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Zusammenfassung

In dieser Dissertation wurde die Adhéasion von T-Lymphozyten auf funktionalisierten Sub-
straten untersucht, basierend auf der Interaktion von dem Lymphozyten Integrin VLA-4
mit seinem physiologischen Liganden VCAM-1.

Eine allgemein akzeptierte Annahme in der Zellbiologie ist, dass die Zelle ihr Adhésions-
verhalten tiber die Affinitdt der Adhéasionsmolekiile steuert. Wir stellten jedoch fest, dass
die Widerstandsfahigkeit der Zelladhésion unter Scherkraft durch eine Mutation des In-
tegrins VLA-4, die die Bindung des intrazellularen Adapters Paxillin verhindert, stark
beeintrachtigt wird. Aus physikalischer Sicht ist es einsichtig, dass die Mechanik des Kraft-
iibertragenden Glieds die Starke von molekularen Bindungen beeinflusst. Wir entwickel-
ten ein viskoelastisches Modell fiir die Analyse von kraftspektroskopischen Experimenten
an transmembranen Adhasionsrezeptoren, um die mechanischen Eigenschaften der Rezep-
torverankerung in der Zelle zu quantisieren. Mit diesem Modell konnten wir nach der
VLA-4 Aktivierung mit Magnesium feine Unterschiede in der Nano-Umgebung der Inte-
grine feststellen. Numerische Simulationen basierend auf diesem Modell zeigen, dass die
Zelle ihre Adhasivitat iber die Mechanik der Rezeptorverankerung genauso effektiv ein-
stellen kann, wie iiber die Rezeptoraffinitat. Diese Methode wird tatséachlich von der Zelle
genutzt: Die physiologische Aktivierung des Integrins VLA-4 durch das Chemokin SDF-1
verursachte hauptsachlich eine drastische Versteifung der Integrinverankerung.

Um die Zelladhésion im Blutstrom zu beschreiben, die von einzelnen Adhéasionsmolekii-
len verursacht wird, entwickelten wir ein weiteres Modell, das die molekularen Bindung-
seigenschaften auf das zellulare Adhasionsverhalten extrapoliert. Wir fanden heraus, dass
die Stimulierung mit Magnesium nicht die Dissoziationsrate erniedrigt, sondern bindungs-
unfihige Integrine aktiviert. Anhand unseres Modells konnten wir die verldngerte Adhéasion
in der Durchflusskammer durch multiple Bindungen erkléaren.

Mit einer neuartigen opto-mechanischen Kombination aus AFM und TIRF wurde ausser-
dem das Herausziehen von Membranschlauchen aus der Zelle beobachtet. Damit konnte
zwischen einem adhéarenten Mikrovillus und einem benachbarten, nicht-adharenten Mikrovil-
lus unterschieden werden. Mit affinitatssensitiven Fluoreszenzfarbstoffen wurden ausser-
dem Affinitatsdnderungen des Integrins auf der Zelle nachgewiesen.

In einem weiteren Projekt in Kollaboration mit Daniel Konig und Ralf Jungmann
wurden die Dissipation und der Q-Faktor eines nicht-linearen Einzel-Elektron-Transistors
mittels Kraftmikroskopie und Selbstoszillation ermittelt.



Abstract

The main objective of this thesis is the interaction between the lymphocyte adhesion
receptor, the integrin VLA-4, and its endothelial ligand VCAM-1 investigated by atomic
force spectroscopy.

It is a common paradigm that the cell regulates its adhesiveness by altering the affin-
ity state of adhesive receptors like integrins. However, we found that a mutation in the
0 cytoplasmic tail of VLA-4 integrins — which impaired the binding of the intracellular
adaptor protein paxillin without affecting the affinity or the distribution of the integrin —
diminished the cellular adhesion strengthening in the shear flow. From a physical point of
view this is in line with the well-known influence of the mechanics of the force-transmitting
linker on the strength of isolated adhesive bonds. We developed a viscoelastic model to
quantify the mechanics of the cellular anchorage of adhesive transmembrane receptors.
With this model we were able to detect subtle differences in the nano-environment of in-
tegrins upon stimulation with magnesium. Furthermore, we demonstrated in simulations
that the mechanical modulation of the receptor anchorage provides a highly effective tool
for adjusting the cellular adhesiveness besides the established affinity regulation. It will
be shown that the mechanical regulation of the cellular adhesiveness is indeed employed
by nature: The major result of the physiological activation of the integrin VLA-4 with the
chemokine SDF-1 is a stiffening of the receptor anchorage. Since cell adhesion in the blood
flow is mediated by single adhesion molecules, we present a model which extrapolates the
molecular properties to the adhesive behaviour of the cell in the shear flow. We found that
the exogenous activation of the integrin VLA-4 with magnesium activates resting integrins
on the cell surface, rather than affecting the dissociation rate of the receptor. With our
model, the highly increased cellular adhesion times observed in flow chamber assays could
be explained by the presence of multiple bonds, whereas classical interpretations of these
ensemble measurements would suggest a reduced molecular dissociation rate. Furthermore,
an opto-mechanical examination of unspecific and specific cell adhesion was performed by
a combined setup of an atomic force microscope (AFM) and a total internal reflection fluo-
rescence (TIRF) microscope. We were able to distinguish between the adherent tether and
an adjacent protruding microvillus. In addition, we showed that changes in the integrin
affinity can be detected with affinity-sensitive dyes.

In an unrelated project in collaboration with Daniel Konig and Ralf Jungmann, the
dissipation and the Q-factor of an impacting nanomechanical single-electron transistor were
determined by atomic force microscopy and self-oscillations.



Chapter 1

Introduction

Cell adhesion is an omnipresent phenomenon in all living organisms. For vertebrates, a
tightly regulated cell adhesion is indispensable for embryogenesis and development, but
also for the homeostasis of the organism. In order to achieve maximum control, specific
cell adhesion is mediated by single adhesion molecules. The different receptors can be
addressed selectively by their respective ligands and are specifically activated. To tackle
the diverse and demanding tasks in the organism, the different adhesion receptors act in
concert and complement one another.

In general, cells can be divided according to their constitutional adhesiveness in adher-
ent cells (e.g. epithelial cells) and in non-adherent cells (e.g. lymphocytes). While epithelial
cells are inherently adhesive and induce apoptosis if detached from the substrate, lympho-
cytes, in contrast, must not randomly stick to surfaces or other cells. However, both cell
types can actively regulate their adhesiveness to suit the situation. This thesis focusses on
the adhesion of lymphocytes. The main objective was the interaction between the lympho-
cyte adhesion receptor, the integrin VLA-4 (also called ayf3;), and its endothelial ligand
VCAM-1 investigated by atomic force spectroscopy (Fig. .

In this introductory section, basic aspects will be outlined which are a prerequisite
for, or related to our work. To this end, I will briefly sketch the biological background of
lymphocyte adhesion, the various peculiar features of the integrin adhesion receptors and
the physical principles of single-molecule force spectroscopy and of the forced unbinding of
receptor/ligand bonds.

1.1 Extravasation of Lymphocytes

One example for a physiological process requiring a controlled cell adhesion is the re-
cruitment of T-lymphocytes from the bloodstream. Lymphocytes are white blood cells,
important for the induction and for the regulation of immune responses. In order to sur-
vey the homeostasis of the organism, lymphocytes circulate between the bloodstream, the
lymphatic system and the peripheral tissues [6]. To switch from the passive transport in
the bloodstream to an active and directed motion mediated by cell-cell and cell-matrix in-
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Figure 1.1: The experimental setup: The lymphocyte presenting the integrin VLA-4 was
immobilised on the cantilever of an AFM. The substrate was coated with the isolated
integrin ligand, VCAM-1.

teractions, these cells have to strictly regulate their adhesiveness. In the case of an injury
or inflammation in the tissue, activating signal molecules (e.g. chemokines) are secreted by
the adjacent endothelium. Sensing these signals, the lymphocytes can exit the bloodstream
to access the target site in the tissue.

1.1.1 Adhesion Cascade

The extravasation of lymphocytes is a multi-step process . If the lymphocytes in
the bloodstream incidentally come into contact with the endothelium lining of the vessel
wall, they are possibly captured and start to roll on the endothelial cells (Fig. [1.2). This
process is mediated by selectins and integrins — two important classes of cellular adhesion
receptors. Rolling interactions require a dynamic equilibrium of bond formation and bond
dissociation. On the leading edge, new bonds are formed, whilst on the rear end, the bonds
break up at a comparable rate. During this process, the lymphocytes are slowed down so
that signal molecules presented on the endothelium can be detected. Chemokines, for in-
stance, bind to G-protein coupled receptors on the lymphocytes and thus trigger different
intracellular signalling pathways ﬂgﬂ This induces a rapid activation of the integrins and
the stoppage of the lymphocytes by firm adhesion to the endothelium. Then, adhesion
strengthening followed by cellular spreading is induced, enabling the lymphocyte to leave
the bloodstream and to extravasate to the target tissue . The recruitment of lympho-
cytes from the bloodstream is tightly regulated by varying the kind and the number both
of the signal molecules and of the adhesive ligands expressed on the endothelium. This
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Figure 1.2: The recruitment of lymphocytes from the blood stream: The initial rolling
process slows the lymphocytes down, so that they can react to inflammatory signals dis-
played on the endothelium. In the case of injury or inflammation in the adjacent tissue,
the lymphocytes start to adhere strongly to the vessel wall and extravasate into the tissue
(figure taken from ref. [1]).

combinatory control leads to the high selectivity of the immune system [§].

1.1.2 Cellular Adhesiveness

During the adhesion cascade preceding the extravasation of lymphocytes, the cells adapt
their adhesiveness from initial weak rolling interactions to strong adhesion. Since all these
interactions are mediated by cellular adhesion receptors, the cell has to modulate the
adhesive properties of the molecules in order to encounter the different mechanical and
kinetic requirements for these modes of adhesion.

Avidity

At whole cell level, the adhesiveness mediated by one specific receptor species is described
by the avidity . Thus, the avidity depends on the binding properties of the single
molecules, but also on the distribution on the cell surface . It can be increased, for
instance, by enhancing the expression level of the receptor on the cell. Since this results
in more receptor molecules being displayed on the cell surface, the probability for bond
formation is greater, raising at the same time the cellular adhesiveness. Another possibility
for increasing the adhesiveness is the activation of resting receptors. For some adhesion
receptors, as for integrins, a large reservoir of inactive receptors is present on the cell
surface . Activating some or all of them changes the number of active receptors available
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for binding. Furthermore clustering the receptors will concentrate the molecules at the site
of adhesion, thereby increasing the cellular adhesiveness without changing the number of
expressed or active receptors on the cell surface.

Affinity

The affinity of the single receptor molecule can likewise be modulated. The affinity is
related to the ratio of the binding and dissociation rate and describes the kinetics of binding
soluble ligands. Thus, it refers to the free energy of the interaction in equilibrium [14]. The
affinity for the ligand is changed, e.g., after conformational rearrangements in the binding
pocket of the receptor. Regardless of whether these changes affect the binding rate or the
dissociation rate, an increased binding and/or a reduced dissociation will both result in a
higher affinity.

Anchorage

A less apparent way to modulate the cellular adhesion is the anchorage of the adhesive re-
ceptor in the cell. On the one hand, the anchorage of the receptor molecules determines the
lateral mobility of the receptor on the cell surface [11]. This is of fundamental importance
for the binding between molecules, which in the case of cell adhesion are both constrained
to different surfaces. Hence, an altered anchorage of the receptor will affect its diffusitiv-
ity in the membrane and, thus, the two-dimensional binding kinetics of a surface-bound
receptor/ligand pair.

On the other hand, the receptor anchorage will determine the mechanics of force loading.
In the bloodstream, the adherent cell experiences a force, which is transmitted to the
adhesive receptor /ligand bond. The force loading of the bond will depend on the anchorage
of the transmembrane receptor in the cell. It will differ for receptors diffusing freely in the
membrane, for receptors clustered with other molecules by their cytoplasmic ends, or for
receptors attached to the cytoskeleton (Fig.[1.3)). Likewise, the mechanics of the membrane
environment also influences the force loading [2]. If the receptors are located in lipid rafts
or in a membrane compartment with many actin binding proteins, the surroundings of the
receptors will be stiffer. Thus, not only direct intracellular modifications of the receptor
itself, but also the nano-environment of the receptor both exert an influence on the force
loading. Since — as discussed below in section — the force loading of a molecular bond
determines the bond strength, all these processes affecting the mechanics of the receptor
anchorage will modulate the cellular adhesiveness.

1.2 Integrins

Integrins constitute a large class of cell adhesion receptors. These transmembrane receptors
are vital for the development and homeostasis of the organism, as for instance in the
embryogenesis, in the maintenance of the skin integrity, in blood clotting and in immune
responses [10,/15]. In particular, they play a crucial role in all reactions of leukocytes to
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Figure 1.3: The cellular anchorage of integrins: Integrins can be either freely diffusing in
the membrane (middle), attached to the cytoskeleton (left) or clustered by intracellular
proteins (top). But the nano-environment also affects the receptor anchorage: receptors
located in lipid rafts (bottom) or in membrane areas with many actin-binding proteins
(right) display a stiffer anchorage than those in other membrane compartments (figure
taken from ref. [2]).

infection and injury as well as in general cell adhesion, migration and phagocytosis [16].
Since the malfunctioning of integrins causes many human diseases, e.g. asthma, cancer
metastasis, multiple sclerosis and other auto-immune diseases [10], they are a focus in
medical research serving as potential targets for drug design [8,17,/18,/19].

During the adhesion cascade preceding the extravasation of lymphocytes, integrins
participate in all adhesive steps from capture and rolling to firm adhesion (Fig. . This
of course necessitates different time scales and functional requirements for the molecular
bonds. In order to regulate dynamically the integrin-mediated adhesion, the cell can adapt
all three parameters of adhesiveness described above: the avidity, the affinity and the
anchorage of the receptors [14].

1.2.1 Structure

This remarkable versatility of integrins is based on the plasticity of their molecular struc-
ture. The transmembrane heterodimers are composed of an v and a (8 subunit, each of ca.
90-160 kDa in size. 18 o and 8 3 subunits are known in mammals, which assemble non-
covalently to 24 integrin receptors [7]. The o and [ subunits are divided into cytoplasmic,
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transmembrane and extracellular domains with peculiar structural features.

Ectodomains

In general, integrins can be classified into two groups depending on the ectodomain of the «a
subunit: The « subunit of the first group contains a von-Willebrand-factor-A domain [20]
— also called @A domain or al domain —, the other group lacks this domain. The crystal
structure of the extracellular domains has been solved for the integrin ay (33, which has no
oA domain [21]4]. The ectodomain of the a subunit comprises four domains (Fig. blue):

B-propeller
(1-438) N s PA-domain

(65-108;
353-432)

Thigh domain 3 | ),\ J
A (439-592) | .
S /
A\ &‘Qf?\ PSI (1-54)
Thiah \__~% Genu WO {
igh domain DAY b
AR W ) O\ EGF-
NN (453-529)

(N EGF-2
\J

i \ < (Linker 3)
9/ Wb (.
TAA ) cat1 domain \ [NV K%\ EGF-3
7 (602-738) ! X \i‘ (532-562)
SN\~ EGF-4
\ \; A\ (563-605)

Calf-2 domain

(739-956)
BTD

(606-690)

Figure 1.4: The structure of the integrin ay (33: The o and 3 subunits are depicted in blue
and red, respectively, and the domains are indicated. The head of the heterodimer can
bend towards the membrane at the genu (left; figure was taken from reference [3]).

Starting from the membrane-distal end, a N-terminal 7-bladed [ propeller is followed by
an Ig-like Thigh domain and two large 3 sandwiches, Calf-1 and Calf-2. For a’A integrins,
the A domain, which consists of a Rossmann fold with a central § sheet surrounded by «
helices, is inserted between blade 2 and 3 of the propeller. In this introduction, however, I
will focus on integrins without an A domain, since the investigated integrin VLA-4 (ayf3;)
also lacks this domain.

The extracellular part of the § subunit has eight domains (Fig. red): The N-
terminal PSI domain contains an Ig-like Hybrid domain, which in turn includes the A
domain [5]. The structure of the SA domain is homologous to the «A domain and contains
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the ligand-specificity determining loop. Four EGF-like domains and a membrane proximal
tail domain (STD) follow the PSI domain.

The integrin heterodimer is formed by non-covalent interactions between both subunits,
thereby grouping into functional sections. Hence, integrins can be structured in a globular
N-terminal head connected to the membrane via two flexible legs. The assembly of the head
together with glycosylation sites in the propeller stabilises the formation of the integrin
heterodimer [22,]20]. The head group is formed by the propeller of the o subunit and the
BA domain of the § subunit and contains the binding site for the ligand. The legs are
made of the Thigh and the Calf domains of the o chain and of the PSI, Hybrid, EGF and
BTD domains of the 3 chain. The integrin can bend at a flexible region of the legs called
genu (Fig. [[.2.1)), which is located between the Thigh and the Calf-1 domains on the a
subunit and between the EGF-1 and the EGF-2 domains on the § subunit.

Transmembrane and Cytoplasmic Domains

The transmembrane domains of the o and 3 subunits each consist of a long tilted « helix
spanning the membrane. In the bent state, they are densely packed by electrostatic and
hydrophobic interactions into a coiled-coil structure [23,24,25,26]. In the extended state,
the o and 3 transmembrane domains become separated, which is an important feature for
the signal transmission 27,2829

The cytoplasmic tails are also associated in the bent state [23]. A salt bridge connects
the tails at the so-called membrane-proximal hinge region [30]. The disruption of this
interaction has been shown to activate the integrins. Furthermore, the cytoplasmic domains
serve as a relay station for integrating intracellular and extracellular signals. They display
the recognition sequences for a large variety of intracellular signalling and cytoskeletal
adaptor molecules, as kinases and phosphatases or talin, a-actinin, filamin and tensin [31]
32]. Thus, they convert cytoplasmic biochemical signals into conformational changes of the
extracellular domain and vice versa. The intracellular domains are therefore required for
a proper signal transmission as well as for mechanical modifications such as the formation
of clusters or the anchorage of the integrin to the actin cytoskeleton.

Conformations

Integrins occur in different conformations with different affinities for the ligand (Fig. [1.5]).
These conformational states coexist in a dynamic equilibrium on the cell surface, which
is affected by activating stimuli. The bent conformation, in which the head group is bent
down towards the membrane (< 5 nm [29)]), is regarded as a low affinity or resting state.
Resting integrins seem to be incapable of binding their large physiological ligands due to
the steric hindrance of the membrane [29,33]. However, the binding of small peptides
was actually observed [33]. The bent conformation of resting integrins is stabilised by
interactions at the interface between the head and the lower legs [34], by interactions
between the transmembrane helices of the o and ( subunits [27] and by a membrane
proximal salt bridge between the cytoplasmic domains at the so-called hinge region |7]. The
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disruption of the hinge interaction between the cytoplasmic tails and the resulting spatial
separation leads to the straightening of the integrin legs [28]. Likewise, the shortening
of the transmembrane domains or the disruption of the head-tail interaction induces the

extension of the integrin [27,/35].

D — D —

Figure 1.5: The conformational equilibrium of integrins: The bent conformation shows low
affinity (left), the extended conformation with closed head intermediate (centre) and the
extended conformation with open head high affinity for the ligand (right). The a and
subunits are depicted in blue and red, respectively.

In the extended conformation, the integrin head protrudes ca. 20 nm from the cell
membrane . The extended conformation exists with a closed and an open head group
depending on the angle between the SA and Hybrid domains of the § subunit (Fig. |3)).
In the open head group, the al helix in the SA domain is moved inwards accompanied
by a rearrangement of the (6-strand/a7-helix loop and a downward displacement of the
C-terminal a7 helix (reviewed in [36]). This promotes the swing-out of the Hybrid domain
. Integrins in the extended conformation with an open head group show high affinity,
whereas integrins with closed head display intermediate affinity for the ligand [29,[38].
The rolling interaction preceding the lymphocyte extravasation is probably mediated by
integrins in the extended conformation with a closed head group, whereas the extended
state with an open head group results in firm adhesion [29,/39].

Ligand Binding

The ligand binding of integrins is highly dependent upon divalent cations. On the integrin
ay 3, the a subunit contains four ion binding sites on the propeller and a fifth at the
genu . Furthermore, on the § subunit, a linear array of three binding sites for divalent
cations is located in the ligand binding site of the SA domain [4] (Fig. . The ion binding
site in the middle is called metal ion dependent adhesion site or MIDAS [21,[4]. The sites
framing the MIDAS are the ADMIDAS (adjacent to MIDAS) and, on the opposite site
adjacent to the 3 propeller, the ligand induced metal binding site or LIMBS .
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Figure 1.6: The ion binding sites: The RGD ligand (black) binds into the groove between
the propeller of the a subunit (blue) and the BA domain of the  subunit (red). The
affinity for the ligand is regulated by the cation coordination of the three ion binding sites

on the f subunit (ions in green). The main interaction with the ligand occurs between
the acidic aspartate and the MIDAS ion. The MIDAS is framed by the LIMBS and the
ADMIDAS.

Many integrins form strong non-covalent bonds with RGD-containing proteins, such
as fibronectin, fibrinogen and vitronectin. For aA-lacking integrins as «ay (33, the ligand
binds into the cleft between the propeller and the SA domain of the head group [4,/41].
With calcium and in the absence of ligand, only the ADMIDAS is occupied by a cation,
whereas the other two ion binding sites on the SA domain remain unoccupied [42]. In
the closed low-affinity SA domain, the metal coordination at the ADMIDAS locks the a1
helix and the 36/a7 loop (Fig. . This contact is broken by the binding of ligand or by
the occupation of the MIDAS with manganese. Hence, the concerted movements of the al
helix, the 36/a7 loop and of the a7 helix become possible ,. In manganese and in the
presence of ligand, all three metal binding sites are occupied [4,5]. The ion incorporated at
the LIMBS contributes to the stability of the liganded structure. Furthermore, structural
rearrangements upon ligand binding change the metal ion coordination at the ADMIDAS,
so that it is closer to the MIDAS and also improves the stabilisation of the new MIDAS
ion . The major interaction between the RGD ligand and the integrin ay (33 is mediated
by the contact between Asp®“P and the MIDAS ion . The binding pocket is very
shallow and, hence, does not protect this interaction from attacking water molecules .
However, a single water molecule is tightly coordinated to the MIDAS ion and blocks the
access of free water molecules to the major interaction, thus impeding bond dissociation
)

The MIDAS region of integrins is required for the two key interactions in the lymphocyte
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Figure 1.7: The 5 subunit with closed and open angle of the Hybrid domain (in black and
red, respectively): The liganded structure of ref. [4] was aligned with the structure of ref. [5].
The metal ion binding sites are indicated with green spheres. The major conformational
changes affecting the a7 and the a1l helix are assigned by blue arrows.

recruitment from the blood stream, e.g. rolling and firm adhesion [42}38]. The bistable
regulation of these two adhesion modes is performed by the interplay of all three ion binding
sites [42]: The occupation of the ADMIDAS by calcium is required for rolling adhesion [42].
This metal ion binding site therefore represents a negative regulatory site on integrins [40],
responsible for the inhibition through a high concentration of calcium. In contrast, the
LIMBS displays a positive regulatory site which is necessary for firm adhesion [42,/44]. By
these means, integrins are capable of switching between rolling and firm adhesion.

1.2.2 Activation

Integrins are so called due to their ability to integrate information from the extracellular
and the intracellular space. They can transmit signals in both directions [45] and adapt
their binding properties to different requirements. The term inside-out signalling is used, if
the integrins receive intracellular signals which modulate their interaction with the ligand
in the extracellular space [30,46]. Along the same lines, signal transmission from the extra-
cellular domains of the integrin into the cell is referred to as outside-in signalling [14]. Tt is
difficult to transmit signals and conformational changes through such long and extended
structures as integrins [26]. It has however been shown that the bidirectional signalling of
integrins works by coupling extracellular conformational changes to transmembrane rear-
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rangements and the separation of the cytoplasmic tails [28,26,{47]. Thus, the activation of
integrins is based on structural changes.

Models for the Activation across the Cell Membrane

On resting lymphocytes, integrins are predominantly expressed in the low-affinity confor-
mation. Upon integrin priming, they are activated from low to high affinity prior to ligand
binding [16,37]. In intracellular priming, structural modifications — such as the separation
of the cytoplasmic tails [28] or of the transmembrane domains [48,27] — lead to conforma-
tional changes in the ectodomains and induce high affinity. From the outside, integrins are
readily primed by the stimulation of the extracellular domains with manganese, activating
antibodies or mutations which shorten the a7 helix or open the head group [49,50,51,52].
However, the extracellular priming by these stimuli directly induces the high-affinity con-
formation without the need of conformational changes in domains remote from the ligand
binding site [48,37].

Different models have been proposed to explain the signal transmission across the mem-
brane. The switchblade model (reviewed in [34]) suggests that the integrin extension and
leg separation is coupled with the swing-out of the Hybrid domain and the displacement
of the a7 helix in the SA domain [29,39,[5]. This swing-out can only take place after
the extension of the legs due to the space required |37]. During inside-out signalling, the
interactions between the cytoplasmic tails are perturbed — for example by the binding of
the cytoskeletal adaptor protein talin — whereupon the cytoplasmic and the transmem-
brane domains separate [43]. The resulting separation of the lower legs then destabilises
the interactions between the head and the legs, so that the integrin snaps open into the
extended state in a switchblade-like manner. Although this is not sufficient to initiate the
swing-out of the Hybrid domain directly, the equilibrium is shifted in favour of the open
head [43]. The movement of the Hybrid domain would subsequently pull down the a7
helix in a bell-rope-like fashion [34,53], thus inducing the remodelled ion binding site to
convert the low-affinity into a high-affinity binding pocket. During outside-in signalling,
ligand binding repositions the al helix, the 36/a7 loop and the a7 helix [37,/53]. Since
these rearrangements are tightly coupled, the induction of a high-affinity head group is
linked to the piston-like downward shift of the a7 helix [53]. The movement of the a7 helix
then induces the swing-out of the Hybrid domain, which in turn results in the separation of
the legs and transmembrane domains [53,5]. Thus, the initial intradomain rearrangements
in the SA domain induce large interdomain conformational changes, thereby transmitting
outside-in signals. The three conformational states are expected to coexist even prae ligand
binding [34]: the bent state incapable of binding physiological ligands, the extended state
with a closed head group representing an intermediate affinity, and the extended state with
an open head group, which shows high affinity for the ligand.

Another model, the deadbolt model (reviewed in [46]), proposes that a hairpin loop in
the [ tail domain hinders the movement of the a7 helix in the SA domain, thus acting
as a deadbolt [46]. During inside-out signalling, for example, the binding of talin at the
cytoplasmic tails induces piston-like, seesaw [30], sliding [54] or rotational [41] movements.
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This unlocks the deadbolt and accomplishes the inside-out signalling [46]. The deadbolt
model suggests further that ligand binding provides enough energy to induce the swing-out
of the Hybrid domain and results in varying degrees of genu-extension depending on the
stimulus of outside-in signalling. Thus, the deadbolt model considers the extension and
the open head group as characteristics for post-ligand outside-in signalling, whereas the
activation to high affinity already results from the loss of the constraining contact between
the [ tail and the a7 helix in the SA domain [46,[37]. In the switchblade model, however,
the extension and separation of the legs together with the swing-out of the Hybrid domain
are regarded as necessary for activation.

Activating Stimuli

The activation of integrins ensues from extracellular or intracellular stimulation resulting
in the extended state, with either a closed head group (intermediate affinity) or an open
head group (high affinity).

Divalent cations have been shown to be artificial exogenous activators of integrins. In
the presence of manganese, all three integrin conformations coexist in a dynamic equilib-
rium, whereas in calcium or in calcium and magnesium, the bent conformation is predom-
inant |34]. Whilst calcium at the ADMIDAS exerts negative regulatory effects, manganese
(but not magnesium) activates by competing with calcium at this site [42]. The occupation
of the ADMIDAS with manganese shifts the ADMIDAS towards the LIMBS and favours
the downward movement of the a7 helix [42], thus inducing high affinity. Therefore, man-
ganese or magnesium in the absence of calcium shift the equilibrium towards the extended
open conformation, whereas calcium bound to the ADMIDAS stabilises the closed head
group [37,/50,38|.

Monoclonal antibodies and ligands or ligand mimics also act as extracellular stimu-
lants [55]. Activating antibodies are mostly directed against the ligand binding region [56]
or the membrane-proximal leg region [57] of the 3 subunit. They are thought to induce con-
formational changes, thus evolving their adhesion-promoting activity. Cyclic peptides con-
taining the ligand mimicking motif RGD shift the equilibrium even more than manganese
to the extended state [29]. Ligand binding triggers structural rearrangements [4] resulting
in a conformation of the metal binding sites which supports the open head group [37].

In the blood stream, the physiological activation relies on complex intracellular sig-
nalling pathways triggered by the ligation of a second receptor on the lymphocyte sur-
face. Chemokines represent potent and selective activators of integrins [9,58]. These
small polypeptides of only 8-10 kDa are displayed on the apical surface of endothelial cells
and bind to G-protein coupled receptors (GPCR) on the lymphocytes [59]. GPCRs are
transmembrane receptors with seven membrane-spanning domains. Their extracellular N-
terminal domain determines the high specificity for their chemokine ligands, whereas the
intracellular C-terminus is coupled to a G-protein. The binding of chemokines initiates
intracellular signal cascades which impinge on the cytoplasmic tails of the respective inte-
grins (for reviews see |7,/1]). Hereby, the ligation of the chemokine receptor leads to the
activation of the membrane-associated G-protein trimer and the subsequent dissociation
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Figure 1.8: Chemokine-induced signal cascade: Signal pathways and candidate molecules
which remain to be confirmed are represented with dashed lines and question marks, re-
spectively. The chemokine binds to its GPCR hereby inducing the dissociation of the
G-protein and the production of DAG and IP3. This raises the intracellular calcium level
and stimulates GEFs. Further downstream, GTPases prompt the binding of adapters
to the integrin cytoplasmic tails which finally activate the integrins (figure adapted from
reference [1]).

of the G, subunit from the G and G, subunits. In consequence, the phospholipase C is
activated to cleave PIP2 into two second messengers, namely IP3 and DAG. IP3 triggers
the calcium release from intracellular stores, thus raising the intracellular calcium level
and inducing calcium influx from the extracellular space through the calcium-regulated-
activated-calcium channel. Calcium and DAG possibly activate GEFs which in turn con-
tinue the cascade by stimulating GTPases. The latter finally transmit the signal either
directly or via intermediate effectors to the cytoplasmic integrin tails (Fig. |1.8]).

The rapid activation of integrins by chemokines is accompanied by the spatial separa-
tion of the cytoplasmic tails [28] and probably results in the extended conformation with
intermediate affinity . The final step of this inside-out signalling is most likely medi-
ated by the binding of intracellular molecules to the cytoplasmic tails of the integrins. For
instance, the binding of talin to the 3 tail is not only vital for the coupling of ligand-bound
integrins to the cytoskeleton and for the enforcement of the cytoskeletal anchorage
of the integrin through the recruitment of other cytoskeletal proteins, e.g. paxillin [62].
The binding of talin via its F3 lobe of the FERM domain to the membrane-proximal
NPxY motif on the § tail also plays an essential role in the final step of inside-out activa-
tion [63}64}28,65}20}66,67]. It was suggested, that this activation is caused by a second
hydrophobic interaction between a membrane-proximal « helix of the 3 tail and the F3 lobe
of the integrin-binding talin head (Fig. . This interaction disrupts the salt bridge be-
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Figure 1.9: Conformational changes induced by talin binding to the 3 cytoplasmic tail
(red): The main interaction is achieved by the NPxY motif on the § tail. A second
membrane-proximal interaction between talin and the § subunit disrupts the salt bridge
linking the two cytoplasmic tails. This results in the separation of the integrin tails and pos-
sibly induces further conformational changes in the extracellular domains (figure adapted
from wikipedia).

tween the o and £ tail [63], which normally stabilises the bent low-affinity conformation by
clasping the o and 3 cytoplasmic tails. In addition, an intramembranous segment is pulled
down in the cytoplasm by electrostatic interactions with the talin head . Thereby,
the transmembrane helices are shortened and separated , resulting in the activation of
the ectodomains.

1.3 Single-Molecule Force Spectroscopy

Integrins are designed as force-resisting receptors. In their normal environment they are
always exposed to forces. Thus, the presence of forces is possibly essential for their phys-
iological function. In addition, these cellular adhesion receptors are actively regulated by
the cell and coexist in several different activation states on the cell surface. In order to
dissect the properties of the coexistent states and in order to monitor the native function
and regulation of integrins, single-molecule force spectroscopic experiments on living cells
are desirable. Therefore, we chose the atomic force microscope in order to investigate the
lymphocyte integrin VLA-4.

1.3.1 Atomic Force Microscope

The atomic force microscope (AFM) was invented by Binnig, Quate and Gerber in 1986 and
belongs in the category of scanning nearfield microscopes [70]. Whereas in its early stages,
the AFM was used to image surfaces at atomic resolution, it is now very popular for force
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spectroscopic measurements on biological probes [71},72,73,74,|75]. For this application, a
laser beam is focussed on a cantilever, reflected on its back and detected by a segmented
photodiode. The cantilever is mounted on a piezo element, which can precisely adjust the
cantilever position with respect to the substrate. A bending of the cantilever will result
in the deflection of the laser beam and therefore in a different signal in the photodiode
(Fig. . With the spring constant of the cantilever, this deflection can be converted
into the force which caused the bending. Amongst other force spectroscopic techniques
such as biomembrane force probe and optical tweezers, the AFM has by far the highest
spatial and temporal resolution.

AFM experiments can be conducted in fluid at defined temperature and pH values,
mimicking the physiological conditions. In addition, it allows for a highly controlled contact
between the probe and the substrate in terms of the contact time and force. Thus, the
atomic force microscope represents a suitable technique for investigating such sensitive
probes as living cells.

In order to investigate the adhesion of living cells mediated by the specific interaction
of a particular receptor/ligand pair, the cantilever as well as the substrate have to be
thoroughly prepared. Mostly, the cell is immobilised on the cantilever and the substrate
is functionalized with the ligand to the cell surface receptor of interest (Fig. [1.10). Once
the cell has been brought into contact with the substrate, the receptor/ligand pair can
interact. During retraction, a force is loaded to the molecular bond until it ruptures. The
whole cycle of approach and retraction is recorded in force-time or force-distance curves.

To further extend its abilities, the setup of an atomic force microscope can be com-
bined with high-end optics as confocal microscopy or total internal reflection fluorescence
microscopy (TIRF) [76]. The combination of AFM and TIRF, for example, allows for the
observation of actions close to the substrate. After fluorescence labelling, the cell mem-
brane or even single molecules on the cell surface can be observed in real time, while the
contact can be adjusted and the mechanical parameters assessed by the AFM.

1.3.2 Forced Unbinding of Single Molecules

In thermal equilibrium, bonds are continuously dissociating and re-building activated by
thermal fluctuations. The dissociation constant Kp describing this process is defined by
the ration of the equilibrium dissociation rate kgf 7 and the association rate k,,.

Potential Landscape

The binding and the unbinding of the receptor/ligand pair is governed by the potential
energy of the molecular bond. This potential can be imagined as an extraordinarily com-
plicated 3-dimensional landscape. In the bound state, the molecular bond is located at the
bottom of the energy funnel and surrounded by ragged energy barriers. For simplification,
only the major barriers of the 3-dimensional landscape are commonly projected along the
reaction coordinate = (Fig. [I.11)). Under equilibrium conditions, bond dissociation is acti-
vated by thermal energy and the most probable unbinding pathway will cross the lowest
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Figure 1.10: Atomic force spectroscopy: A cell is attached to the cantilever, which can
be moved with respect to the functionalized substrate by a piezo element. The reflection
angle of the laser beam focussed on the back of the cantilever changes if the cantilever is
deflected. This is detected by a photodiode and converted into force. The different stations
of an approach-retract cycle are depicted in the upper panels. The corresponding points
are indicated in the recorded force curve below. For constant piezo velocity, the distance
travelled is proportional to the time. Thus, the force curves can either be displayed against
distance (right azis and dashed lines) or against time (bottom axis). During the approach
(A), the force baseline is recorded. While the cell is pressed onto the substrate with a
predefined indentation force for a certain dwell time (B), molecular bonds between the
cellular receptors and their isolated ligands on the substrate may form. During retraction,
the force rises (C) and a membrane tether is pulled from the cell until the molecular
bond ruptures. Then, the force decreases down to the basal level (D). The height of the
resulting step is called rupture force, the time until rupture is the lifetime of the bond and
the position of the rupture is termed rupture length.

barrier of the landscape. Hence, the position and the height of this transition barrier T’
— separating the bound and the unbound state — determine the unbinding kinetics of the

molecular bond.
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Figure 1.11: The potential landscape of a molecular bond: The 3-dimensional energy
landscape (top) is projected along the trajectories crossing one barrier (blue) or two barriers
(red). In the middle row, the equilibrium landscapes are depicted. The application of an
external force F tilts the equilibrium landscape (bottom), thereby reducing the height of
the transition barrier 7'. The position of the transition barrier x3 governs the susceptibility
of the molecular bond to external forces. In the case of the two barriers, the higher outer
barrier O determines the unbinding process in the absence of forces (7' = O). Under
the influence of force, the inner barrier I may become prominent and thus becomes the
rate-limiting transition barrier (T = IT).

The application of a force supplies mechanical energy to the system. In the picture of
an energy landscape, the force tilts the binding potential. The energy barrier is thereby
reduced by —F'-x, where F'is the force acting in the direction of the barrier. Thus, the force-
induced dissociation may take a different pathway through the potential landscape, crossing
higher barriers than the equilibrium trajectory. The off-rate ks is directly related to the
barrier height AU(TT). However, the reduction of the barrier height by forces depends
on the position of the transition barrier 1" with respect to the bound state, which is also
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called potential width xg: If the transition barrier is close to the bound state, the barrier
is less reduced than a transition barrier with a large potential width. Thus, the bond’s
susceptibility to forces is characterised by the position of the energy barrier. Furthermore,
if an energy landscape comprises more than one transition barrier, the application of force
possibly renders a different barrier rate-limiting for the bond dissociation (TF = IT),
which is smaller, but closer to the bound state than the equilibrium transition barrier
(T = O) (Fig. [L.11)). For these reasons, the energy barriers probed in equilibrium and
non-equilibrium experiments are not necessarily the same.

Theory of Forced Unbinding

In the physiological setting of lymphocytes in the blood stream, bond dissociation is not
an equilibrium process since the receptor/ligand bond is subjected to external forces of the
shear flow. The terms avidity and affinity are defined for equilibrium conditions and are
therefore not sufficient to characterise a molecular bond under the influence of force. In
cellular AFM experiments, the unbinding of the receptor/ligand bond also occurs under the
influence of force as in the physiological situation. Since an external force in the direction of
the unbound state tilts the equilibrium landscape and reduces the height of the transition
barrier AU(TF), the dissociation rate is increased. In 1978, Bell described this impact
of forces on the dissociation kinetics of a molecular bond [77]. The rate of force-induced
dissociation k7, is:
I _AU(T)fEmech
kopp=w-e FpT

w is the attempt frequency of the thermally activated escape in equilibrium; AU(T) is the
barrier height, which is reduced by the mechanical work E,,.., performed on the system by
the external force F'; and kgT is the thermal energy. For F' = 0, the equilibrium off-rate
kogs is given by:

0 _AU(T)
— . k
kopp =w-€e FBT

Thus, the dissociation rate of the molecular bond can be correlated with the applied force:
_F

Fs = % is the characteristic force of the molecular bond scaled by the thermal energy
and the potential width zg. Thus, all mechanical properties of the molecular bond are
concentrated in the single parameter of the potential width zg.

Up to now, it is assumed that the applied force is constant over time. In general,
however, the forces applied to a system are hardly always constant. Thus, Evans and
Ritchie expanded the static theory of Bell for the forced unbinding of a molecular bond
to a dynamic theory for the dissociation kinetics in an overdamped environment (liquids)
[78,77,79]. In this ansatz, they accounted for the deformation of the energy landscape and
for the spatially varying friction between the molecules. Here, the force is regarded as a
function of time and thus, the dissociation rate also becomes dependent on time:

_AU(F@®)

kff*f(F(t)) = kgff -g(F(t))-e F87T (1.2)
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Here, AU(F(t)) is the barrier height reduced by the force F(t) and g(F(t)) is the mechan-
ical coupling of the external force F'(t) into the potential landscape of the molecular bond.
As shown above, an external force F'(t) directly affects the shape of the energy landscape.
In consequence, the time dependence of the force application leads to a dependence of the
molecular potential and — in particular — of the barrier height on the force loading rate
F = %—I;. The rate of force loading on the molecular bond is governed by the mechan-
ics of the linker transducing the applied force. In the case of cell adhesion in the blood
stream, the shear force on the cell results in a tensile force on the adhesive receptor /ligand
bond [80]. Hence, the mechanics of the cell and especially the mechanics of the receptor
anchorage in the cell will determine the force loading and thus also the dissociation kinetics
under force.

The unbinding of a molecular bond relies on a stochastic Markov process [79,81]. Hence,
in force spectroscopic experiments, not a single dissociation force, but a probability distri-

bution of rupture forces is detected. This distribution is given by:
P(F) = kopp(F(t)) - e Jihoss(F®)

For a constant retraction speed v, Evans and Ritchie included the influence of a non-linear
elastic linker [82]:

F c
P(F) = kogs (F) - By - ) o Jposstor (1.3)

(%

The mechanical compliance ¢(F') describes the elongation of the force-exerting linker per
unit force. Hence, for force spectroscopic measurements on cellular receptors, the cell
mechanics will influence the dissociation kinetics and the distribution of rupture forces
comparable to the basal off-rate k.

The most probable force of unbinding is used to characterise the bond strength. How-
ever, as mentioned above, this bond strength strongly depends on the experimental condi-
tions, in particular on the history and rate of force loading [83]. Furthermore, the shape of
the force distribution is governed by the basal off-rate k), and the potential width x4 of
the investigated receptor /ligand bond. With the help of single-molecule force spectroscopy,
insight can thus be gained into the strength, the force susceptibility and the kinetics of the
receptor, if the evolution of force on the adhesive bond is known.



Chapter 2

The Mechanics of Cellular Adhesion
Receptors

Cell adhesion is mostly — if not even always — exposed to forces. The molecular adhesive
bonds are therefore not only subjected to their equilibrium affinity, but are also governed
by the mechanics of the force-transmitting linker (see equations and . This depen-
dence of the bond strength on the equilibrium kinetics and the force history was termed
mechanochemistry or chemomechanics [84,85]. In the case of cell adhesion, the anchorage
of the transmembrane adhesion receptors in the cell and the overall cellular mechanics will
determine the mechanical properties of force loading. It is known since long, that certain
receptors like integrins modulate their affinity as well as the mechanics of their anchorage
for regulating their adhesiveness. Recently however, the influence of the receptor mechanics
on the strength and the lifetime of the molecular bond has become the focus of attention.

This chapter concentrates on the mechanical regulation of transmembrane adhesion
receptors and the influence of mechanochemistry on cell adhesion under force. Firstly,
the biological importance of the integrin anchorage for the adhesion of lymphocytes under
mechanical strain will be outlined with the example of the paxillin association with the
ay subunit of the integrin VLA-4 (ayf;) [86]. Then, it will be demonstrated, that dif-
ferences in the cellular anchorage of integrin receptors are detectable when analysing the
force spectroscopic data with a suitable mechanical model [2]. We compared the influence
of mechanical regulation to that of affinity modulation on the bond strength and found
that altering the mechanics of the receptor anchorage presents a highly effective tool for
regulating the cellular adhesiveness.

2.1 Paxillin Association with the oy Cytoplasmic Tail
regulates Adhesion Strengthening

The cytoplasmic tails of integrin heterodimers associate with a large variety of signalling
and cytoskeletal adapter proteins [32] and modulate the adhesiveness of the receptors.
While the intracellular ends of the (# subunits contain highly conserved sequence motifs,
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only very few sections tally on the a cytoplasmic tails [31,87]. This suggests an integrin-
specific assignment in signalling and anchorage functions of the « subunit. The adapter
paxillin binds directly to nine residues (E983-Y991) on the cytoplasmic tail of ay integrins
[88,/89]. The binding is regulated by the phosphorylation state of the Ser?® on the ay
tail [90,91]. Paxillin has about 68 kDa and plays a pivotal role in matrix adhesion and
signalling [32]. For instance, the association of a4 with paxillin reduces cell spreading,
focal adhesion and stress fibre formation [88,31]. On the other hand, paxillin binding to ay
enhances not only ay-dependent cell migration [91], but also stimulates T-cell migration
mediated by the integrin LFA-1 (ay/3;). Thus, this adapter molecule is necessary for the
trans-regulation of the integrin LFA-1 by VLA-4 [92,93]. Paxillin interacts with several
signalling proteins such as FAK, Src and PAK, as well as with cytoskeletal adapters, e.g.
vinculin and talin [94,95]. It would then appear that this cytoplasmic protein possibly not
only participates in signalling pathways, but also plays a role as a mechanical regulator.

In order to assess the contribution of paxillin to VLA-4-mediated adhesion of T-
lymphocytes, we investigated the effects of a point mutation in the a4 cytoplasmic tail
(Y991A), which inhibits the association of the integrin with paxillin [88,31]. We found
in AFM experiments that the frequency of productive VLA-4/VCAM-1 interactions was
reduced for the mutant, whilst the unbinding forces were similar. This is in line with
the observations that the mutant VLA-4 (Y991A) displayed an unchanged affinity to its
ligand VCAM-1, although the ay(;-dependent capture in shear flow was suppressed for
Jurkat T-cells expressing mutant VLA-4. Thus, the adhesion strengthening on VCAM-1
substrates was weakened under both vertically and horizontally applied mechanical stress.
This suggests that the association of paxillin to the a4 cytoplasmic tail is necessary for
the immediate post-ligand adhesion strengthening of the VLA-4 integrin under mechani-
cal strain. Having established this we see that paxillin controls the mechanical stability
of the adhesive bond, rather than regulating the affinity or the avidity of VLA-4 inte-
grins in force-free conditions. Altogether, our findings highlight the role of mechanics in
force-exposed cell adhesion: Although the attachment of integrins to the cytoskeleton was
hitherto believed to reduce the cellular adhesiveness [96,/97.,/98|, we were able to show that
this anchorage is indispensable for the force resistance of VL A-4 bonds and that it is critical
for the tether stabilisation under stress.

These results have been published in the Journal of Cell Biology [86] and are reprinted
in section 2.4

2.2 The Mechanics of Transmembrane Receptors gov-
erns Cell Adhesion

The data obtained from force spectroscopic experiments do not only contain information
about the bond strength of the investigated interaction. In the force-distance curves of
AFM experiments, also the evolution of the force loading on the molecular bond is like-
wise recorded. Hence, the shape of the curve itself may reveal valuable details about the
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mechanics of the force-transmitting linker. As discussed in section [I.3.2] the force loading
on cellular adhesion receptors depends on the mechanics of the force-transmitting cell and
of the anchorage of the receptor in the cell and will determine the adhesion strength. In
order to quantify the mechanical properties of the receptor environment, we developed a
viscoelastic model based on a Kelvin body (Fig. [2.1). For a constant piezo velocity, we
deduced the following force-distance relationship for this model (see appendix :

—k;z

Fz)=k-z+p-v—p-v-env (2.1)

Here, k; parameterises the tether stiffness, k; characterises the initial membrane bending
rigidity and the viscosity p is determined by the slip of the membrane over cytoskeletal
components.

F[pN]

F(z) =kt z +gv - gv exp(-ki z/gv)

[pm]

Figure 2.1: The Kelvin body: A spring with elasticity k; is connected in parallel to a
series of a second spring with k; and a dashpot with viscosity pu. The fit of the distance-
relationship F(z) (blue) matches the experimental force curve (red).

We investigated the mechanics of the lymphocyte integrin VLA-4 in two different ion
conditions; one condition with physiological concentrations of magnesium and calcium
(here referred to as 'resting condition’), the other with a high concentration of magnesium
in the absence of calcium (here referred to as ’activating condition’). Analysing the recorded
force curves with this relationship, we found that activating the integrins with concentrated
magnesium in the absence of calcium alters the mechanics of the receptor environment.
This can be explained by the fact that integrins are expressed in different activation states
on the cell surface. Whilst the high-affinity receptors are located in lipid rafts [99,/100]
and preferentially bound to cytoskeletal adapter proteins as paxillin [101], the resting
receptors are randomly distributed in the membrane. Since we probe only active receptors
in the AFM setup, the average mechanics of the integrin environment is altered after the
activation of resting receptors. Hence, with the help of viscoelastic models, transmembrane
receptors can be used as nano-probes in force spectroscopic experiments for detecting
mechanical differences in the receptor surroundings.

In order to gauge the impact of a mechanical regulation compared with the conven-
tional affinity modulation on the adhesion strength, we combined the force evolution of
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our Kelvin body model (equation with equation and varied the mechanical and
kinetic parameters in numerical simulations. Interestingly, we found that the viscosity of
the receptor anchorage can tune the bond strength to the same extent as the basal off-rate
of the receptor. We thus claim that the cell regulates its adhesiveness by altering the
receptor mechanics as a powerful alternative to the affinity modulation.

These results have been published in the Biophysical Journal [102] and are reprinted
in section 2.4

2.3 Conclusions

In concordance with the physical theory of bond dissociation under force, we deduced that
the integrin anchorage plays a pivotal role for the successful adhesion strengthening of
lymphocytes under mechanical stress. Furthermore, we demonstrated that different nano-
environments of the investigated receptor can be resolved by analysing force spectroscopic
experiments on living cells with viscoelastic models. Numerical simulations corroborated
the experimental observations that the stiffening of the receptor anchorage stabilises the
molecular bond. Hence, the cell can adjust its adhesiveness very effectively by modulating
the mechanics of the receptor anchorage. For this, the receptors can be attached to the
cytoskeleton or relocated into membrane areas with different viscoelastic properties.

In physiological situations, forces and other mechanical stimuli are omnipresent. As a
consequence, many cells are capable of 'feeling’ the magnitude and the direction of forces.
In addition, they possess an awareness as to the geometry and the rigidity of their sur-
roundings and are able to react in a very distinct manner [103,/104, 105,106,107, [108].
Thereby, the force exerted on cellular adhesion receptors like integrins or selectins can
itself act as a stimulant. For instance, it has been demonstrated in molecular dynamic
simulations and in flow chamber experiments that external forces promote and accelerate
conformational changes [37,(109}/110,/106]. The fascinating phenomenon of selectin catch-
bonds — which grow stronger with increasing forces — is likewise triggered by a similar
mechanism [84}|111},/112,/113]. Furthermore, forces or mechanical alterations of the cellular
environment evoke active reactions of the whole cell [103,|114|115]. For instance, forces
control the strengthening of initial integrin adhesions to focal adhesion complexes |116]
or they can induce the reorientation of cells and of stress fibres [117,/118,/119,(120]. Fur-
thermore, the stiffness of the substrate governs the growth and migration of epithelial
cells [121], the behaviour of osteoblasts [122], the progression of tumour cells [123] and the
differentiation of stem cells |[124]. These reactions are provoked by external forces, which
can induce intracellular signal cascades [125] or transmit forces from the cell membrane
to the nucleus to regulate the gene expression [126]. The force transmission to different
cellular compartments depends on the cytoplasmic associations to the receptor tails [103].
This underlines the fact that the anchorage of the adhesive receptor in the cell controls
the intracellular signalling as well as the force resistance of the bond. Hence, on the one
hand, the receptor anchorage may regulate the mechanosensation of the cell |85}/103],127].
On the other hand, being an effective modulator of cell adhesion, the regulation of the
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receptor mechanics may also be the outcome of intracellular signal cascades. Using the
transmembrane receptors as nano-probes in force spectroscopic experiments together with
mechanical models will allow to scrutinise intracellular anchorage events and elucidate the
mechanical regulation by the cell.

These considerations, together with other aspects of the mechanical regulation of cell
adhesion, have been reviewed in Soft Matter [2] and are reprinted in section [2.4]

2.4 Publications

1. ayf1-Dependent Adhesion Strengthening under Mechanical Strain is regulated by Pax-
illin Association with the ay-cytoplasmic Domain (published in the Journal of Cell Biology)

2. The Viscoelasticity of Membrane Tethers and its Importance for Cell Adhesion (Bio-
physical Journal, in press)

3. Mechanical Regulation of Cell Adhesion (Soft Matter, in press)
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asPB1-dependent adhesion strengthening under
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association with the a4-cytoplasmic domain
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he capacity of integrins to mediate adhesiveness is
modulated by their cytoplasmic associations. In this
study, we describe a novel mechanism by which
ag-integrin adhesiveness is regulated by the cytoskeletal
adaptor paxillin. A mutation of the ay tail that disrupts
paxillin binding, a4(Y991A), reduced talin association to
the a4B1 heterodimer, impaired integrin anchorage to the
cytoskeleton, and suppressed «4B1-dependent capture
and adhesion strengthening of Jurkat T cells to VCAM-1

Introduction

Circulating leukocytes rapidly develop firm adhesion to vessel
wall ligands through their various integrin receptors af37, o3
(VLA-4), a1 B, (LFA-1), and avPB, (Mac-1; Alon and Feigel-
son, 2002). Integrins bind their respective endothelial ligands
under shear flow at lower efficiency than selectins (Springer,
1994). Adhesive tethers form over a fraction of a second and
depend on the ability of the nascent adhesive bond to withstand
disruptive shear force. In contrast to selectins, all leukocyte in-
tegrins can undergo instantaneous up-regulation of their affinity
or avidity to endothelial ligands upon exposure to endothelial
chemokines (Kinashi, 2005). In addition, integrins can undergo
conformational changes upon ligand binding (Hynes, 2002).
Cytoskeletal constraints of integrins may also control integrin
adhesiveness (van Kooyk and Figdor, 2000). Previous studies
on leukocyte (L)-selectin function regulation have shown that
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under shear stress. The mutant retained intrinsic avidity to
soluble or bead-immobilized VCAM-1, supported nor-
mal cell spreading at short-lived contacts, had normal
ag-microvillar distribution, and responded to inside-out
signals. This is the first demonstration that cytoskeletal
anchorage of an integrin enhances the mechanical sta-
bility of its adhesive bonds under strain and, thereby,
promotes its ability to mediate leukocyte adhesion under
physiological shear stress conditions.

preformed cytoskeletal associations of L-selectin with the actin
cytoskeleton control the ability of ligand-occupied selectin to
stabilize nascent tethers under shear flow and capture leuko-
cytes under physiological shear stresses (Kansas et al., 1993;
Dwir et al., 2001). This raised the possibility that specialized
subsets capable of interacting with their respective endothelial
ligands under physiological shear flow may also need to prop-
erly anchor to the cytoskeleton. Although selectins and inte-
grins are structurally distinct, we hypothesized that o, integrin
bonds forming under disruptive shear stresses may share a
common regulatory mechanism with L-selectin bonds. How-
ever, as alterations in cytoskeletal constraints of integrins can
modify affinity, clustering, and ligand-induced conformational
rearrangements (Carman and Springer, 2003), the direct contri-
bution of integrin anchorage to adhesive outcome has been dif-
ficult to dissect.

In this study, we unraveled novel adhesive properties of
an ay-tail mutant with disrupted association with the cytoskele-
tal adaptor paxillin (Liu et al., 1999). We found that blocking
the ay—paxillin interaction markedly impaired the integrin’s
ability to anchor to the cytoskeleton in Jurkat T cells. Although
not essential for ayf3; affinity, ligand-induced conformational

Supplemental Material can be found at:
http://www.jch.org/cgi/content/full/jcb.200503155/DC1
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Figure 1. The ay(Y991A)B; mutant mediates A sVCAM-1
poor shear-resistant adhesion to VCAM-1. (A) Low VCAM-1-F¢ : Medium High '
Ca e o 60 12 60
JB4 Jurkat cells expressing either wt ay (WT) 2 “m wr T
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|ICAM-1 (71600 sites/umz), measured as in A. Mean fluorescence Mean fluorescence Mean fluorescence
In each panel, the mean *+ range of two ex- Cc ICAM-1-Fc
perimental fields is depicted. Results in A and ' Low Medium ! High ICAM-1
. o o 16 40 40
C are representative of six independent exper-
iments. (D) FACS staining of VCAM-1, ICAM-1, & 14
and E-selectin on TNFa-stimulated HUVECs. % 12 304 30 T
Dotted lines represent staining of isotype- e 0]
matched controls (left). VLA-4-dependent ad- 3
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changes, surface clustering and topography, or redistribution at
short static contacts, paxillin association with ayf3; was crucial
for ay3;—VCAM-1 bonds to resist mechanical stress. These re-
sults suggest that subsecond stabilization of oy tethers depends
on the ability of ligand-occupied ay integrins to properly
anchor to the cytoskeleton. This work also highlights the key
role of the a subunit of ayf; in postligand binding adhesion
strengthening of the integrin under mechanical strain.

Results

Paxillin association with the

ag-cytoplasmic domain is required for cell
resistance to detachment by shear stress
Paxillin binding to the oy-cytoplasmic domain is important for
integrin oyf3; signaling but not for adhesion developed in shear-

JCB « VOLUME 171 « NUMBER B « 2005

Wall shear stress (dyn/cm?) Wall shear stress (dyn/cm?)

free conditions (Rose et al., 2003). To examine the role of pax-
illin binding in oyB,-mediated adhesion under shear stress, we
analyzed the resistance to shear-induced detachment from the
oy ligand VCAM-1 of ay-deficient JB4 Jurkat T cells trans-
fected with either wild-type (wt) ay (JB4-wt) or the paxillin
binding—defective 04(Y991A) mutant JB4-04(Y991A) (Rose et
al., 2003). JB4-04(Y991A) cells were less resistant to shear-
induced detachment than their JB4-wt counterparts (Fig. 1 A).
Notably, bivalent VCAM-1 (VCAM-1-Fc) was much more
potent than monovalent soluble VCAM-1 (sVCAM-1) in sup-
porting a,B;-specific adhesion (Fig. 1 A), but it still could not
rescue the adhesive defect of the ay(Y991A) mutant. These re-
sults were confirmed with multiple clones expressing similar
levels of a4 and 3, subunits as well as the [3; activation epitope
15/7 (Fig. 1 B and not depicted). Nevertheless, resistance to de-
tachment from different densities of either ICAM-1-Fc or
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Figure 2. The 4(Y991A)B; mutant distributes normally
before and during early cell spreading on VCAM-1 in shear-
free conditions. (A) wt ay or ay(Y99TA) is evenly distributed
on the surface of JB4 cells. Confocal immunostaining of ay on
the surface of prefixed WT or Y?91A cells using the non-
blocking BSG10 mAb. Three representative cells are shown
for each cell type. (B) Live imaging of wt au or au(Y991A)
during short cellular contacts with VCAM-1. JB4 cells express-
ing wt or mutant s were prelabeled with AlexaFluor488-con-
jugated B5G10 mAb and settled for 1 min on VCAM-1. wt
or mutant ey were each imaged on cells that had spread on
sVCAM:1 for 1 min (shear free) and were then subjected to
10 s of shear stress at 2 dyn/cm?. Cell morphology was mon-
itored in differential interface microscopy (DIC). The degree

1' shear-free 10" shear 4 1' shear-free

ICAM-1 was comparable between wt- and mutant o,f3;—
expressing cells (Fig. 1 C). In agreement with these results,
VLA-4—dependent adhesion to TNFa-stimulated human um-
bilical vein endothelial cells (HUVECs) was reduced in Jurkat
cells expressing the ay(Y991A) mutant (Fig. 1 D), in particular
at shear stresses =5 dyn/cm?, within the upper range of shear
stresses prevailing in postcapillary venules where the majority
of lymphocyte extravasation takes place (Firrell and Lipowsky,
1989). Whereas most cells expressing the wt o firmly arrested
on the stimulated HUVEC via their VLA-4, a significant frac-
tion of ay(Y991A) mutant—expressing cells failed to arrest and
established endothelial (E)-selectin—-dependent rolling on the
HUVEC (Fig. 1 D). In the absence of functional E-selectin, the
shear resistance of cells expressing the os(Y991A) mutant was
much lower than the shear resistance of cells expressing wt oy
(Fig. 1 D). Because the contribution of LFA-1 to Jurkat arrest
was minimal, these data suggest that the YO91A o, mutant is
deficient in establishing ay[3;-mediated shear resistance on en-
dothelial cells expressing VCAM-1 as well as on substrates
coated with isolated VCAM-1.

Notably, preformed clustering of wt and mutant o, sub-
units on JB4 cells was essentially identical (Fig. 2 A). Real
time imaging of JB4 cells that adhered on VCAM-1 also
showed identical cell spreading as well as the distribution of
both mutant and wt oy during 1-min cellular contacts before
shear application (WT: n = 44, 16% round, 54% polarized
with uniform oy, 30% polarized with patched oy; YO11A: n = 27,
18% round, 52% polarized with uniform oy, 30% polarized
with patched oy; Fig. 2 B). Notably, the strength of resistance
to detachment developed by wt oy did not correlate with the
degree of patching (Fig. 2 B) in contrast to reports on LFA-1—
dependent systems (Constantin et al., 2000; Kim et al., 2004).

of patching was calculated by Image J analysis and was de-
fined as having at least one region with a B5G10 staining
mean intensity threefold higher than another region on the
same cell. Note that shear stress on its own did not trigger wt
ay redistribution. Shear direction is depicted by the arrow.

10" shear 4

Thus, a mutation of the a, tail defective in paxillin binding pre-
vents ayf3;-mediated resistance to shear-induced cell detachment
independent of cell spreading and o, patching on VCAM-1.

The a4(Y991A) mutation blocks paxillin association with
the oy tail selectively (Liu et al., 1999). As an alternative test of
the role of the ay—paxillin interaction, we exploited a recently
identified small molecule inhibitor of this interaction. The
compound, designated A7B7C7, blocks the ay—paxillin inter-
action and interferes with af3,-dependent cell migration (Am-
broise et al., 2002). This inhibitor, but not a control compound
(A6B6CO), attenuated the shear resistance of wt oy3;—mediated
Jurkat cell adhesion to VCAM-1 (Fig. 3 A, left) but had no
effect on the residual shear resistance developed by the JB4-
o4(Y991A) cells (Fig. 3 A, right). Adhesion mediated by the
ar 3,—-ICAM-1 interaction was also insensitive to the inhibitor
(not depicted). Knocking down paxillin expression by up to
75% using transient short inhibitory RNA (siRNA) silencing
(Fig. 3 B) resulted in reduced adhesiveness of wt ayf3,—medi-
ated Jurkat cell adhesion to VCAM-1 (Fig. 3 C), with no inhibi-
tion of adhesiveness mediated by the ay(Y991A) mutant (Fig.
3 C). Notably, LFA-1-dependent adhesion to ICAM-1 was also
insensitive to identical paxillin silencing (not depicted). Thus,
both genetic and pharmacological approaches indicate that the
oy—paxillin interaction increases the resistance of ay3,—VCAM-1
contacts to detachment by disruptive shear stresses.

Paxillin association with the a4 subunit
promotes aqpf+1 anchorage to the
cytoskeleton

Paxillin binds a number of actin-binding proteins such as
talin and vinculin (Brown and Turner, 2004) and does so at
sites distinct from the oy-binding site (Liu and Ginsberg,
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Figure 3. Blockage of af; paxillin associations interferes with shear
resistance developed by wt . (A) JB4 cells expressing either wt ay or
as(YO91A) were pretreated for 15 min with A7B7C7, a cell-permeable in-
hibitor of paxillin binding to the ay tail, or with the control compound
A6B6C, both present at 5 pM. The shear resistance of carrier or com-
pound-reated cells developed after 1-min adhesion to sVCAM-1 (2,220
sites/pum?) was determined as in Fig. 1. Results are mean = range of two
experimental fields. The experiments depicted are each representative of
four independent tests. *, P < 0.001 (a two-ailed paired t test) for control
compared with A7B7C7+reated cells at 0.5 dyn/cm?. (B) JB4 cells ex-
pressing wt as were transfected with either paxillin-specific or control lu-
ciferase siRNA. Total lysates of each group were immunoblotted with pax-
illin- or tubulin-specific mAbs. Densitometric analysis reveals a decrease of
70 and 75% in paxillin content in JB4 expressing either wt or a (Y99 1A),
respectively. (C) Paxillin silencing impairs resistance to detachment from
sVCAM:-1 developed by wt a8 but not au(YO9TA). The shear resistance
of the indicated cells was determined as in A. Results are representative of
three independent experiments. Error bars represent SD.

2000). We next quantified the fraction of detergent-resistant
wt oy or 04(Y991A) retained on NP-40—solubilized cells using
fluorescence-tagged integrin-bound oy mAb (Fig. 4 A). Re-
tention of intact wt and a,(Y991A) was similar and low (20%
of the total surface oy; Fig. 4 A). However, the addition of
anti-mouse Ig to cluster the mAb-bound wt o, markedly in-
creased the association of oy[3; surface integrin with the deter-
gent-insoluble cytoskeleton (Fig. 4 B). In contrast, the same
treatment produced a negligible increase in the cytoskeletal
association of ay(Y991A)B; (Fig. 4 B). Thus, the as(Y991A)
mutant fails to anchor properly to the actin cytoskeleton in
Jurkat T cells.
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Figure 4. Paxillin association with o, facilitates integrin anchorage to the
cytoskeletal matrix. (A) Detergent removal of nonligated wt oy monitored
by FACS. Jurkat cells were reacted for 30 min at 4°C with FITC-coniju-
gated anti-asB1 mAb (HP1/2) or isotype-matched control (dotted line).
Cells were then incubated at RT in detergentfree buffer (black, —NP-40)
or in buffer containing 0.05% NP-40 (gray, +NP-40). The fraction of
asbound mAb remaining affer detergent treatment assessed by flow cy-
tometry is shown relative to originally bound ay mAb. (B) The fraction of
mAb-bound wt or a(Y99TA) resistant to detergentinduced removal was
compared before (white bars) and after ligation of the mAb by secondary
antibody (black bars). Results are a mean of three independent experi-
ments. Error bars represent SD.

The aglYO991A) mutant poorly associates
with talin and does not respond to talin
suppression

In light of this poor cytoskeletal anchorage of o, (Y991A)B,,
we next compared the level of talin associated with the wt or
mutant oyf; complex in nonadherent Jurkat cells. Notably,
constitutive talin binding to the a,(Y991A)B; complex was sig-
nificantly reduced compared with the wt integrin, as was evi-
dent from coprecipitation analysis (Fig. 5 A). Knocking down
up to 65% of the total talin content in wt ay3;—expressing Jurkat
cells (Fig. 5 B) retained integrin expression (not depicted) but
resulted in significant reduction in their oyf3,-mediated shear
resistance on both sVCAM-1 and VCAM-1-Fc (Fig. 5 C, left
and right insets, respectively). Notably, identical suppression
of talin expression in the ay(Y991A)B,-expressing Jurkat cells
(Fig. 5 B) had no effect on their low shear resistant adhesion to
identical VCAM-1 substrates (Fig. 5 C, right). These results
collectively suggest that paxillin association with ayf3, also re-
cruits talin to the ay—paxillin complex and may enhance talin
association with the 3, subunit tail. Thus, both paxillin and
talin associations promote ayf3,-dependent cell resistance to
detachment from VCAM-1 under shear stress.

ag-Paxillin association is not required for
agqPq avidity for VCAM-1 but increases agq
bond stiffness

Although the affinity of integrin oy(Y991A)B, to soluble
VCAM-1-Fc is retained (Rose et al., 2003), we considered that
Jurkat cells expressing the o,(Y991A)B, mutant might fail
to develop shear resistant adhesion as a result of reduced
avidity for surface-bound VCAM-1. Comparing wt o3, with
ay(Y991A)B; adhesiveness to VCAM-1-coated beads in the
absence of applied shear stress, we found that JB4-wt and JB4-
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04(Y991A) cells bound identically to magnetic beads coated
with increasing site densities of VCAM-1-Fc (Fig. 6 A), which
is supportive of the normal adhesion of a,(Y991A)B;-express-
ing cells under static conditions. Nevertheless, when VCAM-1—
coated beads that bound to JB4-wt cells were exposed to
abrupt mechanical stress, these beads were displaced signifi-
cantly less than beads prebound to JB4-04(Y991A) cells (Fig.
6 B and Fig. S1, available at http://www.jcb.org/cgi/content/
full/jcb.200503155/DC1). oy resistance to displacement re-
quired an intact actin cytoskeleton, as JB4-wt cells pretreated
with the F-actin—severing drug cytochalasin D exhibited even
greater displacement in response to abrupt magnetic stress (Fig.
6 C). These findings, together with the shear-based detachment
assays (Fig. 1), collectively suggest that paxillin association
with the a431 heterodimer and an intact actin cytoskeleton are
both required for ligand-occupied ay3; to develop stress-resistant
adhesive bonds.

Paxillin association with the o4 tail
augments ag-mediated T cell capture on
VCAM-1 and MadCAM-1 under

shear flow

The a4f3; and ayf3; integrins mediate leukocyte capture under
physiological shear flow (Alon et al., 1995; Berlin et al., 1995).
Therefore, we compared the ability of mutant a,(Y991A) versus
wt ay to support ayf3;-dependent T cell capture by monovalent
and bivalent VCAM-1 under continuous shear flow. Consistent
with its defective resistance to shear force, ay(Y991A)B, medi-
ated reduced cell capture and arrest on a large range of densi-
ties of either monovalent (sVCAM) or bivalent (VCAM-Fc)
VCAM-1 (Fig. 7, A and B). This differential behavior was also
manifested at different levels of shear stress that were tested
(Fig. 7 B, first two panels). Notably, whereas disruption of the
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5

Silencing of talin in JB4 cells expressing either

16 —VCAM-1-Fc wt or ay(Y99TA). The indicated cells were
transfected with either talin1-specific or control

12 siRNA. Total lysates of each group were immu-
noblotted with talin or tubulin-specific mAbs.

8 Densitometric analysis reveals a decrease of
i 66 and 67% in talin contfent in JB4 expressing
either wt or as(YP9TA), respectively. (C) Talin

41 suppression preferentially impairs wt asB—
mediated resistance to detachment from

0 sVCAM-1 (2,220 sites/um?). *, P < 0.03 for
“?a":hearzs"z‘sssj nimz) control compared with talinsilenced cells at
siR)I/\lA 0.5 dyn/cm?. Where indicated, cells were pre-

—m— Wr control treated with the csB-specific blocker BIO1211.
T Ve o (inset) Effect of talin suppression on resistance
—O— Y991A talin to detachment from VCAM-1-Fc (30 CAM

sites/pm?) of JB4 cells expressing either wt or
as(YO9TA). In each panel, the mean = range
of two experimental fields is depicted. Results
are representative of three independent experi-
ments. Error bars represent SD.

actin cytoskeleton by cytochalasin D resulted in marked inhibi-
tion of both cell capture and arrest mediated by wt o3, cyto-
chalasin D had no effect on the residual adhesions mediated by
the oy (Y991A)B; mutant (Fig. 7 A). Interestingly, the duration
of individual a3, tethers, which is a measure of integrin affin-
ity to the ligand (Feigelson et al., 2001), was not altered upon
the loss of paxillin binding (Fig. 7 A). Thus, for optimal cell
capture under shear flow, the oy tail of ayf3; requires associa-
tions with the intact actin cytoskeleton.

Jurkat cells express low levels of the 3; integrin subunit;
thus, >95% of their ay-integrin subunits are found in o3 het-
erodimers. Nevertheless, JB4-wt cell capture on high density of
the bivalent ayf37-integrin ligand MadCAM-1-Fc (Berlin et al.,
1993) was inhibited by the anti-ayf3; antibody Act-1 (unpub-
lished data). The JB4-a4(Y991A) cells formed fivefold fewer
tethers on MadCAM-1 than JB4-wt cells, with a diminished
fraction of tethers followed by immediate arrests (Fig. 7 B,
right). Thus, paxillin association with the o subunit enhances
the ability of oy to promote adhesive tethers in the context of
both B; and B; integrins under continuously applied disruptive
shear stress.

Preferential localization of receptors to microvilli in-
creases their availability for interactions with counter ligands
under shear flow (von Andrian et al., 1995). Electron micro-
scopic analysis of wt oy and the ay(Y991A)-tail mutant re-
vealed identical distribution of these variants to microvillar
compartments (82 £ 4% for wt oy, n = 222; 80 = 6% for the
0o4(Y991A) mutant, n = 196; Fig. 5 C). Furthermore, a higher
ratio of the as(Y991A)-tail mutant localized on microvillar tips
than wt oy (a 4.5 tip/base ratio for the mutant vs. only 1.8 tip/
base ratio for wt ay). The number and size of microvillar pro-
jections in JB4-wt and JB4-a4(Y991A) cells were also com-
parable (Fig. 7 C). Thus, the enhanced ability of wt ayf3; to

INTEGRIN REGULATION UNDER SHEAR STRESS « ALON ET AL.

8002 ‘€ Ae\ uo B0’ gol-mmm woly papeojumoq

1077



1078

>
8

D N
© ©o o

o
o

—— wWT
—O— Y991A
[J WT+ Bio1211

£y
(=]

Relative bead binding per cell
= N @
o o © &

0o 10 20
VCAM-1-Fc concentration (ug/ml)

30 40 50 60

e [*2]
(=] (=]
S <3

Displacement [nm]
N
(=3
o

3
S

]

0.5 1.0 1.5
Time [sec]

Current
[mAmps]

o
o

-
N

o_.
(<] o

1 1
—

o
(=]
1
—|—*

Mean bead displacement (micron) )

0.4
T
0.2 1
0 - T
WT Y991A WT + cytoD

Figure 6. The ay(Y991A)B; mutant exhibits normal avidity under shear-
free conditions but develops lower bond stiffness under applied force.
(A) Binding of either wt or YP91A aB;-expressing cells to M-280 protein
A Dynabeads coated with 2D VCAM:-1-Fc. Relative bead binding was de-
termined by side scattering analysis. Bead binding in the presence of 1
pg/ml of the ayp;-specific blocker Bio1211 is shown in gray squares.
Results are representative of three independent experiments. (B, top) Rep-
resentative bead displacement measured from an a4(Y991A)-expressing
cell (open circles) and a wt as~expressing cell (closed circles) during a
500-ms force pulse of ~100 pN. (bottom) Electromagnetic current wave-
form corresponding to the displacement response. (C) VCAM-1-coated
magnetic bead displacement in response to magnetic force pulse. VCAM-1
beads bound on the surface of JB4 cells expressing wt or ay(Y991A) as
well as on cytochalasin D-treated JB4 cells expressing wt oy were exposed
for 0.5 s to the force pulse as described in the supplemental Materials and
methods and Fig. S1 (available at http://www.icb.org/cgi/content/full/
icb.200503155/DC1). For each experimental group, 8-10 cells were
analyzed, and results are the mean = SD (error bars) of all displacement
curves. All samples were confirmed by side scattering analysis to bind a
similar number of VCAM-1 beads. A two-tailed unpaired f test for mean
bead displacements on wt and a4(Y?91A)-expressing JB4 cells yielded
P < 0.06. One representative experiment of three.

promote adhesive tethers under shear flow was not the result of
its preferential distribution to cellular microvilli or to increased
localization on microvillar tips.
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The aqal(YO991A)34 mutant fails to
generate productive adhesive bonds with
VCAM-1 under disruptive forces

To examine the effects of disrupting the a,—paxillin interac-
tion at a single molecule level and in the presence of an ex-
ternal force other than shear stress, we next measured the
force of unitary adhesive interactions between wt ayf3; or the
o4(Y991A)B, mutant and immobilized VCAM-1 by atomic
force microscopy (AFM). JB4-wt or JB4-a(Y991A) cells were
coupled to the end of an AFM cantilever (Fig. 8 A) and low-
ered onto a VCAM-1-Fc-coated surface. After a 0.5-s contact,
the frequency of productive adhesive events and their strength
were analyzed by the degree of deflection experienced by the
cantilever during its retraction from the adhesive substrate.
Both cell types detached from the VCAM-1 substrate through
single jumps, suggesting the breakage of individual bonds dur-
ing cantilever retraction (Fig. 8 B). The adhesion frequencies
of all experiments were maintained below 30%, a level as-
sumed to reflect single oy3,—VCAM-1 interactions (Zhang et
al., 2004). The specificity of the adhesive events detected in
this system were confirmed by a similar 70% reduction in total
binding events by the blockade of wt ayf3; with Bio1211 (Lin
et al., 1999) or by omission of VCAM-1 from the substrate
(Fig. 8 C and not depicted). As indicated by the force histo-
grams derived for JB4-wt or JB4-04,(Y991A) cells (Fig. 8 C),
the frequency of productive adhesive events developed by
o4(Y991A)B, was up to 10-fold lower than those developed by
oy after background subtraction. The distribution of unbind-
ing (rupture) forces measured for the two integrin variants was,
however, similar (Fig. 8 C). Thus, paxillin association with the
oy subunit dramatically augments the ability of ayf; to form
adhesive tethers that resist disruptive forces irrespective to
whether these forces are applied during a vertical force loading
(AFM) or during cell rotation (shear stress).

Paxillin association with a4 augments
shear resistance of integrin tethers
independent of ligand-induced
conformational changes

The aforementioned data suggest that paxillin binding to o is re-
quired for mechanical stabilization of cell attachments rather than
for cytoplasmic induction of high affinity integrin conformations.
Ligand binding to integrins can induce conformational changes in
the integrin, resulting in high affinity conformations (Du et al.,
1991; Shimaoka et al., 2002). Therefore, we considered the possi-
bility that the reduced tether formation by the ay(Y991A) mutant
could reflect defective, instantaneous ligand-induced conforma-
tional changes in the integrin under shear stress. We first verified
that the oy, ligand Biol211 provoked similar conformational
changes in oyf3; and oy(Y991A)B, under shear-free conditions, as
indicated by the identical induction of the 3; ligand—induced
binding site reporter 15/7 epitope by increasing doses of the
monovalent oy@3;-specific ligand Biol211 (Fig. 9 A; Lin et al,,
1999). We next tested the intrinsic attachment efficacy of either
wt oy or the as Y991 A mutant to surface-immobilized oy mAb in
the absence of ligand occupancy of the integrin. Notably, the
HP1/2 mAD binding to o integrins is not sensitive to their affin-
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Figure 7. Paxillin association with the «4-cytoplasmic tail facilitates
tethering mediated by a1 and «sB7 under shear flow without altering
« distribution on microvilli. (A) Tethering (transient or followed by imme-
diate arrest) of Jurkat cells expressing either wt ay (WT) or the
a4(Y991A) mutant (YO91A) to immobilized VCAM-1. The mean duration
of transient tethers is shown in parenthesis above bars. Where indicated,
cells were prefreated with 20 WM cytochalasin D (cyto D) or carrier (carr).
Error bars represent SD. (B) Tethering under shear flow of Jurkat cells
mediated by either WT or Y991A to distinct asintegrin ligands. Tethers
(transient or arrest) were determined under the indicated shear stresses
on surfaces coated with either monomeric 7D VCAM-1 (sVCAM-1),
dimeric 7D VCAM-1 (VCAM-1-Fc), or high density MadCAM-Fc. In each
panel, the mean =+ range of two experimental fields is depicted. All teth-
ers to VCAM-1 were blocked in the presence of the asintegrin mAb
HP1/2 (not depicted). All tethers to MadCAM-1 were blocked by the
anti-a4B7 antibody Actl (not depicted). Results in A and B are representa-
tive of five and four independent experiments, respectively. (C) Surface
distribution of wt as (WT) or the ay(Y991A) mutant on JB4 Jurkat cells
monitored by immunoelectron microscopy. Insets show lower magnifica-
tion images. The boxed areas depict the cellular areas enlarged. Pre-
fixed cells were stained with the nonblocking au-specific mAb B5G10.

(A) Schematic representation of the experimental system. JB4 cells were
coupled to an AFM cantilever tip via an anti-CD43 mAb. VCAMFc was im-
mobilized onto the substrate as in previous figures. (B) Representative AFM
force-displacement curves acquired with wt as~expressing JB4 cells (top) or
as(Y991A)-expressing cells (middle) approaching the VCAM:-1-Fc-bearing
substrate. A force-displacement curve of wt a,—expressing JB4 approaching
a control substrate devoid of VCAM:-1 is indicated in the bottom curve. (C)
Force histograms of asB-VCAM:-1 unbinding forces measured under a
fixed loading rate of 0.33 nN/s. The number of productive adhesive inter-
actions and their unbinding force distribution are depicted. Background
binding is depicted by the dashed line. The mean unbinding force (UF)
values of 10 independent experiments are indicated near each histogram.
Pulling velocity was 3 pm/s, and the cell-substrate contact time was 0.5 s.
A representative result of 10 independent experiments is depicted.

ity to or rearrangement by native ligands (Feigelson et al., 2001)
and, thus, should be insensitive to intrinsic or ligand-induced af-
finity changes under shear stress. Notably, in the presence of
shear flow, the a,(Y991A) mutant formed adhesive tethers to im-
mobilized HP1/2 mAb much less efficiently than wt oy (Fig. 9 B),
as was observed for VCAM-1 (Fig. 1). In addition, adhesive con-
tacts generated by the oy(Y991A) mutant after 1 min of static
contact also exhibited poor resistance to detachment by increas-
ing shear forces relative to wt ay—mediated contacts (Fig. 9 C).
Thus, paxillin association with the oy-integrin tail enhances the
ability of the integrin subunit to generate resistance to detachment
forces independently of ligand-induced conformational rearrange-
ments under shear stress conditions.

Washed cells were stained with rabbit anti-mouse Ig and 5 nm gold
particle-conjugated goat anti-rabbit as described in Materials and
methods. Gold particles are marked by arrowheads. Photomicrographs
are representative of 20-30 cells.
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Figure 9. Paxillin association with o integrins stabilizes adhesive tethers
to immobilized «-specific mAbs independent of ligand-induced rearrange-
ments. (A) Dose-dependent induction of the 15/7 epitope by the a4Bi-
specific ligand Bio1211 on wt ay or au(Y?91A)-expressing Jurkat cells.
(B) Reduced tethering and firm adhesion of the a(Y991A) mutant to immo-
bilized oy mAb (HP1/2) under shear flow. Frequency of tethers and their
categories were defermined as in Fig. 7. (C) Strength of adhesion devel-
oped by JB4 expressing either wt or a(YP91A) settled for 1 min on low or
high density mAb. Experiments in A and B are each representative of
three independent experiments. Error bars represent SD.

The aq(YO991A)34, mutant responds to
inside-out stimulation but develops
weaker adhesions to VCAM-1 under
shear flow

Cellular stimulation by various agonists increases integrin adhe-
siveness in various contexts (Hynes, 2002). We next examined
the effects of two prototypic agonists, PMA, a direct agonist of
diacyl glycerol-dependent PKCs, and the chemokine SDF-1
(CXCL12) on mutant and wt oy. Exposure of JB4-04(Y991A)
cells to soluble PMA or to immobilized SDF-1 resulted in en-
hanced resistance to detachment from VCAM-1-bearing sur-
faces (Fig. 10 A), although the overall adhesion strength
developed by the ay(Y991A) mutant was lower than that
developed by the intact integrin. Further analysis of adhesive
tethers formed on VCAM-1 at subsecond contacts also indi-
cated that the ability of initial os(Y991A)B,-dependent Jurkat
tethers to convert to immediate firm arrests was enhanced by
PMA (Fig. 10 B). Likewise, JB4-a4(Y991A) cells efficiently
responded to in situ subsecond signals from SDF-1 with a
twofold elevated frequency of oyf3;-dependent tethers on
VCAM-1 (Fig. 10 B, right). However, overall SDF-1-stimu-
lated tethers mediated by o, (Y991A) cells remained lower
than wt ay—mediated tethers. Thus, although the mutant oy
underwent robust activation in response to both chemokine
and PMA inside-out signals, its impaired cytoskeletal associ-
ations resulted in overall reduced adhesion to VCAM-1 under
shear stress.
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Figure 10. The as(Y991A)B; mutant responds to phorbol ester and SDF-1
inside-out signals but develops poor adhesiveness in stimulated T cells
under shear flow. Adhesion of JB4 cells expressing wt ay or au(YP91A)
mutant to sVCAM-1 (2,960 sites/pum?) left intact (=) or stimulated by 1
min PMA pretreatment or by cell encounter with SDF-1a coimmobilized at
2 pug/ml. (A) Resistance to detachment after 1 min of static contact ana-
lyzed as in Fig. 1. Values are mean =+ range of two experimental fields.
(B) Capture and arrest under continuous shear flow. Frequency of tethers
and their categories were determined as in Fig. 7. The experiments in A
and B are each representative of four independent tests.

Discussion

This study shows that the disruption of paxillin binding to the
integrin oy tail abrogates its anchorage to the actin cytoskeleton
and impairs the ability of integrin ligand bonds to withstand
immediate rupture by shear stress, an AFM-pulling device,
or abruptly applied magnetic force. Despite normal distribu-
tion on the cell surface and retained avidity to immobilized
VCAM-1, in the presence of applied forces, this anchorage-
deficient mutant poorly mediates tether formation and rapid
adhesion strengthening on its ligand. Paxillin-dependent cy-
toskeletal anchoring of ligand-occupied oy integrins may thus
underlie their unique capacity to resist disruptive forces and
support leukocyte adhesion under shear flow. Thus, although
cytoskeletal constraints of integrins were predicted to restrict
mobility and clustering on the cell surface and reduce cell ad-
hesiveness (Kucik et al., 1996; Yauch et al., 1997; Kim et al.,
2004), we propose that oy integrins must retain correct cyto-
skeletal associations to resist immediate rupture by shear stresses
exerted at leukocyte contacts with target blood vessels. Our
findings indicate that ay-integrin anchorage to the cell cyto-
skeleton is critical for nascent adhesive contacts to resist imme-
diate rupture by shear stress, but it is not required for integrin
binding to the ligand nor for ligand-induced conformational re-
arrangements in the absence of external force. The anchorage
deficiency of the a-tail mutant resulted in an inability to develop
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adhesion to a high affinity mAb, which binds the integrin inde-
pendently of affinity to native ligands (Feigelson et al., 2001;
Kinashi et al., 2004). Altogether, these data suggest that paxil-
lin associations with the ay tail control (a postligand occupancy
anchorage step that is critical for tether stabilization under
stress), which is a mechanical property underlying the ability of
lymphocytes to capture and arrest on endothelial ay-integrin
ligands under shear flow. Our experiments on cytokine-acti-
vated endothelial cells also predict an increased contribution of
this ay—paxillin association to T cells interacting with endothe-
lial beds expressing oy-integrin ligands in the absence of endo-
thelial selectins.

Integrin affinity is controlled by B-subunit associations
with the talin head domain (Tadokoro et al., 2003) and by Rapl
(Kinashi, 2005) via effectors such as RAPL (regulator of adhe-
sion and cell polarization enriched in lymphoid tissues; Kata-
giri et al., 2004). The effect of RAPL requires a-tail sequences
(Katagiri et al., 2004) that are distant from the paxillin-binding
site on oy (Liu and Ginsberg, 2000). The retained affinity of the
04(Y991A) mutant and its capacity to mediate static adhesion
suggest that lack of paxillin association with the oy-integrin tail
does not interfere with Rap1-dependent signals whether medi-
ated through RAPL or other Rapl effectors. The reduction in
talin association with a,(Y991A)B3; did not alter basal o3, af-
finity for VCAM-1 (Rose et al., 2003), suggesting that the pax-
illin-mediated association of talin with o3; does not contribute
to affinity modulation. On the other hand, the extent of these
cytoskeletal associations and an intact actin cytoskeleton criti-
cally determine the mechanical strength of o, VCAM-1
bonds (i.e., tether formation, adhesion strengthening, and resis-
tance to mechanical stress). Thus, we propose that the ability of
o, integrins to translate ligand occupancy into immediate
mechanical stability of subsecond adhesive contacts requires
paxillin and talin-mediated linkages of ayB; to the actin cy-
toskeleton. The regulation of oy3; adhesiveness by talin has
never been addressed, especially not under shear stress condi-
tions. The finding that talin suppression impairs the strength-
ening of wt ayf3; bonds under strain is reminiscent of results
reporting the involvement of talinl in ligand-driven as[3;-cyto-
skeletal bonds in fibroblasts (Jiang et al., 2003). Although dif-
ferent integrins may anchor differently to the cytoskeleton in
distinct cell types, this involvement of talin in both ay- and os-
integrin associations with the actin cytoskeleton is consistent
with the notion that talin, apart from its role in integrin affinity
regulation (Tadokoro et al., 2003), is a key postligand occu-
pancy adaptor that promotes integrin bond stabilization in dis-
tinct mechanical contexts and cellular environments.

Our results highlight the role of the a-integrin subunit
rather than the 3 subunit in postligand binding adhesion strength-
ening of the oy3,—~VCAM-1 bond under mechanical strain. Pre-
vious findings suggested that a nearly complete truncation of
the ay-cytoplasmic tail impairs a4f3; adhesion strengthening
without altering initial cell capture to VCAM-1 under shear flow
(Alon et al., 1995; Kassner et al., 1995). This truncation of the
ay-integrin tail also reduced integrin mobility (Yauch et al., 1997)
and may have increased integrin cytoskeletal anchorage via the
intact 31 subunit, although this was not experimentally demon-

strated. Therefore, in these earlier studies, it was impossible to
distinguish between the contributions of «, anchorage versus mo-
bility to rapid mechanical stabilization of oy integrin—mediated
tethers. Our present results provide the first direct evidence for
a positive role of o, anchorage for the earliest stabilization
events of o3;—VCAM-1 bonds subjected to mechanical strain.

In addition to the oy Y991 residue, the phosphorylation
level of the o, serine 988 has been shown to control the degree
of o association with paxillin (Han et al., 2001). A dephosphor-
ylated serine variant mimicked by the phosphodeficient mutant
oy S988A was reported to bind paxillin at enhanced levels
(Nishiya et al., 2005). Interestingly, this phosphodeficient mu-
tant did not properly anchor to the cytoskeleton and supported
reduced adhesiveness to VCAM-1 (unpublished data). These
findings, together with the paxillin-silencing data of this study,
suggest that paxillin binding to the o, subunit is required but is
insufficient to anchor a4 to the cytoskeleton. Thus, o, phosphor-
ylation, which is postulated to attenuate paxillin binding to the
oy subunit, is in fact required, at least at a basal level, for
proper cytoskeletal a4 association and productive adhesiveness
under shear stress. Overphosphorylation of oy, which reduces
paxillin association, may, on the other hand, attenuate both an-
chorage and adhesiveness. Studies are ongoing to address both
the positive and negative effects of serine phosphorylation on
a4 anchorage and function under strain.

oy association with paxillin enhances the activation of the
focal adhesion kinases FAK and PYK-2 after as3, ligation (Liu
et al., 1999; Rose et al., 2003). This association also restricts
Rac activation at the leading edge via recruitment of the Arf
GTPase-activating protein (Nishiya et al., 2005). Nevertheless,
at 1-min contacts with VCAM-1, cells expressing the oy-tail
mutant spread normally on VCAM-1. Suppression of tyrosine
phosphorylation or inhibition of PYK-2 activity in Jurkat T cells
had no effect on ayf;-mediated adhesion strengthening devel-
oped under shear stress (unpublished data). Thus, the ability of
paxillin association with ayf3; to enhance integrin anchorage to
the cytoskeleton and promote mechanical stability of adhesive
tethers at short-lived contacts is distinct from its roles in focal
adhesion turnover and Rac deactivation during cell spreading on
VCAM-1-containing substrates (Nishiya et al., 2005). Alto-
gether, our findings suggest that modulating mechanical prop-
erties of oy integrins by the inhibition of specific associations
between ay-cytoplasmic tails and the cytoskeleton may be a
selective strategy to fine tune integrin-mediated adhesion under
shear stress without altering integrin affinity.

Materials and methods

Reagents and antibodies

Recombinant seven-domain human VCAM-1 (sVCAM-1) was provided by
B. Pepinsky (Biogen, Cambridge, MA). VCAM-1-Fc fusion protein con-
taining seven-domain VCAM:1 fused to IgG was generated as described
previously (Rose et al., 2000). VCAM-1-Fc constructed from domains 1
and 2 of VCAM:1 fused to Fc, termed 2D VCAM-1-Fc, was provided by
B. Pepinsky. Affinity-purified human full-length spleen-derived ICAM-1 was
a gift from T. Springer (Harvard University, Boston, MA). ICAMFc and
SDF-1a were purchased from R&D Systems. BSA (fraction V), poly--lysine,
and Ca?*/Mg?*free HBSS were obtained from Sigma-Aldrich. Human
serum albumin (fraction V) and PMA were purchased from Calbiochem.
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The agintegrin function-blocking HP1/2 mAb, the E-selectin-blocking
mAb BB11, the Bi-specific TS2/16 mAb, the asspecific nonblocking
5BG10 mAb (all provided by B. Pepinsky), the B-integrin subunit mAb
15/7 (provided by T. Yednock, Elan Pharmaceuticals, San Francisco, CA;
Yednock et al., 1995), and the anti-a,B; Act1 (a gift from M.J. Briskin,
Millennium Pharmaceuticals, Cambridge, MA) were all used as purified
lg. Antitalin mAb (clone 8d4) was purchased from Sigma-Aldrich. Anti-
paxillin mAb (clone 349) was purchased from BD Transduction Laborato-
ries. Goat polyclonal antis Ab (clone C-20) was purchased from Santa
Cruz Biotechnology, Inc.

Cell culture and flow cytometry

Jurkat cells deficient in o, (JB4) were stably transfected with either wt ay or
(Y99 1A) cDNA as described previously (Liu et al., 1999). Cells were
subcloned, and multiple clones expressing identical levels of «s and B,
subunits were taken for functional analysis. Clones were maintained in
RPMI 1640 medium supplemented with 10% heat-inactivated FCS, 2 mM
t-glutamine, 1 mM sodium pyruvate, 100 mM nonessential amino acids,
and antibiotics (Biological Industries). Primary HUVECs were established
as previously described (Shamri et al., 2005). HUVECs were left intact or
stimulated for 4 h with 0.1 ng/ml TNF-« (R&D Systems) before experi-
ments. Staining and FACS analysis were performed as previously described
(Feigelson et al., 2003).

Immunofluorescence staining and immunoelectron microscopy
For auintegrin immunostaining, Jurkat cells were washed in PBS and incu-
bated with 10 p.g/ml anti-ay B5G10 mAb for 30 min at 4°C. Cells were
washed once with PBS + 5 mM EDTA and twice with PBS/0.1% BSA,
and ay integrins were stained with AlexaFluor546-conjugated anti-mouse
Ab (Invitrogen) and fixed in 3% PFA in PBS (30 min at RT). Control cells
were fixed before mAb incubation steps. Cells were attached to poly-
i-lysine—coated glass slides, and coverslips were mounted with elvanol
overnight and analyzed with a confocal microscope (TE300; Nikon) and
a laser-scanning system (model 2000; Bio-Rad Laboratories).

ay localization was assessed by immunoelectron microscopy as
previously described (Chen et al., 1999). In brief, cultured Jurkat cells
were washed and prefixed in 0.1 M phosphate buffer, pH 7.4, containing
2% PFA and 0.05% glutaraldehyde. Washed cells in H/H medium (HBSS
containing 2 mg/ml BSA and 10 mM Hepes, pH 7.4, supplemented with
1 mM CaCl, and 1 mM MgCl,) were incubated with 10 ug/ml anti-ay
B5G10 mAb for 40 min at 22°C. Washed cells were stained with 10 ng/
ml rabbit anti-mouse Ig, washed, and incubated for 45 min with 5 nm
gold particle-conjugated goat anti-rabbit (Aurion). Ultrathin sections (70—
90 nm) of 40-60 cells for each experimental group were examined with
an electron microscope (Tecnai 12; FEI) under 120 kV, and images were
taken using a CCD camera (Megaview 3; Soft Imaging System). In each
experimental group analyzed, the number of a4-specific gold particles on
microvillar projections was compared with that on adjacent cell body
compartments of identical dimensions.

siRNA-mediated silencing of paxillin and talin

Silencing of talin expression in Jurkat cells was achieved by a talin1-spe-
cific 21-nucleotide siRNA (Dharmacon) corresponding to positions 6,043—
6,063 relative to the talin] mRNA start codon (Shamri et al., 2005).
Silencing of paxillin was conducted as described previously (Nishiya
et al., 2005). Control transfections were performed with a fluorescein-
labeled 21-nucleotide duplex directed to Luciferase GL2. Transfection of T
cells was performed by electroporation using the Nucleofection system
(Amaxa). Transfected cells were maintained in culture medium. Talin and
paxillin expression monitored by immunoblotting was maximally sup-
pressed 72 h posttransfection, and time points were chosen for subse-
quent functional assays. Immunoprecipitation of as was performed as
previously described (Feigelson et al., 2003).

Quantification of integrin anchorage to the cytoskeleton

Cells were stained with 10 ug/ml of the FITC-conjugated anti-wy mAb
HP1/2 at 4°C for 30 min, washed twice with H/H medium supplemented
with 1T mM CaCl, and 1T mM MgCly, and left either untreated or cross-
linked with secondary antibodies at 4°C for 30 min followed by two
washes as described previously (Geppert and Lipsky, 1991; Evans et al.,
1999). All cells were then incubated at RT for 30 min with the cytoskeletal
stabilizing buffer (CSB; 50 mM NaCl, 2 mM MgCl,, 0.22 mM EGTA, 13
mM Tris, pH 8.0, T mM PMSF, 10 mM iodacetamide, and 2% FCS) alone
or supplemented with 0.1% NP-40. The intact cells or their recovered de-
tergentinsoluble cytoskeletal fractions were washed in detergentfree CSB,
fixed in 1% PFA/PBS, and analyzed by flow cytometry. Under these con-
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ditions, the majority of detergenttreated cells retain their shape and size.
The ratio of mean fluorescence intensity recovered in defergenttreated
cells divided by that of cells not exposed to the detergent yields the frac-
tion of mAb-bound ay integrin that is resistant to detergent extraction; i.e.,
anchored to the (detergent resistant) cytoskeletal fraction of the cell.

VCAM-1 microbead-binding assays and integrin bond stiffness

Protein A-coated magnetic M-280 Dynabeads (Dynal) were coated at RT
with various concentrations (0.004-1 pg/ml) of 2D VCAM-Fc in H/H
binding medium, washed according to the manufacturer’s instructions,
and stored on ice. Cells and VCAM-1-coated beads were mixed at RT for
1 min in binding medium at a concentration of 107 cells/ml at a cell/
bead ratio of 1:8 followed by a threefold dilution in binding medium. The
cellular side scatter, distinguishing between bead-bound and bead-free
cells, was analyzed immediately in a FACScan flow cytometer (Becton
Dickinson). Background binding determined with protein A-coated beads
was <10% of the maximal binding observed at VCAM-1 saturation and
was subtracted from the total binding results.

The mechanical stiffness of asB1/VCAM-1 adhesions was mea-
sured by electromagnetic pulling cytometry using VCAM-1-coated
beads (Matthews et al., 2004). The detailed method is described in sup-
plemental material (available at http://www.jcb.org/cgi/content/full/
jcb.200503155/DC1).

AFM measurements

All force measurements were conducted at 35 = 2°C using a previously
described AFM apparatus (Benoit et al., 2000). In brief, a microfabri-
cated SisNy cantilever tip (Park Scientific Instruments) was coated with 0.1
mg/ml of the anti-CD43 mAb (R&D Systems). The spring constants of the
cantilevers used were determined at ~4.7 + 0.6 mN/m. A single cell
was immobilized on the cantilever tip shortly before experimentation. The
device was mounted with a piezo-actuator (Piezosystem Jena) on an in-
verted optical microscope (Carl Zeiss Microlmaging, Inc.) containing a
heating stage. A diode laser beam focused on the sensor was used to
measure the displacement of the cantilever by the laser beam deflection
on a two-segment photodetector. The cell adhering to the cantilever was
positioned above an adhesive substrate coated with 2D VCAM-1-Fc cap-
tured via human IgG Fc mAb (Jackson ImmunoResearch Laboratories). The
cantilever was lowered until the sensor detected a contact force equal to a
preselected value (typically 50 pN). After the contact was established for
a dwelling time of 500 ms, the cell-bearing cantilever was lifted up by the
piezo-actuator, and the de-adhesion force was monitored by a force-dis-
tance plot (Fig. 5 B). From this plot, the last detectable de-adhesion force
was calculated. For each cell, ~50-200 force-distance plots were col-
lected within ~30 min. All de-adhesion events collected in atf least 10
independent experiments were presented in histograms (Fig. 5 C).

Laminar flow adhesion assays

Purified ligands or mAbs were coated on polystyrene plates as previously
described (Grabovsky et al., 2000). Site densities of coated sVCAM-1
and VCAM:-1-Fc were determined as previously described (Grabovsky et
al., 2000; Sigal et al., 2000). The polystyrene plates were each assem-
bled on the lower wall of the flow chamber (260-um gap) as previously
described (Dwir et al., 2000; Feigelson et al., 2001). Cells were washed
with cation-free H/H medium, resuspended in binding medium (H/H me-
dium supplemented with 1 mM CaCl, and 1 mM MgCl,), and perfused
through the flow chamber at the desired shear stress. To disrupt actin cy-
toskeleton, cells were pretreated for 15 min with 20 uM cytochalasin D
(Calbiochem) or carrier solution (0.1% DMSO). All flow experiments were
conducted at 37°C. Tethers were defined as transient if cells attached
briefly (<2 s) to the substrate and as arrests if they immediately arrested
and remained stationary for at least 5 s of continuous flow. Frequencies of
adhesive categories within differently pretreated cells or rates of cell ac-
cumulation on adhesive substrates were determined as a percentage of
cells flowing immediately over the substrates, as previously described
(Grabovsky et al., 2000). To assess rapid development of infegrin avidity
to the ligand at 1-min stationary contacts, cells were allowed to settle onto
the substrate for 1 min at stasis. Flow was then initiated and increased
step-wise every 5 s by a programmed set of rates. At the indicated shear
stresses, the number of cells that remained bound was expressed relative
to the number of cells originally settled on the substrate. Over 95% of teth-
ers to VCAM:-1 were blocked by pretreating cells with 10 ng/ml of the as-
blocking mAb HP1/2. Live imaging of as on Jurkat cells prelabeled with
AlexaFluor488-conjugated B5G10 mAb that seftled on VCAM-1 was con-
ducted with Delta Vision Spectris RT (Applied Precision). oy patching was
quantified using Image J software (National Institutes of Health).
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Online supplemental material

Fig. S1 shows the analysis of VCAM-1—coated bead displacement during
a magnetic force pulse applied on wt Jurkat cells. The supplemental Mate-
rials and methods section describes the experimental setup.
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Abstract

Cell adhesion mechanically couples cells to surfaces. The durability of individual bonds
between the adhesive receptors and their ligands in the presence of forces determines the
cellular adhesion strength. For adhesive receptors like integrins, it is a common paradigm
that the cell regulates its adhesion strength by altering the affinity state of the receptors.
However, the probability distribution of rupture forces is not only dependent on the affinity
of individual receptor-ligand bonds, but also on the mechanical compliance of the cellular
anchorage of the receptor. Hence, by altering the anchorage, the cell can regulate its
adhesion strength without changing the affinity of the receptor. Here, we analyze the
anchorage of the integrin VLA-4 with its ligand VCAM-1. For this purpose, we develop a
model based on the Kelvin body, which allows one to quantify the mechanical properties of
the adhesive receptor’s anchorage using atomic force microscopy on living cells. As we
demonstrate, the measured force curves give valuable insight into the mechanics of the
cellular anchorage of the receptor, which is described by the tether-stiffness, the membrane
rigidity and the membrane viscosity. The measurements relate to a tether stiffness of k=
1.6uN/m, an initial membrane rigidity of k=260uN/m and a viscosity of u=5.9uN-s/m.
Integrins exist in different activation states. When activating the integrin with Mg*, we
observe altered viscoelastic parameters of k=0.9aN/m, k=190uN/m and u=6.0uN-s/m.
Based on our model, we postulate that anchorage-related effects are common regulating
mechanisms for cellular adhesion beyond affinity regulation.

Introduction

Cell-to-surface or cell-to-cell adhesion is of critical importance for a large variety of
cellular events. It is fundamental in homing of T-lymphocytes and in cancer metastasis. During
homing, the T-lymphocytes experience shear stress of the blood stream and adhere against
external forces. The adhesiveness of cells is tightly regulated and involves a variety of force-
resisting receptors like selectins and integrins. Our understanding how different conformational
states of integrins relate to different adhesion properties has been greatly improved by a
combined effort of structural and cell biologists (1,2). While the focus has been on
conformational switching between affinity states, the influence of cytoskeletal anchorage as well
as of integrin clustering has also been investigated (3-5). The latter events change the mechanical
environment of the receptor (6). It is conceivable that changing the receptor’s cellular anchorage
influences the adhesive behavior of the cell against external forces, even without changing the
equilibrium affinity of the receptor to its ligand (7). We focus here on the anchorage of the
integrin VLA-4 in Jurkat cells. VLA-4 is one of the key adhesive receptors on T-lymphocytes
and is involved in both lymphocyte rolling and arrest (6,8). In our experimental setup, the VLA-4
receptor serves as a local nano-probe to investigate the viscoelasticity of its environment. For
using a single receptor as a probe for its environment, single-molecule techniques are required.
Atomic force spectroscopy (AFM) is ideally suited to probe cell adhesion events on the level of
individual molecules. It is capable of measuring and analyzing single receptor-ligand bonds on
living cells under physiological conditions (9-12). Usually, AFM on cells has been employed to
analyze the distribution of rupture forces of a given receptor-ligand pair (12-16). From this, one
gets important insight on the energy landscape of the respective bond (16,17). Yet, the AFM data
contain more information than only the rupture forces. When retracting cells from adhesive
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surfaces, the history of force development up to the point of cell-to-surface bond breakage is
measured with high precision (Figure 1). This force-distance relationship is dictated by the
energy landscape of the receptor-ligand bond, but also includes the mechanical anchorage of the
receptor in the cellular membrane. Thoroughly analyzing the force development can therefore
reveal the mechanical properties of the anchorage. As noted earlier (12,18-22), the force-distance
curves correspond to microvillus stretching and membrane tether pulling. Membrane tethers are
small membrane tubes with a diameter on the order of tens of nm, which are fed from the
membrane reservoir of the cell, when pulled out. The force-distance relationship of pulling
tethers has the characteristics of viscoelastic solids (22). Thus, the interpretation of the force
curves should follow models, which describe the viscoelasticity of cells. One well-established
model for viscoelastic bodies is the Kelvin body (Figure 2) (23-25). We show that the cell
behaves like a Kelvin body under our experimental conditions. Hence, we can use VLA-4
expressed on Jurkat cells as a nano-probe for the viscoelastic properties of the cellular anchorage
in close vicinity to this receptor.

To investigate changes in the environment of force-resisting receptors, we tested two
different conditions: integrins on cells in a physiological buffer and integrins on cells in a buffer
that is known to artificially activate integrins (26). Mechanical differences in the anchorage
between these two setups are possible: for resting cells in physiological buffer, the vast majority
of integrins is kept in an inactive state and not available for binding. This allows the immune cell
to circulate freely in the blood stream. Due to both statistical fluctuations and the requirement to
probe the vessel-wall, a small subset of integrins is nevertheless always in a binding competent
state. These integrins have been postulated to be distributed to the proximity of lipid rafts (27-
29), which are thought to be stiffer than the average lipid bilayer membrane. When artificially
activating the integrins with an activating buffer, nearly all integrins become binding competent.
Therefore, after artificial activation, the majority of the binding competent integrins will not be
located in the proximity of lipid rafts, but distributed all over the cell. Therefore, we expect to
measure a differing nano-environment. Here, we show that the average nano-environment of
Mg**-activated integrin receptors is indeed different from the nano-environment of resting
receptors. Further on, from the force-distance relationship obtained from the Kelvin body model,
we analytically determine the compliance of membrane tethers. The compliance describes the
elastic response of the cell to external forces (30). The compliance is also fundamentally
determining the distribution of rupture forces (7). The knowledge of the compliance allows us to
gauge the influence of the rheological parameters on this distribution of rupture forces, which
directly influences the force-persistence of the cell-to-surface adhesion.

In summary, we have developed a model for the description of force-distance curves
derived from cellular AFM measurements. We show that we can detect subtle differences in the
membrane environment of the receptors. We conclude that the anchorage of receptors in the
cellular membrane can be used as a regulator of receptor adhesiveness, without the need to
change the receptor conformation. Hence, the cell can regulate its adhesiveness by altering the
receptor anchorage on top of modulating the affinity of the receptor to its ligand through
conformational changes.

Materials and Methods



Reagents
BSA (fraction V), HSA (fraction V) and Ca’*/Mg”*-free HBSS were purchased from Sigma-
Aldrich. BIO1211 was a gift from Blake Pepinsky (Biogen Inc. Cambridge MA). Recombinant
human VCAM-1 (seven domains), recombinant human SDF-1lalpha and anti-human CD43mAb
were obtained from R&D Systems.

Surface preparation

To prepare the substrate for the AFM experiment, spots were incubated on the lid of a
Petri dish with 0.0125 pg/ml or 0.025 ug/ml VCAM-1 and 2 ug/ml HSA as carrier protein
together with an heat-inactivated chemokine as inert spacer (8,15). The site density of VCAM-1
was equivalent to 50 sites/um” and 100 sites/um?, respectively (8). After adsorption over night at
4°C, the spots were washed four times with PBS (Ca**/Mg**-free) and quenched with 2% HSA in
PBS for >60 minutes at 4°C.

Cell culture

Jurkat cells were cultured in RPMI1640 medium (Biochrom AG) supplemented with 10%
heat-inactivated FCS, 2 mM L-glutamine and penicillin/streptomycin in 5% CO, at 37°C. The
cells were washed with 5 mM EDTA and then transferred to HBSS medium (2 mg/ml BSA, 10
mM HEPES, 1 mM of CaCl, and MgCl, or 5 mM MgCl, and no Ca*").

AFM Measurements

All experiments were conducted at 36:+1°C in HBSS medium as described (9). The spring
constant of the cantilever was determined by the thermal fluctuation method (31,32); one leg was
broken from the C Lever (Park Scientific Instruments). The tip was snapped. 30 minutes before
the experiment, the cantilever was incubated with 0.1 mg/ml of anti-human CD43mAb at room
temperature. A cell was attached on the cantilever, positioned over the VCAM-1 spot and pressed
onto the coated Petri dish for 300 ms at ~50 pN. Then, the cantilever with the cell was retracted
from the surface at a velocity of 3.6 ym/s . This lies within the range of physiological velocities
for lymphocytes in the blood stream (33). Two setups were tested: in one setup, physiological
buffer conditions with 1 mMCa**/Mg>* were used, in the second setup, the integrins were
artificially activated (26) by a buffer with 5 mM Mg in the absence of Ca*". 50-100 force-
distance curves were registered per cell and at eight cells per setup were probed (Table I).
Controls to test the specificity of the interactions were performed on uncoated Petri dish and by
adding BIO1211 in experiments on VCAM-1 coated substrates. At a concentration of 1 pg/ml
this peptidomimetic blocks binding (34). BIO1211 was added 10 min before the measurement.

Mechanical Models

The force distance relationships of the three standard viscoelastic models (Maxwell body,
Voigt body, Kelvin body — Figure 2) have been tested for the condition of a constant retract
velocity. The Maxwell body and the Voigt body can be regarded as special cases of the third
model, the Kelvin body. For the analysis of our data, we transformed the differential equation for
the Kelvin body into a time-dependency of the force under the boundary condition of a constant
retraction velocity. This yields (23):

dF (1) k. k | dz .
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Here, F(?) is the force depending on the time, k; is the spring constant of the spring in series to the
dashpot, u is the viscosity of the dashpot and %, is the spring constant of the spring parallel to the

) dz . . .
dashpot. If the retract velocity v = ?Z is constant, the time ¢ can be expressed in terms of the
t

position z as f = £ With the boundary condition F(0)=0,equation (1) can be integrated to
1%

-k 'z

F@)=k z+uv-pv-e (equation 2).

With this equation, we fitted all force curves having a single rupture event and obtained
distributions for the viscoelastic parameters. For fitting, all parameters were restraint to be larger
than zero. We tested the significance of the differences between the two setups with the Mann-
Whitney U-test.

Simulation of the Force Distributions

In order to test the quality of the used model to describe the viscoelastic anchorage of
molecular bonds under external load, we calculated the expected force distribution from the
measured rupture length distribution. To this end, we used the measured viscoelastic parameters
and recalculated the distribution of rupture forces from the measured distribution of rupture
length using equation (2). To better simulate the experimental conditions, we added a random
force noise of £8pN.

Results and Discussion

Specificity of Adhesion of our Measurements.

To be in the single-molecule regime, adhesion rates on the order of 30% are required (9).
The adhesion rates are 26% under resting conditions and 39% under activating conditions (Table
I), being a) in the desired range and demonstrating b) that the activation of integrins leads to an
increased adhesion. Recently, it has been argued that it is highly nontrivial to pull tethers from
specific contacts (35) as opposed to non-specific contacts. Since the surface is only adhesive if
functionalized with VCAM-1, and since the cellular adhesion can be blocked by the specific
integrin blocker BIO1211 (Figure 3), we ensured the integrin-mediated specificity of the cell-to-
surface adhesion. Moreover, to guarantee that we are in a single-molecule regime, we used a
highly diluted ligand density of only 50-100 sites/um’. At this density, the average distance
between the ligands is larger than the average diameter of a microvillus of 100 nm (36).

Mechanical models for viscoelastic bodies.

Three simple models are common for the description of viscoelastic bodies, the Maxwell
body, the Voigt body and the Kelvin body (Figure 2) (25). The Kelvin body consists of a spring
with spring constant k, parallel to a series of a dashpot with viscosity u and a second spring with
spring constant k; . In our setup, the first spring with spring constant k, describes the stiffness of
the membrane tether pulled from the cell membrane; the second spring describes the bending
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rigidity of the cellular membrane and the dashpot represents the viscous contribution of the
receptor-anchoring membrane. The Voigt and the Maxwell bodies are special cases of the Kelvin
body, with F = I}irré(F wewin) TOI the Maxwell body and F,,,,, = klim(F cmin) fOT the Voigt body.

Maxwell lvin oigt lvin

Fitting a typical force curve with equation (2) reveals that only the Kelvin body is a good model
for the description of our force-distance relationship (Figure 2). By fitting our data , we can
analyze the nano-viscoelastic properties k;, k, and u in the vicinity of the receptor. Due to the
higher number of free parameters, the Kelvin model naturally fits the force curves better. Yet,
also from a biophysical point of view it is important to include a spring modelling a tether
stiffness: it has been shown that also static tethers without a viscous contribution act like a spring
with a certain spring constant (22), which cannot be modelled in a Maxwell body.

The viscoelastic parameters of the cellular membrane.

We measured the cellular adhesion mediated by the interaction of the integrin VLA-4 with
VCAM-1 both under physiological conditions and under the integrin-activating condition of 5
mM Mg in the absence of Ca®. Only force curves with single rupture events were taken into
account. Each single rupture was fitted according to equation (2). From the median of the
distributions of the fit parameters, we determined the respective parameter value. Since the values
are potentially dependent on the length of the force curves, we used different minimum lengths
(Figure 4). The median of the viscosity ¢ with a minimum length of 1>600nm is 6.0 #N-s/m for
Mg**-activated integrins and for resting integrins 5.9 yN-s/m. k;, the initial bending rigidity of the
membrane, is decreased after activation from 260 uN/m to 190 uN/m. k, decreases from 1.6
uN/m to 0.9 uN/m under activating conditions (Table II). A Mann-Whitney test of the
distributions shows that for a minimum length of 1> 300nm or 1 > 600nm, only the initial bending
rigidity is significantly different. For ruptures with tethers longer than 800 nm, also the tether
stiffness becomes significantly different between the two setups, although the absolute value
hardly changes with increasing cut-off length. This shows that k, becomes better defined for
longer ruptures. Although it would be desirable to test even longer ruptures, the number of
ruptures with a rupture-length of = Imm is too small to obtain statistically significant
distributions.

While no cut-off dependent differences in u or k, can be detected, k; is higher, if we
include ruptures with a length between 300 nm to 600 nm, than if we exclude these ruptures. This
may have different reasons: the molecular bonds of stiffly anchored receptors potentially break
earlier due to the faster force loading. Hence, a stiffer environment induces shorter ruptures.
Furthermore, k, is ill defined for short ruptures. Since the initial slope is the sum of k; and k,, an
ill-defined k, influences k;. In our fit-procedure, k, is initially set to k,=0; if due to the shortness of
the rupture k, is not well defined, k; will be artificially higher.

The initial slope of the force curve might be influenced by the cortex tension, which
causes the (negative) pushing force of the cell when compressed. To test the correlation between
cortex tension and initial bending rigidity, we compared the slope before zero force with ki for
each setup. The cell stiffness, which is described by the slope before zero force, is related to the
cortex tension. The two slopes (before and ki) are significantly different in both setups (Figure 4).
Comparing the slopes before zero forces of the Ca**/Mg”* setup with the slope before zero forces
of the Mg setup shows, that the slopes before zero force are not influenced by the ion-
composition of the buffer. This is reasonable, since the treatment with Mg”* should not lead to a
global change in the cellular mechanics, but should only be observable when pulling on the
activated integrins.



A weak dependency of the initial bending rigidity with the cellular stiffness is observed as
expected (Figure 4).

We also compared the distributions of the medians per single cell. To this end, we
calculated the significance of the difference between the distributions of the medians per single
cell. The initial bending rigidity, but not the tether reset force constant or the viscosity, is
significantly different between the two setups when statistically testing the cell-to-cell variations
(Figure 5).

What is a plausible molecular reason for the altered nano-environment of Mg**-activated
receptors? It is commonly assumed that the cell bears a reservoir of resting receptors on its
surface. These receptors are binding-incompetent and not observed in our experiments. Yet, even
for resting cells, a subset of receptors is binding competent. These receptors have been postulated
to be located in lipid rafts (27). The binding-incompetent receptors, on the other hand, are
distributed in other membrane areas. Mg**-activation activates the resting receptors, which are
not in rafts. Since lipid rafts are rich in cholesterol and do have different viscoelastic properties, it
is reasonable to assume that the receptors probed after Mg**-stimulation are located in an
environment with less rigidity.

Yet, the tether populations we are probing are not homogeneous: before activation, not all
binding-competent receptors will be located in the vicinity of lipid rafts, and after activation, a
fraction of the integrins will still be located within lipid rafts. Other effects might further lead to
inhomogeneities: activated integrins may be clustered or attached to the cytoskeleton. Also these
alterations of the intra-cellular attachment will influence the viscoelasticity measured by pulling
on the integrins.

In principle, it should be possible to resolve the different environments and to gauge the
ratio of the respective populations. Unfortunately, due to the subtle differences between the
environments, we are unable to statistically detect the subpopulations in the setups. The probing
of inhomogeneous populations in each setup blurs the true differences between the varying
environments.

Evaluation of the Model

Equation (2) gauges the force at a certain rupture length, provided that the viscoelastic
parameters are known. Hence, it is a good test of the model to try to re-calculate the distribution
of rupture forces from the measured rupture lengths, using the obtained viscoelastic parameters.
The fit between the experimentally measured force distribution and the distribution re-calculated
from the distribution of rupture lengths is a good indicator of the performance of the model. As
shown in Figure 6, the re-calculated force distributions and the measured force distributions are
in very good agreement.

We then went on to test the model on data obtained by Evans et al, who analyzed the
extraction of P-selectin mediated membrane tethers from primary T-lymphocytes using a
micropipette assay (40). Equation (2) fits the force-distance relationship measured by Evans and
co-workers both for normal cells and for cells treated with Latrunculin A (Figure 7). Our fit
reveals that treatment with Latrunculin, a drug that impairs cytoskeletal development, renders the
cell significantly softer. Interestingly, the membrane viscosity of these cells is only half the value
of that of the untreated cells. On first sight, this is surprising, since Latrunculin does not change



the membrane composition. Yet, it has been observed before that the membrane viscosity is
dominated by the slip of the membrane over intra-cellular components rather than by intra-
membrane slipping events (22), in line with our observations here.

Equation (2) describes the influence of the pulling velocity on the expected rupture
forces. To test whether our model is able to reproduce experimental data over a large range of
pulling velocities, we used the velocity-dependent measurements of Evans and co-workers. To
compare our model with these data, we performed a Monte Carlo simulation of ruptures at
different velocities. For small distance intervals dz=v-dt, where v is the pulling velocity and dt a
small time interval, we calculated the rupture probability as p, =1—exp(—kfff-dz). Then, a
random number n,,, was generated. If n,_ > p,,the bond was broken and the rupture force
saved, otherwise, the distance was incremented by dz. The off-rate under force ko_ﬁ-F was defined
F(z)- x,

k, T
been shown to accurately reproduce AFM data (37). F(z) was calculated for each distance
according to equation (2) with the viscoelastic parameters obtained from the fit to the single
force-distance curve (Table II, data by Evans). The values for kqffo and x, were taken from an
earlier single-molecule AFM-study of isolated P-selectin by Fritz et al. (37) as k,,/=0.0022s" and
x,=2.3 A.

The simulation is in good agreement with the data of Evans et al. up to velocities of 50
um/s, although our approach tends to underestimate the forces at low velocities (Figure 7) and at
the very high velocity of 150 um/s (data not shown). The failure of our model to reproduce the
data at very high velocities is not surprising, since at these velocities different barriers may be
probed, so that the kinetic parameters are not accurate any more (7,13,16,17). Still, it is
encouraging that we can use data from isolated single molecules and the viscoelastic parameters
obtained from a single force-distance curve on a cell to reasonably estimate the expected rupture
forces of a given receptor/ligand pair on living cells over a range of velocities of over two orders
of magnitude.

as kj} = kfff -exp( ), with F(z) as described by our model. This kind of simulations has

How do the viscoelastic parameters compare to other experiments? The range of
measured parameters is large and spans orders of magnitude (for a recent review, see (38)). In
general, the viscosity is recorded as w.;, which corresponds to the here recorded viscosity
according to w=2-7-u, . The membranes of red blood cells have a significantly higher

viscosity than the values observed here, in the range of w.=34pN-s/um (39). Membrane surface
viscosities for vesicles of lipid membranes are in the range of 0.001 pN-s/um (40), while neuronal
growth cones have been measured to have a viscosity w.=0.137pN-s/um (19,20). For primary T-
lymphocytes, a p of 1.6 pN-s/um has been reported by Xu et al. (41). The viscosity obtained
from the fit to Evans et al. data is in excellent agreement with the data by Xu et al.: 9.1 pN-s/um
corresponds to u,,~=1.4pN-s/um. Our viscosity value measured for the integrin-bound membrane
tethers on Jurkat cells of ~5-6 pN-s/um (u.=0.8-1.0pN-s/um) is lower than the value reported by
Xu et al. and the value obtained from the fit to Evans data. Xu et al. and Evans et al. used the
PSGL-1 receptor P-selectin on primary T-cells in a micropipette manipulation assay, whereas we
used the VLA-4/VCAM-1 pair and Jurkat cells. These are cancerous cells, which are softer and
have a less developed cytoskeleton, which might reduce the viscous slip of the membrane over
the cytoskeleton (22). Experiments at lower ambient temperatures might also increase g,
compared to our experiments performed at 36°C.
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The stiffness of the tethers is described by k,. This stiffness has been estimated before by
Li et al. for outer hair cells (OHC) using optical tweezers (22). In these earlier studies, differences
in the tether stiffness between tethers pulled from the lateral wall and tethers pulled from the
basal end of OHC have been observed. The stiffness of the tethers was determined as 0.0037
pN/nm for the lateral wall and 0.0045 pN/nm for the basal end. These differences have been
attributed to the higher cholesterol content of the membrane at the basal end compared to the
lateral wall. These values are similar to the values of k£=0.001-0.002pN/nm measured in our
setup. The fit to Evans data yields a k, of 0.008 pN/nm, slightly higher than the other values.

Stretching of the molecular connection between the cell and the cantilever as well as the
deformations of the whole cell can influence the force distance relationship and therefore have an
effect on the measured parameters. In our cell, the cell is attached to the cantilever via an
antibody. The typical size of an antibody is on the order of a few nanometers, while the typical
size of cells is on the order of micrometers. Hence, stretching the antibody will not significantly
affect the measurement. The initial bending rigidity, on the other hand, will certainly contain
contributions from the deformation of the whole cell. These contributions are well described by
our model, demonstrated by the good agreement between data and fit.

Theoretical Analysis of the Force-Distance Relationship: the Compliance.

The mechanical compliance describes how much a system elongates under an applied
force. It 1s important for the force absorption by the system and influences the distribution of
rupture forces (7). To better understand the effect of the different parameters on the mechanical
compliance, we isolated z in equation (2) and differentiated it to obtain the analytical expression:

= ( k- LambertW(A) &, (cquation 3).

of k. \k,-g-v-(1+ LambertW (A)) k,-g*v
ki (g v-f )

k,-gv

calculation of the force-dependent compliance. Whereas k, changes the compliance in the high-
force regime, k; changes the compliance in the low-force regime (Figure 8). The viscosity
changes the transition point between these two regimes. This demonstrates that by altering the
anchorage properties in a well-defined manner, the cell can fine-tune the mechanical response to
high forces, the response to low forces and the transition between these two responses.

0z 8V

with A = % exp(

). Hence, the knowledge of the viscoelastic parameters allows the
t

Theoretical Analysis of the Force-Distance Relationship: the Distribution of Rupture Forces.

The distribution of rupture forces is not only dependent on the energy landscape of the
receptor ligand bond, but also on the elastic compliance of the linkage between receptor and the
force-exerting environment (7). In cellular adhesion events, the cell itself constitutes this linkage.
Therefore, changes in compliance caused by altered viscoelastic parameters should also influence
the distribution of rupture forces. The distribution of rupture forces is given by (7):

F f F
P(f)=@-c(f)'exp(—f%-c(f')-df') (equation 4),



where koff " = koff* - exp(f / f,) is the off-rate under force, koff° the basal off-rate, f, = kT the
Y

characteristic force of the bond and y the potential width. Thus, with the compliance described by
equation (3), the effect of the viscoelastic parameters on the distribution of rupture forces can be
gauged. Equation (4) cannot be solved analytically, when using the compliance described by
equation (3). Hence, we calculated the distribution numerically for different values of k;, k, and wu.
At a given affinity state, the viscosity of the membrane sets the force scale of the rupture and
modulates very effectively the most probable rupture force (Figure 9). At a given viscosity, both
k; and k, can fine-tune the distribution of rupture forces and thus the adhesiveness of the cell.

Biological Implications.

One of the features of our force curves is the long plateau of equal force before the
rupture. Similar force plateaus preceding the tether rupture have been observed before
(12,18,22,42 43). Still, the shape of the reported force curves differs between different cells,
different receptors and pulling speeds. Hence, although the Kelvin body is a good model for the
here investigated T-cells, it might not be appropriate for other cell types or experimental setups.
In particular, a strong initial tether formation force ranging from ~100 pN to 500 pN has been
observed for adherent cells like OHC cells, before the force drops to the plateau value (22). For
OHC, the plateau value of ~100 pN is significantly higher than the here observed 20-25 pN,
demonstrating that the tether force is strongly correlated to the overall architecture of the cell.
Therefore, an in-depth analysis of the force curves leading to membrane tethers will give insight
into different cellular architectures.

Many other models have successfully been employed to analyze the deformability of cells
(for a review, see (38)). The advantage of the Kelvin body is its simplicity. As shown above, it is
the simplest linear solid capable of describing the observed force-distance relationship. This does
not imply that other models, treating for instance the cell as liquid drop, may not also be
applicable.

When analyzing the force curves with our model, the shape of the force curve
characterizes the viscoelastic parameters of the membrane in close vicinity to the probed
receptor. Hence, the receptor serves as a nano-probe of its membrane environment. The gathered
data thus offer the unique possibility to analyze changes in the receptor anchorage. This is
particularly interesting for adhesive cellular receptors like integrins, which dynamically change
their mode of anchorage depending on their phosphorylation states as well as on specific
associations with cytoskeleton adaptor molecules (44). Future studies on the physiological
activation of integrins with chemokines will use the here-described analysis to gain better insight
into the involved processes. It has been observed that the attachment of membrane components to
the cytoskeleton has a significant impact on the rupture forces (45-47). Hence, the effects of
physiological activation involving cytoskeletal attachment are expected to be much stronger than
the subtle effect observed here.

The integrin VLA-4 is involved both in rolling as well as in firm arrest (8). These divers
tasks are associated with different affinity states of the integrin. Our results indicate that the slow-
down can additionally be maintained by changes in the compliance of the receptor’s cellular
anchorage. Changing the compliance of the system has the same influence on the distribution of
rupture forces and therefore on the adhesiveness of cells as has changing the off-rate (equation 4).

10



Hence, modulating the stiffness of the receptor-environment either intra-cellularly or extra-
cellularly can be used as a regulator of cell-adhesion or of force-based signalling. Different lines
of evidence suggest that this additional level of regulation is indeed utilized by cells. It has
recently been shown that the mechanical properties of the extracellular matrix influence the
development of stem cells (48). In addition, it has been reported that the extracellular matrix
stiffness is a crucial factor for the migration of tumor cells (49). Furthermore, a paradigm in
integrin signalling states that chemoattractants lead to a cytoskeletal attachment of the integrins
(6). This will certainly lead to a lowered compliance and hence to increased rupture forces, even
in the absence of further conformational changes. Furthermore, integrins are re-distributed to
lipid rafts after activation of the cell (27). Lipid rafts have altered membrane properties,
expressed for example in a higher viscosity (50). As shown here, this redistribution alone will
influence the integrin-mediated adhesiveness of the cell. These arguments corroborate that the
mechanical compliance of the membrane or the extracellular matrix is indeed a factor in cellular
behaviour, and that it is actively modulated in addition to the affinity state of the receptor ligand
bonds.

Conclusions

Not only the technical innovations in single-molecule force measurements, but also the
increased understanding of the physical background leading to the observed force-distance curves
have greatly advanced our understanding of the material properties of single molecules (51).
Refined theoretical models have helped to interpret the complex data obtained from these
measurements (52-56). For single-molecule studies of isolated molecules, models like the worm-
like chain model or the freely-rotated chain model have enabled the field to analyze not only the
rupture forces, but also the history of force evolution in order to obtain interesting parameters like
the persistence length of single molecules (7,17,57,58). For cells, these models have been
lacking. Our presented data show that a Kelvin body based model is well suited to interpret
single-molecule measurements on living cells. With such a model, we can not only describe the
observed force-distance relationship, but also obtain a tool to possibly scrutinize cellular
receptors from the outside for intra-cellular changes in the anchorage of these receptors. Hence,
the here introduced interpretation of single-molecule force measurements can help to thoroughly
analyze the bio-mechanics of cellular activation events.
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Tables

Table 1: Number of cells and force curves analyzed.

Number Total number of Number of  Adhesion Number of fitted curves
of cells  curves adhesions rate

ImM Ca**/Mg** |8 749 195 26% 172

5mM Mg* 8 778 303 39% 278

BSA 4 170 7 4% -

BIOI1211 7 380 30 8% -

Table II: Median of the fit parameters to our data and to data by Evans et al.

Median  of  Resting Median of  Activated P-selectin on primary T-
Integrins on Jurkat Integrins on Jurkat cells (force-distance curves
by Evans et al. (42))

1>300 1>600 1>800 1>300 1>600 1>800 - +Latrunculin
nm nm nm nm nm nm Latrunculin

u [uN-s/m] 6.0 59 5.8 6.1 6.0 6.1 9.9 4.6

k; [uN/m] 320 260 260 210 190 180 190 51

k, [uN/m] 1.5 1.6 1.9 09 09 0.8 8.0 30
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Figure Captions

Figure 1: Experimental Setup. The cell is pushed onto a surface and then retracted (a). The force-
distance curve is recorded with piconewton precision. b) A typical series of subsequent force
curves is shown. A Jurkat cell immobilized on the cantilever was retracted from a VCAM-1
coated surface after 100ms contacts at an indentation force of 50 pN.

The right tail (up to 15 gm, cut at 4 ym here) of the curves was used to correct for drift and to
determine the zero-force-level. For the tether model, only ruptures with tether lengths > 300 nm
were taken.

From top to bottom:

double rupture (evaluated as adhesion);

short rupture (evaluated as adhesion);

double rupture (evaluated as adhesion);

no ruptures (evaluated as no adhesion);

single rupture (evaluated as adhesion and for the tether model);

no ruptures (evaluated as no adhesion),;

single rupture (evaluated as adhesion and for the tether model);

Seven no-adhesion force curves between the first three curves are omitted in the graph.

Two regimes with different slopes are especially recognized in the tether rupture (dashed lines).

Figure 2. a) Mechanical model for cells. The Kelvin body consists of a spring with spring
constant k, representing the tether stiffness, and parallel to this spring a series of a second spring
with spring constant k; representing the bending rigidity of the membrane and a dashpot with
viscosity u. The Voigt and the Maxwell body are simplifications of the Kelvin body. b) Fit to a
typical force curve. Shown are the fits of the different models to a typical force curve.

Figure 3. Specificity of Adhesion. While surfaces functionalized with VCAM-1 have adhesion
rates of = 25%, the unspecific adhesion either after blocking or at surfaces functionalized only

with BSA is < 8%, demonstrating the specificity of the measured interactions. Mg”>* was not
added when blocking with BIO1211.

Figure 4. The distributions of the viscoelastic parameters. Boxplots of the distributions together
with the median of the respective parameter are shown. The p-value describes the probability that
the distributions are identical in both setups. It has been calculated using the Mann-Whitney test.
A) The distributions of the viscosity are shown for different length-cut-offs. No clear distance
dependent trend is detected. B) Cut-off distance dependent distributions of the tether rigidity.
Although the values do not change over cut-off distance, the significance of the difference
becomes higher despite fewer ruptures. This indicates that for longer rupture lengths, the tether
rigidity becomes better defined. C) Distance dependency of the initial bending rigidity. This
value describes the elastic response of the membrane at the initial bending. For longer ruptures,
this bending rigidity seems to decrease. D) Comparison of the bending rigidity (see lower left)
and cellular stiffness. The cellular stiffness was determined by the slope of the force distance
curves at region with F<OpN. In this region, the cell is compressed and works against the
cantilever, depending on the stiffness of the cell. This is related to the cortex tension. E) The
relation of cell-stiffness with the initial bending rigidity is shown. A weak dependency with a
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correlation coefficient of R~0.4 for resting integrins and R~0.2 for Mg-activated integrins is
observed.

Figure 5. Cell-to-cell variations. To test the cell-to-cell variations, the median was also
determined for each individual cell. The boxplots show the distributions of the medians of the
single cells for tethers longer than 300 wm. The initial bending rigidity is significantly different
(p-value<0.05; Mann-Whitney test).

Figure 6. Comparison of measured and simulated force distributions. From the experimentally
obtained distribution of rupture lengths, we calculated the distribution of rupture forces using the
obtained viscoelastic parameters. The simulated distributions (red) are in good agreement with
the experimental distributions (grey bars) under both conditions, for resting (a) and Mg*'-
activated (b) integrins.

Figure 7. Fit to data by Evans et al. a) Equation (2) was fitted to data by Evans et al. under two
conditions, with and without Latrunculin A. b) The dependence of the rupture forces on the
pulling velocity obtained from the experiment (red) and from a Monte-Carlo simulation with our
model (black) is shown.

Figure 8. Influence of the viscoelastic parameters on the mechanical compliance. Clearly, two
regimes are seen. The transition between the two regimes is sharp. The viscosity of the membrane
determines the point of transition. The high-force regime is dominated by k,, the low-force regime
by k.

Figure 9. Influence of viscoelastic parameters on distribution of rupture forces. The distribution
of rupture forces was calculated numerically according to equation (4). For a given affinity state,
the force scale is set by the viscosity. At a given viscosity, both k; and k, can fine-tune the force
resistance of the bond. The overall range in forces that can be achieved by changing the
viscoelastic parameters is in the same range as caused by changes in the affinity state (k).
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Cellular adhesion against external forces is gov-
erned by both the equilibrium affinity of the in-
volved receptor-ligand bonds and the mechan-
ics of the cell. Certain receptors like integrins
change their affinity as well as the mechanics
of their anchorage to tune the adhesiveness.
Whereas in the last few years the focus of inte-
grin research has lied on the affinity regulation
of the adhesion receptors, more recently the im-
portance of cellular mechanics became appar-
ent. Here, we focus on different aspects of the
mechanical regulation of the cellular adhesive-
ness.

1 Introduction

Cellular adhesion is a crucial step in inflamma-
tion, migration and other multi-cellular events.
Adhesion is modulated in different ways by
chemical stimuli like chemokines, by external
forces, and by the geometry and the rigidity
of the substrate [1-6]. Epithelial cells are con-
stitutively adhesive and induce apoptosis if de-
tached from adhesive substrates. Blood cells in
contrast must not randomly stick to surfaces or
other cells. Though, both cell types can ac-
tively regulate their adhesiveness according to
the situation. Lymphocytes are a cell type, that
shows an intriguingly complex variety of differ-
ent adhesive states. In a resting state, they cir-
culate freely in the blood stream. From time

*Corresponding author. kay.gottschalk@physik.uni-
muenchen.de

to time they randomly contact the endothe-
lium. The lymphocytes can then start rolling
along the vessel walls resisting the force of the
blood stream. During rolling, they investigate
the surface of the endothelial cells for signalling
molecules. At sites of inflammation, chemokines
expressed on the surface of the endothelial cells
are presented to the lymphocytes [7]. These sig-
nal molecules activate the lymphocytes, so that
they stop and adhere firmly to the endothe-
lium [8,9]. Now, the cells extravasate to the
injured or inflamed tissue [10]. Rolling and firm
adhesion involves a variety of proteins from both
the selectin and integrin families [11-14]. This
complex process has different requirements in
affinity and force persistance. Rolling, for in-
stance, requires a fast bond formation and an
equally fast bond breakage, whereas firm adhe-
sion requires low off-rates and the persistance
against the strong shear forces of the blood
stream. Hence, the cell needs a way to regulate
both the affinity and the persistance to external
forces [15].

The affinity describes the equilibrium binding
properties of a single receptor molecule to a
specific ligand. The kinetic properties of the
receptor-ligand bond are defined by the on-rate
and the off-rate, which can be regulated sepa-
rately. The affinity can change after a conforma-
tional rearrangement of the receptor, mostly lo-
cated in the ligand binding pocket [16-19]. The
avidity, in contrast, describes the overall cellular
adhesiveness [16,20], which not only depends on
the single molecule properties. A raise in avidity



might be due to receptor clustering [5,6,21,22],
thereby changing the valency of the interaction.
Other possibilities to influence avidity are the
receptor redistribution via lateral diffusion to
the site of adhesion or the enhanced expression
of the receptor on the cell surface. Furthermore,
a reservoir of binding-incompetent receptors can
be rendered binding competent [23]. The coex-
istence of the same receptor in different states
and of different receptors with concerted adhe-
sive properties is regulated in a dynamic equilib-
rium and might have synergistic effects on the
cell adhesion.

2 Adhesion Molecules

A variety of adhesion molecules is involved in
the different steps of cellular adhesion events
[11,12,14]. The most prominent classes of adhe-
sion molecules are selectins, integrins and cad-
herins. These molecules have specialized func-
tions and fine-tuned properties to meet the me-
chanical and kinetic demands of regulated adhe-
sion. For instance, selectins and integrins play
both important roles in the extravasation of
lymphocytes. Conceptually, lymphocyte adhe-
sion can be divided into fast rolling, slow rolling
and firm adhesion [14]. Often, these steps are
consecutive. For each of these steps, differ-
ent kinetics and different responses to force are
needed. The adhesion molecules are adapted
to the different demands of rolling or firm ad-
hesion. The kinetics as well as the response
to external forces is governed by the energy-
landscape of the receptor-ligand bond (Figure
1). This energy landscape determines the bond
formation and bond breakage. Bond breakage
can be described as a thermally activated es-
cape from a well in this complex landscape un-
der overdamped conditions [24]. At equilibrium
conditions, the system chooses with high prob-
ability a trajectory with a low energy barrier.
An externally applied force reduces the avail-
able phase space and can change the trajectory.
Therefore, different barriers may be crossed un-
der the influence of force [25,26].

For simplification, the complex energy land-
scape is commonly reduced to a projection along

areaction coordinate (Figure 1). This simplified
energy landscape contains only the major bar-
riers and is described by the distance of each
barrier to the ground state (the potential width
zg) and by the height of the barrier [27]. The
barrier height is directly related to the equilib-
rium off-rate of the bond. While xz does not
influence the equilibrium affinity, it determines
the response of the bond to forces (discussed in
greater detail in section 3). Caused by exter-
nal forces, the energy landscape tilts (Fig. 1).
The transition barrier of a potential landscape
with a small potential width is less reduced by
external forces than the barrier of a wide poten-
tial landscape (Figure 1) [28-30]. In a complex
energy landscape, inner small barriers might be-
come rate-determining in the presence of forces.
Since adhesion molecules resist external forces,
the adhesion strength is determined by both the
equilibrium off-rate and the potential width of
the involved adhesion molecules. What is the
task of the major adhesion molecules, and how
do the kinetic parameters reflect these tasks?

Three types of selectins support lymphocyte
rolling: E-selectin, L-selectin and P-selectin.
Lymphocyte rolling over the endothelium needs
a fast bond formation at the leading front of the
lymphocyte, and an equally fast bond breakage
at the rear end of the cell. The selectins meet
this demand with high on- and off-rates (Table
1) [31,32]. Furthermore, the potential widths
are exceptionally short. This implicates that
the bond is only marginally susceptible to ex-
ternal forces. Hence, selectins are ideally suited
for their task: they form bonds very quickly;
these bonds can resist strong forces; yet, the
bonds open up fast. All these features en-
able rolling in the presence of even very strong
forces. Strikingly, the parameters appear to
be dependent on the experimental setup. Only
under shear forces, the unusually short poten-
tial width is noticable. Under vertically applied
forces, selectins display values similar to other
molecules [26,33-35] (Table 1). Thus, the ge-
ometry of force application apparently is an im-
portant factor in determining the bond strength
under force. This is plausible from an energetic
point of view: different force vectors will en-
force different trajectories through the energy



landscape (Figure 1) and therefore alter the ob-
served properties of the receptor-ligand bond.
These differences might also be caused by mul-
tiple, cooperative interactions in the shear force
setup [35]. Interestingly, P-selectins and L-
selections do not support adhesion in the ab-
sence of external forces [36,37]. Starting from
these observations, it has been postulated that
under certain conditions, the bond strength of
selectins to their ligand actually increases un-
der the influence of external forces. This is the
hallmark of a so-called catch bond [38]. Inter-
estingly, P-selectins switch the pathway through
the energy-landscape depending on the force ap-
plication [25,26]. The mechanical work per-
formed on a receptor-ligand bond hence influ-
ences the behavior of this bond in a very com-
plex manner.

Members of the second major class of adhesion
molecules, the integrins, transmit signals from
the outside of the cell to the inside and vice
versa [19,39]. One fascinating feature of in-
tegrins is their ability to modify dynamically
both their equilibrium affinity through regu-
lated conformational changes [19,40,41] as well
as their cellular anchorage and clustering state
(19, 39, 42-44]. In a hallmark study, it was
shown that these structural changes can be in-
duced by computationally designed membrane-
spanning peptides, underlining the importance
of the transmembrane domains for signal trans-
duction [45]. The ability to switch conforma-
tions and to fine-tune the adhesion state turns
integrins into nano-switches, which adapt their
properties according to the circumstances. Dif-
ferent integrins are involved in different adhe-
sive steps. VLA-4 is involved both in rolling and
firm adhesion [46], while LFA-1 supports mainly
firm adhesion [14]. These functional differences
between the two classes of integrins are reflected
in their kinetic properties: In its resting state,
VLA-4 has a twofold to threefold higher off-rate
than LFA-1 [30,47], as required for rolling inter-
actions (Table 1). Under resting conditions, the
off-rate of the VLA-4/VCAM-1 bond is com-
parable to the off-rate observed for P-selectin
under shear stress. But it is more susceptible to
external forces, caused by the higher potential
width z3. When activated, the off-rate of the

integrin VL A-4 is lowered by two orders of mag-
nitude, thus enabling firm adhesion (Table 1).
The flow-chamber data on ayf;/MADCAM-1,
the pendant to VLA-4/VCAM-1 of the mucosal
endothelium, reveal surprisingly low potential
widths [48], potentially caused by multiple bind-
ings [35].

Cadherins are Ca?"-dependent adhesion
molecules, which predominantly accomplish the
adhesion between cells in cellular monolayers
lining for example blood vessel walls or the in-
testine [49]. The mechanical stress on cadherins
in the adherens junctions is much lower than
the stress on other cell adhesion molecules.
Thus, their task is fundamentally different from
the tasks of integrins or selectins, which need to
capture cells exposed to the shear force of the
blood stream. Cadherins have high off-rates
and - with the exception of E-cadherin - large
potential widths. This comparable weakness of
the cadherin-mediated interaction is compen-
sated by lateral association of many cadherins,
forming a high avidity surface [49-55].

3 The Bell-Evans model

Avidity and affinity are defined for equilibrium
processes. Yet, in the physiological setting of
the blood stream, bond dissociation is not an
equilibrium process, because the receptor-ligand
bond is subjected to external forces. Hence, me-
chanical work is exerted on the cells and energy
is dissipated. Under external forces, the bond
strength - defined as the most probable unbind-
ing force of the receptor-ligand bond - becomes
dependent on the force loading [28,56]. Then,
the off-rate is not a constant, but a function
of the force acting on the receptor-ligand bond
and the history of force [57]. An external force
which is applied to the molecular bond alters
the energy landscape of the equilibrium and re-
duces the barrier height of the unbinding pro-
cess (Fig.1). Thus, it raises the frequency of
unbinding (k,sr). This impact of the mechanics
on bond kinetics has been described by Bell in
1978 [27]. He related the off-rate to the reduc-
tion of the energy barrier by an external force
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B(Evarrier—Emech) (1)
with w being the attempt frequency, Epqprier the
height of the energy barrier and FE,,.., the work
performed by the external force and % = kgT,
the thermal energy of the system.

In the equilibrium, the basal off-rate is deter-
mined by k);; = w - e~ #Ebarrier) - As shown in
Figure 1, the energy barrier is located at posi-
tion xg. The work performed on the system at
this point is Epeen, = F -z, if F' is the force
acting on the system in the direction of the bar-
rier. Hence, equation 1 can be written using the
basal off-rate kgf ; and the acting force F

kfff:(U'ei

(2)

Here, the characteristic force Fjp is scaled with

the thermal energy: Fj = %, where x4 is

F
F 0 Fa
Kory = Koy - €'

the position of the transition state in the en-
ergy landscape of the bond. In this approach,
all properties of the energy landscape are con-
densed in one parameter xg. This is only valid
for constant forces. Yet in general, the forces
acting on the system are not constant, but
change with time. This requires an extension
of the classical Bell ansatz. On the basis of the
Kramers theory, Evans and Ritchie expanded
the Bell ansatz to a dynamical theory for the
kinetics in an overdamped environment (lig-
uids) and included the deformation of the en-
ergy landscape and the spatial variation of the
friction between the molecules [28,58]. Since
now the forces are not constant over time, the
off-rate becomes dependent on the force loading
rate and with this on the time:

Ky = Ky g(F@)AZE® (3)
The function g¢(F') describes the mechanical
coupling of the external force F' into the po-
tential of the molecular bond and AE(F) the
reduction of the energy barrier by the acting
force F. As the force F' is a function of time
with F' = F(t), also the barrier height is time
dependent. Therefore, the force loading defined
as the variation of force over time 2£ crucially

ot
alters the binding properties.

To describe the strength of a molecular bond,
the most probable rupture force under the cho-
sen conditions is a useful parameter. For con-
stant force loading, the probability distribu-
tion of rupture forces, from which the strength
of the bond and hence the cellular adhesive-
ness against external forces can be estimated,
is given by the well-known relation [28]:

p(F,t) = kL, - e Jekiyy i

(4)

4 The
Compliance

Influence of the

How can we describe the force loading on the
molecular bond? In general, the load on a bond
is not linear, even if the velocity of the blood
stream which induces the force is constant. The
force acting on the receptor-ligand bond is de-
pendent on the mechanical properties of the
linker which connects the receptor-ligand pair
to the respective surfaces (in lymphocyte ad-
hesion, the receptor is mechanically coupled to
the adhering cell and the ligand to the vessel
wall). Therefore, to describe the cellular de-
adhesion, a formalism for the probability distri-
bution of rupture forces should be used which
incorporates the mechanics of this linkage [29].
A good measure for the mechanical properties
of the linker is its compliance. The compliance
describes how much the linker elongates under
an applied force. It is defined as g—;, where z
is the elongation and F' the acting force. If the
force changes, the compliance is not necessar-
ily constant. Long, flexible polymers, for in-
stance, which are often used in experiments as
linkers for force application to weak bonds [59],
display a very different force loading than stiff
linkers [60, 61]. Linkers with different compli-
ance result in drastically different rupture force
distributions of the same receptor-ligand bond,
even under otherwise identical conditions [29].
Evans and Ritchie derived a general expression
for the probability distribution of rupture forces
for pulling on a bond with constant speed v in-



cluding a description of a non-linear elastic link-
age [29]:

1 — [ kF, - Lc(F)df
Y=k, .2 . ¢(F)- IR
p(F) of f 7, o(F)-e

(5)
According to equation 2 and 5, the compliance
of the force exerting linker has direct impact
on the force persistance of the receptor-ligand
bond, similar to the basal off-rate. In the case
of cell adhesion, the linker between the force ap-
plication and the molecular bond is the cell itself
and in particular the anchorage of the molecules
in the cell or in the substrate. Hence, the cellu-
lar mechanics also affects the kinetic properties
of cell adhesion and determines the effectiveness
of the force absorption.

5 Experimental Techniques

Since the mechanical properties are of such a
high importance for the adhesiveness of cells
under the influence of external forces, it is de-
sirable to have tools at hand that can thor-
oughly analyze the receptor properties under
load. Many different approaches have been un-
dertaken to investigate the complex phenomena
of cell adhesion. With spinning disc experi-
ments and flow chamber assays, the cellular ad-
hesion strength can be quantitatively analysed
in ensemble measurements of many cells [62-65].
These assays have a very high throughput and
hence a good statistic. Thus, they can exam-
ine a multitude of circumstances as for instance
mutations or the influence of drugs. But in the
ensemble of cells, the molecular aspects of cell
adhesion cannot be resolved.

The strength of a single receptor-ligand bond
is dependent on the local environment of both
interacting molecules. Within a single cell, the
local environment can change by redistributing
the receptors or by anchoring them to cytoskele-
tal components. To learn about the local cell
mechanics experienced by single adhesion recep-
tors, force spectroscopic experiments can be ap-
plied with high temporal and spatial resolution,
even on the single-molecule level. Techniques
which are capable of specifically administering
forces to single molecules on living cells include

optical tweezers, micropipette and AFM. These
techniques have been used in a variety of ex-
periments: With optical tweezers and video mi-
croscopy, Lambert et al. unraveled the dynam-
ics of rapid ligand-induced anchoring of cad-
herins to the cytoskeleton [66]. Riveline et al.
investigated the force-induced formation of fo-
cal contacts by using a micropipette assay [67].
Evans et al. measured the local mechanical
compliance of a cell surface [68] with a related
setup. Micropipette experiments also showed
that membrane separation from the cytoskele-
ton proceeds the rupture of P-selectin/PSGL-
1 bonds [26] and that the physical properties
of the membrane are actively controlled by the
cell metabolism even for simple cells like ery-
throcytes [69].

AFM has been used to investigate cell-cell ad-
hesion [70-73], cell-substrate adhesion as well
as the local and global cellular mechanics [70,
74-76]. In particular, it was used to exam-
ine the potential energy landscape of molecu-
lar receptor-ligand bonds on living cells by dy-
namic force spectroscopy [30,77]. Furthermore,
the cellular deformability was compared for dif-
ferent leukemia cells [78] and erythrocytes [79].
Canetta et al. [75] investigated how the intra-
cellular cytoskeletal attachment of ICAM-1 in-
fluences the tether formation and the cellular
stiffness.

With force spectroscopic techniques like AFM,
the experimental conditions can be fine-tuned
and chosen to meet different demands: the cell
adhesion can be studied on the level of single re-
ceptors or of receptor clusters as well as on the
level of a small membrane area. Moreover, infor-
mation of both kinetic and mechanical kind can
be obtained in high temporal and spacial resolu-
tion. On the whole cell level, these experiments
can give insight into the cellular avidity or the
cellular elasticity. On the other hand, per-
formed on the single-molecule level, the molecu-
lar affinity and anchorage can be adressed. Even
different populations of the same receptor on
the cell can theoretically be resolved with single-
molecule techniques [80,81]. These populations
may differ for instance in their affinity state or
in their anchorage in the cell. Integrins are an
example for receptors, which coexist in differ-



ent affinity states on the cell surface [82-84].
Furthermore, they also modify their anchorage
in the cell, as they can occur either attached
to the cytoskeleton [85-87] or diffusing in the
membrane.

6 Mechanical Models

The force-distance relationship obtained in force
spectroscopic experiments contains information
about the elastic properties of the linker, which
can be analyzed with the appropriate mechan-
ical model. Using the history of force devel-
opment, the single-molecule force spectroscopy
experiments of isolated molecules have been es-
tablished as useful tools to examine the me-
chanical properties of polymers [88-90]. From
the force-distance curves, important mechani-
cal properties of the polymers like the persis-
tance length can be obtained. Numerous studies
on polymers have been performed and analyzed
using models for the entropic elasticity like the
worm-like chain model or the freely joined chain
model [91-93].

Under the typical experimental conditions of a
single-molecule AFM experiment on living cells,
the shape of the force-distance curves differs
strikingly from the shape of the force-distance
curves of stretched polymers [77,94]. The clas-
sical mechanical models used for these polymers
are therefore inappropriate to interpret cellular
AFM measurements. Since the cell operates as
the linker between the applied force and the ad-
hesion receptor, a good assumption on the cel-
lular mechanics is crucial. Thus, models which
describe the cellular force-distance relationship
are desired.

The great variety of different cell types, force
applications and experimental conditions makes
it virtually impossible to take a simple mechan-
ical model that describes the response of cells
to all circumstances. Every experimental setup
needs to find the appropriate simplified mechan-
ical model. This will not only depend on the
experimental techniques, but also on the exam-
ined cell type.

Different models describing the cellular mechan-
ics have been employed (for a review see [95]).

One class of models treats the cells as solid
bodies with elastic or viscoelastic properties.
These models are based on different combina-
tions of elastic and viscous elements represented
as springs and dashpots. Historic models in-
clude the Kelvin body (also called standard lin-
ear solid), the Maxwell body and the Voigt
body (Fig.2) [96]. Bausch et al. used a com-
bination of a Kelvin body in series with a dash-
pot or a Voigt body to describe the viscoelastic
response of cells measured by magnetic bead mi-
crorheometry [97,98]. Koay et al. modeled the
creep indentation of single cells with a standard
linear solid [99]. Mazzag et al. used different
generalized Kelvin bodies to analyze shear stress
sensing by cells [100]. In the following, we will
focus on the response of cells to pulling forces
applied to single receptors in single-molecule
force spectroscopic experiments.

The cellular force-distance curves are charac-
terized by a steep initial increase in force,
which then levels off at a nearly constant force
[74,101]. The existence of these force plateaus
has been interpreted as the result of pulling
membranous tubes from the cell, so called teth-
ers [74,101-104]. These general characteristica
depend on both the cell-type and the mode of
force application [105]. For lymphocytes and
neurons, the force for tether formation does not
exceed the plateau force [106,107]. Endothe-
lial cells and Outer Hair Cells (OHC), on the
other hand, show a high tether formation force,
which then drops significantly to finally reach
the plateau value [74,104]. For the latter cells,
both the tether formation force as well as the
plateau force are dependent on the cellular area,
at which the force is applied. Theoretical mod-
els predict the existence of such a tether forma-
tion force [108,109].

Evans et al. interpreted the initial increase in
force as the stretching of intracellular compo-
nents [106]. This increase follows a linear force-
distance dependency and can hence be modelled
as a Hookean spring. After the initial increase,
a small rupture event was observed, which was
then followed by a viscous flow of the tether
forming membrane. The viscous flow was mod-
eled as a nonlinear Maxwell-like fluid.

A mechanical model should be able to describe



both, the steep initial increase in force as well
as the plateau force. Yet, rupture events in be-
tween these two regimes are hard to describe by
a continuous model. Still; it is very desirable
to have a simple mechanical model, which cap-
tures the main features of the experimentally
observed force-distance relationship. A good,
but necessarily simplified mechanical model for
cells is the Kelvin body [110,111]. When in-
tegrating the differential equations under the
boundary condition of a constant retract veloc-
ity (which is typical for a standard AFM exper-
iment), one obtains the force-distance relation-
ship:

ki-z

Fz)=ki-z+g-v—g-v-e 9

(6)

This model does not describe rupture events or
tether formation forces. Though, it gives valu-
able information about the mechanics of the
cellular environment around the probed recep-
tor, if the measured interactions between the
cell and the substrate are exclusively specific
for this receptor. Fitting this force-distance
relationship in equation 6 to the experimental
force-distance curves yields the viscoelastic pa-
rameters of the receptors anchorage, k;, k; and
g (Fig.3). It has been shown that even sub-
tle differences in the mechanical environment
of a single receptor can be detected by using
this model [112]. The viscoelastic parameters
change for instance after a change in the com-
position of the surrounding membrane or upon
the attachment of the cytoplasmic tails to in-
tracellular proteins (Fig. 4).

7 Influence of the Vis-
coelastic Parameters on
the Adhesion Strength

As shown in equation 5, the compliance of the
linker determines the force persistance which is
expressed in the rupture force distribution. Yet,
the compliance in general is not a constant, but
defined as g—;. How is a change in force reflected
in the compliance? With the force-distance re-
lation in equation 6, a mathematical expression

for the compliance can be given:

o(F) =—5%>
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with
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In numerical simulations and with the equa-
tions 5, 6 and 7, the influence of the viscoelas-
tic parameters on the force distributions can be
gauged (Fig.5). Obviously, the cellular viscos-
ity has the main impact on the force persistance
of the transmembrane receptor among the me-
chanical parameters. In particular, the adjust-
ment of the viscosity affects the rupture force
distributions as much as the variation of the off-
rate.

Is it possible for cells to influence the mem-
brane viscosity? The viscous dissipation of the
membrane originates from three different sub-
processes: a) the surface viscosity of each mono-
layer, b) the viscous slip between the monolay-
ers and c) the viscous slip of the inner mono-
layer over the cytoskeleton [69, 104, 113, 114].
From the comparison of the experiments on vesi-
cles [115-118] and of those on outer hair cells, it
has been proposed that the major contribution
to the viscosity is due to the slip of the mem-
brane over the cytoskeleton [107,119-121]. This
slip can be influenced in the vicinity of the re-
ceptor by changes in the cytoskeletal anchorage
of other membrane associated molecules with-
out any changes in the receptor itself (Fig.4).
Hence, the persistance to external forces can
be regulated even if the receptor itself has the
identical affinity and attachment state to the
cytoskeleton.

Cells have areas with different membrane vis-
cosity: Outer hair cells display different forces
for the pulling of tethers depending on whether
the tethers are extruded from the lateral wall
or from the basal end of the cell [104]. The
higher tether force for the lateral wall can be
ascribed to the fact that the lateral membrane
is firmly attached to the cytoskeleton, opposed
to the membrane on the basal end. It is also ex-
pected that in other cells, different membrane



regions will have differing cytoskeletal attach-
ments, for example the membrane areas around
focal adhesion points. Focal adhesion points
and adherens junctions are known to contain
clusters of cytoskeletally attached membrane re-
ceptors [122-124].

The importance for the viscous slip of the
membrane over the cytoskeleton has further
been shown by micropipette experiments on T-
lymphocytes. Evans et al [106] extracted mem-
brane tethers on P-selectins from primary T-
cells in micropipette experiments. These force-
distance curves of normal cells and of cells
treated with latrunculin can be fitted with equa-
tion 6 in order to determine the viscoelastic
parameters (Fig.3). Latrunculin treated cells
intriguingly showed a lower viscosity than un-
treated cells, although latrunculin only inhibits
the actin polymerisation and does not affect the
membrane composition. Yet, this is in line with
the altered viscous flow of the membrane over
the impaired cytoskeleton and has also been ob-
served by others [105,125].

Do cells actively redistribute receptors accord-
ing to their affinity state in areas with differing
membrane environment? Activated integrins
are indeed mainly located in lipid rafts [126]. In
these membrane areas, also chemokine receptors
are located [127]. This clustering of chemokine
receptors and integrin effectors into lipid rafts
ensures that the proper signalling pathways are
activated [128] and the integrity of the raft
platforms is mandatory for integrin stimula-
tion [129]. Lipid rafts are rich in cholesterol
[128,130] and in membrane-anchoring molecules
[131]. Thus, this environment displays differ-
ent rheological properties compared with other
membrane regions (Fig.4). Due to the impor-
tance of the elastic compliance, the integrin re-
location after activation becomes as relevant for
the adhesive properties against external forces
as is the affinity increase. Furthermore, it has
been shown that cytoplasmic anchorage of se-
lectins increases the adhesiveness [132,133].
For the characterisation of the cellular adhesion
properties, the influence of the compliance on
the distribution of rupture forces as described
in equation 5 is fundamental: The cellular com-
pliance, which describes how much the cell elon-

gates under a defined applied force, is very com-
plex and dynamically regulated by the cell. The
cell constantly remodels its cytoskeleton, builds
stress fibers and thereby reacts actively to its
environment [134-136]. This active regulation
of the cellular stiffness can be performed in
timeframes of less than a second [137]. It has
an important impact on the adhesiveness of the
cell, even if the equilibrium affinity of the ad-
hesion receptors is unaltered. Integrins are a
good example for changes in the mechanical an-
chorage: they change their cytoskeletal attach-
ment according to the intracellular signalling
[44,65,138]. This leads to an increased adhesive-
ness. Hence, the cellular mechanics and notably
the mechanics of the anchorage of the molecular
bond determines the force loading and the ad-
hesion strength. These considerations also im-
ply that not only the mechanical properties of
the adhering cell itself, but also the elastic com-
pliance of the cellular environment is relevant
for the cell behaviour [2,3,139-143]. This has
recently been impressively demonstrated: the
stiffness of the ECM is critical for the differen-
tiation of stem cells [144-146], for the progres-
sion of tumour cells [147] and the behaviour of
osteoblasts [148].

8 Influence of the kinetic
parameters on the ve-
locity dependence of de-
adhesion

Equation 6 describes the influence of the pulling
velocity on the force evolution. To use this for
an estimate of the expected rupture force at
different velocities, also the kinetic parameters
kops and 2 need to be known. With the knowl-
edge of all these parameters - the viscoelastic
constants and the kinetic constants - one can
simulate the expected ruptures over a variety
of velocities using a Monte Carlo Simulation.
For P-selectin, the viscoelastic parameters can
be obtained from a fit to the data obtained by
Evans et al. [106]. Furthermore, Evans et al.
[106] investigated the force-velocity dependence
of the rupture force with pulling velocities vary-



ing from 0.4pum/s to 150pm/s in micropipette
experiments. For this cell adhesion receptor, the
off-rate and the potential width has been deter-
mined by a variety of different techniques. The
published parameters varied up to two orders
of magnitude: Evans et al. found a potential
width of x5 = 2.24 and an off-rate of kopp =
0.37s~! in micropipette experiments [26]. Alon
et al. [31] calculated x5 = 0.34 and kO, = 157"
from flow chamber assays. Hanley et al. [34]
calculated 25 = 1.44 and kY;; = 0.257" from
AFM experiments on living cells and Fritz et
al. [33] x5 = 2.54 and k;; = 0.02s7" from
AFM experiments on isolated molecules. In fig-
ure 3, the expected rupture force for these dif-
ferent parameters, simulated with the presented
model in a Monte-Carlo simulation, are shown
and compared to the experimental values ob-
tained by Evans et al. [106]. For velocities be-
low 50um/s, a good fit between model and ex-
periment is observed with the kinetic data ob-
tained by Fritz et al. [33]. The high-velocity
regime apparently cannot be described very well
by the model. This may reflect a different ki-
netic regime at high pulling velocities. Inter-
estingly, the kinetic parameters calculated in
single-molecule studies on isolated molecules co-
incide best with the values measured by Evans
and co-workers [106]. The kinetic parameters
obtained from cells by Evans et al. [26] and by
Hanley et al. [34] show a similar trend. The dif-
ferences between isolated molecules and studies
on whole cells might reflect the higher experi-
mental error in the latter studies caused by the
complexity of a cell. Whereas the other three
studies used force-application, which pull nor-
mal to the membrane, Alon et al. [31] exposed
the cells to lateral shear forces. The direction
of force application has recently been shown to
strongly influence the effect of force on a pro-
tein complex. The parameters obtained by Alon
et al. [31] show a strikingly different behaviour.
With these parameters, a much higher rupture
force is obtained at high velocities. Hence,
the differences in these measurements might re-
flect that not only the absolute force, but also
the vectorial, direction-dependent nature of the
force might significantly affect biological sys-
tems.

9 Mechanotransduction of
signals

Thus, cells react to external forces exerted on
them by their environment in a very distinct
manner. Forces applied to cell surface receptors
can cause intracellular signal cascades [149,150]
which regulate the gene expression and other
cellular reactions [1, 144, 151]. Force applica-
tion to transmembrane receptors also controls
the strengthening of initial integrin-ECM adhe-
sions to focal adhesion complexes [152]. In an-
other study on the flow-induced response of en-
dothelial cells, it was detected that microtubules
transmit the force from the plasma membrane
to the nucleus [153]. This leads to nuclear struc-
tural changes, which in turn are thought to be
important for the modulation of the endothelial
growth and metabolism.

To sense the changes in the mechanics of its sur-
roundings, the cell has to probe it either actively
or passively. An active sampling, however,
would cost energy and the sensitivity would be
limited by the sampling frequency. The cell
would always have to balance energy consump-
tion versus sensitivity. Passive sampling, in
contrast, enables permanent probing, while the
energetic dispense is low. It requires a pre-
stressed system, so that the deformation caused
by an external force can be transformed di-
rectly and immediately to the biochemical effec-
tor molecules without the use of long signalling
cascades. In addition, a prestressed system does
not only provide continuous sensing of the cel-
lular environment, but also guarantees the cel-
lular stability. Hence, a prestressed system is
a good design principle for force induced sig-
nalling upon mechanical stimuli.

The principle of prestress can also explain the
fact, that the cell can design the shape of its en-
vironment by exerting forces itself [142]. Inte-
grin mediated forces have been examined for in-
stance during the spreading of endothelial cells
and appear even before focal adhesion or stress
fiber formation [154]. These cell surface recep-
tors have been found to transmit even sufficient
force to bend collagen fibrils [155]. Thus, the
cell probes the mechanics of is surroundings as



well as it perceives and reacts to forces exerted
by these surroundings.

10 The tensegrity model

Ingber et al. [139, 156, 157] argued that this
so-called mechanosensation and the subsequent
mechanotransduction of signals is in good agree-
ment with the architectural principle of tenseg-
rity. Tensegrity systems stabilise their shape
by continuous tension [156]. They consist of
two different kinds of structural elements: stiff
parts or struts for the shape stability and elastic
parts or cables for the prestress. The stiff parts
are put under continuous tension by the elas-
tic parts, thus resulting in a prestressed system.
For cells, microtubules and extracellular matrix
adhesions are proposed to be the stiff parts, re-
sisting the compression built up by microfila-
ments and intermediate filaments [158]. This
model has been tested computationally [159]
and experimentally. In a real-time microscopy
analysis, Wang et al. investigated the dislo-
cation of GFP-labeled microtubules and mito-
chondria after pulling on cell surface integrins
and found that the cell behaves as a discrete in-
terconnected network [160]. Furthermore, trac-
tion force microscopic experiments indicated
that microtubules balance at least a portion of
the cellular tensile stress [158, 160-162]. This
is in agreement with a priori predictions of the
tensegrity model. Kumar et al. combined trac-
tion force microscopy, laser nanoscissors and flu-
orescence photobleaching to confirm that stress
fibers in living cells behave as viscoelastic ca-
bles tensed by actomyosin motors [163]. Nev-
ertheless all these findings are not totally con-
clusive [159]. Other discrete models such as the
percolation or cellular solid model [164,165] can
also explain most of these findings.

Within the picture of tensegrity, it is easy to
imagine that upon modified receptor anchorage
the signal outcome is altered (Fig.6). For in-
stance, if integrin receptors are bound to talin
via their cytoplasmic ends and thus attached to
the cytoskeleton, the force exerted on the ex-
tracellular integrin domains is transmitted to
different cytoplasmic compartments, as if the

integrin is only anchored in the membrane or
associated to other cytoplasmic molecules [166].
The energy dissipation to either the cytoskele-
ton or the membrane cannot only lead to dif-
ferent signalling events, but also to a differ-
ent alignment of the cell in the force field:
In physiology, the lymphocyte adheres to the
endothelium despite the forces of the blood
stream. If the transmembrane adhesion recep-
tor is only membrane anchored, a membranous
tube is pulled from the cell, the so-called tether
(Fig.7). With this, the cell can proceed in a slow
rolling movement along the endothelium [102]
and check for activation signals like chemokines.
In the other case, where the cell adhesion recep-
tor is attached to the cytoskeleton, the lateral
force from the blood flattens the cell and presses
it to the surfaces. Thus, the resulting contact
area between the lymphocyte and the ligand-
expressing endothelium is increased and the ad-
hesive interaction can be converted from a sin-
gle receptor-ligand bond to the multiple bond
interaction of firm adhesion [167]. In this pic-
ture, also the before mentioned dependence of
the measured off-rate and potential width on
the vectorial nature of the applied force can be
explained: If the force is applied perpendicular
to the substrate and tether formation occurs,
the cell is taken away from the substrate. This
is the case in atomic force spectroscopy, opti-
cal tweezers or micropipette experiments. If the
force though is applied laterally as in the flow
chamber, the tether operates like a leash and
enables the cell still to contact the substrate.

11 Outlook

Force spectroscopic experiments on single cell
surface receptors do not only shed light on the
molecular kinetics. With the help of mechani-
cal models like the Kelvin body model, they also
give insight into the local cell mechanics and in-
tracellular anchorage events. Thus, transmem-
brane receptors can be used as nano-probes to
examine the mechanical regulation of adhesion
by the cell. As discussed above, the anchor-
age of the adhesive receptor crucially determines
the cellular signalling and force persistance.
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Tether formation on membrane-anchored recep-
tors leads to a completely different alignment of
the cell relative to the substrate (Fig.7), as com-
pared to the force application to cytoskeleton-
anchored receptors. The principle of tether for-
mation is a fundamental strategy for adhesive
events in nature. To mimic this, several bac-
teria grow pili, which are tether-like structures
with sticky ends [168].

Cell adhesion is important in many physiologi-
cal and pathophysiological situations, as in mor-
phogenesis, cellular differentiation, immune re-
actions, cancer metastasis and many more. The
manipulation of the cellular mechanics and cell
adhesion by biomimetic surface [169-173] or
pharmaceutic agents has already been shown
[35]. Therefore, the understanding of cell ad-
hesion molecules like integrins are of great med-
ical interest, eg. in the development of protheses
[174,175] or in the treatment of cancer [176-180]
or asthma [181,182].
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Table 1: Bell-parameters of adhesion molecules.

Receptor/Ligand pair | Experimental Technique KLppls™ | kS pls™) | af (A g [A] | Reference
P-selectin/PSGLL1 flow chamber® 1 0.3 [31]
micropipette® 0.37 2.2 26]
AFM? 0.02 2.5 33]
AFM* 0.2 1.4 [34]
bead collision® 0.56 1.0 [35]
L-selectin/PNAd flow chamber® 6.6 0.19 32]
L-selectin/PSGL1 micropipette® 100 3 0.6 4 [25]
E-selectin/ESL flow chamber® 0.7 0.3 [32]
VLA-4/VCAM-1 AFM? 59 0.13 1.0 2.9 [47]
AFME¢ resting 63 1.1 093 | 5.2 [47]
AFM¢, antibody-activated 75 0.04 099 | 6.2 [47]
LFA-1/ICAM-1 AFM¢ resting 19 0.55 0.49 2.6 [30]
AFMe¢, Mg?T-activated 17 0.02 0.56 3.5 [30]
LFA-1/ICAM-2 AFMC, resting 10 0.31 1.6 | 45 130]
AFM¢, Mg?T-activated 13 0.06 1.5 4.9 [30]
ay 7/ MADCAM-1 flow chamber®, resting 1.28 0.41 48]
flow chamber®, Mg?*-activated 0.05 0.91 48]
VE-cadherin® AFM? 1.8 5.9 [50]
AFM¢ 0.45 4.2 [52]
N-cadherin® AFM* 0.98 7.7 (53]
E-cadherin® AFMe© 4.0 1.09 1.0 3.2 (53]
flow chamber/ 0.45 15 [51]

°I: inner barrier
®Q: outer barrier
cells

disolated molecules
¢homo-dimer

ftruncated: only two outermost domains
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Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Potential landscape: The potential landscape of a receptor-ligand pair is complex.
Under equilibrium conditions, the system chooses trajectories with small barriers for
unbinding (blue line). The application of force can switch the trajectories and sample
different pathways [25,26]. For simplification, normally the projection of the landscape
along the reaction coordinate is given. External forces tilt the energy landscape and
therefore lower the energy barriers. Energy barriers near the ground state are less
affected and might become rate-determining, even if these barriers are lower than the
main barrier under equilibrium conditions.

Mechanical Models: Three standard viscoelastic models, the Maxwell body, the Voigt
body and the Kelvin body are shown. They consist of different arrangements of
dashpots and springs. With these models, the viscoelastic response of cells to the
pulling forces can be approximated.

Influence of the viscoelastic parameters on the rupture force distributions: The vis-
coelastic parameters have been varied over several orders of magnitude in numerical
simulations to access their influence on the probability distributions of rupture forces.
Obviously, the viscosity has the most impact on the force persistance among the me-
chanical parameters and can adjust it over a wide range of forces analogously to the
off-rate.

a) Kelvin body fit: The force-distance relation of a Kelvin body (black) was fitted
to the micropipette data of Evans et al. (red) for untreated cells and latrunculin
treated cells [106]. Latrunculin lowers the viscosity due to the viscous slip of the
membrane over the impaired cytoskeleton. The fit parameters for untreated cells were
used for the Monte Carlo Simulations in subfigure 3b.b) Monte Carlo Simulation: The
simulated force-velocity relations are based on the viscoelastic parameters derived from
the Kelvin body fit in subfigure 3a and on the off-rates and potential widths measured
with different techniques (lines to guide the eye) [26, 31, 33,34]. Compared to the
data points of Evans et al. (red diamonds) [106], the simulation with the off-rate and
potential width of Fritz et al. (empty diamonds) [33] obtained from single-molecule
AFM experiments agree best with the experimental data of Evans et al. [106].

Different possibilities to vary the receptor mechanics: In the middle panel, a transmem-
brane adhesion receptor holds to a fibre of the extracellular matrix. During receptor
clustering (upper panel), the receptors are linked by an intracellular protein at their
cytoplasmic tails [5,6,22,124]. If the cytoskletal attachment of the receptor surround-
ing membrane is enhanced by actin binding proteins (right panel), the viscous slip
of the membrane over the cytoskeleton is hindered. After activation, the receptors
are often re-distributed into lipid rafts (lower panel) [126], which are stiffened by the
inclusion of cholesterol. Many adhesion receptors can also bind to the cytoskeleton via
cytoplasmic adaptor proteins (left panel) [15,166].

A model for mechanotransduction: a) If there is no force applied to the transmembrane
receptor R, the inhibitor I blocks the substrate binding pocket of the enzyme E, so
that the substrate S cannot be processed. b) If a force is applied to the receptor, the
inhibitor is moved and the substrate can bind to the enzyme.

Geometry of cell adhesion in the shear flow: a) If the adhesion receptor is attached to
the cytoskeleton, the cell is flattened by the flow (arrow) and makes a large contact area
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with the substrate. b) If the adhesion receptor is only anchored in the cell membrane,
a membrane tether is extruded from the cell.
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Chapter 3

Activation of the Integrin VLA-4 by
the Chemokine SDF-1

The recruitment of lymphocytes to the site of inflammation or injury is regulated by the
expression of certain adhesion and signal molecules on the adjacent endothelium. Dur-
ing rolling, the lymphocyte integrins are activated in situ by chemokines within subsec-
onds [128129]. These signal molecules bind to Gi-protein coupled receptors (GPCRs) on
the lymphocytes and initiate intracellular signal cascades aiming at the cytoplasmic tails
of the respective integrins. This so-called inside-out signalling induces firm lymphocyte
adhesion [130}/131], which is necessary for the subsequent extravasation to the target tis-
sue. Integrins occur in sundry states differing in their conformation, in the affinity to the
ligand and in the cellular anchorage of the receptors [14,|132]. All these states coexist in a
dynamic equilibrium on the cell surface. Agonistic stimuli as the exogenous activation with
divalent cations or the inside-out signalling of chemokines shift the equilibrium between
the populations in favour of an adhesion promoting receptor state.

In this chapter, we investigate the activation of the lymphocyte integrin VLA-4 by
the chemokine SDF-1 co-immobilised to the integrin ligand VCAM-1. By the means of
single-molecule force spectroscopy on living T-lymphocytes, we found that the crosstalk
between the chemokine receptor and the integrin implicates mechanical alterations of the
VLA-4 anchorage, rather than inducing pre-ligand conformational changes in the integrin
ectodomain. In the flow chamber — mimicking the physiological situation of the blood
stream — the mechanical stiffening of the VLLA-4/VCAM-1 bond precipitated an immediate
increase of the cellular adhesiveness.

3.1 Chemokine-Triggered Mechanical Activation of the
Integrin VLA-4

The chemokine SDF-1 binds to the Gi-protein coupled receptor CXCR-4 and was found
to present a potent stimulator of the integrins LFA-1 and VLA-4 [133,134}/135]. A com-
mon paradigm in integrin research is that the activation by chemokines induces pre-ligand
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binding conformational changes such as the integrin extension and the opening of the
head group, as observed, e.g., for LFA-1 [131]. However, the integrin VLA-4 activated
by SDF-1 neither displayed activation epitopes nor increased affinity to its ligand VCAM-
1 [136,,106,{129]. Furthermore, it was shown that surface-bound SDF-1 only promotes the
cellular adhesiveness in the presence of external forces [137], thus indicating the involve-
ment of mechanics in the regulation of VLA-4-mediated cell adhesion.

We scrutinised the effect of SDF-1 co-immobilised to VCAM-1 with single-molecule
force spectroscopy. Despite a contact time of a mere 100 msec on the substrate, the pres-
ence of SDF-1 strengthened the VLA-4/VCAM-1 bond, whilst the rupture lengths were
drastically reduced. For substrates functionalised only with the chemokine, SDF-1 on its
own showed no adhesive activity for the lymphocytes. Together with blocking experi-
ments with BIO1211 [138], this underlines the specificity of the measured interactions.
Co-immobilising P2G instead of SDF-1 with VCAM-1 (a mutant of SDF-1 with retained
affinity for the CXCR-4 receptor but lacking signalling activity |[139]) had no effect com-
pared with pure VCAM-1 substrates. Furthermore, the change of the mechanical anchorage
of VLA-4 in the presence of SDF-1 could be abrogated with pertussis toxin, verifying the
dependence on GPCR-signals. Taking a closer look of the distribution of rupture forces, we
discovered a bimodal force distribution for the SDF-1-activated lymphocytes. Compared to
the force histogram obtained without SDF-1, the distribution of activated cells contained
a second peak at higher forces. This indicates the coexistence of two VLA-4 populations
on the lymphocyte in the presence of SDF-1 both differing in their bond strength: One
integrin population is activated by the chemokine, the other remains unaffected. To ex-
amine the mechanical nature of the two populations, we separated the data into a high-
and a low-force population. Since the shape of the force curves is governed by the receptor
mechanics (see chapter , we went on to compare the force evolution of the low- and the
high-force population and found the initial slope of the force curves to be markedly higher
for SDF-1-stimulated cells. Hence, the physiological activation of the integrin VLA-4 by
the chemokine SDF-1 caused a stiffening of the VLLA-4 anchorage in the cell.

Whilst we did not notice any agonistic effect of the chemokine on the interaction fre-
quency in the AFM setup, the co-immobilisation of SDF-1 and VCAM-1 drastically en-
hanced the cellular adhesiveness in the fast-camera flow chamber setup. Remarkably, two
populations of interacting cells were observed for co-immobilised chemokine in the shear
flow. One population displayed comparable interaction times to those on on pure VCAM-1
substrates, whereas the other population exhibited even shorter times. Since diluting the
VCAM-1 density did not lead to a further reduction of the interaction times, this indicates
that very few VLA-4 bonds are sufficient for mediating cellular interactions in the shear
flow on a substrate with VCAM-1 and SDF-1.

Our experiments demonstrate that the GPCR-dependent intracellular signalling promp-
ted by SDF-1 induces a mechanical regulation of the VLA-4-mediated adhesiveness, rather
than affecting the affinity of the integrin or the number of available active receptors. Ac-
cording to the physical theory of bond dissociation under forces (compare equation , a
reduced mechanical compliance raises the force loading on the adhesive bond and increases
the bond strength. Hence, the mechanical stiffening of the integrin environment readily
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explains the enhanced cellular adhesiveness observed in the flow chamber.
These results have been submitted to the Journal of Cell Biology and are reprinted in
section [3.3]

3.2 Conclusions

Our findings reveal a mechanical modulation of the VLA-4-mediated cellular adhesiveness
in response to the activation by the chemokine SDF-1. It has been shown that talin is
implicated in chemokine-triggered adhesiveness of the integrin VLA-4 and maintains the
integrin in the high-affinity conformation |136]. The observed stiffening of the VLA-4
anchorage may thus be due to the association of talin to the cytoplasmic (; tail linking
the integrin to the actin cytoskeleton [131]. In contrast to an upregulation of the integrin
affinity or the integrin number, an intracellular mechanical regulation has the advantage,
that the adhesion strengthening is only achieved if the adhesive bond is probed by external
forces. The stiffening of the receptor anchorage functions therefore as a force sensor,
enabling the cell to identify different environments and to differentiate, e.g., between the
shear-free surroundings of the lymphatic tissue and the blood stream. Furthermore, the
increased force loading on the adhesive bond may facilitate post-ligand conformational
changes in the integrin ectodomain, thus requiring a dual stimulation by forces and ligand
binding [106]. This outlines the effectiveness of a mechanical regulation which is indeed
exploited by the cell in physiological situations.

3.3 Publications

1. Chemokine-Triggered Modulation of Lymphocyte Adhesion by a Mechanical Integrin
Activation (submitted to the Journal of Cell Biology)
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Firm lymphocyte adhesion to the endothelium is mediated by integrins. Endothelial
chemokines activate lymphocyte integrins by transducing inside-out signals targeted at
the cytoplasmic interface of the integrin. These signals are thought to induce
conformational integrin activation due to integrin extension and head-piece activation
before the integrin encounters its ligand. This pre-ligand binding conformational
activation has not been observed for the lymphocyte integrin VLA-4 despite strongly
increased chemokine-triggered VLA-4-mediated cellular adhesion under force,
implicating a non-canonical VLLA-4 activation. Here, we scrutinize with single-molecule
force spectroscopy and fast camera flow chamber studies the VLLA-4-activation triggered
by the chemokine SDF-1. We observe on the single-molecule level in living cells a
strengthened bond of the integrin VLA-4 to its endothelial ligand VCAM-1 caused by a
drastically stiffened VL A-4 environment. This implicates chemokine signaling in a new
mechanical level of integrin activation, which facilitates conformational changes in the

integrin ectodomain post- rather than pre-ligand binding.



Introduction. Integrins are heterodimeric cell adhesion receptors involved in the

immune response, hemostasis, cancer metastasis and in auto-immune diseases. Integrin
mediated cellular adhesiveness is modulated by intracellular and extracellular signals. The
ability of integrins to respond to endothelially presented chemokine signals is crucial for the
leukocyte recruitment to the target tissue and their homing to lymph nodes (Alon et al., 2003).
This in situ activation of lymphocyte integrins initiates firm cell adhesion within subseconds
(Grabovsky et al., 2000). Classically, chemokines are thought to modulate integrin affinity via
inside-out signaling involving conformational re-arrangements prior to ligand binding
(Kinashi, 2005; Laudanna and Alon, 2006). This canonical conformational integrin activation
by chemokines was demonstrated for the lymphocyte integrin LFA-1 (Shimaoka et al., 2006).
However, for the lymphocyte integrin VLA-4, no activation epitopes were detectable after
exposure of cells to prototypic integrin activating chemokines like SDF-1 (CXCL12), and
VLA-4 affinity to soluble VCAM-1 was not altered by such exposure (Manevich et al., 2007;
Shamri et al., 2005). Therefore, classical models of signal-induced affinity increase of the
integrin cannot explain the effect of the chemokine SDF-1 on VLA-4-mediated cellular

adhesiveness.

Firm VLA-4 mediated lymphocyte adhesion is physiologically triggered when
lymphocytes encounter VCAM-1 in juxtaposition to integrin-stimulatory chemokines
displayed on blood vessel endothelial cells (Grabovsky et al., 2000). SDF-1, the ligand of the
Gi-protein coupled receptor (GPCR) CXCR-4 (Lapidot et al., 2005), is the most potent VLA-4

stimulatory chemokine tested to date. However, even the potent signals of the chemokine



SDF-1 and other chemokines failed to induce firm T-lymphocyte adhesion in the absence of
external forces (Woolf et al., 2007), demonstrating the need for two external stimuli for firm

VLA-4 mediated cell adhesion, one biochemical (SDF-1) and the other mechanical (force).

This led us to hypothesize that potent, VLA-4 activating chemokines such as SDF-1, if
immobilized to surfaces, induce mechanical changes in the integrin environment, facilitating
an enforced conformational activation of the integrin only post-ligand binding rather than pre-
ligand binding. To test this hypothesis, we used singe-molecule atomic force microscopy
(AFM) on living T-lymphocytes. We found an SDF-1-triggered increase in the strength of the
VLA-4/VCAM-1 bond. The increase in bond strengths was accompanied by a decrease in
bond-duration together with a stiffer integrin environment as a result of Gi protein signaling.
Furthermore, we demonstrated with fast-camera flow chamber studies that the SDF-1
triggered increased bond strength drastically enhances VLA-4 mediated cellular adhesiveness
to VCAM-1 under shear flow. Our results on both the single molecule level and on the cellular
level suggest that the receptor crosstalk between CXCR-4 and VLA-4 involves a mechanical
modulation of VLA-4 adhesiveness. The ability of the cell to influence adhesiveness by
specifically altering its mechanics constitutes a new level of chemokine-triggered cellular

adhesion regulation.



Results and Discussion. A living lymphocyte presenting and regulating the

integrin VLA-4 was attached to the AFM cantilever and gently pushed onto a ligand-
functionalized substrate. The indentation force was set to be ~100 pN. After a dwell time of
0.1 s, the cantilever together with the attached T-lymphocyte was retracted (Figure 1). The
VCAM-1 density on the substrate was optimized to reach adhesion rates below 30%. This
ensured that the majority of ruptures corresponds to single-molecule events (Benoit et al.,
2000; Benoit and Gaub, 2002). The VCAM-1 coating density, at which we reached this
adhesion rate, corresponds to 100 sites/um?®. With this density, the average distance between
the VCAM-1 molecules on the surface is larger than the average radius of a microvillus, a
strong indication for the observation of single-molecular interactions when observing a single

rupture in the force-distance curve.

The force-distance curves obtained with the AFM were recorded with pN accuracy and
evaluated. Since physiologically, endothelial chemokines are presented in juxtaposition to
integrin ligands (Lapidot et al., 2005), we compared the interaction of the lymphocyte integrin
VLA-4 and its ligand VCAM-1 in the presence and absence of the chemokine SDF-1 co-
immobilized with VCAM-1. Importantly, VCAM-1 density was kept constant with and
without co-immobilized SDF-1. During the chosen contact time of 0.1 s, VLA-4 can readily
be activated by juxta-posed chemokines, as was shown in previous studies(Grabovsky et al.,

2000).

Using AFM, we found that SDF-1 co-immobilized to VCAM-1 exerted significant effects

on the distribution of rupture forces. The median of rupture forces increased from 23.9 pN in



the absence of SDF-1 to 30.2 pN in the presence of SDF-1, a highly significant rise (p<0.001).
Only in the presence of co-immobilized SDF-1, more than 50% of the ruptures showed

rupture forces of >30 pN (Figure 2). In contrast to this chemokine triggered VLA-4 activation,

artificial integrin-activation introduced with 5SmM Mg2+ in the absence of Ca2+, conditions
known to activate the integrin ectodomain independent of inside-out signaling, did not

strongly influence the distribution of rupture forces (Figure 2).

To test whether the SDF-1 triggered strengthened adhesion is induced by a mere increase
of the surface adhesiveness to the T-cell due to the co-immobilization of the chemokine or
caused by the signaling of the chemokine through its Gi-protein coupled receptor CXCR4,
present in the T-lymphocyte, two controls were performed: first, the cells were pre-treated
with pertussis toxin (PTX), a toxin that inhibits Gi-protein signaling and blocks integrin
activation(Grabovsky et al., 2000; Shamri et al., 2005), but does not interfere with SDF-1
binding to CXCR4. Second, we co-immobilized P2G, a non-signaling point mutant of SDF-1.
P2G binds with similar affinity to the chemokine receptor, CXCR4, but fails to mount any Gi-
protein activity (Crump et al., 1997; Grabovsky et al., 2000). Notably, the pre-treatment of the
cells with PTX reverted the effect of co-immobilized SDF-1 (Figure 2). Furthermore, the P2G
co-immobilized with VCAM-1 had no significant effect on the rupture forces of VLA-4
interacting with VCAM-1 alone. These two findings collectively indicate that the observed
increase in rupture force of the VLA-4/VCAM-1 bond triggered by co-immobilized SDF-1
involves G-protein signaling to VLA-4, but is not caused by a mere co-adhesive interaction

between CXCR-4 and the immobilized SDF-1.



The rupture forces had a bimodal distribution only after co-immobilization of SDF-1. The
lower peak of the bimodal distribution at 19.5 pN compared well with the maximum of the
force distribution obtained with VCAM-1 alone at 22.5 pN, while the higher peak at 31.5 pN
did not appear without co-immobilized SDF-1. The bimodal distribution is an indicator of the
co-existence of at least two populations of the VLA-4 on the surface of T cells after
interacting with the VCAM-1/SDF-1 substrate. The detection of these subsets requires the use
of studies on the single molecule level. One subset of VLA-4 is activated by SDF-1, while the
other subset remains non-activated. The distribution of rupture forces is dependent on the
basal off-rate of the integrin-ligand bond. However, the stiffness of the linkage that anchors
the integrin to the membrane and the underlying cytoskeleton of the T-lymphocyte has the
identical influence on the rupture force as has the basal off-rate (Evans, 2001). Therefore, the
bimodal rupture force distribution indicates that for the SDF-1 activated subset of VLA-4
integrins, the kinetics of the VLA-4/VCAM-1 bond or the stiffness of the environment of

VLA-4 (or both) are modulated by the co-immobilized SDF-1.

Surprisingly, the duration of the cell-to-substrate adhesion mediated by single VLA-
4/VCAM-1 interactions did not increase by SDF-1 triggered G-protein signaling. Rather,
SDF-1 induced significantly shorter rupture lengths and short-lived bonds. The rupture length
decreased from a median of ~620 nm in the absence of SDF-1 to a median of ~310 nm in the

presence of SDF-1 (p<0.001). In contrast to SDF-1 co-immobilization, the treatment of the T-

lymphocytes with 5 mM Mg2+ did lead to longer rupture lengths with a median of ~1100 nm,



an indication of slower dissociation kinetics of the VLA-4-VCAM-1 bond or of the existence

of multiple bonds in the presence of this integrin activating cation (Figure 2).

Taken together, the effect of SDF-1 signaling on rupture force and length of the VLA-
4/VCAM-1 bond cannot be explained by a mere chemokine-induced affinity modulation of
this bond. A pure decrease in the basal off-rate would stimulate longer ruptures, as observed
for the Mg ** activated integrins, in contrast to the here observed effect caused by SDF-1. An
increase of the basal off-rate, which would induce shorter ruptures, would on the other hand

lower the average rupture force, again in contrast with our findings.

To scrutinize the additional modulatory effects caused by SDF-1 signalling, we
examined the mechanical changes stimulated by the ultra-short T-cell interaction with the
immobilized SDF-1. To this end, we went on to deduce the mechanical properties of the T-
lymphocyte in close vicinity to the probed receptors from the AFM force-distance curves. The
shape of the force-distance curves is determined by the integrin anchorage within the cell
(Evans and Kinoshita, 2007). Since the bimodal force distribution revealed the existence of at
least two receptor populations, we separately analyzed the high- (>25pN) and the low-
(<25pN) force population, comparing cells that encountered VCAM-1 alone with cells
interacting with SDF-1 co-immobilized to VCAM-1. As a measure for the mechanics of the
local VLA-4 environment in the T-lymphocyte, we analyzed the initial slope of the force-
distance curve, revealing the early force-loading of the receptor-ligand bond. Only force
curves with one single rupture were analyzed. Our measurements show that this initial slope
(Figure 3A) was strongly influenced by SDF-1 signaling. Interaction of the cell with SDF-1

co-immobilized to VCAM-1 increased the initial slope from 0.26 pN/nm in the absence of



SDF- to an initial slope of 0.51 pN/nm in the presence of SDF-1 for the high force population.
For the non-activated low-force population, on the other hand, the initial slope is significantly
less increased from 0.23 pN/nm in the absence of SDF- to an initial slope of 0.38 pN/nm in

the presence of SDF-1 (Figure 3).

Although the low-force population displayed unaltered rupture forces compared to the
untreated cells, these ruptures still exhibited steeper force curves in cells interacting with
SDF-1. The unaltered rupture force of this receptor population indicates that the majority of
VLA-4 in this population are non-activated integrins that are less strongly attached to the
cytoskeleton compared to the SDF-1 stimulated VLA-4 receptors that mediate the high force

population. However, the shorter ruptures show a global cellular stiffening.

AFM measures with high precision the response of a single receptor-ligand bond to force.
As the force probe detaches and moves away from the adhesive substrate, it minimizes the
probability of rebinding between cell-surface receptors and immobilized ligands on the
counter-surface. However, cells adhering to an adhesive substrate under shear flow can
stabilize a multifocal contact area usually generated by microvilli, of which each can rebind
after local attachment of a neighbor microvillus (Schwarz and Alon, 2004). Notably, the
geometry of force application is also different in the AFM setup than in the blood stream: in
the AFM, the force is exerted perpendicular to the surface, while in the blood stream, it is
exerted parallel to the surface. These two factors may strongly affect the adhesiveness of the
cell under force. To examine, how the observed stiffening of the receptor anchorage affects
VLA-4 mediated adhesions under shear flow mimicking the blood stream, we performed flow

chamber studies using the same T-cells and identical substrates functionalized by VCAM-1



with co-immobilized SDF-1. Cell interactions were monitored by fast camera video-
microscopy, which provided a 10 fold higher temporal resolution than previous flow chamber
measurements of VLA-4 activation by immobilized SDF-1 (Grabovsky et al., 2000). As
reported earlier (Grabovsky et al., 2000), SDF-1 stimulated VLA-4 adhesiveness to VCAM-1
in a PTX sensitive manner (data not shown) and all adhesions were VLA-4-specific, as they
could be blocked with the selective VLA-4 blocker, Biol211. A significant increase in VLA-4
mediated cellular adhesion to VCAM-1 was triggered by co-immobilized SDF-1 (Figure 4).
Hence, the adhesion strengthening observed in the AFM experiments correlated with the
strong increase in the frequency of successful, VLA-4 mediated interactions in the flow

chamber.

Interestingly, in the flow chamber, two cell populations were observed on the adhesive
VCAM-1 coated surface, when SDF-1 is co-immobilized: in the ultra-short adhesion regime,
VLA-4 stimulated by SDF-1 supported significantly more interactions with VCAM-1 with
dwelling times in the range of <0.1 s. These adhesions dissociated faster than the adhesive
interactions of VLA-4 with VCAM-1 in the absence of SDF-1 (Fig. 4). In the long adhesion
regime, the VLA-4/VCAM-1 mediated cellular off-rates under force were comparable
between the SDF-1 stimulated T-lymphocytes and the off-rates of resting cells in the absence
of co-immobilized SDF-1 (Figure 4). Hence, also in the flow chamber two subsets of
receptors, one activated and one non-activated, can be resolved. Further dilution of VCAM-1
did not further increase the off-rate of VLA-4 mediated interactions. Therefore, the observed
distributions of cell attachments suggest that under these experimental conditions of low-

density VCAM-1 coating, the flow chamber approaches the single-molecule limit and that



even very few integrin-ligand bonds are sufficient to hold the cell to the VCAM-1 substrate

with co-immobilized SDF-1.

Collectively, the flow chamber and AFM data show that a threshold strength of the
molecular bond is required to adhere the cell under the influence of the laminar blood flow
that prevails in post capillary venules, where most physiological VLA-4/VCAM-1 interactions
take place. We describe a new modality of VLA-4 activation whereby SDF-1 increases the
VLA-4-VCAM-1 bond strength by stiffening the receptor environment. Thus, the altered force
loading of single, SDF-1 stimulated VLA-4/VCAM-1 bonds observed in the AFM is the basis
for the dramatic SDF-1 triggered rise in productive VLA-4 attachments to VCAM-1 measured
in the flow chamber. Our force-spectroscopic results of single VLA-4 bonds in living T-cells
strongly suggest, that at least two populations of this integrin coexist on the surface of cells
after in situ activation by immobilized SDF-1. As judged from the steep increase in force after
cellular stimulation with immobilized SDF-1, we conclude that one set of VLA-4 is directly
bound to the cytoskeleton, probably via the association of paxillin and/or talin with the
cytoplasmic tails of the alpha4 and betal subunits, respectively(Alon et al., 2005; Manevich et
al., 2007). The activation of the VLA-4 in living T-lymphocytes occurs in less than 100ms and

results in a drastically changed receptor environment.

The attachment of a receptor to the cytoskeleton prevents membrane-tether pulling.
However, the actin-rich microvillus becomes stretched, leading to a steep increase in force
with time (Evans et al., 2005). The cytoskeletal anchorage detected here to be in situ
stimulated by SDF-1 signals has been previously suggested to control the mechanical stability

of integrin and selectin bonds(Alon et al., 2005; Brakebusch and Fassler, 2003; Calderwood et



al., 2000; Dwir et al., 2001; Liu et al., 2000; Rosenthal-Allieri et al., 2005; Schwarz and Alon,
2004; Wiesner et al., 2005). Recently, it has been impressively demonstrated how the
mechanical properties of the extracellular matrix influence the behavior of cells. Depending
on the stiffness of the matrix, stem cells develop differently (Engler et al., 2006). In addition,
the migrational properties of cancer cells are dependent on the mechanical properties of the
environment (Zaman et al., 2006). Our present work is the first demonstration of a local
chemokine signal that stiffens the integrins environment and thereby increases the force
loading of the adhesive receptor. Therefore, our results are strong evidence that cells actively
modulate their own mechanical properties to influence the effect of force on the cells, and do

not only respond to the mechanical properties of the environment.

From a physical point of view, increasing the force-persistence of a molecular bond by
environmental stiffening is a general mechanism enhancing adhesiveness in the presence of
external forces also for integrins with chemokine-triggered conformational activation: It has
been shown (Evans and Ritchie, 1999) that the distribution of forces p(f) needed to break a
non-covalent protein-protein bond is equally dependent on the off-rate in the absence of forces
kqﬁ"o and on the mechanical properties of the environment, quantified by its compliance

c(f)=0z/0f, where z is the extension of the system and fthe applied force (equation 1):

PUf) =exp(f * x, 1kyT) /v e ki c(f)*exp(= [exp(f * x, [k, T) /v e ki o c(f) o df) (1).
Here, f is the acting force, x,the potential width, k, the Boltzmann constant, v the velocity of
force application, T the temperature, k,,’ the basal off-rate and c¢(f) the compliance of the
system. Stiffening the environment influences c(f), which as shown above has a direct impact

on p(f). This impact of the compliance is identical in magnitude to the influence of the basal



off-rate, koﬁf). Hence, the cell has at least two means of modulating the force-persistence of the
receptor-ligand bond: (1) by altering the basal off-rate koﬂo, which mostly can be performed by
regulated conformational changes and (2) by altering the mechanical properties of the receptor
environment, which changes the cells’ extensibility and thereby the compliance c(f). The
second possibility has the appeal to influence the receptor-ligand bond only in the presence of
external forces. Thus, environmental stiffening is a convenient implementation of an adhesion

strengthening force sensor independent of downstream signaling events.

This study opens up a wide field for probing rapid mechanical changes in single
transmembrane molecules by AFM, and for deducing the role of specific cytoskeletal

associations of the surface receptors in these changes.

Materials and Methods.

Reagents

BSA (fraction V), HSA (fraction V) and HBSS (without calcium/magnesium) were purchased
from Sigma-Aldrich. Recombinant human VCAM-1 (sVCAM-1, recombinant ectodomain of
the 7 domain human VCAM-1), SDF-1alpha (CXCL12) and anti-human CD43 mAb were
purchased from R&D Systems. BIO1211 was a generous gift from Blake Pepinsky (Biogen

Inc. Cambridge MA). The SDF-1 mutant P2G was given by Ronen Alon.

Cells

Jurkat T-cells were cultured in RPMI1640 (Biochrom AG) supplemented with 10% heat

inactivated FCS, 2mM L-glutamine and penicillin/streptomycin in 5% CO2 at 37°C. Just



before experimentation, the cells were rinsed with 5 mM EDTA and transferred to binding

medium (HBSS with 2 mg/ml BSA, 1 mM CaClz, 1 mM MgClz, 10 mM HEPES).

Substrate preparation

VCAM-1 was incubated over night at 4°C in the lid of a Petri dish in the concentration of

0.05-0.2 mg/ml together with the carrier protein HSA (2 mg/ml). This gives a VCAM-1

density of 100-400 sites/ umz as determined by radioimmunoassay (Grabovsky et al., 2000).
After VCAM-1 adsorption, the spots were washed four times with PBS and either blocked
with 2% HSA in PBS for >1 h at 4°C or incubated with SDF-1 (2mg/ml in PBS) for 3 h at
4°C. After SDF-1 adsorption, the spots were washed four times with PBS and blocked with
2% HSA in PBS for >1 h at 4°C. To test the mutant P2G, the same coating protocol as for

SDF-1 was used.

AFM measurements

The tip of the Si3Ni 4 cantilever (C lever, Park Scientific Instruments) was pinched off to

preclude cell injury. The spring constant was determined by thermal fluctuation analysis. The
cantilever was functionalized with 0.1 mg/ml of anti-CD43 mAb for 30 minutes at room

temperature.

The force spectroscopy experiments were conducted at 36+1°C in binding medium with a
home-built AFM (atomic force microscope). Immediately before the experiment, one cell was
immobilized to the cantilever and positioned above the spot coated with VCAM-1 or VCAM-
1 and SDF-1. The cell was pressed to the coated surface with a contact force of ca. 100 pN for

100 ms and then retracted with a piezo velocity of 3.4 um/s. In one experiment, 100-150



force-distance curves were recorded with the same cell. At least 750 force-distance curves per

setup were evaluated.

To ensure the specificity of the measured interactions, controls were performed either on
plain Petri dish or on VCAM-1 substrate after addition a small peptidomimetic, BIO1211 at a
concentration of 1 mg/ml. which blocks the ligand-binding pocket of the integrin VLA-4. It
was also tested, whether the chemokine SDF-1 shows adhesive properties in the absence of
VCAM-1. Under all these circumstances, hardly any interaction was observed Supplementary
Material). Furthermore, measurements on VCAM-1 and co-immobilized P2G, a mutant of
SDF-1, were conducted. P2G is known to be unable to induce intracellular signaling, though it
has a similar affinity to the CXCR-4 receptor as does wildtype SDF-1. To show the
involvement of G-protein signaling, controls with pre-treatment of the cells with pertussis
toxin were performed. To this end, the cells were treated with 100 ng/ml PTX for 8-15 h

before the experiment.

Laminar flow adhesion assays

Purified ligands were coated alone or with CXCL12 as described above. The
polystyrene plates were each assembled on the lower wall of the flow chamber (260 ym gap)

as previously described(Feigelson et al., 2001). Cells were perfused through the flow chamber

at the desired shear stress. All flow experiments were conducted at 37°C. Tethers were
defined as transient if cells attached briefly (< 2 s) to the substrate and as arrests if
immediately arrested and remaining stationary for at least 5 s of continuous flow. Frequencies
of adhesive categories within differently pretreated cells or rates of cell accumulation on

adhesive substrates were determined as a percentage of cells flowing immediately over the



substrates, as previously described(Grabovsky et al., 2000). Over 95% of cellular tethers to

VCAM-1 were blocked by pre-treating cells with BIO1211 (1 pg/ml).
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Figure Captions.

Figure 1.

Experimental setup. The experimental setup as well as an exampOle of the primary data are
shown. A. In the AFM, the cell is pushed onto the functionalized surface with a
defined indentation force for a pre-set dwell time and then retracted from the surface
with a constant velocity. During the dwell time, the cell can react with the proteins
immobilized onto the surface. We used two different setups: (1) only VCAM-1 was
immobilized to the surface; (2) SDF-1 was immobilized juxtaposed to VCAM-1. The
VCAM-1 density was kept constant in both setups. B. During retraction, the bonds
formed by the cell to the surface break. The force-distance relationship of this event is
recorded. C. From the force distance curve, the rupture force and the rupture length as
well as the initial slope of the force distance curves are determined. These values

change when the cell encounters co-immobilized SDF-1.

Figure 2.

Rupture Forces and Rupture Lengths. The results of the AFM measurements are
summarized as boxplots. A: Boxplots of the rupture force distributions. The grey-
shaded region corresponds to the 95% confidence interval of the VLA4/VCAM-1 bond
in the absence of SDF-1, while the red-shaded region corresponds to the 95%
confidence interval of the force distribution after SDF-1-activation. SDF-1 leads to

significantly increased rupture forces, an effect that is reversed by pre-treatement of



the cells with pertussis toxin (PTX). The SDF-1 point mutant P2G, which while
binding with similar affinity does not signal, has no significant effect on the rupture
forces. B: The distribution of rupture forces shows two distinct peaks after integrin-
activation by SDF-1. These two peaks are indicative of two different receptor types on
the surface. We postulate that the high-force population corresponds to SDF-1
activated integrins, while the low-force population corresponds to non-activated
integrins. C: Boxplots of the distribution of rupture lengths. The 95% confidence
intervals of VCAM alone (grey shade) and VCAM+SDF-1 (red-shade) are shown.
SDF-1 shortens the rupture length in a Gi-signaling dependent manner, while Mg2+

elongates it.

Figure 3.

Initial Slope. The initial slope as measure for cellular stiffness is shown. A: Typical force-
distance curves with (red) and without (black) co-immobilized SDF-1. The slope of the
initial part of the force curves was taken as measure for cell-mechanical changes. It is
indicated as a dashed line. B. SDF-1 leads to a significantly higher initial slopes,
indicative of a strong attachment of the probed receptor to the cytoskeleton after SDF-

1 triggered signaling.

Figure 4.
Flow-chamber results. Kinetics of formation and dissociation of transient VLA-4-mediated
interactions of Jurkat T cells with immobilized VCAM-1 coated alone or in the

presence of SDF-1 identically as in figure 2. A. The duration of all detectable



interactions were measured at a shear stress of 0.5 dyn/cm® and recorded with fast
camera at a 2 ms resolution. Shortest interactions yielded a first order dissociation rate
constant of 10.2s" and slow breaking interactions yielded a rate constant of 4.6s™
comparable to that calculated for interactions of resting T cells with VCAM-1 alone
with a rate of 4.0s'. B. The frequency of all adhesive interactions to VCAM-1 alone or
coimmobilized with SDF-1 determined as outlined in the methods section. A
representative experiment of three is shown. The frequency of interactions was
expressed as percent of cells passing nearby the substrate as described (Grabovsky et

al., 2000).

Supplementary Figure 1.

Relative Adhesion Rates. The absolute adhesion rate VCAM-1 coated surfaces in the
absence of SDF was 28%. This was set to 100% for relative rates. BSA coated Petri-
dishes or Petri-dishes coated only with SDF-1 showed hardly any interactions. The
VCAM-1 mediated interactions were blocked by the peptidomimetic BIO1211. Co-

immobilized SDF-1 did not increase the adhesion rate in the AFM.
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Chapter 4

Single Molecules and Multiple Bonds

Lymphocyte recruitment from the blood stream begins with an initial adhesive interaction
between the lymphocyte and the ligand-presenting endothelium. After the lymphocyte is
captured, the force of the blood flow is converted into a momentum on the cell [111]. The
cell pivots upon the adhesive bond so that the contact area between the lymphocyte and
the endothelium is enlarged and further adhesion receptors on the lymphocyte are given
the opportunity to bind to ligands. Hence, the cellular adhesion in the blood stream will
be dictated by the binding of multiple bonds [140]. In this setting, a bond may rebind
after dissociation, while the adjacent bonds hold the position. The cellular adhesiveness
is thus governed by the properties of the individual adhesion molecules, but also by their
distribution on and their anchorage in the cell. To fully understand this complex event
and to successfully dissect the roles of affinity and avidity within, it is desirable to link the
molecular properties to the adhesive behaviour of the whole cell in a bottom-up approach.

Here, we investigated the interaction between the major T-cell integrin VLA-4 and its
endothelial ligand VCAM-1 with single-molecule force spectroscopy in combination with
flow chamber assays. In the AFM setup, the boundaries are absorbing: If the adhesive
bond ruptures, the binding partners are further separated thus preventing rebinding events.
In addition, the binding of multiple bonds can be efficiently suppressed by the choice of
the experimental parameters, in particular by adjusting the ligand density on the substrate
[141]. The flow chamber, however, mimics the physiological situation in the bloodstream.
Here, the boundaries are reflecting [142], since rebinding is an important characteristic of
cell adhesion in the shear flow. We therefore used AFM experiments on cells to assess the
single-molecule properties of VLA-4, whereas the adhesive behaviour of the cell mediated
by this integrin was studied in the flow chamber. By extrapolating the adhesive properties
of the single receptor to the cellular adhesiveness in the shear flow, we developed a model
for the cellular adhesion times observed in the flow chamber. Furthermore, we scrutinised
the effect of the exogenous integrin activation with magnesium in both setups (see section
. Unexpectedly, we found that this activation leads rather to an increased number of
active integrins on the cell surface, than to a reduced basal off-rate.
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4.1 Single-Molecule Properties and Cell Adhesion in
the Shear Flow

In most physiological situations of cell adhesion, the binding partners are both constrained
to opposing surfaces. The binding constant governing this process is thus a two-dimensional
on-rate [143/144]. We deduced this rate from AFM experiments performed on different
ligand densities by fitting the following relation to the interaction frequency plotted against
the ligand density (compare appendix [A.1]):

7/Lbonds(t> = Ntot - Ntot : eikon.d.t (41)

where Ny, is the maximum number of available receptors, d the coated ligand density
in the contact area, t the contact time and k,, the two-dimensional on-rate in the units
area/time. From experiments on limiting VCAM-1 density, we derived furthermore the
basal off-rate and the potential width of the individual VLA-4/VCAM-1 bond by analysing
the distributions of rupture forces and rupture lengths with Monte-Carlo simulations based
on the force-distance relation of a Kelvin body (equation and on the equation for the
off-rate under force (equation . We next compared the characteristics of the adhesion
on low-density VCAM-1 mediated by a single bond with the effect of multiple bonds on
higher ligand densities. As expected, only the interaction frequency depends on the ligand
density, whereas the off-rate, the potential width, and the most probable rupture force all
remained constant for all densities.

The exogenous activation with concentrated magnesium in the absence of calcium dras-
tically raised the interaction frequency compared to that of resting conditions and also
increased the potential width of the molecular bond. Surprisingly, we could not detect any
effect of the activation on the basal off-rate of the integrin VLA-4 for limiting ligand den-
sity. However, the basal off-rate did appeared to be significantly reduced for higher ligand
densities on activating conditions. This dependence on the ligand density was attributed
to the formation of multiple bonds between the cell and the functionalized surface, even
though rebinding is minimised in the AFM setup.

In the flow chamber, stabilising the high-affinity conformation with magnesium in-
creased the frequency of T-cell attachments to VCAM-1 and also prolonged the lifetime
of the interactions. In order to interpret the cellular adhesiveness by extrapolating the
molecular characteristics from the AFM experiments, we developed a relation based on
the on-rate, the basal off-rate and the potential width of the adhesive bond and also ac-
counted for rebinding effects (see appendix [A.2):

Mbon s(t)
ncells(t) — ncells(o) - ncells<0) . (]_ — eikffft> rond

Here, n.s(0) is the number of cells bound to the surface at time ¢ = 0, kfff is the off-rate
under force and the number of bonds npengs(t) is given by:

EondNyot FondNyot —kondt+kE, .t
onds(t) = —————— + onds(0) — ————— | - o off
Tions{£) kond + kL (”b w0 = a5 T
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The model demonstrated that more active receptors are available after the stimulation
with magnesium, thus corroborating our observations in the AFM setup. The presence
of multiple bonds reduces the effective force acting on the individual receptors. Together
with rebinding effects, this explains the prolonged cellular adhesion times and the increased
number of productive cellular attachments in the flow chamber setup.

Taken as a whole, our results suggest that the stimulation of the integrin VLA-4 with
magnesium increases the cellular avidity, while the intrinsic dissociation rate remains un-
changed. On circulating lymphocytes, a pool of resting integrins is expressed on the cell
surface [13]. Concentrated magnesium in the absence of calcium shifts the conformational
equilibrium in favour of the active structure and thus recruits receptors from the reservoir
of inactive integrins. The enhanced presence of functional VLLA-4 then leads to the forma-
tion of multiple bonds in dependence of the ligand density and to more cellular attachments
with a longer duration in the physiological setting.

These results have been submitted to the Biophysical Journal and are reprinted in

section [4.3]

4.2 Conclusions

Our results underline the importance of employing single-molecule studies in combination
with ensemble studies to dissect avidity and affinity effects in cellular adhesion at short-
lived contacts. Based on the molecular binding features, we proposed a model for the
cellular adhesiveness on the reflecting boundary conditions of the shear flow. By these
means, we discovered the outcome of the exogenous integrin activation with magnesium to
be an avidity-related effect rather than a modulation of the basal off-rate.

4.3 Publications

1. Linking Single Integrin Bond Properties to Cell Adhesiveness at Rapid Contacts gener-
ated under External Forces (submitted to the Biophysical Journal)
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Abstract

Cell adhesion is a complex event dictated by the properties of individual adhesion molecules. It is
desirable to link their individual properties to the adhesive behavior of a whole cell. Here, we
examine with atomic force microscopic (AFM) and flow chamber experiments how the
exogenous activation of the major T cell integrin VLA-4 affects the adhesiveness of T-
lymphocytes to the endothelial VLA-4 ligand, VCAM-1. The atomic force measurements are
performed on substrates with different VCAM-1 densities to compare the properties of single
adhesive bonds on low-density ligands with the effect of multiple bonds on higher ligand
densities. We determine the basal off-rate and the potential width of the single adhesive VLA-
4/VCAM-1 bond by Monte-Carlo simulations. We show that activating VLA-4 with magnesium
increases the potential width of the bond, but does not affect the basal off-rate of single VLA-4-
VCAM-1 bonds measured at low VCAM-1 density. At higher VCAM-1 densities, the apparent
off-rate of high avidity VLA-4/VCAM-1 interactions is significantly reduced by magnesium. In
the flow chamber, both the frequency of T cell attachments to VCAM-1 and their lifetime rise
after VLA-4 activation by magnesium. By extrapolating the single-molecule properties to whole
cells, we suggest that exogenous stimulation with magnesium increases the rate of VLA-4
rebinding to VCAM-1 rather than the off-rate of single VLA-4-VCAM-1 bonds.



Introduction

Cell-to-surface or cell-to-cell adhesion is of critical importance for a large variety of
cellular events, which is governed by adaptive, force-resisting receptors. The integrin family is a
prominent subclass of these receptors. Integrins are involved in diverse physiological and patho-
physiological events ranging from embryogenesis to tumor metastasis. They operate in a force-
exerting environment (1,2). Hence, when probing integrin-ligand interactions, applied forces
should be an integral part of the experiments. Integrin adhesiveness is modulated both by affinity
and avidity to surface-bound ligands (3): Affinity describes the binding properties of a single
molecule, which varies due to different kinetic rates - caused for example by conformational
changes. In contrast, avidity characterizes the overall adhesiveness of the whole cell, depending
on both the number and the affinity of single receptor molecules (2-8). Approaches that can
discriminate between both contributions are desired. Single molecule studies in comparison to
ensemble studies are ideally suited for this task. In single molecule studies, avidity effects can be
suppressed by design. They are, nevertheless, included in ensemble measurements.

Atomic force spectroscopy is perfectly capable of probing cell adhesion on the single
molecule level in a force-exerting environment. It is able to measure and analyze single receptor-
ligand bonds in a physiological environment with living cells (9,10). In the AFM setup, the cell is
attached to a cantilever and put into contact with a functionalized surface at a pre-defined
indentation force and dwell time. During contact, the receptors can diffuse to the ligands and
form bonds, depending on the two-dimensional on-rate (Fig. 1). During retraction, both the
receptor-ligand rupture forces as well as the cellular adhesion time are measured. When probed
by an AFM, the receptor-ligand bonds break in a stochastic Markov process (11). Knowing the
time-evolution of the force loading on the bond, important bond properties such as the basal off-
rate and the potential width can be determined from Monte-Carlo simulations (12,13).

For dissecting affinity from avidity effects in the ensemble measurements, the single
molecule properties as determined by the AFM are mandatory. In order to extrapolate the AFM
data to ensemble measurements, a model is needed that describes the cellular behavior in the
ensemble measurement starting from the single molecule properties. The AFM operates under an
absorbing boundary condition (14): no bond can re-form once broken (Fig. 1). In the blood
stream, however, the boundary is reflecting (Fig. 1): individual cell-to-surface bonds can rebind
after breakage, as long as the rotating cell encounters ligand and rebinds to the surface (14). Thus,
the kinetic analysis of the cellular adhesion times in the blood stream has to take rebinding into
account. The blood stream is well approximated by flow chamber experiments. In these
experiments, the adhesiveness of the whole cell under the influence of the shear stress of a
laminar flow is measured by video microscopy at the desired temporal resolution (Fig. 1), and
rebinding can occur unless the ligand is highly diluted (15). For the inclusion of rebinding, the
two-dimensional on-rate, which is limited by the diffusion of the receptor through the membrane
(16), has to be known.

Here, we probe the interaction of the integrin VLA-4 on Jurkat lymphocytes with its
natural ligand VCAM-1 both by AFM and in a flow chamber. Deduced from the AFM
measurements conducted with different ligand concentrations, we derive a two-dimensional on-
rate of the VLA-4/VCAM-1 bond. By analyzing the distributions of the rupture forces and of the
rupture lengths with Monte-Carlo simulations, we determine the basal off-rate and potential
width of this bond. We show that on the lowest ligand density the activation by magnesium does
not significantly alter the off-rate in comparison to resting conditions. Only for higher ligand
densities does the stimulation with magnesium lead to an apparently lowered off-rate. This



dependence on the ligand-density in the AFM setup can be explained by the formation of
multiple bonds between the cell and the functionalized surface, even when rebinding is
minimized.

With the possibility of rebinding in mind, we derive a simplified model for the cellular
adhesion times measured in the flow chamber based on the AFM data. Using this model, we
show that the presence of multiple bonds together with rebinding effects can explain the effect of
magnesium on VLA-4 adhesiveness observed in the flow chamber. Furthermore, we determine
the effective force acting on each single bond in the flow chamber. After magnesium stimulation,
multiple bonds share the load of one tether so that the effective force is reduced and the lifetime
of the cellular adhesion is prolonged.

Material and Methods

Reagents and antibodies

Recombinant human seven-domain VCAM-1, recombinant anti-human CD43 mAb were
purchased from R&D Systems. BSA (fraction V), HSA (fraction V) and Ca**/Mg**-free HBSS
were obtained from Sigma-Aldrich. Biol211 was a gift from Blake Pepinsky (Biogen Inc.
Cambridge MA).

Cell culture

Jurkat cells were maintained in RPMI1640 medium (Biochrom AG) supplemented with
10% heat-inactivated FCS, 2 mM L-glutamine and penicillin/streptomycin in 5% CO, at 37°C.
The constant expression of the integrin VLA-4 on the cells was checked by FACS.
Before the AFM measurements, cells were washed with 5 mM EDTA and re-suspended in HBSS
medium containing 2 mg/ml BSA, 1 mM CaCl,, | mM MgCl, and 10 mM HEPES (herein
referred to as cell binding medium).

Substrate preparation

The lids of Petri dishes were coated by incubating spots over night at 4°C either with 0.2
ug/ml, 0.1 pg/ml, 0.05 pg/ml, 0.025 pg/ml or 0.0125 pg/ml VCAM-1 and carrier protein 2 pg/ml
HSA together with an heat-inactivated protein as inert spacer as described earlier (17,18). The
site density of the coated VCAM-1 ranged from 50 sites/um® to 800 sites/mm’ (17).
Radioimmunoassays confirmed VCAM-1 coating to be linear to the input ligand over the entire
range of coating (19). After adsorption, the spots were washed four times with PBS and blocked
with 2% HSA in PBS for >60 minutes at 4°C.

AFM measurements

All force spectroscopy measurements were performed at 36+1°C in cell binding medium
using a previously described atomic force microscopy (AFM) apparatus (9). The tip of a Si;N,
cantilever (C Lever, Park Scientific Instruments) was removed to prevent cell damage. One leg of
the cantilever was broken to reduce the spring constant to ~5.5+1 pN/nm, which was calibrated
by thermal fluctuation analysis as reported earlier (20,21). The cantilever was then incubated with
0.1 mg/ml of anti-CD43 mAb for 30 minutes at room temperature. Just before the experiment, a
single cell was immobilized on the cantilever and positioned above the coated VCAM-1. The
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cantilever was lowered until a contact force of ca. 50-100 pN was reached (Fig. 1). After a
contact time of 300 ms, the cell-bearing cantilever was retracted from the surface with the piezo-
actuator at a retraction velocity of 3.4 um/s, which is in the range of physiological velocities for
T-lymphocytes (22). For each cell, 50-100 force curves were collected in one experiment; for
each setup, at least five cells were measured. A setup is defined as a certain coating density under
certain ionic conditions.

To assure that the measured interactions are specific, controls were performed either on an
uncoated Petri dish or on VCAM-1 coated substrates by including a VLA-4 blocking agent,
Biol211. This small ligand used at a concentration of 1 ug/ml was found to specifically,
saturably and reversibly block the ligand-binding pocket of the lymphocyte integrin VLA-4
(23,24).

Laminar flow adhesion assays

Purified ligands were coated on polystyrene plates as previously described (19). The
polystyrene plates were each assembled on the lower wall of the flow chamber (260 ym gap) as
previously described (25). Cells were washed with cation-free medium, resuspended in cell
binding medium and perfused through the flow chamber at the desired shear stress (Fig. 1). All

flow experiments were conducted at 37°C. The shear flow was kept constant at 0.75 dyn/cm’.
The cellular adhesion frequencies were expressed as percentage of cells flowing immediately
over the substrates (19,26). The duration of individual adhesive interactions were determined as
described (19,26).

Theory

Off-rate and Potential Width

If single, statistically independent bonds are probed, bond breakage forced by the AFM is
a stochastic Markov process. Not a single rupture force, but a probability distribution of forces is
observed in the experiments (11,27). This distribution can be simulated with Monte-Carlo
simulations. During the retraction of the receptor from the ligand-coated surface, the probability

of bond rupture py,,....(7) is described by p,,,u. () =1—exp(—k(;. . t). Here, the off-rate under

force is:

kyy = kyy .exp(n%?f ) (equation 1)

b

koﬂo is the basal off-rate and F' the external force distributed over n bonds; f, =kB—T is the

characteristic force of the bond scaled by the thermal energy k;T and y is the potential width of
one molecular bond. As the velocity of the retraction v is constant, the time increment dt is
equivalent to an increment of distance dz and the probability iS p,,,..e.(z). During the retraction, a
force F is applied to the receptor-ligand bond. It has been shown that the force-distance
relationship when pulling membrane tethers with transmembrane receptors is described by (28):

F(2)=k,z+g'v- g-v-exp(—ﬂ) (equation 2)
8V

k; represents the initial bending elasticity of the membrane, g is the viscosity of the slip of the
membrane over cytoskeletal components and £, is the elasticity of the pulled membrane tether. To
simulate the distributions of rupture forces and rupture lengths with Monte-Carlo simulations, we
used k; = 0.26+0.15 pN/nm, k, = 0.0016x0.0016 pN/nm, g = 5.9+1.5 uN-s/m for resting



conditions and k;, = 0.19+0.1 pN/nm, k, = 0.0009+0.0009 pN/nm, g = 6.0+0.8 uN-s/m for
activating conditions as measured before (28):. In addition, a Gaussian noise of 5 pN was added
to the force. With this, the force acting on the bond and the probability of bond breakage
Phreakage(7) €an be calculated at any distance. The probability is then compared to a random number
between 0 and 1. If this number is higher than p,,,..(z), the bond breaks and the force F and the
distance z are registered. If it is lower than p,,,..(z), the distance z is increased by an increment
dz and the calculation restarts. To obtain a force and a length distribution, we simulated a set of
data containing 500 ruptures. After simulating one set of data, the deviation ° between the
simulated and the experimental distributions was calculated. The algorithm minimized % by
varying the parameters k,,” and y using a genetic algorithm until the experimental distributions
were well matched by the simulated ones. We used 10 000 steps to optimize x’. With this
method, the molecular parameters k,’ and y can be estimated from the force and length
distributions (27). Due to the stochastic nature of both the rupture processes and the genetic
algorithm, not a single solution is found. We averaged over the 20 best solutions and determined
the standard deviation of this averaging as error estimate.

In a second scenario, we allowed the number of bonds per tether to increase in order to
estimate the effect of multiple bonds (n =< 20). For this, the molecular parameters k,,’ and y
determined from the single-molecule measurements on the lowest ligand density were kept fixed.
For each single simulation, a different n with 1 <n <20 was given. Thus, for the 500 simulations
of a single set of data as described above, we obtain a distribution of bonds per tether. During the
single simulation, the force F' was randomly distributed over all bonds, such that every bond was

. F . o
on average loaded with a force of F, .., =—.If one bond has ruptured, it cannot rebind in our
n

simulation, (14) and the bond number is reduced to n-/. This procedure is repeated, until all
bonds holding the tether have broken and the tether has ruptured. Since now the number of free
parameters is effectively 20 (each probability of n with n <20 is one degree of freedom), it was
too high for an automated adjustment. Therefore, we manually optimized the number of bonds by
iteratively altering the distribution of n in order to minimize % to a value comparable to the
automated optimization described above. With this, the average number of bonds n, per tether
can be estimated but not conclusively determined.

On-rate

During the retraction, we record the number of ruptures. As described above, we
furthermore estimated the number of bonds per rupture. Therefore, the number of bonds formed
can be calculated as the average number of ruptures times the average number of bonds per
tether. Since on resting cells, VLA-4 is not attached to the cytoskeleton and is therefore free to
diffuse in the membrane, the number of formed bonds is diffusion-limited and depends on the
two-dimensional on-rate (27,29,30). With the assumption that the number of bonds breaking
during the contact time can be neglected (the contact time is 0.3 s, and, as shown below, the off-
rate is 1.2 s”'), and assuming an infinite reservoir of receptors on the cell, the number of bonds is

described by the differential equation w =k, *d*(N,, —n,,.®D). For n,,,(0)=0, this
!

yields:
n(t)y=N, -N, e’ (equation 3),
where N,, is the maximum number of available receptors, d the coated ligand density in the
contact area, ¢ the contact time and k,, the two-dimensional on-rate in the units of area/time.

Thus, for a given contact time ¢, k,, can be determined by varying the ligand density.



Effective Force in the Flow Chamber

In the flow chamber, rebinding cannot be neglected, since multiple bonds hold the cell
and the cell has a chance to rebind to the ligand after bond breakage (Fig. 1) (31). Hence, the
appropriate differential equation for the number of receptor-ligand bonds between cell and
surface is:

dnbodndS(t) = kon ) d ) (Ntot - nbunds(t)) - ktf;f ’ nbonds(t) (equation 4)’
t

where k,, is the two-dimensional on-rate, N,,, the maximal number of available receptors, n,,,,(?)
the number of bonds at time ¢ and &, the off-rate under the acting force. We approximate that
the average force acting on the bonds in the shear flow is constant while the cell is adhering to the
surface, so that ;" is independent of time (31). This yields:

k()ﬂ ) d ) Nt{)t kon ) d ) Ntﬂ[
- 5 7T
k,, ~d+k, k,, - d+k,;
where n, is the number of bonds at time ¢ = 0. The force F of the shear flow acting on the cell is

shared among all the individual VLA-4/VCAM-1 bonds. Hence, if multiple bonds hold the cell,
the effective force on each bond is lower than for a single bond. Therefore, the off-rate k,;"

Mys(1) = exp(~(k,, - d +kly) 1) (equation 5),

depends on the average effective force on the individual bond f

effective

= L following equation 1.
n

A cell is detaching from the surface after the last bond has broken. This leads to the time
dependency for the cell adhesion:

n.,(t)=n_, 0)-n_,0) 1- exp(—kOﬁF “1))"+  (equation 6),

where n_,,(0) is the number of cells bound at time 7=0. For cells bound to the surface by a single
bond, equation 6 collapses to the kinetic description for a rupture process
n.,(t)=n,, (0): exp(—k;} -1). We determine k,,’, f, and k,, by AFM. The bond number of the

initial contact was assumed to be n,= I and the contact area between the cell and the surface was
estimated to be on the order of 10 ym® in the flow chamber (ca. 3% of the total cell surface -
Supplementary Fig. 1), neglecting cellular flattening. Since we are analysing short lived, initial
contacts, the assumption of round cells seems to be appropriate. The only free parameters in
equation 6 are then n,,,,(0), N,,, and kaﬁf .

Results
Contact Area

From the indentation curves, we determined a median Young modulus of 20 Pa, which is
in the reported range (32). With this, we estimated the contact area as previously described (33)
(Supplementary Fig. 1). For the contact force of 75«25 pN used here, we calculated an area of
37+5 um’. A coated ligand density of 50-800 sites/um’ corresponds therefore to a ligand density
d (see equation 3 and 5) in the contact area of 185-2960 sites/contact area.

Rupture Forces and Rupture Lengths
To measure the cellular adhesion mediated by the integrin VLA-4 with AFM, we functionalized
the surface with different densities of the ligand VCAM-1. Furthermore, we used two different



buffers: first, a buffer with physiological ion concentrations of 1 mM Ca** and Mg** and a second
integrin-activating buffer supplemented with 5 mM Mg** and depleted of Ca** (34,35).

The average of the median rupture length and the median rupture force remained
approximately constant for all ligand densities under resting conditions at 1.0+0.24 ym and
19.5+0.62 pN, respectively. In contrast, for activating conditions the median rupture length as
well as the median rupture force increased with higher ligand densities from 0.7 ym and 22.0 pN
for the lowest density to 4.1 ym and 26.2 pN for the highest density (Fig. 2).

Off-rates and Potential Width assuming a Single Bond

From the distributions of the rupture forces and the rupture lengths, we determined the
potential width y and the basal off-rate koﬁf) with Monte-Carlo simulations (Fig. 3). First, the
simulations were conducted assuming one single bond (n = 1 in equation 1). For resting
conditions, the off-rate and the potential width turned out to be both independent of the ligand
density (Fig. 2A). The average off-rate for all densities was determined as k,,” = 1.240.3 s and
the potential width as y = 0.18+0.03 nm. Activating conditions raised the potential width to
0.44+0.07 nm. Interestingly, the off-rate appeared to become dependent on the ligand density
after activation. As deduced from the simulations assuming single bonds, the basal off-rate
decreased from 0.92 s™ for the lowest measured ligand concentration to 0.04 s for the highest
concentration. Thus, for the lowest ligand density, the off-rate remained unchanged for
magnesium-activated integrins compared to resting integrins. Just for higher ligand densities, the
stimulation with magnesium apparently reduced the basal off-rate.

Multiple Bonds.

To test whether multiple bonds on a single tether possibly caused this dependency on the
ligand density, we altered the number of bonds 7 (see equation 1) in the Monte-Carlo simulations
for the higher densities under activating conditions. We approximated the setup of 50 sites/um’ in
the presence of 5 mM magnesium to be in the single-molecule regime. Two arguments favour
this approximation: first, the value of the off-rate for the lowest ligand density under activating
conditions was in the same order as the values obtained under resting conditions; and second, the
adhesion rate was on the order of 30%, rendering single bonds very likely (9,36). Thus, we kept
the off-rate and potential width at 0.92 s and 0.44 nm of the lowest ligand density under
activating conditions and increased the number of bonds n per tether to fit manually the
experimental force and length distributions (see Theory). With each new set of data, the
distribution of the bond numbers were iteratively and interactively adjusted to minimize 7. For
the higher concentrations under activating conditions, we were able to fit the force and length
histograms with similar accuracy as under resting conditions only under the assumption of
multiple bonds (Fig. 3). The average number of bonds 7, of our best fit was 4.0 for 100 sites/um’
and 7.8 for 200 sites/um’.

On-rate

In order to determine the two-dimensional on-rate k,, under resting conditions, we fitted
the numbers of observed ruptures with equation 3 (Fig. 4) and obtained a k,, of 9-10* ym?s™ and
a N, of 1.0. Here, we are in the single molecule regime for all ligand densities, therefore the
number of recorded ruptures is identical to the number of bonds. To estimate the error in this
value stemming from the uncertainty in the contact area and from cellular fluctuations in the bond
formation, the minimal on-rate was determined by fitting the minimal number of ruptures



assuming the maximal contact area; vice versa, the maximal on-rate was obtained. This yielded a
range for the on-rate of 4-10* — 1.4:107 ym’s™'.

Magnesium-activation of the integrins strongly increased the adhesion rate. Due to an
accompanying increase in the average rupture length exceeding the instrumental range, we were
unable to perform AFM experiments at ligand densities exceeding 200 sites/um” in the presence
of magnesium. We could therefore not determine k,, for magnesium-stimulated integrins.
Howeverl, the measured on-rate for resting integrins is in good agreement with the literature
(37,38): Chigaev et al. and Chen et al. measured a three-dimensional on-rate of 2.5:10° /M-s and
2.7-10° /M-s, respectively. With the factor n = 10* /M'm’* for the conversion of the three-
dimensional into a two-dimensional dissociation constant (8,39,40), this corresponds to a two-
dimensional on-rate of 3-10* ym’s™, in good agreement with our value. Thus, it is reasonable to
approximate a two-dimensional on-rate of 1-10* gm’s" for the activating conditions, which is
calculated from the three-dimensional on-rates reported for the stimulated integrin VLA-4
(37,38) using 1. Although we did not reach the saturation level, it is obvious that the saturation
plateau is much higher compared to the plateau under resting conditions (Fig. 4). This indicates
that the maximum number of available receptors N,, is higher (equation 3).

Flow Chamber Measurements

Next, we investigated the adhesion of cells bearing either resting integrins or magnesium-
activated integrins in the flow chamber. This experimental setting resembles more the
physiological conditions of the blood stream: in this setup as well as in the blood stream, the
force acts horizontally on the cell and the receptors can rebind (reflecting boundary (31)) (Fig. 1).
Here, we probed the cells at a VCAM-1 density of 100 sites/um? again under physiological and
integrin-stimulating buffer conditions. Below this density, no detectable interactions could be
observed under the shear stress used throughout the experiments. The sehar stress used is within
the lowest physiological stress range. The total number of adhering cells of the magnesium-
treated cells was significantly increased compared to the untreated cells (Fig. 5). Furthermore, a
first order kinetic analysis yielded a reduced off-rate under force of ;" = 1.2 s for activating
conditions as opposed to k,; = 3.8 s for resting conditions (Fig. 4). In order to extrapolate the
single-molecule properties measured in the AFM setup to the cellular adhesive properties
measured in the flow chamber setup, we used equation 6. For this, we estimated the total contact
area between cell and surface to be on the order of 10 ym* (Supplementary Fig. 1) neglecting
cellular flattening for these short contacts, which yields 1000 VCAM-1 sites per contact area at
the tested coating density. k,,, koﬁo and y were taken from the single-molecule AFM experiments.
For the activating condition, k,, was taken from the literature and concerted to 2-dimensional
conditions(37,38). k, fO and y were taken from the AFM measurements at the lowest ligand
concentration, which is still in the single-molecule regime. The fit of the adhesion times in the
flow chamber with equation 6 (Fig. 5) yields a molecular off-rate under force of &, = 6.7 s™ for

resting conditions and k ,/ = 2.7 s for activating conditions. The force acting on the cell under
g off g g

the used conditions is on the order of 100 pN. With the relation k(;f = kgﬁ, ~exp(%) and the
b

basal off-rates obtained from the AFM experiments, a maximum number of available receptors

N,,, =430 and an effective force ..., = 14 pN is determined for magnesium-treated cells and N,,

= 104 and f,.;,. = 41 pN for untreated cells. Thus, the stimulation with magnesium leads to more

frequent adhesive interactions in the flow chamber setup, due to an increased density of active

VLA-4 within the contact area. With this, the force from the shear flow is distributed over more



bonds under activating conditions and the effective force on the single bonds is correspondingly
lowered allowing longer contact duration and higher rebinding probability.

Discussion

Cell adhesion is influenced by both the on- and the off-rate of the receptor-ligand bond. In
ensemble measurements like the flow chamber, the relative contribution of these two parameters
is difficult to dissect. In the AFM, on the other hand, we have an exquisite control over the cell-
on-surface contact time. Choosing sufficiently short dwelling periods renders the off-reaction
during contact negligible. Moreover, during the retraction of the cantilever, rebinding is
effectively suppressed, so that the on-rate can be neglected, provided that the experimental
conditions are well chosen. Hence, the on-rate can be separated from the off-rate, and the relative
contribution of each to the overall cell adhesiveness can be estimated.

On-rates

The importance of two-dimensional on-rates being the relevant rates for physiological
situations has been outlined before (8,16,27). Yet, this parameter is not easily accessible as it
strongly depends on the contact time and area between the cell and the substrate (see equation 3)
(27,29). For resting conditions, the two-dimensional on-rate of 9-10* ym’s" determined in this
work agrees well with the literature (37,38), if one converts the reported three-dimensional on-
rates into two-dimensional ones (8,39,40). For the activating conditions, we used the on-rates
reported in the literature (37,38) and observed a more than ten-fold increase in the number of
functional receptors. This suggests that the stimulation of the integrin VLA-4 with magnesium
activates a reservoir of otherwise inactive integrins constitutively present on the cell surface.

AFM Measurements under Resting Conditions

From the distributions of rupture forces and rupture lengths, we obtained the potential
width and the basal off-rate of the molecular bond between the cellular VLA-4 and its ligand
VCAM-1 using Monte-Carlo simulations. We tested two different scenarios emulating 1) one
single bond and 2) multiple bonds for the connection between the membrane tether and the
surface. If we assume only one single bond (n = 1), we obtained for resting VLA-4 a basal off-
rate from the simulations with koﬁo = 1.2+0.3 s, which is in good agreement with the literature
(18,37). For resting conditions, we did not see any trend of these parameters with the ligand
density. Furthermore, simulations with multiple bonds (n > 1) did not lead to an improved fit
compared to the simulations with a single bond, which is based on a simpler model using fewer
free parameters. Thus, the assumption of a single bond seems to be valid for all ligand densities
under resting conditions.

AFM Measurements under Activating Conditions

The activation with magnesium increased the potential width of the VLA-4/VCAM-1
bond from 0.18+0.03 nm to 0.44+0.07 nm. Hence, the stimulation of integrins with magnesium
renders the molecular bond more susceptible to external forces, as described before (18,35,41).
Under activating conditions, the potential widths seemed to increase with higher ligand densities.
Nevertheless, since the relative deviation from the mean for resting conditions is 19% and for
activating conditions 17%, the apparent ligand-density-dependent increase may not be
significant. Therefore, we assumed the potential width to be independent of the ligand density
both under resting and activating conditions.

10



Interestingly, at the lowest ligand density under activating conditions, we obtained a basal
off-rate of 0.9 s"'. This corresponds to the off rate of the resting integrin within the error of the
measurement. With increasing ligand density under activating conditions, however, the off-rate
becomes reduced 20-fold to a value of 0.04 s at the highest ligand density of 200 sites/um’. This
means that the activated VLA-4 cannot support prolonged adhesive contact with singular
VCAM-1 molecules. Exogenous stimulation with magnesium therefore increases the rate of
VLA-4 binding to VCAM-1 rather than the k; of singular VLA-4-VCAM-1 bonds.

Multiple Bonds

The apparent ligand-density-dependent reduction of the off-rate can be economically
explained by the probing of multiple bonds (Fig. 6). Different lines of argument support this
notion: As shown from the bond formation rate (Fig. 3), the number of binding competent
receptors increases strongly after activation of the integrins by highly concentrated magnesium in
the absence of calcium. This points to an increased avidity and thus to a higher number of
binding-competent receptors, which might lead to multiple bonds per tether. Multiple bonds are
known to reduce the off-rate while leaving the potential width unchanged (42,43), in agreement
with our results. Furthermore, our Monte-Carlo simulations with multiple bonds described above
recaptured the measured force and length distributions well.

From our data, we estimated an average number of bonds of 4.0 and 7.8 for 100 sites/um’
and 200 sites/um’, respectively, which corresponds to a contact area of ~ 0.04 um” for both cases.
For lymphocytes, the area of a microvillus tip can be estimated as 0.008 um” assuming a diameter
of 100 nm (44) and the surface area of a whole microvillus was reported to be 0.25 um* (45).
Thus, if one accounts for the flattening of the microvillus by the external force and the
accompanying increase of the contact area of the microvillus, a contact area of 0.04 um?® is
plausible. Furthermore, the here deduced average number of bonds n, might be overestimated:
our Monte-Carlo simulations do not account for rebinding effects, although for the here
determined bond numbers, rebinding might become important (46). Therefore, even a lower
average bond number should be already sufficient to cause the observed increase in the rupture
length, as discussed in greater detail below.

Potential Barriers and the Off-rate of the Lowest Density under Activating Conditions

However, if the decrease of the off-rate with the ligand density is due to multiple bonds, the
unchanged basal off-rate after activation with magnesium is in contradiction with the literature: in
equilibrium measurements on the same receptor/ligand pair, a reduced off-rate of 0.07 s was
reported (37). The application of an external force, though, may result in a different unbinding
path through the energy landscape influencing the barriers. Under equilibrium conditions, the
lowest barrier is crossed and the corresponding off-rate should not be lower than an off-rate over
a higher barrier enforced by external forces. Hence, the equilibrium off-rate of 0.07 s is in
conflict with our observed basal off-rate of 0.92 s™* for the lowest density (37). This contradiction
can be resolved, if the energy landscape has a transition state, which lies very far from the bound
state. In equilibrium, this barrier will be rate determining (Fig. 7). In force exerting experiments,
though, due to the tilting of the energy landscape, the transition state will be closer to the bound
state and the outer barrier will not be probed (Fig. 7). Thus, in such a potential landscape, the off-
rates measured with equilibrium and non-equilibrium experiments may not originate from the
same energy barrier. For the interaction between the integrin o,3; and an RGD peptide, for
example, such a far transition state is known from steered molecular dynamic simulations (47).
Craig et al. described the position of the dominating transition barrier to be 1 nm away from the
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bound state. Furthermore, the presence of force possibly alters the activity and the capability for
activation of integrins (2,29,37,48) and therefore koff values measured in force free conditions
may considerably vary from those extrapolated from koff values measured under external strain.
However, force-applying techniques similar to our experiments have also measured a lower off-
rate after integrin activation with magnesium (18,35). Zhang et al. found in AFM studies a basal
off-rate of 0.04 s' for VLA-4 integrins activated with magnesium (18), possibly due to
experimental differences in the cell type used, longer dwelling times and higher VCAM-1
densities each contributing to increased rebinding and enhanced avidity.

Multiple Bonds and Rebinding on Higher Densities under Activating Conditions

In the case of multiple bond per tethers, the rupture force is expected to be only slightly
larger than the force to break one single bond (49), as we observed for the activating conditions
(Fig. 2). The lifetime of the interactions, however, which corresponds in our setup to the rupture
lengths due to the constant retract velocity, is known to strongly increase with the number of
bonds, in agreement with our results described here (Fig. 2) (42 ,46).

The estimated average bond numbers n, reported here are potentially overestimated due to
the neglected rebinding effects. Yet, the lifetime of a tether held by two bonds can be

approximated with a relation accounting for rebinding (14):
F-y F-y % 3-Fy
1 - “&T - . .l . . o
T= WInG 2l 1 2e MT 4 k%e %1 with k,," being the rate per time unit for the binding of
Rogr off

receptors and ligands in close proximity (14). For a ligand density of 100 sites/um?, a contact area
in the AFM of 37 um® and a two-dimensional on-rate under activating conditions of 1:10™* ym?s™,
this rate k,,” is 0.37 s”'. Assuming that only one of the two bonds is loaded (F = 20 pN), the
lifetime of a two-bond cluster is 0.34 s for 100 sites/um? of VCAM-1 under activating conditions,
which corresponds to 1.1 um at the here used retract velocity of 3.4 um/s. If the load is shared
equally between the two bonds (F = 10 pN), the lifetime of a two-bond cluster would be # = 0.75
s and the expected rupture length / = 2.6 wm. This is slightly longer than the median rupture
length that we obtained for this ligand density under activating conditions of 2.3 wm. Considering
the complexity of the system, the agreement between theory and experiment is striking. Thus, if
one takes rebinding into account, on the order of 2 bonds are sufficient for the prolonged tether
lifetimes observed in our experiments under activating conditions.

Avidity versus Affinity

Here, we deduce from our measurements that an exogenous activation leads to an
increased local density of active VLA-4 at the contact area. This gives rise to multiple bonds with
unchanged intrinsic koff, but a reduced off-rate of the high avidity contact. The alternative
scenario is that the intrinsic koff is reduced, with an unaltered number of receptors. To compare
the influence of the bond number and the impact of an altered off-rate, we simulated the two
scenarios: 1) the distributions of rupture forces and rupture lengths with increasing number of
bonds (for n =1, 2, 5), but constant off-rate and potential width, thus increasing the avidity; and
2) the same distributions with a single bond, but varying off-rates (k{,ﬁo =10, 1.0, 0.1 s™), thus
increasing the affinity (Fig. 8). While the variation of the off-rate affects both the forces and the
lengths, the variation of the bond number predominantly influences the lengths. In our
experiments, we observe a strong effect on the rupture lengths and only a slight increase in the
forces (Fig. 2). Hence, it appears probable that the apparent dependence of the off-rate on the
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ligand density for activating condition may well be due to the presence of multiple bonds of
unchanged affinity and not due to altered single-molecule properties.

Flow Chamber

The behaviour of cells in the blood stream is determined by the interplay of single
molecules. We analyzed the data from the flow chamber mimicking the blood stream with a
model incorporating the parameters observed from the single-molecule measurements. This
together with inclusion of rebinding enables us to determine the effective force on the single
bonds. This force f,z,.. 1 reduced after integrin activation. Since the total force acting on the cell
remains unchanged, this suggests that the total number of individual VLA-4/VCAM-1 bonds is
increased after activation with magnesium. Based on the fit of equation 6 to our data (Fig. 5), the
force acting on a single bond in the flow chamber is on the order of 40 pN and 15 pN for resting
and activating conditions, respectively. The force acting on individual tethers has been estimated
to be on the order of 100 pN for a shear of 0.75 dyn/cm’ (14,45). Consequently, approximately 2-
3 receptor-ligand bonds per tether share this load under resting conditions. For activating
conditions, we estimate that there are on the order of 7 bonds per tether. For a ligand density of
100 sites/um’, the activation with high-concentrated magnesium increases therefore the number
of bonds per tether about four-fold in the flow chamber as well as in the AFM setup.
Accordingly, the maximum number of available receptors N,, is also increased for activating
conditions indicating a higher number of active VLA-4 on the cell. This is also reflected in the
higher number of adhering cells after integrin activation. Hence, the prolonged lifetime of the
cell-surface bonds of magnesium-treated cells is at least partially caused by the higher number of
binding competent receptors per cell after integrin activation and thus an effect of an increased
avidity. Therefore, the analysis of the flow chamber data corroborates the hypothesis of multiple
bonds holding a tether after activation with magnesium.

Conclusions

In conclusion, we were unable to detect reduced koff for magnesium activated VLA-4
interacting under limiting VCAM-1 densities. At higher ligand densities, magnesium activated
VLA-4, but not resting integrin became sufficiently elevated to support adhesive interactions with
decreased off-rate due to multiple bonds. This points out that an avidity increase rather than a
modulation of the intrinsic koff is the outcome of the exogenous activation of VLA-4 with
magnesium. This increase in higher density of functional VLA-4 results in many more productive
cellular attachments in the flow-chamber ensemble, suggesting that rebinding considerations have
to be taken into consideration when physiological integrin interactions with adhesive ligands are
measured under physiological settings.
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Figure Legends.

Figure 1: AFM Setup.

A) The integrin-expressing T-lymphocyte is attached to a cantilever and placed in contact with a
functionalized surface at a pre-defined contact force for a chosen contact time, during which the
receptor can diffuse to the ligand. After the contact time, the cantilever is retracted. The force is
applied vertically, so that rebinding is effectively suppressed. B) A force-time curve is shown.
The dotted blue line shows the piezo position (right y-Axis), from which a force-distance curve
can be obtained. From the curves, the distribution of rupture forces as well as of the rupture
lengths is obtained. The red-boxed part of the force curve is extended in the right panel to show
the fit with the force-distance relationship of equation 2. C) In the blood stream, the cells are
exposed to shear forces generated by a laminar flow. Multiple bonds can hold the cell, some of
which can re-bind after breakage (*). If a bond breaks at the rear end, a new bond can be formed
at the front end due to the torque experienced by the cell (arrow). The flow chamber mimicks this
force application and recors the number of attaching cells as well as the life-time of attachment
with videomicroscopy at the desired temporal resolution.

Figure 2: Effect of Magnesium in AFM Experiments.

Magnesium leads to a ligand density-dependent increase in the median rupture force and in the
median rupture length (red boxes). Under resting conditions, both the rupture force and the
rupture length are independent of the ligand density (empty boxes). The boxes indicate the second
and third quartile of the distribution for each condition and the whiskers 1.5 fold of the
interquartiles. The median is indicated. For the lowest ligand density, no significant differences
between activating and resting conditions can be seen. Yet, with increasing ligand density, the
forces and lengths obtained under activating conditions differ significantly from the forces and
lengths of the respective ligand density under resting conditions.

Figure 3: Monte-Carlo Simulations.

A) The potential width is plotted against the basal off-rate for the different ligand densities (size
of the markers increasing with density) under activating (red triangles) and resting conditions
(black circles). Both parameters were obtained from the Monte-Carlo simulation assuming single
bonds (n = 1). B) Shown are the histograms of rupture forces and rupture lengths measured under
activating conditions at 100 sites/um’® (black bars) and the simulated lengths and force
distributions obtained in Monte-Carlo simulations with n = 1 (light blue) and with n > 1 (dark
blue).

Figure 4: Number of Bonds. A) The number of ruptures per force-distance curve is recorded for
different ligand densities and fitted with equation 3 for resting integrins (data: black circles, fit:
black line). The y-error bars correspond to the standard deviation between the cells and the x-
error bars to the deviation in the contact area. The fits for the minimal and maximal on-rates
within the errors of the contact area and of the number of ruptures are shown as dotted lines. B)
Mg-activation leads to a vastly increased number of averaged bonds (red triangles) compared to
resting conditions (black circles).
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Figure 5: Flow Chamber.

A) A comparison of the lifetime measured with the flow chamber is shown for a ligand density of
100 sites/um® for resting VLA-4 (black) and for activated integrins (red). The solid line is the fit
of equation 6, using the parameters determined from the single-molecule measurements. The
dashed line is the single-exponential fit according to In(n)=a- k(‘;f -t. B) The cumulative

frequencies of adhesion in the flow chamber are shown for two categories, arrest (empty bars)
and transient adhesions (black bars). The total number of adhering cells is increased after VLA-4
activation with magnesium. Furthermore, magnesium leads to significantly higher numbers of
arresting cells.

Figure 6: Effect of Magnesium on Adhesion Determined by AFM. The cell is retracted with the
cantilever from the substrate (arrow). On the lymphocyte, a pool of inactive VLA-4 receptors
(blue) is co-existent with a subset of active VLA-4 (red). While only a small fraction of integrins
is binding-competent under resting conditions of 1 mM Ca**/Mg** (top), many more receptors
become activated by 5 mM Mg”* (bottom). Hence, multiple interactions can distribute the load at
high ligand density (bottom right), when the cell is pulled away. At low ligand density (left), the
effects of magnesium are much less pronounced than at high densities (right).

Figure 7: Effect of Force on a Potential Landscape with two Barriers. A) In the equilibrium
landscape (blue), the outer barrier #0 is dominant and therefore rate determining. B) Under the
influence of an external force F, the energy landscape is tilted by -Fx (red) and the inner barrier
#I" becomes the transition barrier. Hence, equilibrium experiments and force applying
experiments possibly measure different energy barriers in the potential landscape.

Figure 8: Effect of Bond Number and Off-rate on the Force and Length Distributions. A)
With Monte-Carlo simulations, the influence of the bond number on the distributions of rupture
force (left) and rupture length (right) was estimated for n, = 1, 2 and 5 (no rebinding). In the
middle panel, the median values of the force distributions (fop) and the lengths distributions
(bottom) are plotted against the bond number. B) The influence of the basal off-rate on the
distributions of rupture force (left) and rupture length (right) was estimated for n = 1 with koffo =
10, 1 and 0.1 s'. In the middle panel, the median values of the force distributions (top) and the
lengths  distributions  (bottom) are plotted against the logarithmical off-rates.
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Chapter 5

Opto-Mechanical Studies of Cell
Adhesion

Modern optical techniques are widespread in cell biology. In particular, the field of fluo-
rescence microscopy has rapidly expanded during the last few years. In integrin research,
FRET studies have helped to observe structural changes. For instance, the separation of
the cytoplasmic integrin tails upon activation [28] has been scrutinised by this technique
as well as the correlation between the affinity and the extension of the receptor [145].
However, on the one hand, these studies were not conducted on the single-molecule level.
For integrins, which occur in different conformations on the cell varying in their structure,
their affinity and their anchorage [146], ensemble measurements cannot resolve the different
receptor populations, but average over all distributions. On the other hand, it has been
sufficiently proven that forces and other mechanical parameters play a crucial role for cell
adhesion receptors (see chapter [2). A physiological investigation of integrins implicates a
force-exerting setup. A combination of force spectroscopic and optical techniques operat-
ing on the single-molecule level will provide answers to many urgent questions in cellular
research.

Here, we explored cell adhesion to different surfaces using a home-built combination of
an AFM and TIRF microscope. We correlated the rupture of a membrane tether pulled
from the fluorescently labelled cell with the force evolution on the molecular bond. La-
belling VL A-4 integrins with the affinity-sensitive label BIO1211-Alexa488, we demonstrate
that it is possible to detect changes in the receptor affinity induced by activating stimuli.

5.1 The Power of Opto-Mechanical Approaches for
the Investigation of Cell Adhesion

Glass surfaces are known to present powerful activators of blood cells provoking strong
unspecific adhesion. We used this fact to prove the visualisation of tethers pulled from cells
with fluorescently labelled membrane. Indeed, clean glass surfaces unveiled an enormous
adhesive activity for lymphocytes in AFM experiments. The membrane tethers adhering
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unspecifically to the glass elongated as long as 5 ym and indeed were sometimes difficult
to remove within the piezo range of 5 um. For this reason, several membrane tethers could
be glued parallel to the surface and were clearly visible in the TIRF microscope.

Since the observation of membrane tethers was shown to be feasible with our setup,
we went on to examine tethers pulled on specific receptor/ligand bonds. For this, we
passivated the glass surface with poly-ethylen glycol and coated this substrate covalently
with the integrin ligand VCAM-1. This markedly reduced the interaction frequency and
lead to much shorter ruptures with lower forces than on the pure glass surface. In fact, the
rupture characteristics of this specific adhesive contact correspond well with our previously
measured rupture forces and lengths for the VLA-4/VCAM-1 bond. Furthermore, no
membranous leftovers could be detected on the functionalised and passivated substrate with
the fluorescence microscope. This indicates that for membrane tethers pulled on specific
receptor/ligand interactions, the rupture event does not result from the rupture of the
tether itself, but rather from the dissociation of the adhesive bond. Since we simultaneously
recorded the force evolution with the AFM and the fluorescence intensity in TIRF video
microscopy, we were able to correlate the mechanical rupture event with changes in the
fluorescence. To align both data sets, we determined the point of the first contact between
the cell and the substrate in the force curve and in the fluorescence trace by exploiting the
exponential behaviour of the fluorescence intensity in the TIRF setup. The high temporal
and spatial resolution of the TIRF video and the force spectroscopic data enabled us not
only to relate the mechanical events with the optical observations, but allowed us even to
discriminate between adherent tethers and protruding non-interacting microvilli.

As a further application of the TIRF-AFM setup, we showed that affinity changes can
be detected using affinity-sensitive fluorescent labels. For this, we utilised the AFM for
the positioning of the cell in the TIRF field. The medium contained labelled BIO1211, a
peptidomimetic, which specifically binds into the binding pocket of the lymphocyte integrin
VLA-4 with an association constant depending on the integrin conformation [138,(147,(148].
The concentration of the fluorescent marker was adjusted such, that mainly the high-affinity
conformation of VLA-4 was labelled. Adding concentrated magnesium to the calcium-free
medium induced an increase in the mean fluorescence. This corroborates our observation
that integrin activation by magnesium recruits resting low-affinity receptors.

The publication of these data is in preparation and reprinted in section [5.3]

5.2 Conclusions

As discussed before, biochemical and mechanical stimuli influence the cell adhesion and
lead to biochemical and mechanical reactions of the cell. In addition, the cellular adhe-
siveness depends on the attributes of single molecules, such as the affinity state of the
receptor molecules, the receptor density on the cell surface and the mechanics of the re-
ceptor anchorage in the cell. Hence, opto-mechanical techniques such as the TIRF-AFM,
which empower parallel single-molecule studies, open a new field for the experimental in-
vestigation of cell adhesion. We outlined the potential of this approach for investigating
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both the mechanics of cellular tethers and the affinity changes of single cell-surface recep-
tors. An interesting application for the TIRF-AFM setup complementary to the study
area of this thesis would be the opto-mechanical examination of integrin activation by
surface-bound chemokines. In such an approach, potential integrin clustering could be
observed by single-particle tracking; possible affinity changes could be ascertained with
affinity-sensitive labels and structural changes or intracellular anchorage events could be
discovered in FRET studies.

Thus, single-molecule force spectroscopy with high-end fluorescent techniques is an
efficient tool for unravelling dynamic modifications in the structure or in the conforma-
tion of single receptors, which can result in situ from cellular reactions to mechanical or
biochemical stimuli.

5.3 Publications

1. Single-Tether Opto-Mechanical Investigation of Cell Adhesion (in preparation)



Single-tether opto-mechanical investigation of

cell-adhesion

Julia Schmitz!, Hermann Gumpp?, Elias Puchner!, Hermann E. Gaub!,
Kay-Eberhard Gottschalk!*
!Department for Applied Physics and Centre for NanoSciences,
Ludwig-Maximilians University,
80799 Munich, Germany.
*To whom correspondence should be addressed:

E-mail: kay.gottschalk @physik.uni-muenchen.de.



Regulated cell adhesion is involved in a variety of physiological and patho-
physiological events like the immune response or cancer metastasis. State-
of-the-art fluorescence techniques are widely used in cell biology, but operate
under equilibrium conditions. Recently, force has been identified as a facili-
tator of cell adhesion. Hence, the application of force is crucial for a molec-
ular understanding of cell adhesion events. Yet, while traditional setups like
micropipette experiments or AFM can administer forces even at the single-
molecule level, they still lack the ability to use the power of single-molecule
optical techniques. Here, we investigate integrin-mediated cell-adhesion by a
combination of single-molecule AFM and total-internal reflection fluorescence
(TIRF) microscopy. We observe the formation of a single cell-to-surface tether
and correlate this to the strength of the individual integrin-ligand interaction.
The combination of TIRF with AFM will revolutionise the experimental inves-

tigation of cell-adhesion events.

Cell adhesion is regulated by specific interactions of cellular receptors with ligands in the

extra-cellular space. The interactions of cell-adhesion receptors are designed to take place in the
presence of force. Hence, experimental techniques capable of administering forces are required
to gain physiological insight into the function of cell-adhesion receptors. In order to regulate
their adhesive properties, cells can fine-tune the conformational state of these receptors (affin-
ity regulation), the number of binding-competent receptors per area (avidity regulation) as well
as the attachment state of the receptor to the cytoskeleton. The variety of possible states of a
receptor on the cellular surface requires the use of single-molecule studies to dissect individual
contributions of these states to overall cell-adhesiveness. Two different lines of research have
been employed to study cell-adhesion receptors on the single-molecule level: (1) force spec-

troscopic techniques have examined the effect of force on single receptor-ligand bonds, and (2)
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optical studies have examined lateral mobility and other properties of these receptors. While
the force spectroscopic techniques mimic the natural force-resisting function of the receptors,
they lack the power to optically investigate the effect of force on the cells. The optical mea-
surements, on the other side, work under equilibrium conditions, and therefore do not probe the
physiological setting of force-exposed receptors.

Using a home-built combination of a TIRF microscope with an atomic force microscope, we
have merged these two approaches. Here, we report opto-mechanical studies of a cell interacting
with surfaces. Figure 1 shows the experimental setup of our system: an AFM is combined with
a TIRF setup illuminating the sample from the bottom. In this setup, the AFM can be used
to manipulate the cells and to monitor the forces of adhesion, while the optics can be used to
observe the interactions on the surface visually.

As a first measurement, we labelled the membrane of T-lymphocytes fluorescently, and used
the AFM as a positioning device to push the cells onto un-functionalized glass surfaces, and
retract the cells afterwards. Glass surfaces are known to be unspecifically adhesive for blood
cells. Indeed, we observed the formation of long membrane tethers, which could be visualised
by laterally displacing the cells and pushing it back onto the surface (Figure 2). Due to the
non-specificity of the interaction, the glass surface acts as a high avidity surface. This leads to
very durable adhesions, and ruptures were hardly observed.

Next, we covalently coated the glass surface with polyethylen-glycole to effectively sup-
press unspecific binding, and covalently functionalized the PEG-passivated glass surface with
diluted VCAM-1, the ligand to the T-lymphocyte integrin VLA-4. The number and duration
of adhesions decreased significantly relative to the bare glass. Short ruptures were observed,
which allow the investigation of the breakage of a single cell-to-surface tethers.

The fluorescence of the cell showed a strongly curved profile while the cell is approach-

ing the surface (Figure 3). Analysing the time-trace of the total cellular fluorescence shows an



exponential increase in fluorescence intensity with decreasing cell-to-surface distance, as ex-
pected for TIRF measurements. Hence, the curvature of the cellular fluorescence is caused by
the curved shape of the cell, where certain areas are closer to the surface than others. At a cer-
tain point, the average fluorescence strongly deviated from the exponential behaviour, allowing
for the identification of the point of first contact (Figure 3). The approach velocity of the cell is
known from the piezo velocity. With this, we used the exponential increase in fluorescence dur-
ing the approach curve together with the knowledge of the point of first contact to calibrate the
distance of the cell to the surface at each frame. Since the cell has a curved surface, the bright-
ness of the fluorescence was calibrated at the point of first contact, thus using only a small area
at the top of the cell. The frame rate of the CCD camera of 50 ms together with an approach
velocity of 3 um/s allows to reach maximum precision of the distance d of d + 75nm. This
maximum precision is further reduced by noise. Despite the inherent inaccuracies, the distance-
fluorescence relationship could be well fitted with an inverse exponential relationship (Figure
3). Recalculating the approach velocity v of the cell from the fluorescence intensity yields
Veate = 2.98% 0.05 pm/s, in good agreement with the piezo velocity of v;e., = 3.0um/s.

As known from previous studies, the force required to extract one membrane tether is on the
order of 20-30 pN. This indicates that we are observing the rupture of a single cell-to-surface
tether here. In order to optically investigate this rupture, we correlated the AFM force-distance
curves with the fluorescence images from the TIRF measurements with the knowledge of the
contact time in the AFM and the identification of the dwell time in the fluorescence images.
From this, we identified two membrane areas, which are still in contact with the substrate in
the last frame before the rupture, although we observed only the rupture of a single tether in
the AFM. Calculating the distance-time trace of these two contact areas from the distance-
fluorescence relationship obtained above showed that one of the contact areas closely follows

the retract velocity of the cantilever (Figure 4). Hence, this contact is a non-adhesive protrusion



from the cell, probably a microvillus. The other contact area, however, has a distinct jump in
the cell-to-surface distance at the point of rupture, which is then followed by a slow relaxation
behaviour. Only ~ 200ms after the rupture, this surface patch retracts with the piezo velocity.
Hence, this second area is an adhesive contact, and we observed a single cell-to-surface tether
and watched its rupture (Figure 4).

Next, we used a PEG-passivated glass surface and an unlabelled cell, but added fluores-
cently marked Bio-1211 in access to it so that binding competent integrins were saturated by
the labelled marker. We measured under two conditions: without divalent cations and with
5mM M g** in the buffer. Without divalent cations, integrins do not bind their ligands, while
they are activated by the addition of 5 mM M g*". Here, we used the AFM as a positioning tool
to push the cell for a defined time at a defined force and watch the activation state of integrins at
the same time. We found a good correlation between piezo-position and average fluorescence
for the activated integrins. For cells under non-binding conditions, the fluorescence intensity
in contact is significantly reduced (Figure 5). This demonstrates that we can detect different
activation states of the cell using fluorescently-marked ligands.

With the here-described combination of high-end optical and single molecule force spec-
troscopy one will be able to analyse in-depth a variety of urgent cell-biological questions. Pos-
sible studies involve the correlation of the integrin-structure determined by FRET-based studies
with the bond strength of a single integrin-ligand bond or the correlation between integrin-
mobility detected by single-particle tracking of integrins while the cell is in contact with the
surface and the adhesiveness of the cell. These studies will be instrumental for a in-depth
opto-mechanical characterisation of physiological integrin-activation events and downstream

signalling events.



1 Figure Captions.

Figure 1: Combination of TIRF with AFM. In the combination of TIRF with AFM (A), a
state-of-the-art TIRF setup is combined with an AFM. Using a cell with a fluorescently labelled
membrane, we can resolve single cell-to-surface tethers during retraction (B, white circles).
This setup is capable of single-molecule fluorescence studies combined with the force readout.

Such a combination allows a new approach to cellular signalling involving adhesion events.

Figure 2: A T-cell with labelled membrane adheres unspecifically to a glass surface. With
the AFM, the cell is gently pushed onto the glass surface and then retracted. After retraction,
bright spots are visible in the TIRF image. When laterally displacing the cell with the AFM
and pushing it back onto the surface, it becomes visible that the three bright spots correspond

to membrane tethers pulled from the cell.

Figure 3: Correlation between Fluorescence and Cell-to-Surface Distance. A: Before the
cell touches the surface, the fluorescence profile is non-flat (left: fluorescence image; right:
surface plot of fluorescence intensity). This reflects the curved surface of the cell. B: Initially,
the fluorescence intensity follows an exponential increase, as expected from the TIRF measure-
ment for a fluorescent particle approaching the surface with constant velocity. The deviation
from exponential behaviour marks the point of first contact (left: all frames; right: zoom into
the dashed region indicated left). The error-bars indicate the standard deviation in fluorescence
over the averaged area. For this subfigure, we averaged over the ellipse shown in subfigure
A. C: From the point of contact with the knowledge of the camera’s frame rate and the retract
velocity of the piezo, we calculated the distance of the cellular surface for each frame, and

correlated this to the average fluorescence intensity of the most protruding area indicated in



subfigure A as ’Calibration Area’. The fit of the correlation allows us to calculate distances
from the fluorescence intensity. The error bars in the distance stem from the frame-rate of 20
Hz, which leaves at a retract velocity of 3um/s an uncertainty of +75nm per frame. The error
in fluorescence intensity is the standard deviation within the averaged area. In the right box,
we re-calculated the distance for each frame from the fluorescence intensity and performed a
line-fit to obtain the average approach velocity. The such determined velocity is in very good

agreement with the piezo velocity.

Figure 4: Optical observation of a single-molecule rupture event. A: The cellular force-
distance curve was correlated with the fluorescence intensity. This allowed to identify the
frames of the rupture event. Two frames before and after the rupture are marked with numbers
and shown in B. B: Fluorescence images of two frames before and after rupture as indicated
in A are shown together with a surface plot of the fluorescence intensity. The last TIRF-image
before rupture shows two contact areas. One area corresponds to the adhesive contact, the other
to a non-adherent cellular protrusion, probably a microvillus. C: Time-distance traces of the
two contact areas. The distances were calculated from the average fluorescence intensity of the
area according to the measured fluorescence-distance relationship shown in Figure 3. The blue
line indicates the expected distance-time relationship from the retract velocity of the piezo of
3um/s. While the non-adhesive contact closely follows this expected movement, the adhesive
contact first shows the rupture as a jump in the contact-area to surface distance, and then relaxes.

After relaxation, it retracts from the surface with the expected velocity.

Figure 5: Fluorescence intensity of cells with activated integrins (red) vs. cell in non-binding
conditions (blue). Here, we used the AFM as a positioning tool and tested if we can ob-

served different activation states of the integrin based on the binding of a fluorescent marker.



Clearly, activated integrins show a much stronger fluorescent signal then non-binding integrins.
Hence, we can detect affinity differences by fluorescence intensity. This will be useful for
an opto-mechanical characterisation of physiological integrin-activation mechanism by for in-
stance chemokines. The z-piezo position is indicated by a black line to show the positioning of
the cell relative to the surface. High values correlate to an extended piezo, hence to cell-surface

contact.
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Chapter 6

Other Projects: The Mechanics of
Impacting Nano-Mechanical
Single-Electron-Transistors

With the three-dimensional nanostructuring of semiconducting materials becoming fea-
sible, the design of nano-electromechanical systems (NEMS) promises sundry applica-
tions as sensors, actuators and signal processing components [149,|150]. These nano-
electromechanical systems enthral by their resonance frequency in the microwave range,
by their minute effective masses and by quality factors (Q-factor) in the range of 10* [149].
The Q-factor characterises the dissipative losses of a system, which limit the sensitivity to
signals and the spectral purity of the NEMS. It compares the oscillation frequency with
the dissipation rate or, in other words, it compares the energy stored by the system (FE;,;)
with the energy dissipated during one oscillation period (Eyss): Q = 2%%. Running in

E

meax

Emdx

ff';

frequency

Figure 6.1: The resonance curve
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the linear regime, the Q-factor can be directly determined from the Lorenzian resonance
— _fo

curve: () AT with the resonance frequency fo and the resonance peak width at half
maximimum Af (Fig. [6.1). For nanomechanical single-electron-transistors (MSET), the
determination of the Q-factor is more complicated, since they do not operate in the linear
regime [151,[152]. MSETSs comprise a metal island on a mechanical element like a string, a
beam or a pillar, which is located between a source and a drain electrode. If the mechanical
element is excited to sufficiently large amplitudes, single electrons can be shuttled on the
metal island from the source to the drain electrode producing an electrical current. Due to
the impact of the oscillating island on the electrodes, MSETSs are intrinsically non-linear,
so that the Q-factor cannot simply be deduced from the resonance curve.

Here, we investigate the Q-factor and the dissipation of an impacting nanomechanical

single-electron-transistor with the help of atomic force microscopy.

6.1 Q-factor and Dissipation of Impacting MSETS

The studied nano-electromechanical system consisted of a freely suspended LPCVD silicon
nitride string with a gold island at its centre. The string was doubly clamped between a
source and a drain electrode under high tensile stress. To tune the eigenfrequency of the
system, gold weights were symmetrically attached on both sides of the conducting island.
The string was mechanically excited by ultrasonic waves to demonstrate the electrical
transport from the source to the drain electrode for sufficiently large amplitudes of the
oscillation. However, the system is additionally excited by the force of the electric field
between the electrodes on the charged gold island. If the energy added to the system
by the source-drain voltage Vsp is high enough to compensate for the dissipated energy,
a voltage-induced self-oscillation of the string is achieved without the need of ultrasonic
driving. Sweeping the voltage to lower values, the self-oscillation collapsed at a threshold
voltage, where the input power equalled the dissipated energy. This allowed us to calculate
the dissipation per oscillation period. In order to deduce the Q-factor of our MSET, we
needed to determine the total energy stored in the system. For this, we used an atomic
force microscope. After scanning the chip with the transistors, the tip of the cantilever
was positioned on the silicon nitride string of one transistor and the restoring force during
the indentation was recorded. The force-indentation curve showed a superlinear behaviour
above an indentation of 50 nm and was fitted with a 3rd order polynomial. Due to the
fact that the restore force is mainly governed by the tensile stress of the string, the out-
of-plane dependence was also assumed to be valid for the in-plane direction. With the
force-indentation relationship, the total energy of the system can be calculated for the
maximum amplitude of the oscillation, which is restrained by the position of the electrodes
with respect to the resting position of the gold island. The obtained Q-factor is lower than
expected for non-impacting resonators, thus demonstrating that the main source of the
dissipation for impacting systems is the impact of the gold island on the electrodes.
These results are in submission and are reprinted in section
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6.2 Conclusions

In this project we present a method to determine the Q-factor of non-linear nano-electro-
mechanical impacting systems by means of self-oscillation measurements and atomic force
microscopy. We show furthermore that the dissipation is mainly caused by the impact of
the conducting island on the electrodes.

6.3 Publications

1. Self-excitation of a Nano-Mechanical Single-Electron Transistor at 4 Kelvin (in submis-
sion)



Version 1.0

Self-excitation of a nano-mechanical single-electron transistor at 4 Kelvin

Daniel R. Koenig, Ralf Jungmann, Julia Schmitz, Eva M. Weig and Jorg P. Kotthaus
Center for NanoScience and Fakultiit fiir Physik der Ludwig-Maximilians-Universitiit,
Geschwister-Scholl-Platz 1, 80539 Miinchen, Germany.

(Dated: April 22, 2008)

We report self-excitation of a nano-mechanical single-electron transistor at 4 Kelvin. By this we demonstrate
mechanical shuttling of electrons in a well defined electrical potential a low temperatures. This is a major
step towards one-by-one mechanical electron transfer in the Coulomb blockade regime being relevant for the
realization of a mechanical current standard. Above this, a dissipation power of 0.7 nW and a Q-factor of 500

for the system is determined.

Suspended nano-electro-mechanical systems (NEMS) have
been subject of intense research and development over the last
decade. They have become of strong relevance for metrologi-
cal applications like ultra sensitive displacement, mass, charge
and even spin detection [1-6]. One nanomechanical system,
which is intended for the application as a current standard, is
the mechanical single-electron-transistor (MSET) [7]. It gen-
erally consists of a metal island, which is located on a mobile
mechanical element like a string, beam or pillar. A source and
a drain electrode is placed to both sides of the island. That
way, it can shuttle electrons from one contact to the other,
once the element is mechanically excited to sufficiently large
amplitudes. The ultimate goal of these structures is the me-
chanical one-by-one electron transfer. This is possible, if the
island size and the operation temperature of the MSETs are
sufficiently reduced. In this case it can be realized that only
one electron is transferred to the island as additional electrons
are blocked by the coulomb repulsion of the already charged
island. This situation is referred to as Coulomb blockade. Al-
though the progress in nanotechnology has lead to different
designs and significant advances of such systems [9—13] the
ultimate goal of mechanical electron transport in the Coulomb
blockade regime has not yet been achieved. The reason for
this is that the systems so far are either fundamentally lim-
ited by undesired interactions with their excitation mechanism
and/or could just been operated at room temperature. Here we
report voltage induced self-excitation of an MSET. By avoid-
ing undesired interaction through operation in a well defined
timely constant electrical potential at 4 Kelvin we demonstrate
a decisive step towards mechanical electron transport in the
Coulomb blockade regime.

Above this we present how the dissipation power Pyiss Of
the MSET can be directly calculated by self-excitation mea-
surements. We further determine the mechanical quality fac-
tor () of the system, which is general defined as:

Etot
b
Ediss

Q=27 €))
where F. is the total mechanical energy stored in the system
and Fy;ss 1 the energy, which is dissipated during one oscilla-
tion period. For the MSET however it is noch possible to de-
termine Q directly from the Lorentzian resonance curve, like
for most NEMS, which can be operated in the linear regime
for which Q@ = fo/Af, where fj is the eigenfrequency of

the system and Af is the full width of the resonance peak
at half maximum (FWHM). This is because for MSETSs the
source and drain constitute impacting boundary conditions to
the oscillating island. Therefore, MSETs belong to the class
of impacting systems, are intrinsically non-linear and display
complicated subharmonic and chaotic behavior [14-17]. We
account for the impacting nature of the MSET by employing
atomic force microscopy (AFM) in determining Q. The quan-
titative analysis of Fgjss and F'ot provides fundamental infor-
mation about the system dissipation, which we are discussing.

The investigated MSET consists of a freely suspended dou-
bly clamped silicon nitride string. The string is fabricated out
of LPCVD silicon nitride with an intrinsic tensile stress of
1.38 GPa, which allows for one of the highest Q-factors at-
tainable in NEMS [19]. The string is 14 pm long, 70 nm wide,
and 100 nm high. A gold island with dimensions 170 nm in
length, 140 nm in width and 60 nm in height is located at
the center of the string, as depicted in Fig. 1(a). The gold
structures placed symmetrically on the string to either side of
the island are gold weights for tailoring the system’s eigen-
frequency to a value accessible by the piezoelectric driving
system. The string can be mechanically excited by voltage-
induced self-oscillation [12] as initially proposed by Gorelik
et. al. [7] or by ultrasonic waves produced by a piezo actua-
tor, described in detail elsewhere [13]. When excited, the gold
island can oscillate and shuttle electrons between the source
and drain electrode, placed 80 nm away to either side of the
island. Figure 1(b) shows a resonance in the electrical trans-
port measurement for an MSET driven by ultrasonic waves.
The time averaged source-drain current I g is plotted as func-
tion of the drive frequency f4rive- The measurement was con-
ducted at a temperature of approximately 20 K and a helium
exchange gas pressure of 7.5x10~% mbar [20]. The driving
power Pg,ive Of the signal generator, which drives the piezo
actuator, was set to 27.5 dBm, the drive frequency fqrive Was
swept from 3.806 to 3.817 MHz, and the source-drain volt-
age Vyq was set to —2 V. The resonance curve illustrates that
the system shuttles electrons between the source and the drain
electrode. This happens when the string is excited to suffi-
ciently large amplitudes within its eigenfrequency range. The
system however is not exclusively driven by ultrasonic waves,
but also by V4. The voltage V4 causes an electric field Egq
between the source and drain electrode, which is given by
Esq = Via/(2d), where d = 80 nm is the distance between
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FIG. 1: a) Scanning electron micrograph taken at an angle to reveal
the 3D character of the MSET. A gold island is located at the center
of a doubly clamped freely suspended silicon nitride string. The gold
island can shuttle electrons between the source and drain electrodes
when excited to sufficiently large amplitudes. b) Charge transport of
the MSET, actuated by ultrasonic waves. The time averaged source-
drain-current T4q is plotted as function of fqyive-

the island and one electrode. The island with charge Qisiana
experiences an additional driving force Fyq = Qistand Fsd-
The direction of Fyq oscillates, as Qiglana changes its sign
with each island-electrode contact. Figure 2(a) illustrates,
how Fyq supports the ultrasonic actuation at a temperature of
4 K and a helium exchange gas pressure of 3.5x 10~2 mbar,
while Pgrive = 22.3dBm and fgrive = 3.81 MHz [20]. For
Vea = —1V and a driving power Pgive = 22.3dBm of
the ultrasonic drive the system is in the state of no transport
(Isq = 0). If Voq = —1.8V, the overall energy put into the
resonator is sufficient to compensate for the dissipated energy
and the MSET shows electrical transport (Ioq # 0).

If Viq is sufficiently large, the system can undergo voltage-
induced self-excitation while the ultrasonic drive is com-
pletely switched off. This is illustrated in Fig. 2(b) for a
Via-swept from 6 to 8 Volts without ultrasonic excitation. If
Viq is continuously reduced, the self-exitation eventually col-
lapses at a threshold voltage V;y,. For the system presented
here Vi, = 4.2 Volts is determined (data not shown). If 1-
periodic motion of the system is assumed the source-drain-
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FIG. 2: a) Voltage supported ultrasonic actuation at a drive power
Parive = 22.3 dBm and fg4rive = 3.81 MHz. Electrical transport is
present for Vzq = —1.8 V and collapses for Vog = —1 V. b) Source-
drain voltage sweep of self sustained oscillation after the ultrasonic
drive is switched off, for sufficiently high source-drain-voltages.

current is given by:
E = 2Cgislanclfdrivc = 2<n>efdriv07 2

where (n) is the expectation value of the number of island
excess charges [7]. The factor 2 comes in as the number of
charge carriers transferred to and from the island is twice the
number of excess charges, accounting for holes and electrons.
For V4, we find (n) ~ 130. This is still more than two orders
of magnitude higher than for single electron transfer. How-
ever, by investigating different MSET designs using ultrasonic
excitation at room temperature we found for system with an
island-electrode distance d = 30 nm that Pg,4y. could be re-
duced by more than one order of magnitude for successful
electron transport. This indicates a decrease of dissipation and
therefore allowing for lower values of (n). A further reduction
of (n) should be possible with operation at even lower temper-
atures as it is generally found that this significantly reduces
the dissipation of NEMS [1, 21, 22]. Above this it should
be noted that mechanical electron transport in the Coulomb
blockade regimen is not necessarily limit to the charing state
n = 1. Addressing the operation temperature , we determine



a value of 0.2 Kelvin for which an onset of Coulomb blockade
for the presented MSET can be expected [13].

Having demonstrated successful self-excitation we are now
going to investigate the dissipation of the MSET. As noted,
self-excitation collapses below a certain source-drain-voltage.
At this threshold voltage V;y, the dissipation power Pgiss,
caused by the sum of all underlying loss mechanisms, is equal
to the power put into the system. For the system presented
here Pyiss can therefore be calculated:

Piiss = Esa(Vin)Qistand (Vin)4df arive

_ @E(Vm) .
- 2d 2 farive 4dfdrlve

Vinlsa(Vin) = 0.7nW. 3)

This analysis assumes that the charging process of the island
exclusively occurs at the point of maximum deflection. This
is not exactly true as it does not account for tunneling. Taking
the maximum tunneling distance to be 1 nm [8] and assuming
that the energy the electrons gain over this distance is not at
all contributing to the mechanical excitation we estimate the
upper limit of the error in equation (3) to be (4 x 1nm)/(4 x
dnm) ~ 1%. Together with the frequency of the system the
energy dissipated per oscillation period 7', yields:

y(T)

Ediss = / Fsddy = Pdiss/fdrive =1.8x 10716J- (4)
y(0)

The oscillation period was calculated using farive =

3.81 MHz, which was initially applied to trigger the self-

oscillation by ultrasonic waves.

In order to calculate the Q-factor in addition to Fgjss We
now determine Fit, the total energy stored in the system.
This is accomplished by using an AFM in force spectroscopy
mode. The AFM cantilever is used as a reference cantilever
against the freely suspended string [23-25]. Figure 3(a)
shows an AFM-image of the gold island on the silicon ni-
tride string along with the source and drain electrode taken
with a Nanowizard II AFM (JPK Instruments, Berlin, Ger-
many) in noncontact mode, using Pointprobe NCH-W can-
tilevers (Nanosensors, Neuchatel, Switzerland). For the mea-
surements of E}., the AFM-tip was positioned in the center
of the silicon nitride string and the restoring force Fiestore
was measured as function of the out-of-plane deflection in
the z-direction. The data are illustrated in Fig. 3(b) and are
almost undistinguishable from the coinciding fit. The force
Flestore follows a superlinear behavior above a z-deflection of
50 nm. The measurement curve is fitted to a 3°4 order poly-
nomial of the form Flegore = a2z + bz> [26]. From the fit,
the coefficients a = 1.8 and b = 5.0 x 10225 were deter-
mined, with an error of 40%. We estimate this functional de-
pendence to be equally valid for the in-plane/y-direction with
an error of 10%. This is due to the fact that in the limit of
high tensile stress, Frestore 1S mainly governed by the tensile
force of the string rather than by the Young’s modulus and
geometry factors [19]. Furthermore, we assume in the calcu-
lation of E}, that the functional dependence F}estore, Which
was measured at room temperature, also applies for 4 K. Tak-
ing the different thermal expansion coefficients of silicon ni-
tride agin = 1.67 X IO*G/K [27] and the silicon substrate
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FIG. 3: a) AFM-image of an MSET, which shows the gold island at
the center of the silicon nitride string and parts of the source and drain
electrode. b) Restoring force Frestore Of the silicon nitride string as
function of its out-of-plane deflection. The functional dependence
was measured with an atomic force microscope (see inset).

asgi = 2.3 X IO*G/K [28] we find this assumption to be valid
with an error of 4%. With this, E\ of the MSET system can
be calculated:

125nm
Etot = FrestoreAy = / (Gy + byg)dy (5)
0

For the integration distance 125nm is chosen instead of
Ymax = 30nm, which corresponds to the maximum ampli-
tude, constrained by the source and drain electrode. This is
because the string shape under MSET operation has a sinu-
soidal instead of a triangular shape as in the case of atomic
force spectroscopy measurements. Therefor the length differ-
ence AL = L — S of the string due to stretching is different
for the dynamic and static case, where L is the length with-
out deflection and S is the length under deflection. Numerical
analysis show that AL for a static deflection of 125 nm is
equivalent with a dynamic deflection of 80 nm as illustrated
in figure 4. Therefor 125 nm is applied for the integration
distance in equation (5). With this the evaluated integral in



(a) Dynamic string deflection

AL=L-S=2.26 nm

(®) Static string deflection

AL=L-S=2.26 nm

y= 125 nm

FIG. 4: a) Resonator shape at the point of maximal deflection in
the case of MSET operation. The curve follows a sinusoidal be-
havior as expected for a string unter tensile stress. b) Shape of the
resonator string for the static deflection in the case of atomic force
spectroscopy.

equation (5) yields Eyo; = 1.4 x 10714 J. Combining equa-
tion (1) with the results from equation (4) and (5), we obtain
a Q-factor of approximately 500. As we are now going to an-
alyze, this value is far below what would be expected for a
non-impacting doubly clamped resonator. The presented sys-
tem is operated in the so called molecular regime for which
the mean free path of the gas molecules is much larger than
the device dimensions. In this situation the quality factor due
to gas dissipation is given by [18]:

meH27deriveU

ans ~ pA )

(6)

where meg = 3.22 x 10715 Kg is the effective mass of the
MSET, v = \/kgT/mu. = 91 m/s is the thermal velocity of
the helium molecules each with mass my, = 1.7 x 10727 Kg,
p = 3.5x10"2 mbar is the surrounding gas pressure, and
A ~ 1 x 107" m? is the surface area of the resonator. It
is found that Qgas > 1 X 107 and hence can not explain a Q-
factor of 500. Other limiting factors are for example clamp-
ing losses, surface effects, thermo elastic damping and dissi-

pation caused by the metallization of the gold weights. The
contribution of these effect can be approximated by a compar-
ison with similar system. For completely metal coated doubly
clamped resonators fabricated from nanocrystalline-diamond
the lowest Q-factors under similar operation conditions was
found to be > 7000 [21]. The MSETs investigated here how-
ever should have Q-factors significantly higher than this lower
limit. First of all their clamping points are not metal coated.
Secondly the MSETs are fabricated from silicon nitride under
high tensile stress which has been demonstrated to enable un-
precedented high Q-Factors in NEMS [19, 29, 30]. That the
Q-factor of the MSET falls short by more than one order of
magnitude compared to the lower limit of the expected value
can be explained by additional dissipation factors. Compared
to other, non-impacting resonators the MSET has two addi-
tional dissipation sources, the radiation power of the accel-
erated and charged island and phonon excitation due to the
impacting island. Estimating the radiation power using the
Larmor-formula:

e2a?

)

Pradiation = 6?0637

where ¢ & Ymaxw? ~ 4.6 x 107 = 1s the acceleration of
charge carriers, €y the permittivity of free space and c the
speed of light shows a negligible contribution. Therefore, we
attribute the main source of dissipation to phonon excitations
caused by the impacts between the gold island and the side
electrodes, not being present in non-impacting resonators.

In conclusion, we present self-excitation of a nano-
mechanical single-electron-transistor at 4 K. This demon-
strates an important step towards mechanical one-by-one elec-
tron transport in the Coulomb blockade regime as it allows for
transport in a well defined timely constant electrical potential
at low temperatures. We demonstrate transport for a charge
state as low as (n) ~ 130. Further we quantitatively deter-
mine Egiss = 0.70W and Fio:1.4 x 10~ 7J from which we
calculate a Q-factor of approximately 500. By this we deter-
mine fundamental system parameters being important indica-
tors for further progress in this field of research. Based on
these parameters we discuss the dissipation of the system and
find that a significant reduction of (n) and operation in the
Coulomb blockade regime should be possible with a modified
system design and operation at even lower temperatures.
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Chapter 7
Outlook

It is becoming increasingly obvious that mechanical forces play an important role in bio-
chemical processes. For this reason it is beneficial to reflect on established physical inter-
dependencies and to develop novel physical models describing biological or physiological
problems. This thesis demonstrates that physical principles are exploited by cells in order
to mechanically fine-tune the kinetic properties of adhesion receptors. The mechanical
adaptation has the advantageous characteristics to be functional only in the presence of
forces. Physically speaking, force is a vector quantity with a magnitude and a direction.
Thus, on the one hand, the force magnitude can shift the equilibrium between different
conformational states of a molecule [106}/153]. The momentary magnitude of force on a
force-resisting receptor is determined by the velocity of force loading which itself depends
on the mechanical compliance of the receptor anchorage. Thus we see that influencing
the receptor environment represents an attractive alternative for medical treatments: In-
stead of aiming at the whole receptor with blocking agents which might provoke strong
side effects, fine corrections of the receptor properties may be achieved by adjusting the
association of the receptor with intracellular mechanical adapter proteins.

On the other hand, geometrical differences in the force direction dictate on the effect of
the force on molecular complexes and other biological systems [154,/155]. The experimental
techniques should therefore consider the physiological geometry of forces. This necessitates
the combination of single-molecule force spectroscopic studies with theoretical models and
more physiological assays of the flow chamber — as undertaken in this study — in order to
interpret complex phenomena such as cell adhesion in the blood stream.

Recently, the nano-patterning of surfaces with physiologically relevant ligands has be-
come increasingly sophisticated empowering to control the pattern and the spacing of differ-
ent molecules on the nano-scale. Together with optical and force spectroscopic techniques
(e.g. TIRF and AFM), this allows to investigate, how the geometrical arrangement of sig-
nal and/or adhesion molecules influences cellular reactions. It has been shown by means of
nano-patterning and microscopy, for instance, that the range between 58-73 nm is a univer-
sal length scale for integrin clustering and activation [156]. Regarding the subject of this
work, chemokines and integrin ligands could be immobilised with variable spacing and in
different geometries by surface nano-patterning. Incorporated in studies with a TIRF-AFM
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setup it can thus be investigated by labelling the integrin receptors fluorescently, whether
the integrin activation by chemokines is locally restricted. Since the activation requires
the co-immobilisation of chemokines and ligands [131], a maximum separation distance for
the receptor crosstalk might exist, beyond which no successful activation is achieved. The
fluorescent labels may hereby serve either to detect different affinity states of the integrin
by changes in the fluorescence intensity or to make apparent a local accumulation or an
altered mobility of the integrins (due to cytoskeletal constraints) by single-particle track-
ing. It should also be possible to resolve the induction of the intracellular attachment of
labelled adapter proteins like talin or paxillin with a FRET- based approach.

Furthermore, it has been demonstrated that continuous interaction of the chemokine
SDF-1 with its receptor CXCR~4 results in sustained activation of the kinases protein
kinase B, ERK-2 and PI3-kinase thereby protecting cells from undergoing apoptosis [139].
This time dependency of the activation by SDF-1 could be easily assessed due to the high
temporal and spatial control of the AFM position.

As we can see, the rapid progress in technology and theory offers a plethora of fresh
opportunities for the investigation of integrin-mediated cell adhesion and its regulation by
mechanical and biochemical stimuli.



Appendix A

Appendix A: The Kinetics of Cell
Adhesion extrapolated from Single
Molecule Properties

A.1 Bond Formation in the Atomic Force Spectroscopy

To determine the two-dimensional on-rate with atomic force spectroscopy, we evaluated
the interaction frequency as a measure for the bond formation in dependence of the ligand
density. It can be assumed that the bond dissociation during the contact time can be
neglected and that the reservoir of receptors on the cell is infinite. Thus, the number of
bonds npengs(t) is described by the differential equation:

dnbonds (t)

I = kon -d - (Ntot — Nbponds (t))

where Ny, is the maximum number of available receptors, d the coated ligand density
in the contact area, t the contact time and k,, the two-dimensional on-rate in the units
area/time. With nyenqs(t = 0) = 0, this yields:

nbonds(t) = Ntot - Ntot : e_kon.d.t (Al)

By fitting this relation to the measured data, the two-dimensional on-rate can be
derived.

In the atomic force spectroscopy, the rebinding of dissociated bonds is sufficiently sup-
pressed by the continuous spatial separation of the binding partners. Thus, the bond
dissociation is given by a simple decay relation:

nbonds(t) = nbonds(o) : e_kfff't (AZ)

with kﬁ} s being the off-rate under the external force F. The kinetic constants k.f¢ and k),
can therefore be separately examined in force spectroscopic experiments.
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A.2 Bond Formation in the Flow Chamber

In the flow chamber, rebinding cannot be neglected and the differential equation for the
number of bonds contains both the association and the dissociation rate [142]:

dnbonds (t)

dt = kon -d - (Ntot - nbonds<t)) - kfff : nbonds(t>

With the approximation, that the average force on the bonds is constant throughout the
cell adhesion in the shear flow, kff 1 is constant over time [142]. With the number of bonds
at time zero ny = 0 this gives:

kondNyor kondNiot —hondt+kT, 1
0 YT e .e of f

Nbonds <t> = — ng —
Fond + KT, Fond + KT,

Since a cell is connected to the surface, until the last bond is broken, the number of cells
Neeus(t) follows the time dependency:

Nbon s(t)
ncells(t) - ncells(o) - ncells(O) : (]- - eikfff.t> e

(A.3)
Here, nee;s(0) is the number of cells bound to the surface at time ¢t = 0. If only one bond
holds the cell in the shear flow, the equation decreases to the simple decay relation
A2



Appendix B

Appendix B: The Force-Distance
Relationship of a Kelvin Body

A Kelvin body consists of a spring k; in parallel to a series of a dashpot p and a second
spring k; (Fig. . Pulling on the Kelvin body with a constant retraction velocity v = %

=< “t >

Figure B.1: The Kelvin body: A spring with elasticity k; is connected in parallel to a
series of a second spring with k; and a dashpot with viscosity . The arrows indicate the
respective distances affecting the different viscous and elastic elements while stretching the
system.

results in a force Fi(t) on the lower part containing the spring k;:
F1 = kt 21 (t)
and a force F3 on the series of the dashpot p and the spring k;:

dz;
g ILL . dt

Fz = k’z . Zg(t)
The total retraction position z is:

z=2=2+2
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The total force F'(t) can be given as:

dz dz
F(t)=Fi(t)+ Fa(t) =k - 2(t) + p - (d— — —2) (B.1)
t dt
From F(t) J y
k82
ar e T
follows: p LR ke d
22 t z
R R S ONNN B.2
.  k dt k; dt (B-2)
Substituting equation into equation yields:
B k\ dz p dF(t)
F(t)—k:t-z—l—,u- (1+E> E_ET

From this, one can derive the time-dependency of the force |157]:

dF(t) Kk ke dz
N P P -k —u- 1+ 2] 22
di u(“ v u(_l—ki) dt)

If the retract velocity v is constant, the time ¢ can be expressed in terms of the position z
as t = 2. With the additional boundary condition F'(z = 0) = 0, the differential equation
can be integrated to:

—kz

Fz)=k-z+p-v—p-v-ewv (B.3)

This equation corresponds to equation and was used to analyse the force-distance
curves recorded in atomic force spectroscopic experiments on living cells.



Glossary

AFM
DAG
FAK
FRET
GEF
GTPases
IP3
LFA-1
MSET
NEMS
PAK
PEG
PI3-kinase
PIP2
PKC
PLC
PMA
RAP1
RAS

Src
TIRF
VCAM-1
VLA-4

atomic force microscope
diacylglycerol

focal adhesion kinase

fluorescence resonance energy transfer
guanine nucleotide exchange factor
guanosine triphosphate hydrolase enzymes
inositol-2,4,5-triphosphate
lymphocyte function associated antigen 1 (also called ay3)
mechanical single electron transistor
nano-electromechanical system

kinase family

poly-ethylen glycol
phosphatidylinositol 3 kinase
phosphatidylinositol-4,5-bisphosphate
phosphokinase C

phospholipase C

phorbol 12-myristate 13-acetate
RAS-related protein 1

familiy of GTPases

kinase family

total internal reflection microscope
vascular cell adhesion molecule 1

very late antigen 4 (also called ay/f3;)
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