as explained in Section 6.2. First, we engineered two variants of
an actin crosslinker with the F40 peptide, namely ABD-F40-ABD (Figure 6.3A) and ABD-
F40 (control donor only)-ABD (Figure 6.3B). In the latter case, the mCherry acceptor
had a truncation after residue 1353, known as the Y72L mutation, which disrupts chro-
mophore formation [444]. The F40 module is derived from the elastic spider silk protein
flagelliform [1]. The 40-amino-acid long F40 peptide responds to forces between 1-6 pN
with a gradual length increase (Figure 6.3C), resulting in a gradual FRET response (Fig-
ure 6.3D), which is of particular interest for us since the resolution of forces below 6 pN
has proven to be challenging in prior studies [1]).

Second, we engineered an actin crosslinker with the FL peptide, which we refer to as
ABD-FL-ABD (Fig. 6.3E). The FL module is an 82 amino-acid long peptide that adopts a
ferrodoxin (FL)-like fold in the absence of load [430] (Figure 6.3F). Under a mechanical
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load of 3-5 pN, the peptide undergoes an unfolding transition, which results in a sharp
FRET loss (Figure 6.3G). Furthermore, this peptide is insensitive to forces of 1-2 pN, ren-
dering it less susceptible to mechanical noise than F40. In Figure 6.3D and Figure 6.3G,
the force-dependent FRET efficiencies of the F40 and FL modules are compared with
those of the HP35 and HPst modules, also developed by the Grashoff group [431]. Those
modules are 35 amino acids long and consist of a villin headpiece peptide (HP). The
wild type HP35 peptide is sensitive to 6-8 pN forces (see Appendix Figure 6.14B, orange
curve) while the mutant variant HP35st is sensitive to 9-11 pN forces (see Appendix Fig-
ure 6.14B, red curve). We decided to not consider these modules for the moment since
these force sensitivity ranges exceed our range of interest.

Finally, we also engineered an actin crosslinker with a no-force control module (F7),
containing a flexible 7-aa-long peptide (F7) that cannot be significantly elongated under
force. The resulting actin-crosslinker ABD-F7-ABD is therefore force-insensitive (Fig.
6.3H).

CLONING AND PURIFICATION OF FORCE-SENSING ACTIN CROSSLINKERS

In order to clone the force-sensing actin crosslinker constructs, we first removed the GFP
domain from GFP-ABD-ABD, obtaining a simple ABD-ABD construct, which we did not
purify but only used as a vector in which to insert the FRET cassettes in order to obtain
sensors. To this end, we amplified the fragments of interest via PCR and used Gibson
Assembly with the primers in Table 6.4) (for a detailed explanation see Section 6.7 and
Appendix Figure 6.15). We initially attempted to insert the FRET cassettes into the ABD-
ABD vector by Gibson Assembly (data not shown). However, this strategy was unsuc-
cesfull because the Gibson assembly primers for the insert FRET-module, which were
targeted to bind to the ABDs, bound in an aleatory manner to the two consecutive ABD
binding sites in the ABD-ABD construct, interfering with proper primer ligation and thus
resulting in the wrong fragments getting amplified. We therefore decided to amplify the
fragments (insert FRET-module and vector) via PCR but then merge the correct frag-
ments with Golden Gate Assembly instead (detailed protocol explained in the Methods
section 6.7) using the primers in Table 6.3. With Golden Gate Assembly, we were able to
target specific binding sites for the primers using Type IIS Restriction Enzymes. Details
on the cloning optimization are shown in Appendix Figure 6.15A. The constructs were
expressed in E. Coli cells and the proteins were purified with a His-tag purification col-
umn (see SDS-PAGE gel in Fig. 6.16A and protocol in Methods section). The fractions
of interest were pooled and cleaned up by gel filtration (Fig. 6.16B), in an attempt to
remove any truncated proteins (non-fully expressed or degraded) that could affect the
FRET efficiency in our assays.

020ptical tweezer measurements were performed by the Grashoff lab [1]. The peptides were connected on
one end to a polymer-coated glass surface via an 18 bp double-stranded (ds) DNA strand and on the other
end to a microsphere held in optical tweezers via a ~50 kbp dsDNA tether. The DNA tethers presented the
fluorophores in close proximity to terminal cysteine residues of the peptides, allowing estimation of the linker
end-to-end distance as a function of force from FRET measurements.The authors numerically converted their
experimental data and fitted the data to a fourth order polynomial (see Supplementary Note III in [1].
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Figure 6.3: Library of engineered force-sensing actin crosslinkers. (A) Domain structure of the ABD-F40-ABD
crosslinker, comprising an actin binding domain (consisting of two calponin homology (CH) domains), a
donor fluorophore (Ypet(short)), the F40 tension module, an acceptor fluorophore (mCherry) and a second
actin binding domain (again consisting of two calponin homology domains). (B) Domain structure of the
ABD-F40 (donor only control)-ABD crosslinker, which is the same as ABD-F40-ABD but with a nonfluorescent
mutant variant of the acceptor fluorophore (mCherry with Y72L mutation). (C) Sensitivity curve for the F40
tension module, showing sensitivity to forces between 1-6 pN (adapted from [430]). (D) FRET efficiency for
the F40 tension module, compared with other tension sensors (Hp35 and HP35st) not used in this chapter
but shown for possible follow-up experiments (see Appendix Figure 6.14). All curves were measured by the
Grashoff lab using optical tweezer force spectroscopy 2.Panels F and G are adapted from Ref. [430]. (E) Do-
main structure of the ABD-FL-ABD crosslinker, which is the same as for ABD-F40-ABD but with the FL tension
module. (F) Sensitivity curve for the FL linker (adapted from Ref. [430]). (G) FRET efficiency for the FL tension
module, compared with other tension sensors (Hp35 and HP35st) (see Appendix Figure 6.14). Panels F and G
are adapted from Ref. [430]. (H) Domain structure of the ABD-F7-ABD crosslinker, which is the same as for
ABD-F40-ABD but with the F7 no force control module.
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6.3.3. CHARACTERIZATION OF THE ACTIN-CROSSLINKING FRET SENSORS

To test the protein purity, we performed SDS-PAGE analysis after the final gel filtration
chromatography step. As shown in Figure 6.4A, the SDS-PAGE gel shows a major band
localized at the expected molecular weight for each protein. However, we also observe
additional weaker bands of smaller molecular weight (indicative of protein degradation
or incomplete translation) and in some cases higher molecular weight (indicative of ag-
gregation). To estimate the purity of the protein preparations, we performed a densitom-
etry analysis for the most prominent bands on the SDS-PAGE gels (see Appendix Figure
6.13). We normalized the band intensities by the intensity of the darkest (most intense)
band and finally calculated the fraction of each constituent by dividing by the sum of
all band intensities. As summarized in Appendix Table 6.5, the bands corresponding
to intact monomer comprised 24% of the total protein amount for ABD-F40-ABD, 10%
for ABD-F7-ABD, 31% for ABD-F40 (control only)-ABD, and 37% for ABD-FL-ABD. In all
cases, we observed that the majority fraction consisted of contaminants with molecular
weight smaller than the intact monomer mass (see Appendix Table 6.5). To check the
oligomeric state of the proteins in solution, we performed interferometric scattering (iS-
CAT) microscopy. As shown in Fig. 6.4B-E), the mass histograms showed only a single
peak centered around a molecular weight corresponding to the value expected value for
the monomers, indicating that there is little aggregation in solution, at least under the
conditions of iSCAT (50 nM protein).

For all proteins, we next checked the optical absorbance spectrum across a wave-
length range spanning the absorbance spectra of the donor and acceptor fluorophores
(Figure 6.4F). Note that we compare only relative absorbance (normalized by the maxi-
mal absorbance) since the different actin-crosslinking FRET sensors differ in purity and
in concentration. In the SDS-PAGE gel in Figure 6.4A we for instance see that, although
the proteins were loaded at the same nominal concentration, the lane of ABD-FL-ABD
was overloaded. For the donor only construct (ABD-F40(donor only control)-ABD, yel-
low curve in Figure 6.4F), we see an absorbance peak at the donor wavelength (1=500
nm) but no absorbance at the acceptor wavelength (1=610 nm). This is in agreement
with the fact that the mCherry acceptor cannot absorb any light as a consequence of the
Y72L point mutation [444]. For the other constructs, we do observe both a donor and ac-
ceptor peak, but the peak absorbance of the donor at A=500 nm was always higher than
the peak absorbance of the acceptor at A=610 nm. The difference between the donor and
acceptor absorbance at the peak wavelengths was ~60% for the protein with the FL. mod-
ule (ABD-FL-ABD, blue curve in Figure 6.4F), ~75% for the F40 module (ABD-F40-ABD,
salmon curve in Figure 6.4F), and ~70% for the no force control module ((BD-F7-ABD,
orange curve in Figure 6.4F). It appears therefore that the most efficient absorbance at
610 nm is obtained with the ABD-FL-ABD and that not much difference, in this setting,
is measured between the no force control and the F40 module.
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Figure 6.4: Characterization of the purity, oligomerization status, and optical properties of the actin-
crosslinking FRET sensors. (A) SDS-PAGE gel of all 4 proteins (see legend), purified by His-tag affinity pu-
rification followed by gel filtration. Left-most lane: molecular weight marker. Rectangles mark the band of
the full-length protein. In all cases we observe additional bands of higher and lower molecular weight (see
Appendix Figure 6.13). (B-E) iSCAT measurements of the molecular mass distribution of the purified proteins
(50 nM solutions in 20 mM Tris-HCI, pH 7.4, 50 mM KCI, 2 mM MgCly, 0.5 mM ATP) for (B) ABD-F40-ABD, (C)
ABD-F7-ABD, (D) ABD-F40(control)-ABD, and (E) ABD-FL-ABD. In all cases we observed a single peak cen-
tered around a molecular mass corresponding to the full length monomer masses expected from the protein
sequence. (F) UV-VIS absorption spectra for the proteins at a concentration of 5 uM in F-buffer (20 mM Tris-
HCI, pH 7.4, 50 mM KCI, 2 mM MgCly, 0.5 mM ATP) normalized by the maximal registered absorption. We all
constructs except the ABD-F40(donor only control)-ABD construct we observe two absorption peaks, one for
the donor (Ypet) centered around 500 nm and another for the acceptor (mCherry) centered around 610 nm.

6.3.4. THE ACTIN-CROSSLINKING FRET SENSORS INDEED HAVE CROSSLINK-
ING ACTIVITY

MECHANICS OF CROSSLINKED ACTIN NETWORKS AT LOW SHEAR STRAINS

In order to determine the actin-crosslinking functionality of the sensors, we performed
shear rheology on actin networks polymerized with and without the FRET-crosslinkers.
For all samples, the G-actin concentration was fixed at 24 uM and the concentration of
crosslinker was set at 2.4 uM. Figure 6.5A shows the polymerization curves of a control
actin network (blue curve) compared with networks polymerizing in the presence of the
actin-crosslinking FRET sensors. We show two repeat curves for each condition to por-
tray the variability. All crosslinked networks reached a plateau elastic shear modulus G’
of ~ 7 Pa, whereas the control entangled actin networks stabilized at a modulus of 2 Pa
after 1h30 of polymerization at 25 °C. This significant stiffening effect clearly shows that
all FRET sensors are capable of crosslinking actin filaments.

The linear elastic modulus exhibited a weak power law dependence on the shear os-
cillation frequency characterized by a small exponent of ~0.1 for both the control and
the crosslinked networks (see Figure 6.5B). The loss tangent, which is the ratio of the
viscous over the elastic modulus, was indistinguishable between networks crosslinked
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with different actin-crosslinking FRET sensors (tan(d) ~ 0.6, see Figure 6.5C). The loss
tangent for the crosslinked networks was slightly higher than for the control network
(tan(6) ~ 0.75), consistent with the crosslinked networks being more solid-like than the
control network. However, we note that the loss tangents are noisy because the applied
strain and the shear moduli (especially G") were small, so the stress was close to the
sensitivity limit of the rheometer. We furthermore caution that there are limited statis-
tics (N=2). Nevertheless, we can conclude from the linear rheology that the FRET sensor
proteins are capable of crosslinking actin filaments.
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Figure 6.5: Linear viscoelastic behaviour of actin networks reveals that the FRET sensor constructs function
as crosslinkers. (A) Polymerization of 24 uM actin in the absence and presence of 2.4 uM of the four different
FRET sensors crosslinkers (see legend) observed as an increase in the elastic shear modulus, G, over time. The
crosslinkers cause network stiffening compared to control networks, indicative of crosslinking activity. Two
repeat curves are shown per condition. Artifacts of the rheometer measurement can cause some curves to
"break’, but yet being valid due to immediately the modulus coming to its original value. (B) Frequency depen-
dence of G’ for the actin networks obtained after steady state polymerization is reached. (C) Corresponding
loss tangents. Note that the loss tangent is noisy due to the stress being close to the rheometer sensitivity limit.
The data shown for each sample corresponds the separate independent N=2 repeats.

MECHANICS OF CROSSLINKED ACTIN AT HIGH SHEAR STRAINS

To elucidate the influence of the engineered crosslinkers on the high strain response of
the networks, we implemented a stress ramp protocol (see Methods) to measure the tan-
gent elastic modulus K’ of the actin networks as a function of shear stress in the absence
or presence of the crosslinkers. Since the nonlinear response of entangled F-actin solu-
tions strongly depends on the strain rate [193], we made sure to compare all systems at
the same stress rate of 10~! decades of stress (in units of Pascal) per second. As shown
in Fig. A, crosslinked actin networks strain-stiffened, in strong contrast to the fluidiza-
tion response of the control networks. Since strain-stiffening requires the filaments to be
crosslinked, this response again confirms that the FRET sensor proteins are functional
as crosslinking proteins. Interestingly, networks crosslinked with the force-sensing con-
structs (ABD-F40-ABD, salmon curve; or ABD-FL-ABD, orange curve) showed mono-
tonic stress-stiffening, whereas the networks crosslinked with the no force control sensor
(ABD-F7-ABD, red curve) or the donor-only control sensors (ABD-F40(donor only-ABD)
showed initial stress-softening before stress-stiffening set in. The no-force control mod-
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ule, being shorter, has a smaller compliance than the F40 and FL modules, which could
explain this difference. However the donor-only control is expected to have an identi-
cal mechanical compliance as the ABD-F40-ABD tension sensor since they only differ
in a single residue in the YPet fluorophore. It is therefore likely that the differences are
primarily caused by varying levels of degraded proteins in the solution that may occupy
binding sites on actin filaments without forming productive crosslinks.
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Figure 6.6: Nonlinear elastic behaviour of actin networks probed by stress ramp experiments (using a stress rate
of 107! decades of stress (in units of Pascal) per second) confirms that the FRET sensor constructs function
as crosslinkers. (A) Actin networks (24 uM) polymerized with or without 2.4 uM of FRET sensor crosslinker
(see legend). The control network fluidizes, whereas the crosslinked networks show stress-stiffening, a clear
signature of crosslinking. (B) Small-stress elastic modulus of the networks extracted from the small-stress
plateau in the stress-stiffening data. The data shown for each sample corresponds the separate independent
N=2 repeats

6.4. DISCUSSION

In this chapter we presented a carefully designed library of actin crosslinkers for FRET
experiments. The purpose of this chapter is to provide the reader the needed tools to
further implement these engineered sensors within reconstituted cytoskeletal networks.
The cytoskeleton regulates the shape and function of animal cells. In particular, the actin
cytoskeleton and F-actin architecture contribute to force generation and transmission
within the cell, but the underlying mechanisms remain unclear. Therefore, tension sen-
sors that can be embedded within the cytoskeleton can help understand better F-actin’s
role in force generation and transmission.

Our library of engineered crosslinkers consists of different tension sensors embed-
ded in between two actin binding domains. The tension sensors fall within the range of
relevant force sensitivity, since measuring across the actin cytoskeleton requires meth-
ods with picoNewton (pN) force sensitivity: myosin motors exert forces in the range of
3-4 pN [420] and growing actin filaments also exert pN-level forces [421]. Specifically, we
designed tension sensors harboring either the F40 tension sensor [1], sensitive to 1-6 pN
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range, or the FL tension sensor [430], sensitive to 3-5 pN. We aimed to achieve maximal
purity by combining His-tag purification with subsequent gel filtration, but we achieved
only 10-37% purity. The majority of contaminants in the final protein preparations were
of molecular weight smaller than that of the full length proteins, suggesting that signifi-
cant proteolysis occurs. Both SDS-PAGE gels and iSCAT measurements showed that the
actin-crosslinking FRET sensors were largely (over 95%) monomeric, as expected from
their sequence, which lacks any known domains capable of inducing oligomerization.

To validate the actin-crosslinking functionality of the engineered FRET sensors, we
performed shear rheology tests on actin networks polymerized in presence of the sen-
sors. We observed significant stiffening of the actin networks upon crosslinking and a
slight decrease in the loss tangent, consistent with a more solid-like behavior. More-
over, the sensors caused the networks to stress-stiffen, as expected for crosslinked actin
networks due to the entropic elasticity of the semiflexible filaments [445]. We did not
yet test the FRET efficiencies of the sensors. The next steps in this project will be to
test the FRET efficiency for the sensors, first in solution, using fluorescence excitation
spectroscopy, and next within F-actin networks, using FRET/FLIM microscopy. Once
the load-free conditions are well-characterized, it will be interesting to test whether the
sensors are capable of reporting changes in tension when a mechanical load is applied.
We are aware of only one previous study where F-actin-binding FRET sensor proteins
were used to measure force transmission in reconstituted F-actin networks [446]. In this
work, forces were introduced by embedding myosin II motors, which generate contrac-
tile forces. Actin-myosin II networks are indeed an attractive choice as a model system
because the amplitude and range of forces can be controlled by changes in myosin II
concentration and in the network crosslinking density [447]. We therefore re-established
this system, previously studied in our research group [448, 234]. To this end, actin net-
works were reconstituted together with fascin crosslinkers and muscle myosin II motors
in a buffer containing 0.1 mM MgATP (see Figure 6.7A). As shown in Figure 6.7B, time-
lapse confocal imaging showed that the motors macroscopically contracted the fascin-
crosslinked actin network contraction over a time course of 12 minutes. Note that the
images are time projections of movies, with the color scale representing time. We think
such a system could be of strong interest to test our library of engineered crosslinkers.
Given their force sensitivity range of 1-7 pN, we hope to be able to map forces across
crosslinks during motor-driven contraction from changes in the FRET signal or fluores-
cence lifetime of the FRET sensors. Unfortunately, due to time constraints, we leave this
exciting experiment for the future.

6.5. CONCLUSION

FRET-force sensors have become a valuable tool for measuring forces in living cells,
but they have not yet been implemented to study force propagation in reconstituted
biopolymer gels. In this chapter we engineered FRET-based sensors as a tool to study
force propagation within reconstituted actin networks. We engineered actin-crosslinker
proteins by sandwiching actin-binding domains around a FRET cassette based on two
different tension sensors selected for their optimal force sensitivities in the pN range,
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Figure 6.7: Proposed test system for the tension-sensing actin crosslinkers. (A) We propose to incorporate the
FRET sensors as crosslinkers in reconstituted F-actin networks formed in the presence of myosin II motors
that drive contraction. These networks can be formed inside glass chambers to allow for FRET/FLIM imaging.
(B) Time projections of confocal time lapse movies of actin networks (15 uM) crosslinked with fascin (in a 20:1
G-actin:fascin molar ratio) and skeletal muscle myosin II (in a 100:1 G-actin:myosin II molar ratio). Scale bar
is 500 um, color bar encodes the time elapsed since the start of observation.

taken from previous work, since myosin motors exert forces in the range of 3-4 pN [420]
and growing actin filaments also exert pN-level forces [421]. We demonstrated that our
newly engineered actin crosslinkers with integrated FRET-sensors (which have been pre-
viously studied in terms of FRET efficiency [1, 430]) are functional in terms of actin-
crosslinking activity. We propose to test these sensors in future in an already established
acto-myosin contraction assay where myosin motors generate contractile forces.
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6.7. METHODS

GFP-ABD-ABD AND ABD-ABD SENSOR ENGINEERING

GFP-ABD-ABD was designed to contain an enhanced Green Fluorescent Protein (GFP)
tag followed by two copies of the actin binding domain (ABD) from the actin-microtubule
crosslinker protein MACF/ACF7. We inserted additional residues for flexibility between
the different domains, as shown in Appendix Figure 6.8. As a vector, we used the TipAct
construct previously developed in our lab [359]. For the ABD insert we used the same
plasmid (actin-microtubule crosslinker protein MACF/ACF7 from [359]). The two frag-
ments (vector and insert) were amplified using the primers indicated in Appendix Table
6.4. PCR amplification was performed using KOD Xtreme Hot start DNA polymerase
(#1975). The PCR products were run on a 1% agarose gel (Biorad #1613100EDU) and
cleaned using the Wizard® SV Gel and PCR Clean-Up System A9281. For electrophoresis,
samples were prepared with Tracklt™ Cyan/Yellow Loading Buffer (Invitrogen #10482035),
using TrackIlt™ 1 Kb Plus DNA Ladder (Invitrogen #10488085) as a ladder. The elec-
trophoresis gel was run at 100V for 20 minutes (Biorad #1613100EDU). Next, the frag-
ments were assembled using Gibson Assembly, following the instructions of the NEB-
uilder HiFi DNA Assembly Cloning Kit (#£55208S). Afterward, the sample was transformed
into Dh5a competent E. coli cells (#C2987). To determine if the plasmid contained the
insert, a miniprep was performed using the PureYield™ Plasmid Miniprep System A1222
for sequencing via Macrogen. After sequencing, the plasmid was transformed into E. coli
BL21 (NEB #C2527).

FRET SENSORS ENGINEERING

The actin-crosslinking FRET sensors were constructed by Golden Gate Assembly. All
Golden Gate assemblies were performed in a total volume of 20 uL using the NEB Golden
Gate Assembly Kit (Bsal-HFv2, NEB# E1601S/L). The final reaction volume contained
10x T-ligase buffer, 1L Golden Gate enzyme mix (Bsal), 50 ng of destination vector and
a 2:1 molar ratio (insert:vector backbone) of insert. We prepared reaction mixtures (lig-
ase buffer, acceptor plasmid, insert) and adjusted with ddH,O. In a final step, the cor-
responding enzymes were quickly added. First, a volume of 0.5 uL of the restriction en-
zyme Bsal (10 units; New England Biolabs, Ipswich, US) and then T4 ligase was added.
Golden Gate reactions were carried out by default under the following conditions: a) En-
zymatic restriction at 37 °C (1 min, 30 passes); b) Ligation 16 °C (1 min, 30 passes) and c)
enzyme inactivation: 60 °C (10 min). In parallel, we thawed the bacteria before the last
reaction step and we transformed immediately after taking the samples out of the PCR
reaction.

GFP-ABD-ABD PROTEIN PURIFICATION

A pre-culture of E. coli BL21 cells expressing the construct of interest was grown from
a glycerol stock in Luria-Bertani (LB) medium containing 1:1000 diluted kanamycin at
37 °C. Growth was upscaled to a total of 12 liters (separated in 4 cultures of 3 L each),
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adding 1:1000 diluted kanamycin, and 25 mL of preculture. This large volume was nec-
essary because we obtained rather small yields, and wanted to make sure enough pro-
tein would be obtained for microscopy and rheology. The cultures were incubated at
37 °C in flasks on a shaker platform at 200 rpm. When the Optical Density (OD) at 600
nm reached 0.9, we cooled the 4 cultures down in an ice bath for 30 minutes, then in-
duced overnight expression with 1 mM Isopropyl B-D-1-thiogalactopyranoside (IPTG
#11411446001) at 16 °C. The cultures were harvested by a 15 min centrifugation in the
Avanti JLA8.1000 fixed angle rotor at 4000 rpm at 25 °C. The supernatant was discarded,
and the cell pellets for each sensor were combined in one 50 mL falcon tube. The cells
were resuspended with lysis buffer (20 mM sodium phosphate pH 7.4, 10 % glycerol,
5 mM 2-mercaptoethanol, 500 mM NaCl, 45 mM imidazole), supplemented with cOm-
pleteTM EDTA-free protease inhibitor cocktail (SigmaAldrich, St. Louis, MO, USA #11836153001)
and 1 mg/mL of lysozyme from chicken egg white (Sigma Aldrich #10837059001). The
cell solution was incubated on ice for 30 minutes. The lysate was passed through the
French press three times at 20 kpsi and next centrifuged at 17,000 x g for 80 minutes at
4 °C (Avanti JXN-26).

The supernatant was collected and incubated with 1 mL pre-washed nickel-IMAC
resin (Thermo Fisher Scientific #88221) overnight at 4 °C to allow protein binding to
the resin. The beads were pre-washed with wash buffer (20 mM sodium phosphate
pH 7.4, 10% glycerol, 5 mM 2-mercaptoethanol, 500 mM NaCl, 45 mM imidazole) in
an empty column (Econo-Pac® Chromatography Columns #7321010). The lysate was
passed through the disposable column for gravity flow purification. The flow-through
was collected and kept at 4 °C. The column was washed three times with wash buffer.
To elute the protein from the column, the column was incubated with elution buffer
(20 mM sodium phosphate pH 7.4, 10% glycerol, 5 mM 2-mercaptoethanol, 500 mM
NaCl, 200 mM imidazole) for 20 minutes at 4 °C. Afterward, an analysis of protein yield
and purity for the eluate was performed by SDS-PAGE analysis. The sample was aliquoted
at the desired molar concentration, calculated using values for the molecular weight and
extinction coefficient determined on the basis of the sequence using the Expasy analysis
tool [388]. Values are shown in Table 6.2.

FRET SENSOR PROTEIN PURIFICATION

The initial steps of the purification of the FRET sensors was performed in the same way
as described above for GFP-ABD-ABD. Next, we added an additional purification step
consisting of size exclusion chromatography on a Superdex 200 10/300 prep grade (Cy-
tiva) column. The column, which was stored in ethanol, was first washed with 1.5x
column volumes of MilliQ water and then with 1.5x column volumes of MRB40 buffer
(40mM piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES) pH 7.0, 4 mM MgCl,, and
1 mM ethylene glycol tetraacetic acid (EGTA)). After the column was equilibrated, we in-
jected the sample through the 5 mL loop and ran it at a flow rate of 0.5 mL/min, while
collecting 0.3 mL fractions. The fractions of interest, as judged from the absorbance at
280 nm, were pooled and analyzed by SDS-PAGE gel electrophoresis. The samples were
aliquotted at the desired molar concentration, calculated using values for the molecular
weight and extinction coefficient shown in Table 6.2.
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ACTIN RECONSTITUTION

For TIRF and rheology experiments, lyophilized rabbit alpha-skeletal muscle actin was
purchased from Hypermol EK. Actin was dialyzed against G-buffer (pH 7.8) comprising
5 mM Tris-HCI, 0.1 mM MgCly, 0.2 mM Na,ATP and 5 mM DTT. After dialysis, G-actin
was aliquotted, flash-frozen in liquid nitrogen and stored at -80 °C. The final actin con-
centration was measured by UV-VIS absorbance measurements using an extinction co-
efficient at 290 nm of 26,600 M~ cm~! and molecular weight of G-actin of 42 kDa [335].

TOTAL INTERNAL REFLECTION FLUORESCENCE MICROSCOPY

Actin samples assembled by polymerizing G-actin with or without GFP-ABD-ABD in F-
buffer (20 mM Tris—HCI, pH 7.4, 50 mM KCl, 2 mM MgCl,, 0.5 mM ATP) at room temper-
ature were imaged using a Nikon Ti2-E microscope complemented with a Gataca iLAS2
azimuthal TIRF illumination system. The sample was illuminated with lasers of 488 nm
and 647 nm lasers (Gataca laser combiner iLAS2) to visualize the crosslinker and the
actin signals, respectively. The fluorescence signal was split with a CairnResearch Op-
tosplit IT ByPass containing a Chroma ZT 543 rdc dichroic mirror and filtered with either
a 525/50 or a 700/50 chroma bandpass filter. The images were recorded with an Andor
iXon Ultra 897 EM-CCD camera using an exposure time of 100 ms, gain of 250 and 10 %
laser power for 488 nm, and at a 100 ms exposure time, gain of 250 and 8.2 % laser power
for 647 nm. Reference images for image registration were acquired using 200 nm mul-
tifluorescent beads mounted on a microscope slide (Cat. #10505593, Invitrogen), and
registration was performed using the Image]J plugin 2D descriptor basedregistration.

INTERFEROMETRIC SCATTERING MICROSCOPY

Interferometric Scattering Microscopy (iSCAT) experiments were conducted with a OneMP
Mass Photometer (Refeyn). The instrument was equipped with a 525 nm laser for illumi-
nation. iISCAT measurements were carried out using CultureWell gaskets (Cat. #GBL103250,
Grace Biolabs) affixed to #1.5 coverslips (Cat. #13296788, Corning). To prepare the cov-
erslips for optimal protein adhesion, a meticulous stepwise sonication cleaning process
was employed. The coverslips were sonicated sequentially in MilliQ water, 50% iso-
propanol, and again in MilliQ water, each for a duration of 5 minutes. Following the
cleaning process, the coverslips were incubated with a poly-L-lysine solution (PLL, Cat.
#P4832, Merck) for 30 seconds. Subsequently, the coverslips were rinsed with MilliQ wa-
ter and dried under a stream of N; gas. The treated coverslips were stored upright in a
Teflon rack within a covered beaker to protect them from dust. They were utilized within

a week to maintain their cleanliness.

During the iSCAT measurements, videos were recorded with a field of view measur-
ing 10 x 10 um. The recording duration ranged from 6000 to 15000 frames, with a frame
rate of 300 frames per second. This ensured a minimum count of 1000 particles per
video. Maintaining a dilute solution of proteins is crucial to ensure well-separated scat-
tering patterns. Hence protein concentrations in the range of 10 nM to 50 nM in F-buffer
were chosen to achieve adequate separation of landing events while still collecting suf-
ficient statistics within a maximum of 15000 frames to limit the data volume. The iS-
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CAT video analysis was executed using the DiscoverMP software, a commercial software
package provided by Refeyn.

RHEOLOGY

Rheological measurements were conducted using a stress-controlled KinexusMalvern
Pro rheometer or a TA rheometer, both equipped with a stainless steel cone-plate geom-
etry. In both cases, the cone had a radius of 20 mm and an angle of 1°. The temperature
was maintained at 25 °C by Peltier plates. F-actin networks were polymerized between
the plates of the rheometer by loading 40 ul of the sample directly after mixing G-actin
with the FRET sensors in the polymerization buffer (F-buffer). To prevent solvent evap-
oration during the experiment, a thin layer of mineral oil Type A (Sigma, #18602) was
carefully applied around the sample edge with a 200 uL pipette tip by placing some drops
around the top geometry and letting the oil flow and cover the geometry contour.

Progress of network formation was monitored by applying a small oscillatory shear
with a fixed strain amplitude of 0.5% and oscillation frequency of 0.5 Hz for a duration
of 2 hours. Following the 2-hour polymerization period [449], a frequency sweep was
conducted in the range of 0.01 to 10 Hz at a small strain amplitude of 1%, sampling 10
data points per decade. Data taken at frequencies exceeding 3 Hz had to be discarded
because they were dominated by inertial effects from the rheometer. For each curve,
we took an average over N = 2 independently prepared samples. For nonlinear rheol-
ogy experiments, we implemented a stress ramp protocol [200] with a loading rate of
107! decades of stress per second from 0 to 1000 Pa. The rheology data sets had differ-
ent total number of datapoints per sample recording because the two rheometers had
different sampling rates. To average data obtained with the different rheometers, we im-
plemented a custom-written spline interpolation in Python.



6.8. APPENDIX 149

6.8. APPENDIX

6.8.1. THEORETICAL CONSIDERATIONS FOR FRET PAIR DESIGN

We here provide brief additional information regarding the impact of FRET pair design
on the FRET efficiency, to aid future researchers following up on this work. Ry is the
Forster distance, and it is dependent on the dipole orientation factor k2, on the donor
quantum yield, Qp, and on the overlap integral of the donor emission spectrum with the
acceptor absorption spectrum, J:

R{ ~x*QpJ (6.2)

The orientation factor, k2, is often assumed to remain constant throughout an experi-
ment, but this may not always hold true. The relative orientation of the donor and ac-
ceptor dipoles has been used in orientation-dependent FRET biosensors (see Ref. [450,
451]). The spectral overlap integral (J) is a function of the wavelength, , and depends on
the acceptor’s molar extinction coefficient, € 4, and on the donor fluorescence intensity,
Fp:

J) = f eAMALEp (D) dA 6.3)

6.8.2. TABLES AND FIGURES

Molecular weight (kDa) | Extinction coefficient (M~ Tcm™)
GFP-ABD-ABD 84 84145
ABD-F40-ABD 112 118525
ABD-F40 (control donor only)-ABD | 112 118525
ABD-F7-ABD 110 117035
ABD-FL-ABD 119 121505

Table 6.2: List of molecular weights and extinction coefficients for the actin-crosslinking engineered constructs
determined on the basis of the sequence using the Expasy analysis tool [388].

Fragment Forward Primer Reverse Primer

ABD-ABD Vector | GCTCGTTTAGAGAGTAGCAAAAAT | CCCTTCTCCACCCTCAGGAACTTT

Table 6.3: Primers used for Gibson Assembly for the actin-crosslinking vector (ABD-ABD).

Fragment Primer
Forward Primer | aaagttcctgagggtggagaagggCTCGAGATGGTGAGCAAAGGCGAA
Reverse Primer atttttgctactctctaaacgagcAGCGGCCGCCTTGTACAGCTCGTC

Table 6.4: Primers used for the insertion of the FRET-cassettes into the ABD-ABD vector by Golden Gate As-
sembly, using Golden Gate enzyme Bsal
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GFP-ABD-ABD
MW~84 kDa

MGSSHHHHHHS SGLVPRGSHMASMTGGQOMGR 60

SVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVITLTYGVQCFARYPDHMKQHDFFKSA 120

MPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHEKLEYNYNS 180

HEVY ITADKQENGIKVNFETRHNIEDGSVQLADHYQONTPIGDGPVLLPDNHYLSTQSAL 240

SEDPNEKRDHMVLLEF 300

360

420

480

PKVPE 540

600

660

715
Figure 6.8: Domain organization and amino acid sequence of GFP-ABD-ABD. (Top) GFP-ABD-ABD domain or-
ganization with the amino acid numbers indicated from the sequence below. GFP, enhanced green fluorescent
protein; ABD, actin-binding domain (from MACF/ACF7). (Bottom) Amino acid sequence of GFP-ABD-ABD.
The color code corresponds to the domains indicated on the diagram above and the spacers between domains

are indicated in black letters. The purple amino acid region corresponds to the 6xHis-tag for protein purifica-
tion.

Relative abundance (%)

Protein of interest | Darkest band
ABD-F40-ABD 24 38
ABD-F7-ABD 10 54
ABD-F40 (donor only)-ABD | 31 50
ABD-FL-ABD 37 58

Table 6.5: Densitometry analysis of the protein bands observed by SDS-PAGE analysis. Percentages correspond
to the intensities of the bands (either the "protein of interest", which is the full length monomer, or the "darkest
band", which refers to the most intense band observed on the gel), divided by the summed intensities of all
analyzed bands. Data are shown for ABD-F40-ABD, ABD-F7-ABD, ABD-F40 (control donor only)-ABD and
ABD-FL-ABD.
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ABD-F40-ABD (Actin F40-tension sensor crosslinker)

MW ~ 112 kDa
:: :: Ypet(short) F40 mCherry: :
— -
ABD ABD

MGSSHHHHHHSSGLVPRGSHMASMTGGQQOMGRSGLMDERDR

KVPEGGEGLE

GSGPGGAGPGGAGPGGAGPGGAGPGGAGPGGAGPGGAGPGG
AGSMVSKGEEDNMAI IKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKVTKGG
PLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQDSS
LODGEFIYKVKLRGTNFPSDGPVMOKKTMGWEAS SERMY PEDGALKGE IKQRLKLKDGGH
YDAEVKTTYKAKKPVQLPGAYNVNIKLDITSHNEDYTIVEQYERAEGRHSTGGMDELYKA

AAARLESSKN

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

Figure 6.9: Domain organization and amino acid sequence of ABD-F40-ABD (Actin F40-tension sensor
crosslinker). (Top) Domain organization of ABD-F40-ABD with the amino-acid numbers indicated from the
sequence below. ABD, actin-binding domain; Ypet; F40-tension sensor, mCherry. (Bottom) Amino acid se-
quence of ABD-F40-ABD. The color code corresponds to the domains indicated on the diagram above and
the spacers between domains are indicated in black letters. The purple amino-acid region corresponds to the

6xHis-tag for protein purification.
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ABD-FL-ABD (Actin FL-tension sensor crosslinker)

MW ~ 119 kDa
ABD ABD
MGSSHHHHHHS SGLVPRGSHMASMTGGQQOMGRSGLMDERDR 60
120
180
240
KVPEGGEGL 300
360
420
480

GSMGEFDIRFRTDDDEQFEKVLKEMNRRARKDAGTVTYTRD 540
GNDFEIRITGISEQNRKELAKEVERLAKEQNITVTYTERGSLEGSMVSKGEEDNMAIIKE 600
FMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKVTKGGPLPFAWDILSPQFMYGSK 660
AYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQDSSLODGEFIYKVKLRGTNFP 720
SDGPVMQKKTMGWEASSERMYPEDGALKGEIKQRLKLKDGGHYDAEVKTTYKAKKPVQLP 780
GAYNVNIKLDITSHNEDYTIVEQYERAEGRHSTGGMDELYKAAAKARLESSKN 840

900
960

1020

Figure 6.10: Domain organization and amino acid sequence of ABD-FL-ABD (Actin FL-tension sensor
crosslinker). (Top) Domain organization of ABD-FL-ABD with the amino acid numbers indicated from the
sequence below. ABD, actin-binding domain; Ypet; FL-tension sensor, mCherry. (Top) Amino acid sequence
of ABD-FL-ABD. The color code corresponds to the domains indicated on the diagram above and the spacers
between domains are indicated in black letters. The purple amino acid region corresponds to the 6xHis-tag for
protein purification.
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ABD-F7-ABD (Actin no force crosslinker)
MW ~ 110 kDa

Ypet{short) F7 mCherry

ABD ABD
MGSSHHHHHHSSGLVPRGSHMASMTGGQQOMGRSGLMDERDR 60
120
180
240
KVPEGGEGLEM 300
360
420
480

GSGPGGAGPGSMVSKGEEDNMAI IKEFMRFKVHMEGSVNGH 540
EFEIEGEGEGRPYEGTQTAKLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKL 600
SFPEGFKWERVMNFEDGGVVTVIQDSSLODGEFIYKVKLRGTNFPSDGPVMOKKTMGWEA 660
SSERMYPEDGALKGEIKQRLKLKDGGHYDAEVKTTYKAKKPVQLPGAYNVNIKLDITSHN 720

EDYTIVEQYERAEGRHSTGGMDELYKAARARLESSKN 780

Figure 6.11: Domain organization and amino acid sequence of ABD-F7-ABD (Actin crosslinker no force con-
trol). (Top) Domain organization of ABD-F7-ABD with the amino acid numbers indicated from the sequence
below. ABD, actin-binding domain; Ypet; F7 no force linker, mCherry. (Bottom) Amino acid sequence of ABD-
F7-ABD. The color code corresponds to the domains indicated on the diagram above and the spacers between
domains are indicated in black letters. The purple amino acid region corresponds to the 6xHis-tag for protein
purification.
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ABD-F40(donor only)-ABD (Actin donor only crosslinker)

MW ~ 112 kDa
: : Ypelfshot)  F40 T\EEILT : :
ABD ABD
MGSSHHHHHHS SGLVPRGSHMASMTGGQOMGRSGLMDERDR 60
120
180
240
PEKVPEGGEGEM 300
360
420
480

GSGPGGAGPGGAGPGGAGPGGAGPGGAGPGGAGPGGAGPGGA 540
GSMVSKGEEDNMAIIKEFMRFKVHME GSVNGHEFEI EGEGEGRPYE GTQTAKLEKVTKGGF 600
LPFAWD ILSPQFMLGSKAYVKHPADI PDYLKLSFPEGFEWERVMNFEDGGVVTVTQDSSL 660
QODGEFIYEVEKLRGTNF PSDGFVMQKK TMGWEAS SERMYPEDGALKGEIKQRLELKDGGHY 720
DAEVET TYKAKKPVQOLPGAYNVNIKLDITSHNEDYTIVEQYERAEGRHSTGGMDELYKAR 780
AARLES SKN 840

200

960

Figure 6.12: Domain organization and amino acid sequence of ABD-F40 (donor only-ABD (Actin F40(donor
only)-tension sensor crosslinker). (Top) Domain organization of ABD-F40 (donor only)-ABD) with the amino
acid numbers indicated from the sequence below. ABD, actin-binding domain; Ypet; F40(donor only)-tension
sensor, mCherry. (Bottom) Amino acid sequence of ABD-F40 (donor only)-ABD. The color code corresponds to
the domains indicated on the diagram above and the spacers between domains are indicated in black letters.
The purple amino-acid region corresponds to the 6xHis-tag for protein purification.
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Figure 6.13: Densitometry analysis of the protein bands observed by SDS-PAGE analysis in Figure 22A. Plots
show the measured pixel intensity (UA) versus distance (y-axis), where the peaks along the y-axis correspond
to the different gel bands. Densitometry of (A) ABD-F40-ABD, (B) ABD-F7-ABD, (C) ABD-F40 (control donor
only)-ABD, and (D) ABD-FL-ABD. Colored squares indicate the full length monomer.
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Figure 6.14: Tension sensing modules engineered by the group of Carsten Grashoff[430, 1, 431] that were not
implemented in our engineered crosslinkers for the time being. (A) The HP35 module uses the 35 aa-long villin
headpiece peptide (HP), which is characterized by an unfolding response at 6-8 pN (orange distribution). The
mutant HP35st module is sensitive to 9-11 pN (red distribution). (B) Comparison of the force-dependent FRET
efficiency of the HP35 and HP35st modules with the F40 and FL modules (grey curves, discussed in Figure 6.3).
Data are taken from [431]
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A Golden Gate Assembly
GFP-ABD-ABD (FRET sensor insert)

-Bsal enzyme ABD-ABD
eGFP
— % L« =
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ABD-ABD ABD-F40-ABD
(Golden Gate Assembly vector) (Inserted F40 in ABD-ABD vector)
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Figure 6.15: (A) GFP-ABD-ABD construct, developed for testing the actin crosslinking vector functionality. (B)
ABD-ABD vector obtained by removal of GFP from the construct in A. Note that this construct was not purified.
(C) Golden Gate assembly strategy to insert each FRET sensor in the ABD-ABD vector. Engineering strategy for
all vectors starting with YPet and finishing with mCherry in the linearized insert vector. (D) Example force
sensor construct based on the F40 module. (E) Colony amplification control for the assembled constructs via
Golden Gate Assembly. For each sample (ABD-F40-ABD, ABD-F7-ABD, ABD-F40(donor only)-ABD), several
copies were picked (corresponding to all the lanes below the construct reference). The ladder did not run well
enough to quantify the DNA size, but qualitative comparison can be established with the actin crosslinker
vector for the sensors (ABD-ABD) and the inserted fragments (F40, F7 and F40-donor only tension sensors).
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Figure 6.16: Example of optimized purification for ABD-FL-ABD. (A) SDS-PAGE gel showing the fractions from
the His-column purification that were selected for further purification. The first lane shows the molecular
weight marker for reference. (B) SDS-PAGE gel showing the fractions collected from subsequent gel filtration.
Left lane shows the molecular weight marker. The white bracket shows the fractions that were pooled together
for the final protein sample.



OUTLOOK

In this thesis, I have explored the interactions and mechanical synergy of actin and vi-
mentin, providing a basis for understanding the physical origins of cytoskeletal crosstalk
and its impact on cell mechanics. In Chapter 2, I first reviewed prior work on the role of
cytoskeletal crosstalk in cell mechanics and migration, with a focus on confronting live
cell versus cell-free reconstitution studies. Next in Chapter 3, I demonstrated the cell-free
reconstitution of composite networks of F-actin and vimentin and characterized their mi-
croscopic dynamics and macroscopic rheology. In Chapter 4, I extended this system with
tunable crosslinking by engineering crosslinkers that mimic natural crosslinker proteins
such as plectin. In Chapter 5, I demonstrated that the resulting crosslinked composite net-
works exhibit intriguing synergistic mechanical properties. Finally, in Chapter 6, I intro-
duced engineered F-actin crosslinker proteins with embedded FRET-based force sensors,
which can in future be modified to also report on force transmission between F-actin and
vimentin. Despite these advances, many questions still remain open: How can we bet-
ter understand the functional consequences of crosstalk for cell mechanics? Can we do so
by combining cell-free and cell-based studies? How can we better understand the tissue-
specific roles of the different intermediate filament proteins in different cell types? In this
Outlook chapter, I present exploratory work addressing these questions. While this the-
sis has an experimental focus on cell-free studies, I hope, through this Outlook chapter,
to stimulate efforts to bring together cell-free and cell-based approaches to understand
cytoskeletal crosstalk.

159
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7.1. INTRODUCTION

HE cells that make up our bodies exhibit remarkable capabilities to undergo shape
T changes needed for essential processes such as cell division and movement. These
shape changes are mainly mediated by the dynamics of the cytoskeleton, which com-
prises three distinct networks of protein polymers: filamentous actin (F-actin), micro-
tubules, and intermediate filaments. Of these, intermediate filaments are the least stud-
ied cytoskeletal constituent. Each polymeric system possesses unique dynamical and
mechanical properties that cells leverage in various physiological processes like migra-
tion, division, polarization, and intracellular transport. Moreover, an ensemble of pro-
teins is involved in coordinating the activities of the three cytoskeletal systems, either
through direct physical crosslinks or through indirect biochemical regulation.

Despite our comprehensive understanding of the individual functions of the three
cytoskeletal subsystems through cell-free and cell-based studies, a detailed comprehen-
sion of how their activities are coordinated within cells remains elusive. In this thesis, our
main focus is on extending cell-free reconstitution to composite networks of actin and
vimentin, with the aim to understand the mechanical synergy of these two cytoskeletal
networks. In order to mechanically couple them, we engineered a library of bifunctional
crosslinkers based on natural crosslinking proteins (plectin and APC), and we charac-
terized their binding kinetics and their effects on network organization and mechanics
(Chapters 4 and 5). As reviewed in Chapter 2, we believe that such cell-free (or bottom-
up) studies are an important complement to cell-based studies to understand the role
of cytoskeletal crosstalk in fundamental cellular processes like cell migration. We there-
fore hope that the work presented in this thesis forms a basis for further explorations of
cytoskeletal crosstalk in future.

In this Outlook chapter, I discuss several directions for future work, illustrated with
pilot data. First, I propose follow-up research on crosslinker-mediated cytoskeletal crosstalk.
I show that the engineered ACTIF crosslinker can be expressed in cells to study its func-
tion as an actin-vimentin crosslinker within the full complexity of the cellular environ-
ment. This approach will in future enable us to test the physiological relevance of our
cell-free findings. I furthermore present an alternative reconstituted cytoskeletal system
where actin is crosslinked to microtubules using anillin, which is relevant in the context
of cell division. Second, I propose follow-up research deepening the central role of in-
termediate filaments in cytoskeletal crosstalk. Intermediate filaments have been much
more challenging to study than actin filaments and microtubules because the field lacks
experimental tools to fluorescently tag intermediate filaments or to interfere with their
assembly. I show preliminary data which demonstrate that coiled-coil peptides designed
to mimic the central coiled coil domain of vimentin can interfere with in vitro vimentin
filament assembly. Third, I discuss the need for studying different intermediate filament
proteins. Throughout this thesis, the importance of intermediate filaments in cell me-
chanics and resilience has been recurrently highlighted. In humans, intermediate fila-
ments are a large family with around 70 genes encoding different proteins [452]. Each
cell type in the body expresses a specific combination of intermediate filament proteins
and isoforms thereof, which changes during development and in disease. This thesis fo-
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cused on vimentin, which is mainly present in mesenchymal cells and stem cells. In this
chapter, I show preliminary data on the viscoelastic properties of networks reconstituted
from purified glial fibrillary acidic protein (GFAP), which is specifically expressed in as-
trocytes (with 10 distinct isoforms) in conjunction with vimentin, nestin, and synemin.

7.2. BRIDING CELL-FREE AND CELL-BASED STUDIES OF CROSSLINKER-
MEDIATED CYTOSKELETAL CROSSTALK

7.2.1. EXPRESSING THE ENGINEERED ACTIN-VIMENTIN CROSSLINKER AC-
TIF IN CELLS

Plectin plays a crucial role in crosslinking vimentin intermediate filaments to a diverse
range of intracellular structures (reviewed in [453]). Its C-terminal domain binds to vi-
mentin [454, 376], while its N-terminal domain targets different binding partners de-
pending on the plectin splice isoform [61]. Various plectin isoforms have the capability
to establish crosslinks between vimentin and F-actin through their N-terminal calponin
homology domains [73, 74]. Plectin is a giant cytolinker with a multidomain structure
and a molecular weight of ~ 500 kDa, which complicates recombinant expression and
purification. In Chapters 4 and 5, I introduced a novel plectin-mimicking crosslinker
which we called ACTIF and demonstrated its actin-vimentin crosslinking functionality
through bottom-up reconstitution. Since reconstituted systems are highly simplified, it
will be important to complement this approach with cell-based studies to test how our
findings carry over to the cellular environment.

In order to assess the functionality of ACTIF directly in cells, we decided to express
ACTIF in wild type (plectin +/+) mouse embryonic fibroblasts !. After transfection, we

1Cell transfection and imaging experiments were performed by our collaborator, Dr. Lilli Winter (Medical
University of Vienna). The cells were provided by Dr. Gerhard Wiche (University of Vienna). We used FuGENE
4K, a widely used transfection reagent effective for a wide range of cell types. Cells were seeded on glass
coverslips at a density of 80,000 cells per well in either 6-well or 24-well plates. The cells were allowed to grow
overnight to achieve optimal confluency. Transfection Reagent Preparation: The FuGENE 4K transfection
reagent and DMEM were equilibrated to room temperature before use. Next, 100 uL. DMEM was combined
with 2 pg of plasmid DNA, followed by thorough vortexing. To this mixture, 4 uL of FuGENE 4K was added,
taking care not to pipette directly against the tube wall to ensure proper mixing and minimize adhesion to
the plastic. The mixture was then left at room temperature for 15-20 minutes to allow for complex formation.
After removing the medium from the cells, a minimal volume of fresh medium (300-500 pL) was added to
cover the cells. The transfection mixture was added dropwise to the cells, followed by gentle plate swinging for
thorough mixing. The cells were then placed in the incubator overnight to facilitate successful transfection.
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performed immunostaining® and observed the cells by fluorescence microscopy>. As
shown in Figure 7.1A, we observed a strong overlap of the GFP-tagged ACTIF signal with
the vimentin cytoskeleton, but not much overlap with the actin cytoskeleton. This ob-
servation is consistent with our in vitro observation in Chapter 4 that ACTIF has a much
(70-fold) higher binding affinity for vimentin as compared to F-actin. We nevertheless
do observe three-way co-localization of ACTIE vimentin and actin at some actin stress
fibers, as shown in Figure 7.1B (see arrow).

Next, we also tested the potential of ACTIF to restore actin-vimentin crosslinking in
plectin-deficient fibroblasts (plectin-/-). These cells had a similar morphology as plectin
+/+ cells and ACTIF again mainly co-localized with the vimentin cytoskeleton (Figure
7.1C), although we also observed some three-way colocalization of ACTIE actin and vi-
mentin at actin stress fibers (Figure 7.1D, see arrows). These findings suggest that ACTIF
has actin- and vimentin-binding activity in cells, but more quantitative analysis of co-
localization is needed to firmly establish its crosslinking functionality.

Transfection of plectin-deficient fibroblasts with expression plasmids encoding full-
length rat plectin (pBN60) or carboxy-terminal fragments of plectin [455, 364] have pre-
viously been shown to cause a collapse of the vimentin network into a perinuclear aggre-
gate [456]. We did not observe clear indications of perinuclear aggregate formation upon
ACTIF transfection, neither in the plectin +/+ nor the plectin -/- cells, but clearly more
careful comparisons with untransfected cells will be needed. Moreover, it will be in-
teresting to test phenotypic consequences of ACTIF transfection, such as effects on cell
motility and stiffness. Excitingly, the modular design of the ACTIF crosslinker should
make it possible to test how molecular features of actin-vimentin crosslinkers such as
the identity of the binding domains, length and flexibility of the spacer, and dimeriza-
tion affect cell functions.

7.2.2. ANILLIN-MEDIATED CROSSLINKING OF ACTIN AND MICROTUBULES

Anillin is a highly conserved scaffolding protein that plays a key role as a regulator of
cytokinesis [457] and of the activity of the actomyosin cortex of epithelial cells [458]. Its
involvement in the formation and stabilization of the cytokinetic ring and in intercel-

2Cells grown on coverslips were washed with 1x PBS, fixed in 4% paraformaldehyde (PFA) in PBS for 20 minutes
at room temperature, and again washed with PBS. Coverslips were incubated with 100 mM glycine in PBS for
15 minutes and washed twice with PBS for 5 minutes. Next, the cells were permeabilized in PBS containing
0.1% Triton X-100 for 5 minutes. For blocking of unspecific binding sites, the coverslips were incubated with
4% Bovine Serum Albumin (BSA) in PBS for 60 minutes at room temperature. Primary antibody dilutions
were prepared in PBS, and dishes were incubated with antibody solution for 60 minutes at room temperature.
After washing with PBS thrice for 5 minutes, fluorescently tagged secondary antibodies, diluted in PBS, were
added and incubated for 60 minutes at room temperature under light protection. Cells were stained with the
actin-specific toxin phalloidin (CoraLite 594 Phalloidin, ProteinTech, 1:1000), goat-anti Vimentin antibodies
(P. Traub, University of Bonn, Bonn, Germany; 1:400; with biotin-conjugated Affinipure donkey-anti goat
IgG (H+L), 1:100, in combination with streptavidin Alexa 647, 1:500). Cells were washed twice with PBS for
5 minutes, stained with 4,6-diamidino-2-phenylindole (DAPI, Sigma Aldrich, 10236276001; 2 ug/ml) for 10
minutes, and rinsed with milliQ water. Coverslips were mounted by placing them onto a small drop of Mowiol
on a glass slide. Samples were dried overnight at room temperature in the dark.

3Imaging was performed using an Olympus FLUOVIEW FV3000 confocal microscope equipped with PlanApo
N 60x 1.4 NA and UPLAN FLN 40x 1.3 NA objective lenses (Olympus, Japan).Z-stacks were recorded using the
Olympus FluoView software and processed with Image]J software to generate maximum intensity projections.
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Figure 7.1: (A) Confocal fluorescence images of wild-type mouse embryonic fibroblasts (plec +/+) transfected
with eGFP-tagged ACTIF and immunostained for vimentin and actin. Panels from left to right show ACTIE
vimentin, F-actin, and the merge image. The merge image shows mainly co-localization of ACTIF with vi-
mentin. (B) Zoomed-in images (same order) showing co-localization of ACTIF with both vimentin and actin at
actin stress fibers (see arrow). (C) Confocal fluorescence images of plectin-knockout cells (plec -/-) transfected
with ACTIE (D) Zoomed-in images showing co-localization of ACTIF with vimentin and actin at actin stress
fibers (see arrows). All scale bars are 10 pym.
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lular bridge maturation has been well-established in the literature [459, 460, 461]. In
epithelial monolayers, anillin impacts tissue mechanics by regulating the medial-apical
actin-myosin network and cell-cell junction integrity [458, 462].

Anillin is a large (124 kDa) multidomain protein with many different interaction part-
ners (see schematic representation in Figure 7.2A). Its N-terminal half contains three do-
mains that bind formin (an actin-nucleator protein), F-actin, and nonmuscle myosin 2,
respectively. The C-terminal half of anillin contains the anillin-homology domain, which
binds RhoA, septins, myosins and lipids. The N- and C-terminal halves are separated by
a spacer region of undefined fold which is predicted to contain a coiled coil domain that
may facilitate multimerisation [457].

The actin-binding domain of anillin has been demonstrated to bind F-actin by in
vitro reconstitution experiments [463, 464, 465]. Several studies observed co-loalization
of anillin with microtubules during cytokinesis by fluorescence imaging and attributed
this to an indirect interaction mediated by the spindle-associated component RacGAP50C
[466] and/or to direct interactions evident from co-sedimentation assays with purified
proteins [467, 468]. Based on these interactions, anillin could potentially regulate actin-
microtubule crosstalk during cell division by crosslinking. However, it has not yet been
definitively demonstrated that anillins binds microtubules nor that it can actually serve
as a crosslinker for actin and microtubules.

To address these open questions, we performed cell-free experiments using full-length
human anillin (isoform 2, 1087 amino acids) purified from insect cells by our collabora-
tors Dr. Zdenek Lansky and Dr. Marcus Braun (BIOCEV, Prague) [465]. To visualize actin-
microtubule interactions at high spatial resolution, we used Transmission Electron Mi-
croscopy (EM) on negatively stained cytoskeletal proteins deposited on Formvar-coated
grids. For all experiments, we used microtubules stabilized with the nonhydrolyzable
GTP-analog GMPCPP, F-actin (1 M) and/or anillin (100 nM).

First, we tried to recapitulate earlier findings [463, 464, 465] that anillin interacts with
F-actin. When G-actin was polymerized on its own, we observed entangled F-actin fil-
aments with a diameter of around 8 nm (see arrows in Figure 7.2B(left)). When pre-
polymerized F-actin was mixed with anillin, we observed F-actin bundling (Figure 7.2B
(right, see arrows)). This observation confirms that anillin binds F-actin and serves as an
F-actin crosslinker. By contrast, anillin did not obviously bundle microtubules, as shown
by comparing images of microtubules in the absence (Figure 7.2C (left)) and presence
(Figure 7.2C (right)) of anillin. From these data alone it is unclear whether or not anillin
can bind microtubules. However, our collaborator Dr. Ilina Bareja found by fluorescence
imaging that anillin does bind microtubules (data not shown).

Finally, we combined F-actin and microtubules. In the absence of anillin we did not
observe any bundling or other visible signs of interactions between F-actin and micro-
tubules (see Figure 7.2D(left)). By contrast, we observed large bundles when F-actin was
mixed with GMPCPP-microtubules and anillin (see Figure 7.2D(right), where blue ar-
rows point out actin filaments and yellow arrows point out microtubules). A zoomed-in
image of the actin-microtubule composite co-assembled in presence of anillin is shown
in Figure 7.2E. The red squares highlight regions where aligned filaments in close prox-
imity or contact within the bundles show a coexistence of actin filaments (recognizable
by their width of ~ 7 nm) and microtubules (recognizable by their width of ~ 25 nm). We
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also observe microtubules aligned together within these bundles. These observations
strongly suggest that anillin can bind microtubules and crosslink them to other micro-
tubules and to actin filaments.

The potential role of anillin as a crosslinker between F-actin and microtubules raises
interesting questions to explore in the future: what are the consequences of this crosslink-
ing functionality for actin-microtubule co-organization? How does this crosslinking im-
pact the mechanical properties of in vitro reconstituted networks (bottom-up) and di-
viding cells or epithelial cells (top-down)? In addition, I strongly encourage readers that
come from a more synthetic biology perspective to consider the use of anillin as a tool to
build a minimal divisome to divide synthetic cells [469].

7.3. INTERMEDIATE FILAMENTS: A LONG ROAD OF DISCOVER-
IES AHEAD

7.3.1. PEPTIDES FOR TARGETING VIMENTIN AND INTERFERING WITH ITS
ASSEMBLY

Intermediate filament research is still in an early stage compared to actin and micro-
tubules research. Actin was first mentioned explicitly in 1983 [470] but it was actually
already first isolated from acetone-dried muscle powder in the early 1940’s in the labora-
tory of Albert Szent-Gyorgyi at the Institute of Medical Chemistry in Hungary [471]) (for
a historical overview see ref. [472, 471]). Microtubule studies can be traced back to the
1940’s as well: the first biophysical evidence for their dynamic structure and function in
mitosis was obtained through polarizing microscopy [473]. Interestingly, intermediate
filaments were actually observed even earlier by cytologists and histologists, in 1925 in a
period when silver staining was used to generate contrast for observations with bright-
field microscopy [474]. Keratin, an intermediate filament protein present in hair and
nails, was discussed by Francis Crick in 1952 [475]. From then onwards, intermediate
filaments gained more attention in the literature [35] due to their impact in skin diseases
[476] and in brain-related disorders such as glioblastoma [477] and Alexander disease
[478]. In recent years there has been growing attention for the basic mechanisms by
which intermediate filaments influence essential cellular processes such as cell migra-
tion and division, but many questions remain. In particular, the tissue-specific functions
of different intermediate filament proteins in cell differentiation and tissue-specific cell
functions are largely unexplored.

Intermediate filaments share a tripartite monomer structure: an intrinsically dis-
ordered N-terminal head, a central a-helical rod and a disordered C-terminal tail (see
schematic representation in Figure 7.3A). These domains have different roles in filament
formation: the rods drive monomer assembly into dimers via the a-helical rod, while
the dimers in turn assemble into antiparallel tetramers. Subsequently, the head domains
mediate sideways and end-to-end association of the tetramers into filaments. The tails
are exposed on the filament surface and mediate interactions between intermediate fil-
aments [392]. Recent cryo-electron microscopy data showed that in case of vimentin,
this hierarchical assembly process results in an intertwined and flexible helical structure
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Figure 7.2: A) Domain structure of human anillin isoform 2. The actin-binding domain (blue) has previously
been shown to directly bind F-actin by in vitro experiments. The anillin homology domain has previously
been proposed, but not yet definitively proven, to bind microtubules. The numbers underneath the domain
structure denote amino acid residue numbers. (B) Electron micrographs of 1 uM F-actin (left) and 1 uM pre-
polymerized F-actin mixed with 100 nM anillin (right). (C) Electron micrographs of GMPCPP-stabilized mi-
crotubules (exact concentration not known) (left) and microtubules + 100 nM anillin (right). (D) A mixture
of pre-formed F-actin and microtubules without anillin shows no visible signs of interactions (left) whereas
the same mixture with anillin shows large bundles of aligned filaments. (E) Closer view of bundle formation
upon mixing actin, microtubules and anillin. Red squares show areas indicative of actin-microtubule and
microtubule-microtubule crosslinking, recognizable from the widths of filaments in close contact (~ 7 nm) for
F-actin and ~ 25 nm) for microtubules). All scale bars are 100 nm.
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of 40 a-helices in cross-section, organized into five protofibrils [39]. The head domains
were seen to form a fiber in the lumen of the filaments, while the tail domains form lat-
eral connections between the protofibrils.

Structure-based design of peptides that bind intermediate filaments tightly and specif-
ically is challenging given the complexity of the structure of the filaments and their com-
ponent monomers described above. Motivated by the essential role of coiled-coil dimer-
ization in filament assembly, our collaborators Prof. Dek Woolfson, Dr Selma Crecente
Garcia and Dr. Reece King (University of Bristol) decided to design coiled-coil peptides
to target this domain. From a design perspective, protein coiled-coils have the advan-
tage that they are defined by a small number of parameters that can be changed sys-
tematically [479]. Moreover, the rod domain of vimentin has an a-helical subdomain
termed coil 1A (CC1A) that forms less stable coiled-coil assemblies than other parts of
the a-helical rod domain [480]; moreover, this subdomain is also part of a sequence im-
plicated in head-to-tail assembly of vimentin [481]. This region could therefore provide
aregion in the filament that is amenable to infiltration and binding of a-helical peptides
with a complementary sequence. Using a bioinformatics approach, our collaborators
designed three different de novo peptides targeting CC-1A of human vimentin (see Fig-
ure 7.3B): the parent CC1A peptide and an arginized version (Arg-CC1A) that has some
of its solvent-exposed residues (identified from the X-ray crystal structure of vimentin’s
helical domain [482]) replaced by arginines to facilitate cell penetration [483]. Moreover,
our collaborators also designed a peptide targeting CC-2B of human vimentin (see Fig-
ure 7.3B).

To test the functionality of the peptides, we tested two scenarios. In the first sce-
nario, vimentin filaments (0.1 mg/mL) were co-polymerized with the peptides by mix-
ing vimentin tetramers with the peptides and incubating in F-buffer (20 mM Tris—HCI,
pH 7.4, 50 mM KCl, 2 mM MgCl,, 0.5 mM ATP) at room temperature for 1 hour (Fig-
ure 7.3C). Transmission electron microscopy of the negatively stained preparation re-
vealed that the parent CC1A peptide does not alter the filaments (Figure 7.3C (left)),
whereas the Arg-CCI1A peptides do. The Arg-CCI1A peptides appear to aggregate on top
of filamentous-like structures that look more packed and less entangled than vimentin
filaments assembled in the absence of the peptides (Figure 7.3D, E). In the second sce-
nario, the peptides were added to a solution of preformed vimentin filaments obtained
by a one-hour polymerization (Figure 7.3D). Adding the peptides after filament forma-
tion qualitatively had a similar effect on the vimentin filaments when we compare the
morphology of filaments mixed with the control parent sequence (Figure 7.3D (left)) to
filaments mixed with binders (consecutive panels in Figure 7.3D for addition of Binder
Coil 1, Binder Coil 2 and Arginized Coil 1, respectively).

Our findings provide a first proof of concept that the peptides can target and inter-
fere with vimentin filaments in a purified context. The labs of Prof. Sandrine Etienne-
Manneville (Institut Pasteur) and Prof. Elly Hol (UMCU) simultaneously demonstrated
that the Arg-CC 1A peptide can penetrate into U251 cells and brain organoids, respec-
tively (personal communication). It will be interesting to thoroughly test and compare
the ability of the peptides to label and interfere with the vimentin cytoskeleton in vitro
and in cells. Besides providing a much-needed tool for vimentin control, this will add
fundamental knowledge regarding intermediate filament structure, dynamics and for-
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mation in the cell. Eventually it will also be interesting to target the N- and C-terminal
head and tail domains given the large variation in their sequence and length between
different intermediate filament types and isoforms. I believe that peptides designed
to target intermediate filaments will provide powerful tools to systematically and in a
controlled manner track the different interactions of intermediate filaments with their
surroundings (e.g., with the cytoskeleton, focal adhesions, signalling pathways, and the
nuclear envelope).

7.3.2. In vitro RECONSTITUTION OF GLIAL FIBRILLARY ACIDIC PROTEIN
(GFAP)

Intermediate filament proteins are a large family expressed from 70 genes in humans
[452]. Different intermediate filaments are expressed in different areas of the body. In
this thesis we focused on vimentin, which is one of the more ubiquitously expressed in-
termediate filament proteins, being present in all mesenchymal cells. By contrast, Glial
fibrillary acidic protein (GFAP) is the hallmark intermediate filament protein specific to
astrocytes, a major type of glial cell in the central nervous system with many regulatory
functions [484].

Like vimentin, GFAP is classified as a type III intermediate filament and it has a sim-
ilar tripartite monomer structure (Figure 7.4A). With the exception of a few missense
mutations residing in either the head or the tail domain, most pathogenic GFAP muta-
tions discovered to date are located in the rod domain [485]. The mechanical properties
of GFAP are still unknown. Moreover, only a handful of studies have reconstituted GFAP
filaments in vitro [486, 487, 485]. Thus many fundamental questions are open: What
are the mechanical properties of GFAP networks and are they, like other intermediate
filaments, crosslinked via salt-dependent tail-tail interactions? Is there synergy between
GFAP and other intermediate filaments and can we pinpoint the role of each intermedi-
ate filament protein in cytoskeletal crosstalk in astrocytes? I here present our preliminary
work on these matters, hoping this can lay the basis for future experiments.

Previous studies of purified GFAP used an imidazole-based buffer containing 20 mM
imidazole [pH 6.8], 100 mM NacCl, and 1 mM DTT [486, 487, 485]. We decided to re-
produce reconstitution in this buffer using recombinant GFAP expressed from a plasmid
kindly provided by Prof. Ming-Der Perng (National Tsing Hua University). Transmission
electron microscopy of negatively stained GFAP reconstituted in this imidazole buffer
showed well-formed filaments with a diameter of 10 nm (Figure 7.4B), consistent with
previous literature [486, 487, 485]. Aiming to eventually co-polymerize vimentin and
GFAB we also tested GFAP reconstitution in the buffer that we used throughout this the-
sis for vimentin assembly (25 mM 1,4-Piperazinediethanesulfonic acid [PIPES] [pH 7.0],
100 mM KCl, 4 mM MgCl,, 1 mM EGTA, 1 mM DTT). We again observed 10-nm GFAP
filaments, but the structures were variable in length and irregular in width and we ob-
served some aggregates (data not shown). We therefore recommend to do buffer opti-
mization in future studies.

We then turned to the mechanical properties of the reconstituted GFAP networks.
Before addressing the results, it is important to remind the reader that similar studies for
vimentin showed that its C-terminal tail domains cause noncovalent crosslinking (see
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[200] and Chapter 5 of this thesis). Networks of full-length vimentin strain-stiffen under
shear, whereas tail-truncated vimentin networks do not strain-stiffen. Several studies
showed that multivalent cations crosslink vimentin’s tail domains in a dose-dependent
manner [197, 202, 198, 199]. Since GFAP is from the same type III family as vimentin,
we expected the viscoelastic properties of GFAP networks to be fairly similar to those
of vimentin networks. Interestingly, however, we found that reconstituted networks of
1 mg/mL GFAP (Figure 7.4C (red curve)) were significantly softer than networks of 1
mg/mL vimentin (Figure 7.4C (violet curve)), with linear elastic moduli of 1 Pa versus 2
Pa. However, the addition of divalent cations to GFAP (5 mM ZnCl,) (Figure 7.4C (scarlet
curve)) increased the stiffness of the GFAP networks about two-fold across the entire fre-
quency range and made the ’crosslinked’ GFAP stiffer than the vimentin network. This
finding suggests that GFAP is also ionically crosslinked, similar to vimentin networks
[197, 202]. However, our results are inconclusive at this point because the loss tangents,
defined as (tan(d) = %), are similar within experimental error for all networks (Figure
7.4C (bottom)).

When we compared the nonlinear elastic response of vimentin and GFAP networks,
we found very surprising results: vimentin networks strain-stiffened after an initial flu-
idization (see Figure 7.4D (violet curve)), whereas GFAP networks did not strain-stiffen
(see Figure 7.4D (red curve)). When we added divalent cations, the GFAP network still
did not strain-stiffen (Figure 7.4D (scarlet curve)). One interpretation could be that the
GFAP filaments are significantly shorter than vimentin filaments, causing a lower net-
work connectivity. Yet our EM data do not support this (Figure 7.4B). We therefore also
consider the option that crosslinking might be less effective for GFAP than for vimentin
due to a difference in the length and sequence of their C-terminal tail domains.

To investigate this hypothesis, we contacted Prof. Roy Beck (Tel Aviv University) and
built on his previous bioinformatic research [488, 489] to evaluate possible differences in
the tail interactions of vimentin versus GFAP. Specifically, his group established a bioin-
formatic analysis called 'Handshake analysis of short-range electrostatic interactions,
which was applied to neurofilaments. This analysis calculates the energy matrices for all
possible segment pairs of opposing tails in order to locate pairs of amino acid segments
that interact via electrostatic bridges. We imported the protein sequences of human vi-
mentin and GFAP from the UniProt database and tried to identify which sequence re-
gions were more attractive with each other. For both full-length protein and only the
C-terminal tail domain, we tried to identify the polypeptide segments involved in such
attraction. In order to do this, the unscreened Coulomb energy of two interacting seg-
ments is calculated, where each segment is centered at a specific tail amino acid (Figure
7.4F) and the segment length is on the order of the polypeptide persistence length (we
consider ~1 ym; and for intermediate filaments one may consider 0.2-3 ym, depending
on the IF composition and measurement conditions [490]). We thus obtain a 2D ma-
trix that points at the most electrostatically viable cross-linking pairs. The handshake
analysis of the tails of vimentin (Figure 7.4F) and GFAP (Figure 7.4G) revealed multiple
potential attractive sites located among their last amino acids, as shown in blue. For vi-
mentin, blue patches appear at the edges of the matrices, whereas for GFAP the patches
are not as blue (i.e., less attractive) and less at the edges. This preliminary analysis sug-
gests that there may indeed be differences in the crosslinking efficiency of GFAP versus
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vimentin. However, we hold off from a definitive conclusion. A more refined analysis will
be needed in future, accounting for more neighbours and for phosphorylation. Further,
we will need to explore alternative hypotheses, such as a difference in filament length (as
mentioned above) or filament structure. It is known that so-called kick-start assembly
by rapid dilution of intermediate filaments into assembly buffer, as used here, can result
in different filament structures as compared to slower assembly achieved by overnight
dialysis assembly [315], used in previous GFAP studies [486, 487]. It will therefore be
interesting to compare different filament assembly protocols.

By reconstituting GFAP under different buffer conditions, we paved the way for fu-
ture co-polymerization of different intermediate filaments. Moreover, if we find the right
environmental conditions for co-assembly of GFAP and vimentin, what are the arrange-
ments that will emerge? Intermediate filaments have a hierarchical assembly: if we
copolymerize these proteins, will we have mixed populations of unit-length-filaments
(ULFs) within a filament or mixed monomers within the ULF? Eventually, can we also
understand the co-assembly process in cells? These questions remains open and I really
hope future work will unravel these intricacies.
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Figure 7.3: (A) Domain structure of a vimentin monomer, portraying its tripartite domain architecture with
an N-terminal head and a C-terminal tail separated by an a-helical rod domain. The rod domain comprises
two equally sized subdomains termed coil 1 and coil 2, which are connected by a non-a-helical linker segment
L12. Both coil regions in turn consist of several subdomains. Numbers underneath the domain structure
denote amino acid residue numbering [452]. (B) Overview of the synthetic peptides designed to bind to the
coil 1 and coil 2 subdomains of vimentin monomers. The "parent coil 1A" and its arginised variant Arg-CC1A
should target coil A; Arg-CC1A should additionally be able to penetrate cells. The binder coil 2 should target the
coil 2B (specifically sections 368-401). (C) TEM images of vimentin (0.1 mg/mL) that has been co-polymerized
with 0.1 mg/mL peptide, with (from left to right): the "parent coil 1A", the binder coil 1, the binder coil 2
and the "arginised" coil 1A. (D) TEM images of vimentin that was pre-polymerized for 1 hr before mixing with
the different peptides. From left to right, vimentin was combined with the "parent coil 1A", the binder coil 1,
the binder coil 2 and the "arginised" coil 1A. Same concentrations as in C. (E) Representative TEM image of
a control sample of vimentin filaments assembled in absence of peptides at 0.1 mg/mL. All scale bars are 100
nm.
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Figure 7.4: (A) Schematic representation of the tripartite domain structure of vimentin (top, violet) and GFAP
(bottom, red) monomers. Both monomers have a head, rod and tail domain. (B) Reconstituted GFAP fila-
ments at 0.1 mg/mL imaged with transmission electron microscopy. (C) (Top) Frequency dependence of the
elastic shear modulus of networks of vimentin (violet), GFAP (red) and “GFAP crosslinked “using 5 mM ZnCl,
(scarlet), measured by cone-and-plate rheology. The protein concentrations were 1 mg/mL. (Bottom) Corre-
sponding loss tangents, defined as the ratio of the loss modulus G” to the storage modulus G’ (same color
code). Note that the loss tangent is noisy because the applied strain and the shear moduli (especially G) are
small, so the stress is close to the sensitivity limit of the rheometer. (D) Dependence of the tangent elastic mod-
ulus K’ on shear stress, measured by stress ramp experiments with a constant loading rate of 1 % 1073 decades
of stress per second. (E) Coulomb Energy equation used for the handshake analysis of tail-to-tail interactions,
where 17 and ny refer to residue numbers on tail 1 and 2, respectively. Charge eZ and location r(n) of amino
acid residue 7 on each tail are indexed. The calculation includes 2m + 1 next-nearest neighbors and is coarse
grained over w amino acids (w = 10, m = 5). We then obtain the matrices of the tails aligned in an anti-parallel
configuration, showing interactions of ionic crosslinking sites on two anti-parallel tails for (F) vimentin and
(G) GFAP The scales separate the consecutive tail residues. The colors in the handshake matrices are given by
Coulomb’s law in E. Blue color indicates attractive interactions (see color bar on the right) in units of energy
(Joules).
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