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Abstract

During cell migration, the forces generated in the actin cytoskeleton are transmitted across
transmembrane receptors to the extracellular matrix or other cells through a series of
mechanosensitive, regulable protein—protein interactions termed the molecular clutch. In integrin-
based focal adhesions, the proteins forming this linkage are organized into a conserved three-
dimensional nano-architecture. Here we discuss how the physical interactions between the actin
cytoskeleton and focal-adhesion-associated molecules mediate force transmission from the
molecular clutch to the extracellular matrix.

Cell migration is important during embryonic development, immune responses and wound
healing, and can lead to inflammation and cancer metastasis when misregulated®. Migration
can occur through different mechanisms, including lamellipodia or pressure-driven bleb
formation2, water permeation3 and other processes*°, depending on the cell type and tissue
environment — a plasticity that facilitates robust migration in many contexts®. However, the
common feature of all these scenarios is that cells must be able to apply forces to generate
traction against, and move themselves relative to, their immediate surroundings. The actin
cytoskeleton is the major source of internally generated force that regulates cell shape and
drives migration®. Actin-based cellular forces must somehow be transmitted through the cell
membrane to generate friction that induces traction against the extracellular environment.
Friction between the cell and its environment can either be non-specific or mediated by
specific surface receptors that bind to the extracellular matrix (ECM) or other cells. Non-
specific friction can be generated when cells are held under confinement, and is thought to
drive non-haptotactic, bleb-based amoeboid motility during immune responses and cancer
metastasis’ 8. Specific interactions between cells and their surroundings, such as integrin—
ECM and cadherin—cadherin receptor—ligand interactions, drive haptotactic ‘mesenchymal’
motility during wound healing and development. This Review will focus on the physical
mechanisms of cell-ECM traction generation during lamellipodia- and integrin-dependent
mesenchymal cell migration.
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Mesenchymal cell migration involves coordinated lamellipodial protrusion at the cell leading
edge in the direction of migration and adhesion of this protrusion to the ECM, usually in
response to external chemical or physical guidance cues®. Lamellipodial protrusion is always
associated with actin filament polymerization subjacent to the leading edge plasma
membranel0.11, and filament end elongation is thought to push the plasma membrane
forward!2. This actin polymerization against the plasma membrane barrier, together with
myosin Il contraction of cortical actin filaments within the lamella, also generates a net
rearward ‘retrograde flow’ of the F-actin network relative to the direction of cell
movement1011.13 The ‘molecular clutch hypothesis’ provides a mechanical metaphor to
help explain how the cell converts this rearward actin flow into forward cell movement4.
This hypothesis postulates that integrin-containing focal adhesions (FAs) act as a mechanical
‘clutch’ by mediating transient indirect interactions between the retrograde-moving actin
cytoskeleton and ECM-bound integrins (Fig. 1) Here we outline the growing body of
evidence supporting the notion that force transduction in integrin-based FAs at the leading
edge of migrating cells is regulated by an organized 3D ‘molecular clutch’ consisting of the
FA molecules talin and vinculin. We describe how forces originating in the leading edge
actin cytoskeleton are transmitted to the ECM to generate the rearward traction forces
needed for forward cell movement. Although it is well appreciated that force transmission
regulates integrin and FA signalling’16, we focus on how the physical linkages between
actin and the ECM are formed and regulated, and how forces transmitted by the clutch
impact FA molecules to allow individual FAs to act as mechanosensors.

The molecular clutch hypothesis

Cell movement has captivated scientists since the invention of the light microscopel?, and
microscopy continues to provide insight into the molecular regulation of mammalian cell
migration. In the early 1960s, Abercrombie proposed that protruding and ruffling of a broad,
thin membrane at the front of migrating chick fibroblasts was the main “locomotory organ”
of the fibroblast!®, and because of its lamellar structure and protrusive behaviour, dubbed it
the lamellipodium. This was observed to undergo cycles of protrusion and retraction
resulting in net forward movement®. Abercrombie and Harris observed that marker particles
derived from ink or resin adhered to the cell surface moved centripetally from the leading
edge along the dorsal and ventral cell membranes at a constant rate and with rearward
direction relative to the direction of leading edge protrusion20:21, These first observations of
retrograde flow were proposed to be related to forward edge protrusion and rearward traction
forces, although a moving plasma membrane was initially thought to cause the flow of
particles?9-22, Wolpert and Allison later proposed that this rearward particle movement
could be due to the movement of the filamentous network inside the cell pulling proteins in a
fluid plasma membrane?2. Using electron microscopy, Small and Abercrombie showed that
the leading part of a migrating cell is enriched in filamentous actin that is organized into
structurally distinct leading lamellipodia followed by thin lamellae, and that actin filaments
within lamellipodia are polarized with their fast-growing ‘barbed’ ends facing the cell
edge?3:24, In 1985, Wang performed seminal fluorescence recovery after photobleaching
(FRAP) experiments of fluorescently labelled actin to demonstrate that actin monomers
were incorporated into filaments at the leading edge of lamellipodia and that they underwent
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a rearward movement away from the edgeC. Forscher also observed retrograde flow in
neuronal growth cones and showed that it depended on both actin polymerization and
myosin II contractilityl3:25, Theriot and Mitchison demonstrated that actin polymerization in
the lamellipodia was directly coupled to forward cell movement!?, and retrograde flow was
observed to be inversely related to cell speed10:13.26.27 Based on these observations, in 1988
Mitchison and Kirschner proposed that a ‘molecular clutch’ connected the retrograde-
moving actin cytoskeleton to ECM receptors in the plasma membrane, allowing tension to
be exerted on the substratel?.

In the subsequent decades, the evidence supporting the molecular clutch hypothesis has
grown; however, the basic principles remain unchanged (Fig. 1). Actin is rapidly
polymerized in lamellipodia, and actin polymerization and myosin Il contraction drive the
net rearward/retrograde movement of the actin network. Macromolecular FAs act as a
regulable molecular clutch by mediating transient, indirect interactions between the
retrograde-moving actin cytoskeleton and ECM-bound integrins. The clutch is ‘engaged’
when the actin cytoskeleton is indirectly connected to immobilized, ECM-bound integrins
through the macro-molecular FA complex. If actin polymerization and myosin contraction
remain constant, this engagement causes retrograde flow to slow down as forces from the
actin cytoskeleton are propagated to the substrate, resulting in rearward traction, whereas
continued polymerization at the membrane-facing barbed ends of actin filaments that are
immobilized at the adhesion site drives forward membrane protrusion. Conversely,
disengagement or slippage of the clutch would result in faster retrograde flow, decreased
traction forces and cessation of membrane protrusion.

Forces generated in the actin cytoskeleton drive actin retrograde flow

The retrograde movement of the actin cytoskeleton is the basis of the molecular clutch
hypothesis. In adherent migrating cells, the cortical actin cytoskeleton is organized into two
structurally and functionally distinct regions: the lamellipodium and the lamellum?23.28.:29,
Rapid Arp2/3-mediated F-actin polymerization at the tip of the lamellipodium generates a
pushing force against the leading edge plasma membrane and has been proposed to drive its
protrusion through a Brownian ratchet mechanism12:39:31 |f membrane expansion is
constrained, F-actin polymerization against the inextensible membrane barrier also results in
a counterforce that is thought to push the entire F-actin network rearward relative to the
membrane, with the majority of F-actin depolymerizing at the base of the
lamellipodium10:25.28.32 Therefore, although new actin monomers are continuously
incorporated at the lamellipodium tip, the lamellipodial actin network exhibits treadmilling
behaviour and undergoes retrograde flow of ~0.5-1.5 pm min~1 (ref. 28). The flat lamellum
region is located proximal to the lamellipodium (that is, closer to the cell centre) and
contains many distinct F-actin structures including dorsal stress fibres, transverse arcs and
ventral stress fibres33-3, In the lamellum, myosin 1l assembles into mini-filaments and
contracts actin bundles to generate forces that reorganize and disassemble actin, and drive a
slower retrograde flow of ~0.25-0.5 um min~1 (refs28:33.36.37) ' Myosin II inhibition blocks
slow lamella retrograde flow, but leaves rapid lamellipodial flow intact28:38:39 whereas
blocking actin polymerization disrupts lamellipodial flow?®. Thus, actin polymerization
drives rapid retrograde flow in the lamellipodia, and myaosin contraction drives slower
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retrograde flow in the lamella. However, in some cell types, such as fish skin keratocytes and
neuronal growth cones, these two cellular regions are not well delineated, with both actin
polymerization and myosin Il activity partially contributing to a general leading edge
retrograde flow?#0-42,

FAs are a 3D macromolecular complex that physically connects the actin
cytoskeleton to the ECM

Evidence from diverse cell types indicates that the speed of actin retrograde flow is inversely
correlated to edge protrusion11:13.2841 syggesting that slowing actin retrograde flow can
drive forward cell movement, a process that would require transmission of the forces
generated in the actin cytoskeleton to the ECM. Cells in tissue culture generate much more
force on the ECM than is necessary for translocation?3, implying that actin flow is likely to
power other processes such as ECM remodelling and FA disassembly in the cell rear.
However, to understand how force transmission to the ECM drives cell movement, it is
important to understand how the actin cytoskeleton is physically linked to the extra-cellular
environment.

FAs are integrin-based adhesion organelles that physically connect the actin cytoskeleton to
the ECM#4-46 through a membrane-associated macromolecular complex. Integrins are
transmembrane heterodimers of a and B subunits that use their large extracellular domain to
specifically interact with different extracellular proteins such as fibronectin, collagen and
laminin®7:48, and must undergo a dramatic conformational change to become *activated” and
competent to tightly bind ligands*®-50. The B-integrin cytoplasmic tail binds several proteins
including talin®1, a-actinin2 and kindlin®3, but neither a- or B-integrin can interact with
actin directly®4-56, Therefore, the connection between integrins and actin must be mediated
indirectly by the assembly of the macromolecular FA structure.

FAs are dynamic structures that can contain hundreds of different molecules including
scaffolding and structural proteins, kinases and phosphatases, and their composition changes
in response to diverse stimuli®’~80, FAs form in the protruding lamellipodia as small puncta
containing integrin, focal adhesion kinase (FAK) and paxillin1-63, Although most of these
‘nascent’ FAs have a lifetime of ~1 min, a subset are stabilized and undergo ‘maturation’
when they reach the lamellum®2. FA maturation requires stress fibre assembly and myosin 11
activity39:62.64 a5 FAs elongate along an actin—-a-actinin template in the direction of
retrograde flow®2 and undergo dramatic compositional changes®®.

The proteins that localize to FAs are not homogenously distributed in the 3D FA structure.
Recent advances in light microscopy have allowed the determination of protein localization
in FAs at the nanoscale level, which has revealed that mature FAs are vertically stratified
along the axis perpendicular to the ventral plasma membrane (Fig. 2)85-89. Paxillin and FAK
localize with integrin cytoplasmic tails within ~30 nm of the plasma membrane (that is, low
in the FA) in a region termed the inte-grin signalling layer87:69, In contrast, actin and the
actin-associated proteins zyxin, VASP and a-actinin localize >50 nm above the plasma
membrane (that is, high in the FA) in the “actin regulatory layer’67. Talin is a large protein
that can directly interact with both integrin and actin’C. The talin head, which binds p-
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integrin cytoplasmic tails, co-localizes with paxillin and FAK near the plasma membrane,
whereas the talin tail, which binds actin, localizes ~30 nm higher51:67.69.71.72 v/inculin
primarily co-localizes with the talin rod in the intermediary region, or ‘force transduction
layer’®7, but is initially recruited near the plasma membrane and is redistributed upwards as
the FA matures®®. This conserved layered organization of FA proteins is observed in diverse
cell types87-69, suggesting that it arises from the self-assembly of protein—protein
interactions at FAs.

Proteins are also organized along the length of individual FAs (that is, the axis parallel to the
ventral plasma membrane; Fig. 2). FAs grow in the direction of actin retrograde flow, so
mature FAs are oriented with their long axis perpendicular to the leading edge®1-62, We will
refer to the tip of the FA nearest the leading edge as the distal tip, and the tip closer to the
cell body as the proximal tip. Actin stress fibres attach at the proximal tip of FAs, so actin-
associated proteins are also concentrated at the proximal tip61:67.73.74 In contrast, FAK-
dependent tyrosine phosphorylation of paxillin is highest at the distal tip of FAs, providing a
mechanism for concentrating SH2-domain-containing proteins that bind to phosphotyrosine
in this region’®. Talin molecules are organized along the long axis of the FA, with their
integrin-binding head localized closer to the distal tip of the adhesion and their actin-binding
tail stretched rearward in the direction of F-actin flow?®. It is likely that other proteins are
also organized along the long axis of the FA by actin retrograde flow.

Although FAs have a conserved nanoscale architecture, proteins within FAs are highly
dynamic. Inactive integrins in FAs can diffuse within the plasma membrane and are
immobilized by activation’”:78. Most FA proteins, including paxillin, vinculin, a-actinin,
talin, kind-lin, FAK, zyxin, VASP and ILK, exchange rapidly with the cytoplasmic pool
(FRAP t#, measured to be less than 30 seconds)’379-81 Additionally, FRAP for FA
proteins is rarely approximated by a single exponential curve’3, suggesting that
subpopulations of molecules within the FA have different dynamics. Indeed, both paxillin
and vinculin have at least four distinct sub-populations in the FA and surrounding
cytoplasm, and paxillin and vinculin have different dynamics at the distal and proximal tip
of the FA73, Thus, even when an FA seems stable for tens of minutes, the molecules within
the adhesion are rapidly turning over. Furthermore, the types of interactions occuring within
the FA can change over time. Fluorescence fluctuation correlation methods suggest that
talin—vinculin complexes form before the integrin—talin complex in nascent FAs, whereas a-
actinin clusters periodically enter nascent FAs and transiently interact with integrins82.
Results from fluoresecence cross-correlation spectroscopy studies have suggested that
molecules can enter and leave the stable FA as preformed cytoplasmic complexes
corresponding to the different FA nanoscale layers. For example, paxillin and FAK co-
localize in FAs near the plasma membrane®7 and diffuse together in the cytoplasm83. Thus,
it is possible that the self-organization of protein—protein interactions dictating FA
architecture initiates from interactions in the cytoplasm.

The actin cytoskeleton is a master regulator of Fas

The molecular clutch hypothesis proposes that the forces generated in the leading edge actin
cytoskeleton are transmitted across FAs to generate rearward traction forces against the
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ECM39.84-86 Fyrthermore, actin polymerization and integrin adhesion are spatiotemporally
coordinated®’, and actin polymerization®2:86, F-actin structural organization33:64.88 and
myosin |1 contractility8489 all contribute to the regulation of FAs in lamellipodia and
lamella.

The lateral force of retrograde flow has been hypothesized to help drive integrin activation
by separating a.- and B-integrin cytoplasmic tails®. Integrin activation can be initiated by
the binding of cytoplasmic proteins, such as talin, to the p-integrin tail (‘inside-out’
activation) or by the binding of integrins to their extracellular ligand (‘outside-in’
activation)®9:91-93 However, integrin inactivation and constitutive activation with small
molecules or antibodies both decrease migration speeds?*, suggesting that a carefully
regulated cycle of integrin activation and inactivation is required for proper cell migration.
Integrin activation involves a dramatic conformational change between an inactive low-
affinity conformation with the extracellular domain folded close to the plasma membrane
and an activated high-affinity conformation with the extracellular domain extended away
from the plasma membrane®0:93.95_ However, both inside-out and outside-in integrin
activation correspond to a lateral separation of the a.- and p-integrin cytoplasmic tails that
can be measured by a loss in intermolecular fluorescence resonance energy transfer
(FRET)%, Furthermore, introducing an artificial 14 nm separation between the as and By
cytoplasmic domains is sufficient to induce high-affinity binding to fibronectin /n vitro, and
simulations of molecular dynamics suggest that the lateral force of actin retrograde flow
linked to the B tail by a clutch molecule could pull the B tail away from the a tail to stabilize
integrin heterodimers in an open, high-affinity conformation®:20, This force-dependent
model of integrin activation predicts that integrin cytoplasmic tails would open in the
direction of retrograde actin flow, resulting in a polarized and oriented population of active
integrins in FAs.

Actin polymerization also controls the formation of initial macro-molecular nascent FAs. FA
formation and stability in the lamellipodia requires active actin polymerization62:86 and loss
of Arp2/3 complex activity reduces FA assembly and results in disorganized, abnormal
adhesions that do not support haptotactic migration up a surface-bound gradient of
ECM97.98 Both FAK and vinculin can bind directly to the Arp2/3 complex, suggesting a
direct molecular link between Arp2/3 activity and FAs?9100. Nevertheless, more research is
needed to understand precisely how Arp2/3 regulates nascent FA assembly.

Actin also regulates FA growth and maturation. Although most nascent FAs disassemble at
the base of the lamellipodium, a subset stabilize and undergo maturation at the border
between the lamellipodium and the lamellum82101 Thus, a row of maturing FAs spatially
defines the lamellipodium—lamellum border and contributes to the abrupt slowing of actin
retrograde flow speeds in the lamellum?28.84.86_ During maturation, FAs undergo a
compositional change as they grow and elongate in the direction of retrograde
flow58:61.62.64.102 EAg grow at a rate directly proportional to actin flow, independently of
specific molecular perturbations; thus, faster retrograde flow results in faster FA
elongation193. This suggests that FA growth, and therefore local integrin activation, is
limited by the distance of actin retrograde movement, in agreement with the lateral-force
model of integrin activation®0. FA maturation requires tension to be applied across FAs,
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either from intracellular myosin contractility or extracellular pulling104-109, and FA size
correlates to the amount of applied force8®. During FA maturation, a-actinin is recruited to
cross-link actin filaments2. Mature FAs remain attached to actin stress fibres throughout
their lifetime, and their maintenance requires association with contrac-tile F-actin
bundles33:64.88_ Disruption of dorsal stress fibres generated by mDia2 (mammalian
diaphanous-related, a member of the formin family of proteins) leads to abnormal FA
morphology and dynamics33110, and several other formin family members have been found
in biochemically isolated FAs®®. Further work is needed to clarify the role of specific actin
nucleators and F-actin structures in regulating the different stages of FA assembly, growth
and disassembly in the lamellipodia and lamella.

Forces at FAs regulate protein—protein interactions and protein activity

Forces generated in the actin cytoskeleton are transmitted across the macromolecular FA to
generate traction on the extracellular substrate. Individual FAs have been measured to apply
traction forces to the extra-cellular substrate ranging from less than 1 kPa to greater than 10
kPa (1-10 nN um~2), although these are the cumulative forces distributed across many
thousands of molecules in the FA8:111, The development of fluorescence-based molecular
tension sensors has allowed the direct measurement of forces applied across individual FA
molecules!12-114 The tension across individual vinculin molecules in FAs is estimated to be
~2.5 pN when measured with a FRET biosensorl12. Single-molecule integrin tension sensors
based on FRET14.115 or quenching13:116 measured ~1-40 pN of tension on individual
integrins at FAs. However, both vinculin and integrin molecules were observed to experience
a dynamic range of tensions at FAs. Although other molecules, including talin and p130Cas,
are thought to bear tension at FAs, additional tools are needed to directly measure tension in
other proteins of interest’6:117,

Proteins respond to tension through diverse mechanisms, and in addition to generating
traction for cell migration, forces transmitted across FAs can also significantly alter protein
localization and activity at FAs. Some molecules form catch-bonds, characterized by an
increase in the dissociation lifetime with increasing tensile force. For example, the lifetime
of agpy-integrin—fibronectin bonds is significantly prolonged when 10-30 pN of force is
applied!18, meaning that increasing forces stabilize the integrin—fibronectin interaction.
Other proteins, such as talin, exhibit slip-bond behaviour!!®, and can also undergo a force-
dependent extension120, Although talin contains many vinculin binding sites (VBSs) buried
within the native structure, an unstretched talin molecule has only a single available VBS120,
Application of 2 pN of force to stretch talin unmasks cryptic VBSs, allowing the recruitment
of additional vinculin molecules'20, Talin extension occurs at forces of more than 5 pN, and
the binding of vinculin to talin prevents refolding of the talin rod in vitro*21. However, at
>25 pN force, vinculin dissociates from talinl2L. Force can also directly alter protein
activity. The application of a 1-3 pN pulling force to the mDia2 formin bound to the end of
an actin filament results in a significant increase in the actin polymerization ratel22123 The
mechanosensitivity of a range of proteins in FAs suggests that the molecular clutch itself
may be mechanosensitive.
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Talin, vinculin and a-actinin regulate the FA clutch

If FAs represent a molecular clutch, actin retrograde flow will be specifically engaged to the
ECM at FAs. Thus, a key prediction of the molecular clutch hypothesis is that actin flow
slows down locally at FAs as traction forces increase. Indeed, actin retrograde flow speeds
have been experimentally observed to decrease at FAs39:.78:86.103.124 an{ traction forces are
observed to be highest at FAs39:85.125_ Since actin does not directly interact with integrins,
actin retrograde flow must be transmitted across a molecular ‘transmission interface’ of
actin-and integrin-binding proteins. Many molecules in FAs, including integrins, paxillin,
FAK, a-actinin, talin and vinculin, undergo retrograde flow at rates equal to or slower than
the local actin retrograde flow39.78.86.103,124,126 g,ggesting that forces driving retrograde
flow are transmitted across many of the molecules within FAs.

Molecules that directly bind integrins and/or actin are thought to regulate force transmission
across FAs by modulating the efficiency of the integrin—actin connection. In the simplest
clutch scenario, force transmission at FAs will be at a maximum when actin is tightly
associated with integrins. However, if there is ‘slippage’ between actin retrograde flow and
the ECM, less force would be expected to be transmitted#39.127.128

There is growing evidence that talin, vinculin and a-actinin can directly engage actin
retrograde flow to increase force transmission at FAs. Talin is one of the few known
molecules that binds directly to both B-integrin tails and F-actin®1:71, and when talin is
depleted, cells have decreased traction forces and fail to stiffen in response to tension129.130,
Additionally, talin depletion causes slippage between actin retrograde flow and the ECM,
resulting in a much wider region of fast lamellipodial actin flow at the cell edge19130,
Vinculin binds simultaneously to talin and F-actin, and helps to mechanically reinforce the
talin-actin linkage!31132, When vinculin is depleted, cells have decreased traction forces,
widened lamellipodia and faster retrograde flow rates03:111.132.133 ‘and photh actin-and talin-
binding domains are required to restore WT retrograde flow and traction forces103.132,
Furthermore, vinculin is required for myosin-dependent traction forces32, suggesting that
the talin—vinculin—actin linkage directly regulates myosin-dependent FA clutch
engagement103:132_ The talin-vinculin interaction is highly sensitive to force changes'20:121,
suggesting that clutch engagement has a positive feedback effect. As force transmission
increases across talin, additional vinculin molecules are recruited to bind actin, slow
retrograde flow and increase force transmission. a.-actinin, which can bind integrin and
actin, is also required for maximum force transmission across p3 integrins, and a-actinin
recruitment correlates with force generation34, suggesting that a-actinin could regulate the
molecular clutch in addition to cross-linking actin.

Mechanosensitivity of the molecular clutch

Since the FA clutch can be dynamically regulated, force transmission could be variable over
timel27. Furthermore, the level of clutch engagement is predicted to be dependent on the
stiffness of the substrate, suggesting that the clutch is mechanosensitivel2’. Modelling the
ensemble behaviour of substrate-bound linkages to an actin cytoskeleton undergoing a
constant rate of retrograde flow predicts that if the FA is unable to significantly deform a
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stiff substrate, then there will be stochastic, weak clutch engagement and constant traction
forces in the FA127. Actin and the substrate form many linkages that rapidly reach their
breaking strength as tension builds against the stiff ECM127. However, on a softer,
deformable substrate, cooperative engagement of many linkages is increased because
stretching of the substrate allows time for more linkages to form before any one reaches its
breaking strength12’. As more linkages form, retrograde flow slows and traction forces
increase until the entire ensemble of linkages breaks under the increased tension12”. Thus,
on softer substrates, the ensemble behaviour of molecules within an FA are predicted to
exhibit a ‘tugging’ behaviour, with the position of peak traction and the magnitude of
traction across individual FAs fluctuating over time!27. In line with these predictions, high-
resolution traction force microscopy has shown that traction forces fluctuate by several
thousand Pa within individual FAs, and a single FA can undergo several transitions between
low and high traction regimes each minutel1. Furthermore, the ability for cells to fluctuate
between low and high forces requires the presence of vinculin, supporting the importance of
vinculin in regulating the FA clutch11, FA “tugging’ is mechanosensitive, as it only occurs
on soft substrates. On stiff substrates, individual FAs have stable traction forces, in contrast
to the tugging traction forces observed on softer substrates!!1, Furthermore, this tugging
behaviour is required for cells to differentiate between soft and stiff substrates as they
migratel11, The ability of individual FAs to dynamically sample substrate stiffness by
applying tugging pulling forces and to act as mechanosensors to guide cell migration111.127
is in agreement with a simple dynamic molecular clutch model'2?. Further experiments are
required to determine whether oscillations in myosin 11 activity35.136 or actin
polymerization?8:137 could also contribute to the tugging behaviour of FAs.

The 3D molecular clutch

The 3D organization of proteins in FAs is likely to impose physical limitations on the
molecular clutch. As actin flows directionally from the distal FA tip to the proximal tip
along the xy axis of FAs, forces applied to molecules within FAs are biased in this direction,
resulting in molecules becoming aligned within the FA. For example, talin molecules are
oriented with the actin-binding tail domain higher and further from the leading edge than the
integrin-binding head®”:76. Actin retrograde flow is likely to polarize other molecules, such
as integrins, and results in FA elongation away from the leading edge during maturation®2,
There is also growing evidence that the clutch is differentially engaged along the length of
the FA, as both actin retrograde flow speeds and traction forces are highest towards the distal
tip of mature FA39111,

Along the zaxis of the FA, more than 50 nm separates the actin cytoskeleton in the upper
FA layer from integrin cytoplasmic tails in the lowest FA layer at the ventral plasma
membrane®’, indicating that forces must be transmitted from actin vertically down the FA. If
forces dissipate as they propagate from actin downwards toward the ECM, then differences
would exist in the retrograde flow of proteins in the different FA layers. Indeed, a-actinin
has a fast retrograde flow speed of ~2.5 pm min~1 and co-localizes with actin more than 60
nm above the ventral plasma membrane87:124_ In contrast, paxillin and integrin, which
localize close to the plasma membrane, have retrograde flow speeds below 0.1 pm min=1,
Talin and vinculin, which localize in an intermediary layer between the plasma membrane
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and the actin cytoskeleton, have flow speeds of between 0.1-0.3 um min~1. Additionally,
both the direction and speed of actin flow are most closely coupled with a-actinin flow,
whereas vinculin and talin have slightly less coupling with actinl24, Integrin and paxillin
flow have the lowest observed coupling with actin flow speed and direction24. This
suggests that the forces of actin flow dissipate as they are transmitted through a series of
slipping or viscous linkages mediated by specific proteins organized along the vertical axis
of the FA.

In addition to the conserved 3D organization of FA proteins, spatial differences also exist in
retrograde flow and traction forces in FAs. Within a single FA, there are 3D nano-domains
with varying protein composition and mechanical signatures (Fig. 2). However, further work
is needed to understand how this spatial organization influences FA protein activity. The
spatial compartmentalization of different protein groups might help to limit the types of
interaction that can occur at FAs. For example, talin-binding regulates the redistribution of
vinculin into the upper FA layers as the FA matures®9, possibly allowing for increased clutch
engagement. As proteins move up, down or rearward with actin retrograde flow, they could
come into contact with different groups of binding partners, vary the magnitude of
mechanical tension, or change downstream signalling.

clutches at diverse adhesive interactions

Although there is mounting experimental evidence to indicate that FAs act as bona fide
molecular clutches during integrin-mediated cell migration, other sites of cell contact or
adhesion could act analogously to transmit forces driving cortical actin motion to the
extracellular milieu in diverse cellular processes (Fig. 3). In theory, any transmembrane
protein capable of non-specific frictional or specific binding interactions with the
extracellular environment and of indirectly binding the actin cytoskeleton could facilitate
force transmission in a similar manner to integrins at FAs. In the simplest scenario, cell
motility could be driven by friction between any actin-clutch-associated transmembrane
protein complex and a surface, if the protein and the surface were pressed against each other
by physical confinement’. Integrins themselves are involved in various structures other than
FAs and dynamic processes besides cell migration that could involve molecular clutches. For
example, integrin LFA-1 and its ligand ICAM-1 mediate leukocyte—endothelial cell
adhesion during leukocyte transmigration, which can occur via transcellular or paracellular
routes138. The leukocyte actin cytoskeleton can connect to LFA-1 through talin®, and the
endothelial actin cytoskeleton connects to ICAM-1 through a-actinin!39, suggesting that
both cells could actively transmit force across the adhesion through indirect protein
interactions with actin to drive cells through endothelia. Furthermore, repair of endothelial
cells following leukocyte trans-migration involves integrin-dependent ventral lamellipodia
that may form a molecular clutch involved in maintaining endothelial barrier function140.
Rapid actin polymerization is essential for proper synapse formation between T cells and
antigen-presenting cells to mediate the adaptive immune response, and the centripetal flow
of actin organizes both T-cell receptors and LFA-1 at the immunological synapsel4L.
Bacterial and viral pathogens frequently exploit cell adhesion molecules, including integrins
and cadherins#2, to gain entry into host cells, and virulence factors can activate key clutch
regulators, such as vinculinl43. The ability of cadherins to indirectly connect to the actin
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cytoskeleton through a.- and B-catenin allows tension to be applied across cell—cell
adhesions#4. These adhesions are similar to FAs in many ways, as force transduction across
cadherins is regulated by interactions between a-catenin, vinculin and actin144,
Furthermore, N-cadherin engages actin retrograde flow to promote neuronal growth cone
migration145, and VE-cadherin undergoes actin-dependent basal to apical flow!46. Thus,
force transduction at cell—cell junctions via a cadherin-based molecular clutch is likely to be
critical for remodelling epithelia during morphogenesis4’.

In conclusion, it is possible that forces generated in the actin cytoskeleton are harnessed by

molecular clutches at a variety of adhesive interactions to regulate force transmission during
diverse cellular functions. The insights gained from studying force transmission at integrin-

based FAs could be applied to better understand these processes.
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The molecular clutch hypothesis. (a) New actin monomers (light blue) are incorporated on
to the barbed end of a pre-existing actin filament (dark blue) facing the leading edge of the

lamellipodia. Transmembrane integrin dimers (green and purple) are bound to the

extracellular matrix (ECM). (b) If the clutch (yellow) is not engaged to connect actin to the
ECM, then actin polymerization results in rapid retrograde cytoskeletal flow, no net leading
edge protrusion and no traction force on the ECM. (c) If the clutch is engaged, the forces

generated by polymerization of the actin cytoskeleton are physically transmitted to the

ECM, resulting in slowing of retrograde flow, traction force on the ECM and a net edge

protrusion.
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Figure 2.
Nano-scale architecture of the focal adhesion clutch. Focal adhesions (FASs) are organized

into 3D ‘nano-domains’ with unique protein compositions and mechanical signatures. The
distal tip of the FA facing the leading edgeis where lamellipodial dendritic actin interacts
with the FA, and contains an enrichment of phosphorylated paxillin, rapid retrograde flow
and high traction forces. The proximal tip of the FA interacts with the actin stress fibre and
is enriched with the actin binding proteins a-actinin, zyxin and VASP, and is characterized
by slow retrograde flow and low traction forces. Additionally, proteins are stratified in the
axis perpendicular to the cell plasma membrane (PM). Paxillin, FAK and the talin head
domain are co-localized with integrin cytoplasmic tails near the plasma membrane in the
integrin signalling layer. Actin and actin-binding proteins are localized >50 nm above the
plasma membrane in the actin regulatory layer. Talin and vinculin reside in the force
transduction layer that spans between the integrin signalling and actin regulatory layers.
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Talin is oriented with the N-terminus near the plasma membrane and the C-terminus ~30 nm

higher and extended towards the FA proximal tip. The colour bar shows the vertical distance
from the extracellular matrix, whereas the scale bar denotes the distance across the xy plane.
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Figure 3.
Molecular clutches may mediate diverse cell adhesive interactions. (a) During leukocyte

diapedesis, initial cell-cell adhesion is mediated by the interactions of the LFA-1 integrin
and its ligand ICAM-1. Paracellular migration occurs when the endothelial cells temporarily
disassemble cell-cell junctions, allowing the leukocyte to migrate between two endothelial
cells. Transcellular migration occurs when the leukocyte migrates through a single
endothelial cell. The migrating leukocyte extends invasive protrusions into the endothelial
cell, and the endothelial cell forms a transmigratory cup around the leukocyte. Following
successful transmigration, the transmigratory pore is closed by integrin-dependent ventral
lamellipodia to restore endothelial barrier integrity. (b) Pathogens often seek entry into host
cells by co-opting the integrin or cadherin adhesion machinery. Bacteria can bind to these
adhesion receptors, stimulate actin polymerization and activate clutch molecules to promote
the formation of a phagocytic cup. (c) The T-cell immunological synapse requires centripetal
actin flow to organize adhesion receptors into distinct domains. Rapid retrograde flow
organizes and potentially activates LFA-1 integrins in the actin-rich regions. In contrast, the
T-cell receptors (TCR) cluster in the actin-free centre. MHC, major histocompatibility
complex. (d) Cadherins mediate cell-cell adhesion and connect indirectly to the actin
cytoskeleton through p-catenin, a-catenin and vinculin. Cadherins have been observed to
undergo actin-dependent basal-to-apical flow that could generate force for epithelial
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morphogenesis. Active polymerization of the actin cytoskeleton is depicted as a blue mesh
and the direction of actin flow is indicated with a blue arrow (a—d).
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