Chapter 2
The Role of the Actin Cytoskeleton
in Mechanosensation

Tianzhi Luo and Douglas N. Robinson

Abstract Cells are capable of sensing mechanical stimuli and translating them into
biochemical signals. This ability allows cells to adapt to their physical surround-
ings by remodeling their cytoskeleton, activating various signaling pathways, and
changing their gene expression. These phenomena involve two essential processes —
mechanosensing and mechanotransduction. In these processes, force or deformation
needs to be transmitted from the outside environment to the proteins and organelles
inside the cell. The actin cytoskeleton composed of actin filaments, myosin motors,
and actin crosslinking proteins plays a critical role in force propagation and in
response to deformations. Cellular adaptation to these deformations is often asso-
ciated with feedback loops, and proteins in the actin cytoskeleton accumulate and
function cooperatively in response to mechanical stimuli. Mutations in these pro-
teins cause failure in cellular mechanosensing, which eventually leads to cellular
errors associated with disease progression.
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2.1 Introduction

A mechanotransduction system requires at least one sensor and one transducer.
The sensors, commonly located next to the outer layer of the cell membrane,
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sense the mechanical stimuli, such as force, pressure and flow speed, and trans-
mit the mechanical signals into the inside of cells. Ion channels, protein kinases,
integrins, membrane glycocalyx, G proteins, intercellular junction proteins and
other membrane-associated signal-transduction molecules are capable of sensing
mechanical stimuli as shown in Fig. 2.1 (Ingber, 2006; Vogel and Sheetz, 2006;
Wang et al., 2009). The transducers, mainly situated inside the cell membrane
or inside the cytosol, convert the mechanical signals to chemical and biological
signals.

Physiological examples of mechanosensation include hearing (Fettiplace and
Hackney, 2006), blood flow regulation in the circulatory system (Chien, 2007), and
bone remodeling (Robling et al., 2006). Auditory sensing occurs in the inner ear
in a region known as the cochlea that is covered with hair cells characterized by
stereocilia. The mechanoelectrical transduction (MET) ion channels in one stere-
ocilium are linked to a neighboring stereocilium through tip linkers. These linkages
are then coupled internally to the core actin bundles through myosin I motors. When
one stereocilium is flexed due to sound vibrations, this induces tension along the
tip link, leading to channel opening and conversion of the sound into an electrical
signal. Subsequent adaption and associated closing of the METs occurs partially
through the unbinding of myosin I from the actin bundles. In the circulatory sys-
tem, endothelial cells sense the shear and stretch forces due to blood flow and
activate a number of mechanosensors, such as membrane proteins, integrins, G
proteins and ion channels. The mechanosensing triggers a cascade of signaling
pathways and consequently modulates gene expression, resulting in cytoskeleton
remodeling and cell realignment. Bone adapts its structure to mechanical stimuli
and repairs structural damage through remodeling. At bone surfaces, osteoclasts and
osteoblasts control the bone resorption and formation, respectively. However, the
osteocytes, which are embedded deep within the bone, appear to have the primary
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Fig. 2.1 Schematic cartoon of mechanosensation and mechanotransduction in cells
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job of sensing where the bone needs to be remodeled and then relaying this infor-
mation to the osteoblasts and osteoclasts located on the bone surface. One appealing
model suggests that the osteocytes sense changes in fluid flow inside canaliculi and
the associated viscous drag creates tensile forces along the central actin filament
bundle in the osteocytes. The osteocytes then release second messengers such as
prostaglandins and nitric oxide, which activate the osteoblasts and osteoclasts. At
the molecular level, the bone mechanotransduction is also thought to involve ion
channels, focal adhesions, and G protein-coupled receptors, but detailed molecular
mechanisms are still unclear.

The actin cytoskeleton composed of actin filaments, actin crosslinking proteins
(ACLPs) and myosin II motors, is unambiguously involved in these mechanosens-
ing processes. To understand how mechanical stimuli are propagated through actin
filaments and how the actin cytoskeleton responds to these stimuli, it is essential
to understand the mechanical behaviors of the individual players, the reconstituted
networks in vitro and the whole network in vivo.

2.2 Microstructures and Deformations of the Actin Cytoskeleton

Cellular mechanics originate from mechanical features of the cytoskeleton that
traverse many length- and time-scales. On the molecular level, the mechanical
properties of proteins are determined by their molecular structures, such as pep-
tide sequences, folding states and assembly states. On the next complexity level,
the mechanical properties of the actin network depend not only on its morphol-
ogy/microstructures, such as mesh size, filament length, bundle diameter and
homogeneity, but also on the binding strength between the actin filaments and dif-
ferent crosslinkers and motor activities. In the past few decades, tremendous effort
has been invested in characterizing the mechanical behaviors of ACLPs and motor
proteins using single molecule techniques, and many attempts have also been made
to study the mechanical properties of reconstituted actin networks. However, the
understanding of individual ACLPs is still far from complete due to the complexity
of these proteins and the limitations of the techniques. Additionally, the mechanical
strength of reconstituted actin networks are often several orders lower than that of
the intact cells.

The central core protein of the actin cytoskeleton is monomeric actin, a 5-nm
diameter, 42 kDa globular protein (G-actin) found in all eukaryotic cells. Each
monomer is organized into four subdomains, flanking an internal cleft that binds
ATP and magnesium ions. The end of G-actin close to the base of the cleft is
called the plus end and the opposite end is called the minus end. G-actin monomers
undergo polymerization and form microfilaments (F-actin) upon the addition of salt.
Since the plus end of one G-actin is connected to the minus end of the neighboring
G-actin, microfilaments also have well-defined plus and minus ends. The inclusion
of ATP assists in G-actin stability and dramatically reduces the critical concentration
for assembly. The 8-nm wide actin filament can be considered to have a left-handed
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helical morphology with 13 actin monomers per pseudo-repeat and a pseudo-repeat
length of 37 nm. Alternatively, the actin filament can be considered to have a right-
handed helical structure with two strands slowly twisting around each other. Each
actin monomer is rotated 166° rotation with respect to its two nearest neighbors
across the strand (Holmes et al., 1990). Within the strand, subdomains 2 and 4 con-
tact subdomains 1 and 3 in the next monomer in the strand, and each monomer
reaches across to the other strand through a hydrophobic plug that links the two
strands together. The persistence length L, of pure F-actin is around 17 wm. The
intrinsic bending stiffness, kp = LpkgT, and the elastic Young’s modulus E are
7 x 1072 N-m—2and 2.6 x 10° N-m~2, respectively (Gittes et al., 1993; Kojima
et al., 1994). The effective stretching stiffness is 44 pN-nm~! provided the cross-
sectional area of a fully filled filament is 25 nm~2, and the torsional rigidity is
8 x 1072°N-m~2 (Tsuda et al., 1996).

Non-muscle myosin II, a member of the conventional myosin II superfamily, is
composed of functional hexameric monomers, consisting of two heavy chains, two
essential light chains (ELCs) and two regulatory light chains (RLCs), which com-
bine to form a ~500 kDa complex (shown in Fig. 2.2). The amino-terminal motor
domain consists of the catalytic core, which is structurally conserved with the Ras-
family small GTPase and includes the switch I and switch II helices and a Walker
p-loop-family nucleotide-binding pocket. This catalytic core is functionalized with
an actin-binding interface and a converter domain. The converter domain connects
to an 8-nm long a-helix, which is wrapped by an ELC and RLC, forming the lever
arm. The lever arm links to the carboxyl-terminal coiled coil domain (Warrick et al.,
1987). Upon binding to actin, the motor domain remains rigid, whereas the lever
domain is rotated through a ~70° angle as the products of ATP hydrolysis are
released; this lever arm rotation leads to the translation of the actin filament relative
to the coiled coil of the myosin.

To generate force and to bear load, myosin II must assemble into bipolar thick
filaments (BTFs). These assemblies can range from as few as eight (Acanthamoeba)
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Fig. 2.2 Domain structure of myosin II. HMM and LMM represent heavy meromyosin and light
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to as many as 400 hexamers (mammalian skeletal muscle). Most mammalian non-
muscle myosin IIs (nonmuscle heavy chain IIA, IIB and IIC) assemble into BTFs
ranging from 10-30 monomers, and Dictyostelium discoideum myosin Il is thought
to assemble into BTFs with up to 70 monomers. For Dictyostelium, the assembly
process is thought to occur through the formation of two monomers into a paral-
lel dimer and two of these parallel dimers join together to create an anti-parallel
tetramer. Once the anti-parallel tetramer is formed (the stable nucleus), the BTF
grows through side-by-side (lateral) addition of dimers, resulting in no extra elonga-
tion of the BTF as more dimers are added (Fig. 2.3) (Mahajan and Pardee, 1996). In
the thick filament, myosin II molecules are thought to stack their rod tails in parallel
with a small overlap where the subunits are held together through electrostatic inter-
actions (Hostetter et al., 2004). Therefore, unlike muscle myosin II thick filaments
which grow in length as they are assembled, the Dictyostelium myosin monomer is
250 nm whereas the thick filaments are just 400 nm long, independent of the num-
ber of monomers assembled. The assembly process is regulated by myosin heavy
chain kinases (MHCKSs), which phosphorylate three critical threonines in the tail
region (Liang et al., 1999). This phosphorylation prevents the myosin monomer
from assembling into BTFs, which is necessary to maintain a free pool (80-90% of
total myosin II) of monomeric myosin in the Dictyostelium cell.

ACLPs can organize actin filaments into bundles and branched networks,
depending on their molecular structures (as shown in Fig. 2.4), kinetic proper-
ties, and concentration (Revenu et al., 2004). Bundle forming ACLPs include
fascin, forked, villin, fimbrin, espin, scruin, plastin, cortexillin and dynacortin,
whereas examples of meshwork forming ACLPs are filamin, Arp2/3, gelsolin and
ERM (ezrin, radixin, and moesin) proteins. Some of these proteins have addi-
tional properties. For example, Arp2/3 also nucleates actin assembly and ERMs
link actin filaments to the membrane. However, this classification of bundlers ver-
sus meshwork formers is an oversimplification as some ACLPs, such as a-actinin
and dynacortin, can form bundles or meshworks depending on concentration and
actin:crosslinker ratios. Some of these ACLPs, such as villin, espin, forked, fimbrin
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Fig. 2.4 Schematic graph of a few actin crosslinking proteins:(a) human filamin A; (b) a-
actinin; (c¢) cortexillin-I. In all cases, “N” and “C” represent the N-terminus and C-terminus,
respectively

and fascin, are monomeric with at least two actin-binding motifs, allowing them
to crosslink as monomers. By contrast, other ACLPs, such as filamin A, a-actinin,
dynacortin, and cortexillin are dimeric, and filamin A, cortexillin, and most likely
dynacortin form parallel dimers while a-actinin forms anti-parallel dimers. Actin-
binding domains are localized at the amino-terminus of filamin A and «-actinin. Due
to the differences in their structures, Y-shaped filamin A dimers can only crosslink
actin filaments into nearly orthogonal networks while a-actinin forms either net-
works or loose bundles. Some of the most common filamentous actin-binding
domains (ABDs) are the calponin homology (CH) domain, the Wiskott-Aldrich syn-
drome homology region 2 (WH;) domain, the gelsolin homology (GH) domain, and
the formin homology (FH) domain (Sjoblom et al., 2008). Different ABDs generally
associate with different surfaces on the actin monomer and with different apparent
affinities.

These network structures may experience four types of deformations (Vogel,
2006; Ferrer et al., 2008): (1) deformation in actin filaments, (2) deformation of
the binding between actin filaments and myosin-II, (3) deformation of the bind-
ing between actin filaments and ACLPs and (4) intramolecular deformation of
ACLPs. In other words, intermolecular and intramolecular deformations exist at
the same time within the same network. One additional feature of how these net-
works respond to deformation is the relationship of the time-scale of the deformation
to the time-scale of the turnover/remodeling of the network. For example, pro-
filin binds monomeric actin, inducing it to exchange its nucleotide and shuttling
the actin monomer to sites where elongation has been stimulated. By contrast,
cofilin binds cooperatively to sever the actin filaments, which has a complicated
effect on the actin network. Severing provides free actin plus ends that may
grow whereas the free minus ends can disassemble. These proteins influence the
time-scales over which the actin polymers can grow and disassemble, modulat-
ing the time-scales of remodeling of the actin network. These features of network
remodeling may provide a phenomenological viscous character to the network,
allowing it to flow and remodel over the long time-scales of many biological
processes.
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2.2.1 Intermolecular and Intramolecular Deformations

Intermolecular interactions, including hydrogen bonds, electrostatic interactions,
van der Waals interactions and hydrophobic interactions, are non-covalent in nature.
Based on the transition state theory, there are two popular bond models to describe
the single-bond behaviors of intermolecular interactions: the catch-bond model and
the slip-bond model. A simplified definition of the catch-bond model is the life-
time of the bond increases as the stretching force increases. In contrast, a slip-bond
shows the opposite behavior, i.e., the bond lifetime decreases as the force increases.
A schematic diagram of the energy landscapes of the two different models are shown
in Fig. 2.5. In the spirit of Bell (Bell, 1978), both models can be described by the
unified formula (Evans and Ritchie, 1997; Evans, 2001):

fAx
koft = kDg exp (kB_T , 2.1)

where k0 = vexp (—AG/kgT) is the unbinding rate in the absence of force, v
is the vibration frequency, AG is the energy difference between the transition state
and the bound state, kg is Boltzmann’s constant, 7 is temperature, f is the external
force that pulls the two molecules apart, and Ax is the bond length change along

A A Transition State B i
Transition State
== >
= =2
2 e
1T} L
Bond Length along Force Direction Bond Length along Force Direction
C 4 slip-bond catch-bond D , Energy
| slip bond pathway catch bond pathway
catch-slip /
g HET = . f”
E
o
<
o]
m .
l p———
—— > Force Direction

Force on bond

Fig. 2.5 A schematic diagram of the force dependence of protein-protein interaction strength:
(a) catch-bond model; (b) slip-bond model; (c) three typical bond behaviors; (d) two pathways
between bound state and unbound state. Red and blue lines are energy landscapes in the presence
and absence of external load, respectively
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the force direction. When the force pulls the system close to the transition state,
ie., fAx > 0, Eq. (2.1) describes the slip-bond model; however, when fAx < 0,
it refers to the catch-bond model. Equation (2.1) can only be applied to a single
pathway (either catch-bond or slip-bond). However, sometimes there are multiple
pathways between the bound state and unbound state, and catch-slip and slip-catch
transitions usually occur (as shown in Fig. 2.5). In that case, the unbinding rate is a
superposition of the rates of two different pathways:

fAx fAx
kot = k2 exp (FTS + k2 exp kBT" : (2.2)

where the subscript s and c represent slip and catch, respectively.

To characterize intermolecular interactions, two kinds of experiments are often
conducted: the measurement of the bond life-times at a constant force and the
measurement of rupture forces at a constant loading speed. Under constant force
conditions, the surviving probability P (f) of a bond in the bound state satisfies
(Thomas, 2008)

dP (1)
dt

= —koft (f) P (1) , (2.3)

where koff (f) is described by Eq. (2.1). Apparently, P (¢) decreases exponentially
over time and the slope of P (7) in log scale is —koft (). For the slip-bond model, the
surviving probability shows a larger negative slope when force increases; whereas
for the catch-bond model, it shows the opposite trend. Under constant loading rate
conditions, the rupture force is

kB T Ax kB T
* = In + In (r¢), 2.4
F = Ay (kgfka T) ax M 07) 4

where 1y is the loading rate and f (1) = r¢t (Ackbarow et al., 2007). Equation (2.4)
predicts a linear relationship between the rupture force and logarithm of the constant
loading rate. If the intermolecular interaction involves multiple bonds, the f*~ In
(rf) will show different slopes associated with different bond energies.
Intramolecular interactions include covalent bonds, hydrogen bonds, electrostatic
interactions, van der Waals interactions, and hydrophobic interactions. Mechanical
deformation can cause twisting and stretching of a single bond or the whole protein,
general conformational changes and the unfolding of domains. Since intramolecular
interactions are much more complicated than intermolecular interactions, there is no
simple mathematic model to describe how mechanical force affects the intramolec-
ular interactions even though protein unfolding can still be probed experimentally
using similar techniques. However, for a linear polyprotein, such as an actin filament
and titin, the force-extension relationship can be predicted using a worm-like-chain
(WLC) model that was originally developed to describe the mechanical behaviors of
double stranded DNA molecules (Bustamante et al., 1994; Marko and Siggia, 1995):
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kBT 1 X 1
= +==71 (2.5)
i [4(1-_X/Lg2 Lo 4}

where Lp is the persistence length, L. is the contour length, and x is the exten-
sion. Another popular model of the force-extension of proteins is the free-joint-chain
(FJC) model (Bueche, 1962):

x:L{wm<lL)—ﬁ£], 2.6)

where [ is the Kuhn monomer size. In the WLC model, the force is written as a
function of the chain extension while in FJC model the extension is written as a func-
tion of the force. However mathematically, both models give similar force-extension
curves.

2.2.1.1 Force Generation Associated with Actin Polymerization

Actin polymerization, like microtubule polymerization, is force generating. During
actin polymerization, actin monomers bound with a nucleotide assemble into helical
filaments. The nucleotide binding cleft sits between subdomain 2 and subdomain 4,
which faces the minus or pointed end of the actin filament. The opposite end is the
fast growing so-called barbed- or plus-end of the filament. The plus and minus ends
have different affinities for ADP-actin or ATP-actin monomers with the plus end
having the highest overall affinity for ATP-actin monomer. After some time delay
after the ATP-actin monomer incorporates into the polymer, the ATP is hydrolyzed
to ADP.P;. Subsequently, the P; is released, leaving behind an ADP-actin monomer
within the actin filament. The effect of these kinetics is that a density gradient of
ATP-, ADP.P;-, then ADP-actin monomers extends from the plus- to minus-ends of
the actin polymer. In comparison to ATP-monomers, ADP-monomers have different
conformations and are less stable in the filament form. Therefore, at concentrations
between the critical concentrations of the two ends, net polymerization at the plus
end and net depolymerization at the minus end lead to treadmilling: the net flow
of actin monomers from plus end to the minus end. During polymer assembly, the
filament can generate a force, measured at 1 pN, which is close to the theoretical
estimate (for a given concentration of G-actin) according to

_ kT (ke
f== ln< . ) 2.7)

where § is the length increment of one monomer addition, k(k_) is the on(off)
rate of polymerization at the plus end, and ca is actin concentration (Kovar and
Pollard, 2004; Footer et al., 2007). Therefore, filament assembly by itself is force
generating, and compressive forces can suppress filament growth. Furthermore, the
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theoretical estimate implies that simply by increasing the free actin concentration,
greater forces may be generated by filament assembly. However, this process is
limited by the flexural rigidity of the filament, which sets a force limit beyond
which the filament buckles. However, actin-associated proteins may increase the
flexural rigidity, increasing the range of forces that might be generated by filament
assembly.

2.2.1.2 Force-Dependent Behaviors of Actin-Myosin Binding

Myosin II is one type of an actin-based motor that converts chemical energy into
mechanical work by amplifying a small conformational change associated with ATP
hydrolysis in its motor domain and translating it into the relative movement of the
myosin II and the actin filament. The actin-activated myosin II ATPase cycle is
shown in Fig. 2.6 (Spudich, 2001). Initially, ATP binds to the nucleotide-binding
pocket in the myosin head (motor domain), which results in the unbinding of the
motor from an actin filament. Upon ATP hydrolysis, the myosin rotates its lever
arm, moving the head into the pre-stroke state. In this state, the motor can weakly
sample the actin filament in search of its binding site. Upon binding, the motor locks
on tightly and releases the P; as the head begins to swing the lever arm through its
working stroke (a ~70° rotation). Upon completing the full working stroke, the
ADP-bound motor remains locked onto the actin filament. Subsequently, the motor
releases the ADP, forming the so-called rigor state. ATP can then rebind, starting
the cycle over again, which will continue until ATP is depleted. The time the motor
spends tightly bound to the actin filament is the strongly bound state time. The ratio
of the strongly bound state time to the entire ATPase cycle time gives rise to a duty
ratio, which specifies the fraction of time each motor domain spends tightly bound
to actin and correspondingly, the fraction of motor heads tightly bound to actin at
any time. Because the motor generates force as it translates the actin filament, the
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Fig. 2.6 Myosin II ATPase cycle
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motor performs work as it undergoes its conformational change. For most myosin
family members (with myosin VI having some unique and exquisitely complicated
twists on this theme (Phichith et al., 2009)), the head region is highly rigid while
the lever arm is considered to be elastic. Furthermore, the ADP-release step itself
is not force-sensitive for most myosin isoforms. Rather the conformational changes
that precede the formation of the ADP-bound post-stroke configuration are force-
sensitive. Therefore, as the motor swings the elastic lever arm through its power
stroke, resistive tension can lead to deformation (strain) of the lever arm, inhibit-
ing the lever arm swing and locking the motor in the load-bearing, transition state.
Moreover, the step-size of the myosin is related to the length of its lever arm, and this
relationship has been shown to be linearly proportional to the lever arm length for
Dictyostelium myosin II. A further hypothesis is that the maximum force depends
on the length of the lever arm (Uyeda et al., 1996). Lower force is required to stall a
motor with a long lever arm whereas the same motor with a short lever arm powers
through greater loads before being stalled by load, implying that the strain on the
lever arm prevents the full conformational change needed to allow for the motor
to acquire the conformation where it can release the ADP. This load-dependency
is consistent with a catch-slip-like behavior, which can be interpreted using
Eq. (2.4).

2.2.1.3 Force-Dependent Binding Between Actin Crosslinkers and Actin
Filaments

In order to crosslink or bundle two actin filaments, an ACLP must have a mini-
mum of two actin-binding domains associated with each functional unit through
which the ACLP contacts the actin filaments. This can occur by either dimeriz-
ing a monomer that contains one ABD or by having two or more ABDs within a
monomer. Furthermore, the strength of the actin interactions and the conformation
of the actin network (meshwork or bundle) varies for different ABDs and the dif-
ferent conformations of ABDs within the ACLP. For example, the ABDs may be
closely linked through short spacers (e.g. fimbrin), resulting in tightly packed actin
bundles or there can be elongated spacers (e.g. a-actinin and spectrin), which can
form relatively loose networks (Bafuelos et al., 1998). The most common ABD
module is composed of two tandem CH domains; this module is found in ACLPs
such as a-actinin, spectrin, dystrophin, fimbrin, filamin, plectin and cortexillin. For
comparison, the dissociation constants of Acanthamoeba a-actinin, chicken smooth
muscle a-actinin and Dictyostelium a-actinin are 4.7, 0.6 and 3 wM, respectively
even though the first two have very similar structures (Wachsstock et al., 1993).
In single molecule measurements, filamin A and rabbit muscle a-actinin have actin-
unbinding energies of 4.3 kg7 and 3.6 kg 7', respectively, while displaying increasing
rupture forces with increasing loading rates (Ferrer et al., 2008). The loading rate
dependence of the rupture forces of these crosslinkers is indicative of catch-bond
behavior.
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2.2.1.4 Force-Dependent Intramolecular Deformation of ACLPs

During the deformation of the actin cytoskeleton, ACLPs undergo intramolecular
deformations, which involve domain unfolding and shearing and stretching between
two actin-binding domains. The unfolding process can be assessed experimentally
by single molecule stretching, and the resulting saw tooth-like force-extension curve
usually agrees well with the WLC model. Molecular dynamics simulations can also
be used to computationally pull on proteins from various directions at relatively
high pulling speeds to reveal detailed unfolding schemes. The most common struc-
tures of interest typically include bundles of a-helices or B-sheets (Rohs et al., 1999;
Ackbarow et al., 2007; Buehler and Keten, 2008). Two studied examples are filamin
and a-actinin, both of which form anti-parallel homodimers. However, filamin is
constructed from multiple p-sheet-like immunoglobulin (Ig) domains, the number
of which differs between various family members. By contrast, a-actinin includes
multiple spectrin repeats, each of which consists of a bundle of three a-helices.
Dictyostelium filamin (DdFLN) consists of an ABD at the amino-terminal end fol-
lowed by a rod domain, containing six Ig domains. Single molecule stretching of
DdFLN revealed that the sequence of the fourth Ig domain is unique because it has
a lower unfolding force (Schwaiger et al., 2004). Additionally, it was found that
the fourth Ig domain has an intermediate unfolded state in the low force regime.
Based on the WLC model, the persistence length is 0.5 and 0.9 nm for the high
force regime and the low force regime, respectively. The corresponding unfolding
force ranges from ~50-250 pN and the periodicity of extension also ranges from
~14-17 nm. Similarly, the human endothelial filamin A has one ABP and 24 Ig
repeats plus two flexible hinges. However, despite the diversity in the structures
between the two filamin family members, the force extension curve reveals a sim-
ilar persistence length of 0.33 nm and an unfolding force, ranging from 50 to 200
pN (Furuike et al., 2001). The unfolding of spectrin repeats requires an unfolding
force of ~30-50 pN, a persistence length of 0.8 nm and an extension period of
31 nm (Rief et al., 1999). In the Ig domains, B-strands are arranged almost in anti-
parallel fashion with small twist angles mainly through hydrogen bond interactions.
During mechanical unfolding, two anti-parallel strands slide in opposite directions
while breaking the hydrogen bonds between them (Lu and Schulten, 2000; Keten
and Buehler, 2008). Many studies have shown that the unfolding of p-sheet pro-
teins depends highly on the pulling directions (Brockwell et al., 2003; Nome et al.,
2007; Dietz et al., 2006; Bertz et al., 2009). In each spectrin repeat, three antiparal-
lel a-helices linked by loops are folded into a left-handed coiled coil (Pascual et al.,
1997; Djinovi¢-Carugo et al., 1999). Despite the elasticity of coiled-coil structures,
the unfolding of these repeat domains mainly relies on the stretching of the linkage
between different helices (Altmann et al., 2002). The linkage dependent unfolding
has also been observed in other proteins (Carrion-Vazquez et al., 2003). In summary,
the full force-extension relationship of individual proteins can be obtained by linear
superposition of the force-extension of each domains and linkages while consider-
ing the corresponding folding and unfolding probability at certain forces (Li et al.,
2002).
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2.2.2 Mechanical Properties of an Actin Network

The mechanical properties of an in vitro assembled actin network depend on the
average length of actin filaments, the mesh size of the actin network, the concentra-
tion of myosin II, the assembly states of myosin II thick filaments, the concentration
of ACLPs, the binding strength between ACLPs and actin filaments, the mechani-
cal properties of each ACLP and the heterogeneity of the actin network (Gardel
et al., 2004a; Wagner et al., 2006; Bausch and Kroy, 2006; Ferrer et al., 2008).
The addition of myosin II can alter the fundamental character of the actin network.
In response to mechanical stimuli, the actomyosin system undergoes continuous
remodeling of its microstructure. The remodeling of the actin-myosin II contractile
system includes assembly/disassembly of actin filaments and myosin II thick fila-
ments and bundling/unbundling of actin filaments by ACLPs. During remodeling,
the whole network is more or less out of mechanical equilibrium, which leads to
transient behaviors within the network (Mizuno et al., 2007; Wilhelm, 2008).

2.2.2.1 Mechanical Properties of Pure Actin Gels

Polymers can be divided into three groups based on two length scales: the persis-
tence length L, and the contour length L.. A filament is considered rigid if Ly, >> L
or flexible if L, <<L.. Otherwise if L,~ L., the polymer behaves as though it is
semi-flexible. In vitro, actin filaments assembled from 1-uM monomer display an
exponential length distribution ranging from ~2-70 pwm with a mean length of 22
wm (Kaufmann et al., 1992). It should be noted, however, that the length distribu-
tion of many in vivo networks is much smaller. For example, Dictyostelium cells
have an actin filament length distribution that appears to be broadly distributed but
with a mean length of only ~100 nm despite that the total (monomer plus poly-
mer) actin concentration is ~250 wM (Reichl et al., 2008). Nevertheless, for the in
vitro networks and the actin polymer persistence length of ~10-17 pwm, the poly-
mers are semi-flexible so that the response to deformation depends on bending and
compression of the filaments. The free energy has the form

L 2

E= / [K—b (Vo) + ! (Vu)z] dz, 2.8)
0 2 2

where u (z) is the transverse deviation of the filament away from a straight con-

formation along the z-axis (MacKintosh et al., 1995). Based on the equipartition
theorem, the force-extension of a single actin filament is

g f
L=L —— , (2.9)
¢ 2L, ,; n? (nfy, +f)
where fi, = 72« / Lg is the threshold force for the Euler buckling instability and
L is the end-to-end distance. In the low force regime, the force is approximately
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a linear function of extension, i.e. f ~ k2 (L — L) / (/chL4) (Storm et al., 2005).

However, the force-extension relationship diverges nonlinearly as f ~ 1 / (Le — L)2
in high force regimes where L — L. Therefore, the stress increases non-linearly
with increasing strain. That is the F-actin shows strain-stiffening at high stress or
high strain, which is an essential property of many biological materials.

Semi-flexible polymers are viscoelastic in nature, i.e., their deformation is
time-dependent (frequency-dependent) and loading-history dependent (pre-stress-
dependent). The complex modulus G* (w) can be measured by applying an oscil-
latory shear strain y sin (wf) to the actin solution and by measuring the stress
o sin (wt + §), where o is the frequency and § is the phase shift in the range of 0~
T / 2 with 6=0 and = / 2, corresponding to a Hookean solid and Newtonian fluid,
respectively. The shear and loss moduli are defined as G’ (w) = |G* (w)| cos (§ (w))
and G’ (w)=|G* (w)| sin (§ (w)), respectively. The complex modulus of F-actin has
a very weak frequency dependency in the low frequency regime 0.01-10 Hz whereas
it shows a strong frequency dependency (G* ~ »>/*) in the high frequency regime
(10-10,000 Hz) (Gittes et al., 1997; Gisler and Weitz, 1999; Crocker et al., 2000).
The shear modulus also shows a concentration dependency in which the concentra-
tion determines the mesh size & of the actin network and /, is the distance between
entanglement points. The 2D density of filaments then is £ 2 and & ~ 0.3 / Jaca,
where a is the actin monomer size and cp is the actin concentration (Schmidt et al.,
1989). If the extension is assumed to be linearly proportional to /., then the shear
modulus of the actin filament network at small strains is

G=2~_0

~ 2.10
y  ksT&[ (10

where o and y are stress and strain, respectively (MacKintosh et al., 1995).
Furthermore, the fluctuating segment of length [/, occupies a volume of kg TLg / Kb
and the shear modulus can be written as a function of cp such that G’ ~ «p
(kv / ka)z/ 5 (aca)''P ie., G NCLI/ 3_On the other hand, considering the excluded

volume of a filament from an entropy point of view, one expects G’ ~ c7A/5 (Hinner
et al., 1998; Gardel et al., 2003). Therefore, the moduli of actin networks have
a power low dependence on actin concentration and the corresponding exponent
is in the range between 7/5 and 11/5. Experiments of actin solutions with con-
trolled filament length (Hinner et al., 1998) and uncontrolled filament length (Gardel

et al., 2003) showed G' ~ cZS and G’ ~ cils, respectively. However, this power
law dependence breaks down when the thermal fluctuation of actin filaments is
severely depressed. For example, in a confined volume such as a spherical aque-

ous droplet, the entropic effect gives G’ ~ kalé/ 2 / D’ when I, < D, where

D is the diameter of the droplet (Claessens et al., 2006b). Therefore, the modu-
lus is as much a function of the size of confinement as it is a function of actin
concentration.
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2.2.2.2 Effects of Crosslinking Proteins on the Microstructures
and Mechanical Properties of Pure Actin Networks

ACLPs microstructurally crosslink actin filaments to form bundles and/or isotropic
meshworks, which generally raises the shear modulus three orders of magnitude
from ~0.1 Pa to ~100 Pa. In comparison to actin networks without ACLPs at a
specific actin concentration, bundled actin networks have a larger mesh size and
increased bending modulus for each bundle while an isotropic meshwork has a
decreased mesh size. For bundled filaments, if the ACLPS are short and rigid, the
bending of all of the filaments inside the same bundle is coupled and the bending
modulus of each bundle shows a quadratic dependence on the number of filaments.
However, if the ACLPs are long and flexible, the filaments are incompletely cou-
pled, and the bending modulus of each bundle has a linear dependence on the
number of filaments (Claessens et al., 2006a). Based on Eq. (2.10), the effects
of bundling proteins are two-fold: first, they increase & and /, and second, they
enhance the effective bending modulus of each filament. This two-fold impact can
be observed in filaments bundled by the fimbrin isoform plastin, which shows this
linear dependence, while that of the bundles generated by depletion forces induced
by polyethylene-glycol (PEG) displays a quadratic dependence on filament number.
However, more complex relationships are also observed. The bending moduli of
fascin and a-actinin bundles transition from linear to quadratic dependencies with
increasing ACLP concentration. This two-phase behavior may be due to the increas-
ing resistance to the relative shearing between two filaments during bending with
increasing ACLP concentrations (Claessens et al., 2006a). To eliminate the effect of
the deformation of bundling proteins, scruin (a very rigid tight-packing crosslinker)
was used to bundle actin filaments. Here, G’ (w) shows a quadratic dependence
on the crosslinking density ¢ (the ratio between the crosslinker concentration and
actin concentration) and G' ~ ciS (Gardel et al., 2004a, b). The corresponding fil-
ament bundle diameter scales as D ~ ¢%3 and &€ ~ 02 as shown in Figs. 2.7 and
2.8 (Shin et al., 2004). For fascin-bundled F-actin, G’ correlates strongly with the
microstructures: above a critical ¢, G’ ~ ¢!~ and G’ ~ clzf; below that, G’ ~ ¢!
and G’ ~ cllf (Lieleg et al., 2007). The corresponding bundle diameter scales as
¢927. Similarly, engineered proteins containing different repeats in hisactophilin
and disulfide bond-linked hisactophilin dimers exhibit G’ ~ ¢%6 and G’ ~ ¢!2,
respectively (Wagner et al., 2006), which indicates that the interaction between two

dimers is also very important. It was proposed that G’ ~ C}Xl/ > c©F+IY/5 - where
x is the bundling exponent and y is the crosslinking exponent for bundled F-actin
(Shin et al., 2004). G’ (w) and G” (w) show a weak frequency dependency in the
low frequency regime. However, both scruin and biotin-avidin crosslinked actin
networks have G’ (w) ~ G’ (w) ~ w>/* in the high frequency regime (Gardel
et al., 2004b; Koenderink et al., 2006). By contrast, fascin-bundled actin shows
G' (w) ~ G (w) ~ »* (Lieleg and Bausch, 2007). Apparently, actin networks
crosslinked by scruin and biotin-avidin interactions, but not fascin, display a similar
power-law dependency of the elastic modulus on frequency at these high frequencies
as that of pure-actin gels.
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Fig. 2.7 Microstructural images of actin networks crosslinked by ACLPs seen by confocal
microscopy. The actin bundle size increases with the [scruin]/[actin] ratio R as shown in a.
Pure actin-fascin ([fascin]/[actin] = 0.05) and pure actin-filamin ([filamin]/[actin] = 0.1) are shown
in b and ¢, respectively. d shows the actin composite crosslinked by fascin and filamin at
[fascin]/[actin] =0.01 and [filamin]/[actin] =0.1. An illustration of the structural features domi-
nated by individual ACLP when its concentration is dominant is shown in e. Scale bars denote
10 pwm in all panels. Figure 2.7a is reproduced from Shin et al. (2004) with permission from Proc
Natl Acad Sci USA and the remaining images are reproduced from Schmoller et al. (2008) with
permission from the American Physical Society
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Fig. 2.8 ACLP concentration-dependence of bundle size and mechanical properties of actin net-
works crosslinked by scruin. Panels a and b show the increasing of bundle size and mesh size as
a linear function of R ([scruin]/[actin]). The corresponding microstructures are shown in Fig. 2.7.
Elastic modulus (panel ¢) and critical strain (panel d) increases and decreases respectively with
increasing R. The scale of R in all panels is the same as shown in panel D. Reproduced from Shin
et al. (2004) with permission from the Proc Natl Acad Sci USA

For isotropic meshworks where & ~ [, the storage modulus shows a slightly
different dependency on actin concentration such that G ~ /cg (aca)’’? /(kgT)
(MacKintosh et al., 1995). DAFLN (Wagner et al., 2006) and a-actinin (Tseng
and Wirtz, 2001) display G’ ~ ¢%% and G ~ ¢!7, respectively, when ¢
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is beyond a certain threshold. Heavy meromyosin (HMM) crosslinked F-actin
exhibits G ~ ¢!'? (Tharmann et al., 2007). Therefore, G' depends signifi-
cantly on the crosslinker density, which determines the mesh size. Similar to
pure F-actin networks, actin networks crosslinked by filamin A, DdFLN, and
their mutants display a weak frequency dependency of G’ and G” in the low fre-
quency regime (Gardel et al., 2006; Wagner et al., 2006) while filamin A-linked
F-actin meshworks have G’ (w) ~ G” (w) ~ %17 in the high frequency regime
(Shin et al., 2004). Furthermore, the rupture force of hinged filamins is 10-fold
higher than that of non-hinged filamins (Gardel et al., 2006), suggesting that
the linkages between domains of ACLPs contribute to the strength of the actin
cytoskeleton.

The whole F-actin network shows a decline of G, i.e. a catastrophe, when the
imposed strain exceeds a critical value y*. One interpretation of the mechanical
failure of a crosslinked network is the unbinding of the ACLPs from actin filaments.
Thus, the interaction strength between ACLPs and actin may determine the mechan-
ical strength of the whole network. It was found that y* ~ ¢~ for scruin-bundled
networks as shown in Fig. 2.8 (Shin et al., 2004). In fascin bundled networks, a simi-
lar behavior was also observed (Lieleg et al., 2007), and the loading rate-dependence
of the rupture force of a single bond was observed for the maximum stress of the
whole network even though not all fascin-actin bonds were broken at the same time
(Lieleg and Bausch, 2007). The maximum stress of HMM crosslinked F-actin also
agrees well with the unbinding force of rigor HMM-actin, and it shows no stress-
rate dependencies, which is also consistent with the single bond behaviors (Lieleg
et al., 2008). However, curved bundles crosslinked by filamin show no dependence
of y* on ¢ (Schmoller et al., 2008), and rupture stress is linearly proportional to
ca and independent of ¢ (Gardel et al., 2004b). In the nonlinear regime, the differ-
ential shear modulus K'(0) = do / dy may also be used to characterize the actin
network sensitivity to stress or strain. K’ (o) is a function of crosslinking density but
independent of ca when the stress is over a certain threshold, and K’ (o) ~ ¢3/?
for scruin bundled F-actin (Gardel et al., 2004a). However, fascin-bundled F-actin
exhibits K’ ~ ¢3/? (Lieleg et al., 2007). Another possible reason for stress soften-
ing is the buckling of actin filaments, though it would primarily occur at very high
stresses (Chaudhuri et al., 2007).

The actin cytoskeleton of intact cells has multiple ACLPs, and F-actin filaments
are crosslinked into both bundles and branched networks. Competitive binding
and cooperative binding between ACLPs potentially exists. In some developmental
systems, two or more ACLPs are needed to work in concert to build necessary cel-
lular structural elements. In terms of cellular mechanics, different crosslinkers also
show a diverse array of interactions, ranging from additive to non-additive effects
(Girard et al., 2004; Reichl et al., 2008). However, there is limited experimental
data on the cross-talk between ACLPs in purified systems. Conceptually, synergis-
tic enhancement of mechanical properties can be theoretically generated just by the
welding of two structurally complementary sub-networks crosslinked by two dif-
ferent types of ACLPs. Two examples illustrate the diversity of possibilities. First,
fascin and filamin crosslinked actin network displays both bundled and branched
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microstructures; yet these networks display little cross-talk between the two proteins
since the corresponding mechanical properties appear to be determined by the
dominant ACLP as shown in Fig. 2.7 (Schmoller et al., 2008). By contrast, actin
networks crosslinked by a-actinin and fascin displayed synergistic enhancement of
elasticity (Tseng et al., 2005). The underlying mechanism may be the complement
between bundled and orthogonal branched networks. Actin networks crosslinked
by a-actinin and filamin exhibit more solid-like behaviors than those crosslinked
by the individual crosslinkers, specifically displaying increased G’ (y) at low y
regime with little enhancement of G’ (w) as shown in Fig. 2.9 (Esue et al., 2009).
Thus, further experiments are needed to fully elucidate the crosstalk between other
ACLPs and their synergistic effects on the mechanical properties of purified actin
networks.

Crosslinked networks can also be described as affine or nonaffine. In general,
in the high strain regime, the deformation of the whole network remains affine and
microscopically every filament has almost the same strain, whereas in the low strain
regime the deformation may be nonaffine. The transition from nonaffine to affine is
controlled by three length parameters: filament contour length L., distance between

crosslinkers /.(~mesh size &) and material length [, that is defined as [, = ,/xp / W,

where  is the stretch modulus of the filaments (Wilhelm and Frey, 2003; Head et al.,
2003; Das et al., 2007; Buxton and Clarke, 2007). The transition can be measured

by A = L/ 3‘/12 / ly. Independent of the strain magnitude, nonaffine deformation

and affine deformation occur when A < 2 and A > 20, respectively, and transient
behaviors exist in the range of 2 < A < 20. For a fixed contour length (actin dynam-
ics reaches steady state), elasticity is dominated by the stretch modulus under high
crosslinker density or small /. conditions (affine); the bending modulus dominates
under low crosslinker density or large /. conditions (nonaffine). The apparent strain-
stiffening during deformation is basically a nonaffine to affine transition (Onck et al.,
2005; Gardel et al., 2004b). The nonaffine-affine transition theory also successfully
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Fig. 2.9 Mechanical properties of actin networks crosslinked by a-actinin and fascin. The syn-
ergistic effect on the elasticity of a-actinin and fascin is shown in a. The elasticity displays
[fascin]/[a-actinin] dependence in b. The exponent of the elasticity as a function of frequency
is shown in c¢. The total concentration of ACLPs is 0.96 uM in b and ¢ and the actin concentration
is 24 uM for all panels. Reproduced from Tseng et al. (2005) with permission of Elsevier




2 The Role of the Actin Cytoskeleton in Mechanosensation 43

interprets the scalings between G'(or K') and ca, ¢ and the pre-stress observed
in these experimental systems. The corresponding microstructural transition was
observed in scruin-bundled actin network by confocal microscopy (Liu et al., 2007).

2.2.2.3 Effects of Myosin II on the Mechanical Properties of the Actin
Network

In the absence of ACLPs, myosin II motors pull on actin filaments along their axial
directions as shown in Fig. 2.10b. Over time, actin filaments aggregate, resulting in
a heterogeneous distribution of actin filaments (super-precipitation). In the presence
of saturating ATP, active myosin II does not change the shear modulus of an actin
filament solution, whereas in the absence of ATP, inactive myosin II crosslinked F-
actin, leading to a >10-fold enhancement of the shear modulus (Humphrey et al.,
2002). Additionally, the decreasing of G'/G" and the relaxation time associated
with active myosin II indicates that myosin II increases the fluidity of the actin net-
work. This apparent fluidization likely arises from cycles of pulling and releasing,
which generate local fluctuations inside the actin network.
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Fig. 2.10 Microstructures and mechanical properties of actin meshwork with muscle myosin II
and human filamin A. Electron micrographs of pure actin, actin+myosin ([myosin]/[actin] = 0.02
and 5 mM ATP) and filamin A +myosin+actin ([filamin]/[actin] = 0.005, [myosin]/[actin] =0.02
and 5 mM ATP) are shown in a, b and ¢, respectively. The corresponding fluorescent images are
found in the inserts. The illustration of an active stiffening mechanism is shown in d. Stiffening
behaviors of active networks (with myosin to actin ratio of 0.02 (blue squares), 0.005 (green
squares), and 0.001 (red squares)) and a passive network at fixed [filamin]/[actin] of 0.005 (white
triangles) are shown in e. The filamin concentration dependence of rupture force is shown in f.
Critical strain decreases as a function of the internal stress generated by myosin II. Scale bars are
10 wm in all panels. Reproduced from Koenderink et al. (2009) with permission by Proc Natl Acad
Sci USA
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In the presence of ACLPs, internal tensile stresses associated with the myosin
II motor stiffen the actin network, leading to stress-stiffening such that G’ (@) ~
G" (w) ~ w'? (Mizuno et al., 2007). In assembled networks, myosin II and filamin
A work together to enhance the network stiffness as shown in Fig. 2.10 (Koenderink
et al., 2009). Increasing the myosin concentration leads to higher differential mod-
ulus and increasing the filamin A concentration makes the network able to sustain
higher stresses. The critical strain displays a power-law decay of the internal stress
that is dependent on the myosin II concentration. Because ACLP binding to actin is
dynamic, myosin may break the binding between ACLPs and actin when the myosin
concentrations become high enough, resulting in the power-law decay of the critical
strain with increasing myosin concentration.

2.2.3 In Vivo Measurements of Cell Mechanics

In comparison to reconstituted actin cytoskeletons, the shear moduli of intact cells
are several orders higher (Hoffman et al., 2006; Girard et al., 2004; Reichl et al.,
2008). One reason for this difference is that there are tens of ACLPs with concen-
trations on the order of 1 WM in intact cells compared to just one or two ACLPs
as in the in vitro experiments. Another reason is that myosin II motors generate
contractile forces that not only stiffen the actin network but also enhance the bind-
ing between some ACLPs and actin filaments that further increases the stiffness of
the actin cytoskeleton (Reichl et al., 2008). In Dictyostelium, myosin II null cells
have decreased cortical tension and elastic moduli compared to wild type cells.
Similarly, mutant cells depleted with various ACLPs also have softer cortices as
shown in Fig. 2.11 (Girard et al., 2004; Reichl et al., 2008). In the myosin II null
background, a complex relationship between the ACLPs and myosin II is observed.
Some ACLPs (for example, dynacortin) have large effects upon their depletion from
a wild type background but smaller effects when depleted from a myoll mutant
background. By contrast, the depletion of fimbrin has an even more complicated
effect being both time-scale sensitive and myosin II dependent: fimbrin contributes
only to the viscoelastic moduli on fast time-scales in a wild type background, but
also impacts the cortical tension of myoll null cells. More generally, similar to
the reconstituted actin cytoskeletons, the cytoskeleton of intact cells also display
G'(w) ~ G”(w) ~ w** in the high frequency regime, indicating that the mechani-
cal properties of cells are dominated by the entropic vibrations of actin filaments at
these frequencies. However, in the low frequency range, cells exhibit elastic moduli,
G (w) ~ G (w) ~ P, where 0 < B < 0.3 (Hoffman et al., 2006; Deng et al.,
2006; Girard et al., 2004; Reichl et al., 2008). The difference in the low frequency
regimes between intact cells and artificial actin cytoskeletons has been primarily
attributed to the forces generated by motors that push the system out of thermal
dynamic equilibrium (Lau et al., 2003), which is consistent with the in vitro obser-
vations (Humphrey et al., 2002; Mizuno et al., 2007). Indeed, myosin II null cells
have a fundamentally different character in the low frequency range that is more
consistent with a passive network (Girard et al., 2006).



2 The Role of the Actin Cytoskeleton in Mechanosensation 45

A C 1
1 T —wt control
—o—wt: dynhp F—wt:fimhp
o~ —— myoll control o [
E —o-myoll: dynhp E
= =2
= £
) o
0.1 R
101 102 10° 10t 107 102 103 10?
w, radls ®, rad/s
B
1.2 + D
£ 1 -
=L
> 08 g
Z e
= z
. 0.6 =
b= -
|_m 0.4 E
0.2 =
0

wt control

wt: dynhp
fimbrin
wt: fimhp

wt control

3
2
E

myoll control
myoll: dynhp

myoll control
myoll: fimhp

Fig. 2.11 Mechanical properties of Dictyostelium cells. a and ¢ show the frequency dependence
of complex moduli of different cell-lines. b and d show the effective cortical tension for these cells.
“wt” and “myoll” represent wild-type and myosin II-null cells, respectively. “dynhp” and “fimhp”
refer to dynacortin-hairpin and fimbrin-hairpin, respectively. Dynacortin and fimbrin are ACLPs,
and hairpin constructs are used to silence gene expression through RNA interference. Reproduced
from Reichl et al. (2008) with permission of Elsevier

Many of the studies of living cells draw upon laser-based tracking of single or
multiple particles embedded in the living network. Because the particles may fluctu-
ate due to thermal or active forces that act on the particles, the fluctuation-dissipation
theorem (FDT) is used to extract viscoelastic parameters. However, the FDT should
only be applied to systems at equilibrium, not out of equilibrium. Therefore, by
measuring the mean square displacement (MSD) of the particles as a function of
correlation time, it was found that the FDT cannot describe the particle behaviors in
the low frequency regime (Lau et al., 2003; Bursac et al., 2005; Girard et al., 2006;
Mizuno et al., 2007; Wilhelm, 2008; Reichl et al., 2008). Furthermore, in some
contexts, the FDT is violated because the apparent diffusive behavior has a much
larger magnitude than expected, considering the viscous damping for the particle
size. This suggests that local active processes can essentially facilitate the stirring
of the cytoplasm (Brangwynne et al., 2009). It was further demonstrated that the
mechanochemistry of myosin II motors in combination with ACLPs regulates the
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MSDs in the low frequency regime (Girard et al., 2006). ACLP mutant cells also dis-
play significant effects on the complex modulus over a wide frequency range (Girard
etal., 2004). The coupled effect of myosin and ACLPs was also investigated (Girard
et al., 2006; Reichl et al., 2008). The frequency-dependent mechanical behaviors
of cells imply that microscopic processes, such as unbinding events and conforma-
tional changes of ACLPs and motors with a broad distribution of characteristic times
play important roles in regulating cell mechanics.

Based on these types of experimental observations, three major cell mechan-
ics models have been proposed: tensegrity (Ingber, 2003), soft glassy rheology
(Fabry et al., 2001; Trepat et al., 2007; Zhou et al., 2009) and the sol-gel hypothesis
(Janmey et al., 1990). In the tensegrity model, the actin network, including myosin II
and ACLPs, is considered to be primary sources of pre-stress (Wang et al., 2001),
and cell stiffness is proportional to the pre-stress that cells experience. Tensegrity
can help explain the stress-stiffening, but it does not predict the power-law behaviors
of cells. The soft glassy rheology (SGR) model considers the cells glassy mate-
rials that are microstructurally disordered and thermodynamically close to a glass
transition. The deformations in glassy materials are microscopically inelastic, local-
ized and time-dependent. The SGR model successfully accounts for the power-law
behavior in the low frequency regime but it does not capture the stress-stiffening.
The sol-gel model assumes that the cell is a gel of filamentary polymers embed-
ded within a fluid cytosol, which predicts a weaker frequency dependency in the
low frequency regime than is observed experimentally. Thus, all models capture
some aspects of cell mechanics, but a single model that accounts for all of cellular
behaviors has yet to emerge.

2.3 Functions of the Actin Cytoskeleton in Mechanosensation

Mechanosensing, the sensing of mechanical force, is crucial for a range of processes
that extend over a wide range of length- and time-scales and from the molecular to
organismal levels. At the cellular level, stretch receptors in the plasma membrane
and many components of the cytoskeletal network are obvious targets of external
forces. However, internally generated forces are also felt by the same machin-
ery, allowing intrinsic regulation and cross-talk to occur through the heterogeneous
cytoskeletal network. Here, we will focus on two mechanisms for mechanosensing
in the actin network: the crosslinked actin network complete with myosin II motors,
which governs the cell shape changes particularly during cytokinesis (Effler et al.,
2006; Ren et al., 2009) and the actin-associated proteins found in focal adhesions
(Vogel and Sheetz, 2006).

2.3.1 Mechanosensing Through Myosin II and Actin Crosslinking
Proteins

Dividing cells have a mechanosensory system that they use to monitor their shape
as they cleave into two daughter cells. The system could be activated in a controlled
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Fig. 2.12 Mechansensing system in Dictyostelium. a and b show the accumulation of fluores-
cently labeled cortexillin I and myosin II, respectively. Cortexillin I and myosin II are green. The
microtubules are labeled red with RFP-tubulin. The lever arm length of different myosin II mutants
is shown in ¢. The percentage of cells displaying mechanosensing increases with elevated pressure
as shown in d. Reproduced from Ren et al. (2009) with permission of Elsevier

fashion, using micropipette aspiration (Effler et al., 2006). Here, myosin II and the
actin crosslinker cortexillin I accumulate cooperatively in highly deformed regions
in dividing wild type cells as shown in Fig. 2.12. Both myosin-II and cortexillin-I
are necessary for this function since cell-lines devoid of either protein are unable
to respond to cellular deformations (Ren et al., 2009). Furthermore, only fully wild
type myosin-II and wild type cortexillin are able to fully restore mechanosensing
while many of the functions of each protein are expendable for cytokinesis contrac-
tility (Ren et al., 2009). Except for cortexillin-1, other ACLPs that play a major role
in cytokinesis and the microtubules may be dispensed for mechanosensing in divid-
ing Dictyostelium cells (Effler et al., 2006). In sum, these observations indicate that
the cooperative interaction between myosin II and cortexillin I provide the core of
the mechanosensor.

Myosin-II mechanochemistry appears to be the essential active component of the
mechanosensory module. Regulatory light chain phosphorylation leads to the activa-
tion of Dictyostelium myosin-II. Interestingly, this phosphorylation step is essential
for mechanosensing (Ren et al., 2009) but is not required for cytokinesis (Beach
and Egelhoff, 2009). The lack of a requirement for light chain phosphorylation in
cytokinesis is likely due to the fact that RLC phosphorylation only leads to a 3-5-
fold activation of the actin-activated ATPase activity in Dictyostelium myosin II, and
that the myosin I mechanochemistry is not rate limiting for cytokinesis over at least
a 30-fold range (Zhang and Robinson, 2005; Chen et al., 1995). By contrast, many
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other myosin II isoforms are activated ~30-fold by RLC phosphorylation. However,
with respect to mechanosensing, this observation suggested that the motor domain
of myosin-II was the critical active component of cellular-scale mechanosensing.
To test this, the maximum force (Fax) of the myosin-II was shifted by altering the
lever arm length (Fpax o< lever arm length~!), which shifted the applied pressure-
dependency of the mechanosensory response (Uyeda et al., 1996; Ren et al., 2009).
Because myosin-II must undergo a full lever arm swing before it can release its
ADP, this result strongly indicates that the local accumulation of myosin-II is regu-
lated by the kinetics of its binding/unbinding to actin filaments. It is also likely that
the extent of accumulation during mechanosensing is proportional to the magnitude
of the applied force as shown in Fig. 2.12 (Ren et al., 2009), which is consistent
with catch-bond behaviors of myosin II (Guo and Guilford, 2006).

The regulated assembly and disassembly of myosin II into bipolar thick filaments
(BTFs) is also required for the mechanosensory system. Without assembling into
BTFs, myosin II cannot generate contractile force and therefore experience tension.
Because myosin II accumulates during the mechanosensory response, unassembled
monomeric myosin II must be able to diffuse to the site, requiring these myosins
to be disassembled. Therefore, the full assembly/disassembly dynamic is required
for this process. It should be noted that myosin-II BTF assembly in Dictyostelium
is independent of myosin-II light chain phosphorylation but is fully dependent on
the heavy chain phosphorylation. In contrast, mammalian myosin II assembly is
regulated by both heavy chain and regulatory light chain phosphorylation (Beach
and Egelhoff, 2009 and references therein). Regulatory light chain phosphoryla-
tion results in a conformational change from a thick filament assembly incompetent
state to an assembly competent state (the so-called 10S — 6S transition) (Craig
et al., 1983). Because Dictyostelium myosin-II does not undergo this transition, it
does not require the RhoA-ROCK kinases pathway for regulation of contractility.
Consistently, the Dictyostelium genome is devoid of ROCK kinase.

Dividing cells have distinctive mechanical properties (the cells soften from
anaphase through cytokinesis completion) and the global/polar actin crosslinkers
(dynacortin, fimbrin, and enlazin) become more cytoplasmic as compared to inter-
phase cells (Robinson and Spudich, 2000; Reichl et al., 2008). Similarly, wild type
cells show a much stronger mechanosensory response during cell division than dur-
ing interphase. However, the mechanosensitive localization occurs very strongly in
interphase RacE null cells (Ren et al., 2009). Unlike RhoA that regulates myosin-II
functions, RacE, a Rac-family small GTPase, is known to be upstream of global
ACLPs, such as dynacortin, enlazin and fimbrin (Robinson and Spudich, 2000;
Zhang and Robinson, 2005). Experimental data shows that the cortical stiffness of
RacE null cells is much lower (70% lower) than that of wild type cells, indicat-
ing RacE helps to maintain the mechanical integrity of the actin cortex. It is not
known yet whether RacE directly inhibits the mechanosensory pathway or if the
mechanosensory response only occurs within a certain range of cortical stiffness.

The molecular mechanisms for the cooperative accumulation of myosin II and
cortexillin I remain to be fully defined. However, there are four processes that
may contribute to their accumulation. The first is that forces stabilize the bipolar
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thick filaments in highly deformed region by increasing the binding life time of
myosin-actin. This tight binding then promotes additional myosin accumulation
through cooperative interactions between motor domains of assembled (in BTF
form) and unassembled myosin monomers. The second mechanism is that the
binding of cortexillin and the binding of myosin to actin filaments facilitate each
other, i.e. cortexillin and myosin II may bind actin cooperatively. A third possible
mechanism is that the curvature sensitivity of phosphatidylinositol 4,5-diphosphate
(PIP;) lipid molecules might lead to PIP; accumulation in the pipette, result-
ing in cortexillin accumulation since cortexillin binds PIP, (Stock et al., 1999).
Consequently, the cortexillin accumulation increases the local stiffness of the actin
network and enhances the force propagation, which can potentially lead to myosin
I accumulation through the first mechanism. Finally, the fourth possible mech-
anism is that BTF assembly regulatory enzymes, including MHCK and myosin
heavy chain phosphatase (which is less well characterized), may be force sensitive.
The reduced phosphorylation (by inhibiting MHCK or activating the myosin heavy
chain phosphatase) of myosin heavy chains with increasing force could promote
local accumulation of the BTFs. However, force-sensitive activation or inhibition
of these enzymes may not be essential; rather the enzymes may only be required
to maintain the available free pool of myosin monomers, which is essential for
the mechanosensory response. These four mechanisms are not mutually exclu-
sive. In the next sections, we will show how force-dependent promotion of BTF
assembly and cooperativity between myosin II and cortexillin might lead to the
inter-dependent, mechanical stress-induced accumulation of these proteins.

2.3.1.1 How Force Might Modulate Myosin II Bipolar Thick Filament
Assembly

To consider where force might act in myosin BTF assembly, a sensitivity analysis
of the BTF assembly pathway was assessed. The reactions of myosin II assem-
bly and the corresponding reaction rates are listed in Table 2.1. My, M, D and
T represent phosphorylated (assembly incompetent) monomer, unphosphorylated
(assembly competent) monomer, dimer and tetramer, respectively. BTF3, BTF,, and

Table 2.1 Kinetics of
myosin II assembly based on Mo Ly ki = 0.0008 s~!
k7 9

the dimer addition model. k_y=0.1s"!
Reproduced from Ren et al. X b = 037 uM-"ls~!
(2009‘) with permission of M+M ]fzz D, kiz _ O.O;L !
Elsevier L
k3 k3 = 0.0395 uM s~
D+D=T, k_3 = 0.0045 57!
ky ks = 125pM 17!
T+D = BTF, k_s = 00255
ks = 10uM~1s~!

ks
BTF, + D = BTF
n+ ks n+1> k.s =02 s—l
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BTF,+; are the bipolar filaments having 6, 2n and 2(n+1) monomers, respectively.
The formation of the anti-parallel tetramer T is the nucleation step, and the subse-
quent steps are the growth phase of BTF assembly where dimers D are added to the
BTF. The reaction rates are derived from a combination of in vitro kinetic studies of
BTF assembly as well as in vivo fluorescence recovery after photobleaching exper-
iments (Mahajan and Pardee, 1996; Moores and Spudich, 1998; Reichl et al., 2008;
Ren et al., 2009). From this analysis, the most likely process that may be affected
is the ratio of k; to k_1. Figure 2.13 shows the kinetics of assembly after this ratio
is shifted ten-fold, which could mimic inhibition of MHCK, activation of myosin
phosphatase, or a lowering of the energy barrier required for incorporating Mg into
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Fig. 2.13 Accumulation of myosin II in response to force in Dictyostelium cells during anaphase:
(a) spatial distribution of myosin II intensity in pipette region normalized by the intensity at the
opposite pole of the cell; (b) averaged transient curve of myosin II accumulation where intensity
is normalized by the intensity in the cytoplasm; (c¢) simulation result of the kinetics of myosin II
accumulation when k_; in Table 2.1 is decreased by 10 fold to mimic the force effect; (d) the BTFs
distribution before (without force) and 60 s after 10-fold change in k_;. Reproduced from Ren et al.
(2009) with permission from Elsevier
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a pre-existing BTF. The force dependence of these steps generally can have the form
similar to Eq. (2.1).

Overall, this analysis suggests that the largest impact on the assembly mechanism
might be in the transition from assembly-incompetent to assembly-competent states.
Although force might act on MHCK or a myosin heavy chain phosphatase, this sce-
nario requires additional enzymes and steps. A very appealing mechanism is one
where motor domains found in pre-existing mini-BTFs are stabilized in the mechan-
ical transition state by force, which then leads to the local accumulation of myosin
monomers, putting them in close proximity to the BTF where they can be directly
inserted. The motors found in the HMM form of myosin II (dimeric but unassem-
bled myosin monomers; see Fig. 2.2) binds actin in a highly cooperative fashion
but only during the transition state of the actomyosin-ADP+P; complex (Tokuraku
et al., 2009) or if the actin structure has been altered such as by being assembled
with Ca®*cations (Ca**.ATP-actin — as opposed to Mg*.ATP-actin found in cells)
(Orlova and Egelman, 1997). This mechanism has the appeal that no additional
enzymes are required, and that all of the necessary parts are included directly in
the myosin motor and thick filament assembly region. In this model, the MHCK
and myosin heavy chain phosphatase are still required to maintain the pool of avail-
able myosin monomers My and to ensure that the system relaxes back once the
mechanical signal subsides. However, more experiments are required to see if this
mechanism accounts for mechanosensitive BTF assembly.

2.3.1.2 Cooperativity Between Myosin II and Cortexillin

Since myosin II-binding to actin can be highly cooperative depending on the actin
conformation and the transition state of the motor-actin complex (as discussed in
the previous section), it is very tempting to consider that this cooperativity may be
extended to interactions between myosin and actin-associated proteins. For muscle
myosin II, the motors bind cooperatively to actin filaments, but only in the pres-
ence of tropomyosin-troponin (Geeves and Halsall, 1987; Hill et al., 1980; Chen
et al., 2001). On the other hand, the binding of actin-binding proteins (ABPs),
such as scruin (Owen and DeRosier, 1994) and formins, induces noticeable struc-
tural changes in F-actin. Since F-actin is the common binding substrate of myosin
IT and ACLPs, it is possible that the binding of myosin and ACLPs to actin are
cooperative, i.e. the structural changes in F-actin due to one kind of binding facili-
tate another kind of binding (Williamson, 2008). Mathematically, the cooperativity
between myosin II and cortexillin can be written as

dCyv
¥ = (Co) — (kKynCw — ko) and7 = h(Cw) — (K5, Ce = KSy) - @.1D)
where C is the concentration. The superscripts/subscripts M and C represent myosin
and cortexillin, respectively. g and /& are functions characterizing the cooperativ-
ity between the two proteins. Here, only positive cooperativity is considered and
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both g and h always have non-negative values. Furthermore, because of the force-
dependence of myosin-actin binding, kggf is assumed to be a function of force, i.e.

A
R () = K exp (£25).

2.3.2 Mechanosensation Through Focal Adhesion Complexes

Mechanosensitive behaviors of focal adhesions (FAs) are important in many cellu-
lar processes such has cell growth, differentiation and motility. FAs are mechanical
linkages between the cytoskeleton and the extracellular matrix (ECM). FAs are
large multi-molecular complexes that can extend several-micrometers and consist
of a large number of different proteins, including integrins and ABPs such as talin,
vinculin, paxillin, and tensin (Zamir and Geiger, 2001; Geiger et al., 2009). In
FAs, integrins form heterodimers consisting of o and B subunits non-covalently
bound and each consisting of an extracellular domain, a single-pass transmem-
brane helix, and a short cytoplasmic tail (Puklin-Faucher and Sheetz, 2009). The
tail of B-integrin binds to the talin head domain. Talin may then anchor directly
to actin or indirectly through vinculin. FAs can be stationary or mobile while dis-
playing a continuous exchange of components with the cytoplasmic pool. FAs grow
with increasing local force (Tan et al., 2003) and tend to orient in the direction of
applied force (Riveline et al., 2001), which has been attributed to stretching forces,
which may enhance the binding affinity of integrins to the ECM (Katsumi et al.,
2005).

FA formation is initiated with the activation of integrins. Inactive integrins adopt
a bent shape whereas the active forms have an extended shape (Hynes, 2002 and
references therein). Integrins may be activated either by their head binding to the
ECM (so-called outside-in signaling) or by the tail binding to talin (so-called inside-
out signaling). The activation of the head and the resulting binding to the ECM
are thought to occur through long-range conformational changes that propagate
through the integrin extracellular domain. Activation of integrin asf; in cells can
be switched on mechanically, and the corresponding strength of FAs increases with
the rigidity of the extracellular matrix, indicating that the integrin-ECM interac-
tion fits a catch-bond model (Friedland et al., 2009). Single molecule measurements
have also shown that the catch-bond behavior of integrin a58; may be attributed to
the mechanical activation of the headpiece, but not integrin extension, over a force
range of 4-30 pN (Kong et al., 2009).

The next mechanosensitive protein in the FA is talin, a large protein consisting
of an N-terminal head region and a long rod region. Near talin’s amino-terminus
is a FERM (band 4.1, ezrin, radixin, moesin) domain through which talin binds to
integrin, focal adhesion kinases (FAKSs) and other receptors. Talin-binding to the
integrin P tail disrupts an intracellular salt bridge between the a- and B-integrin sub-
units, increasing the integrin affinity for ECM (Tadokoro et al., 2003). Additionally,
talin has eleven vinculin binding sites (VBSs) in its rod region. Single molecule
measurements discovered that only one VBS is active in the absence of force and
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two more VBSs appear when the talin rod is stretched by relatively low (12 pN)
forces (del Rio et al., 2009). In the absence of force, these two force-sensitive VBSs
are thought to remain buried in adjacent amphipathic helices through hydrophobic
interactions.

Talin then links to vinculin, a 116 kDa actin-binding protein, which links the core
FA proteins to the actin cytoskeleton. The vinculin head domain consists of seven
a-helices arranged as two four-helical bundles (eight a-helices), and its tail domain
has five a-helices that form an anti-parallel bundle. The strong interaction between
the head and the tail masks the binding sites for other proteins such as talin, F-actin,
a-actinin and paxillin and keeps vinculin in its inactive states. Upon talin-binding
to a-actinin, the tail domain of vinculin is displaced away from the head domain,
which activates vinculin (Izard et al., 2004) and enables its binding to F-actin and
other molecules.

The mechanical stretching of FAs triggers many downstream signaling pathways
by activating the SH2 domain-containing phosphatase SHP-2 and non-receptor pro-
tein tyrosine kinases, such as Src and FAK (Tamada et al., 2004; Giannone and
Sheetz, 2006). These enzymes regulate the assembly/disassembly of FAs by con-
trolling the actin stress fiber (actin bundles with myosin II thick filaments) formation
(Vicente-Manzanares et al., 2009). Activity of some of these kinases, such as FAK
kinase, requires actin and myosin II-dependent tension (Tilghman and Parsons,
2008). Furthermore, stretching of p120Cas in cells or using an in vitro reconsti-
tution system exposes more Src kinase binding sites and leads to its local activation
(Sawada et al., 2006). This stretch-induced activation can be very fast as Src at
remote sites may be activated within 0.3 s, demonstrating just how fast signals can
propagate through the elastic cytoskeleton (Na et al., 2008).

2.3.3 The Actin Cytoskeleton Works as a Force-Transmission
Highway

Both chemical and mechanical signals can be transmitted over long distances.
Propagation of chemical signals occurs mainly through the diffusion of molecules
in the cytosol and its speed is limited by the chemical reaction (such as phospho-
rylation) rates, unbinding/binding rates and diffusion rates. Diffusion is usually the
limiting step since the diffusion coefficient of molecules in cells is in the range of
0.01-100 um?s~!, depending on the molecular size and shape and the viscosity of
cytoplasm on the length-scale of the diffusing particle (Howard, 2001). For exam-
ple, it can take one molecule 1-100 s to travel 10-pm using diffusion alone. On
the other hand, mechanical signals may be transmitted through the deformation of
cytoskeleton along actin filaments, microtubules and intermediate filaments. The
speed of transmission depends on the elastic modulus of the cytoskeleton where
signals may propagate over a 10-pwm distance on sub-second time-scales, indicating
that proteins in cells can sense mechanical stimuli much more rapidly than chem-
ical signals (Forgacs, 1995). This propagation of mechanical deformations likely
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depends on the pre-stress as well as the elastic modulus of the cytoskeleton, and
the magnitude of deformation decays exponentially in space with a characteristic
length that is comparable to or larger than the size of the cell (Wang and Suo,
2005).

One consequence of signal propagation through the integrated elastic actin
cytoskeleton is that signals can be transmitted over long distances and broad areas
and to a range of organelles. For example, actin filaments are connected to the
nuclear envelope through a complex of SUN and nesprin proteins (Wang et al.,
2009), to the plasma membrane through proteins such as ezrin, radixin, and moesin
(ERM proteins) (Sato et al., 1992), to stretch-activated channels (SACs) by myosin
I motor proteins (Fettiplace and Hackney, 2006), and to mitochondria by mitochon-
drial ABPs (Boldogh et al., 1998). Forces transmitted by the actin cytoskeleton
to the nucleus alter gene expression, which may in turn regulate actin remodel-
ing. The SACs can also be activated or deactivated by cytoskeleton stretching,
resulting in ion flux, regulating stress fiber formation and orientation and myosin
IT bipolar thick filament assembly. Mechanical stimuli propagated to membrane-
bound or associated proteins through the actin-membrane connections can lead
to changes in activity of membrane-bound signaling molecules and other ion
channels.

2.4 Remodeling of the Actin Cytoskeleton During
Mechanosensation

The actin cytoskeleton is composed of highly dynamic structures. Besides
mechanosensing and transmitting mechanical signals, the cytoskeleton can rear-
range its structures in response to the mechanical stimuli — this is referred to as
remodeling. Actin remodeling is determined by ABPs that control linear elon-
gation, shortening and organization of actin filaments in response to signaling
cascades (Stossel et al., 2006). However, superimposed over these mechanosensi-
tive actin-binding proteins are signaling molecules, such as kinases, Rho-family
GTPases (e.g. RhoA, Cdc42 and Rac), phosphoinositides and WASP-family pro-
teins, which are also spatially and temporally coordinated biochemically and,
indirectly, mechanically.

Most Rho proteins switch between active (GTP-bound) and inactive (GDP-
bound) conformations. The activities of Rho proteins are regulated by Rho guanine
nucleotide exchange factors (Rho-GEFs) and Rho GTPase-activating proteins
(Rho-GAPs). The Rho-GEF promotes the exchange of GDP for GTP while the
Rho-GAPs enhance GTP hydrolysis. Rho guanine-nucleotide dissociation inhibitors
(GDIs) also bind to prenylated GDP-bound Rho proteins and allow their translo-
cation between membrane and the cytosol (Buchsbaum, 2007). RhoA and its
effector Rho-kinase elevate myosin II light chain phosphorylation and thereby
promote myosin II activation. Cdc42 activates WASP, which subsequently medi-
ates the branched actin-network formation by activating Arp2/3 (Pollard, 2007).
PIP, can induce G-actin dissociation from actin-monomer-binding proteins and
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uncapping of the actin filament barbed ends, and can enhance the linkages between
the actin cytoskeleton and the plasma membrane by activating ERM proteins
(Nebl et al., 2000). PIP, can also activate vinculin, promoting FA assembly
(Sechi and Wehland, 2000), and WASP, increasing actin polymerization (Pollard,
2007).

2.4.1 How Mechanically Activated Kinases Regulate the Actin
Cytoskeleton

Mechanically induced FAs trigger the activation and recruitment of many down-
stream kinases (Brakebusch and Fissler, 2003), and these kinases affect actin
remodeling by regulating small GTPases and ABPs. Focal adhesion kinase binds
to integrin, talin and paxillin, and this binding enhances FAK activities, which pro-
motes stress fiber formation by increasing the recruitment of talin and paxillin.
Integrin-linked kinase (ILK) binds the tails of f integrin subunits, paxillin and phos-
pholipids, which induces the phosphorylation of PKB/AKT protein kinases that are
upstream of actin polymerization. ILK also forms a complex with other proteins
to recruit F-actin to FAs. The FAK-Src complex stimulates Racl activity, recruits
the GEF for Cdc42 and Racl, and mediates the suppression of Rho-GTP by reg-
ulating Rho-GEFs and Rho-GAPs (Huveneers and Danen, 2009 and references
therein).

2.4.2 Crosstalk Between Microtubules and Actin Cytoskeleton

Increasing evidence shows crosstalk between microtubules and actin cytoskeleton.
For example, centrosome separation and positioning during mitosis depend on the
integrity of the actin cytoskeleton and F-actin cortical flow (Rosenblatt et al., 2004).
By contrast, actin nucleation near the plasma membrane is coordinated by micro-
tubules and microtubule-associated proteins (Martin et al., 2005; Siegrist and Doe,
2007; Rosales-Nieves et al., 2006). Similar to the concept of the tensegrity model,
cortical motors may pull on astral microtubules and conversely, astral microtubule
polymerization exerts a pushing force against the actin cortex, promoting centro-
some separation and positioning. The activation of Src was observed at cortical sites
where microtubules appear to deform the cortex (Na et al., 2008). Microtubules
also affect the spatial distribution of active small GTPases, thereby regulating the
organization of the actin cortex (Siegrist and Doe, 2007 and references therein),
and many unproven mechanisms have been proposed for this crosstalk. However,
the list of structural linkages between microtubules and F-actin continues to grow.
Among the first identified linkages was the splice-variant of the mitotic kinesin-like
protein (MKLP1) called CHO1. CHOI has a kinesin-family motor domain, which
can move on microtubules, and an additional microtubule-binding domain and an
F-actin binding domain in its tail (Robinson and Spudich, 2004). Indeed, MKLP1
proteins help organize the central spindle microtubules, and CHO1 can integrate this



56 T. Luo and D.N. Robinson

system with the cortical actin network. In Drosophila melanogaster, cappuchino (an
FH; containing protein) and spire (a WH> containing protein) can crosslink micro-
tubules and actin filaments (Rosales-Nieves et al., 2006). In Schizosaccharomyces
pombe, teadp and tealp also localize to the plus ends of microtubules, and a com-
plex of tealp, teadp and the formin for3p is necessary for the establishment of cell
polarity and actin nucleation at new cell ends (Martin et al., 2005). Thus, several
linkages between the actin and microtubule networks promote their integration and
may facilitate force-propagation, and therefore signal-propagation, through these
systems.

2.5 Experimental Techniques for Measuring
Mechanosensation — In Vitro and In Vivo Methods

In addition to traditional micropipette aspiration (MPA), the past few decades have
witnessed the development of various new techniques using the combinations of
nanomanipulation, microfabrication, magnetic techniques, and optical techniques
(Bao and Suresh, 2003; Addae-Mensah and Wikswo, 2008). These methods include
atomic force microscopy (AFM), magnetic tweezers, optical tweezers, magnetic
twisting cytometry (MTC), particle-tracking microrheology (PTM), microfluidic
devices, stretching devices, traction force microscopy (TFM) and MEMS-based
devices. Classic MPA still offers a number of advantages in that it is relatively easy
to implement and can be readily adapted to a broad array of cell-types, particularly
those which are not highly adherent. MPA can be used to measure effective tension
and elastic and viscous properties of the cell. Perhaps more significantly, MPA is
very useful for imposing deformations to cells so that the cell’s response may be
monitored using an array of fluorescence methods. However, the major limitation of
MPA is that it is difficult to measure properties occurring on fast sub-second time-
scales or to measure frequency-dependent features. For these sorts of measurements,
many of the other methods, for example AFM, MTC and PTM, are more suitable
(Girard et al., 2004; Hoffman et al., 2006). PTM can be categorized into single-
bead, two-bead and multiple-bead modes (Wirtz, 2009). Depending on the driving
force, PTM has two working modes: passive and active. To measure the mechanical
properties of single molecules, AFM is commonly used for the high force ranges
(>10 pN) whereas optical tweezers and magnetic tweezers are commonly used
for relatively low forces (Neuman and Nagy, 2008; Finer et al., 1994). AFM and
optical tweezers also allow three-dimensional manipulation of molecules. AFM is
often used to study protein folding/unfolding and protein-protein interactions while
tweezers are usually used to study biological motors, including cytoskeletal motors
and DNA and RNA polymerases. Additionally, many of these methods have been
combined with fluorescence microscopy techniques, such as total internal reflection
fluorescence (TIRF) imaging and fluorescence resonance energy transfer (FRET)
(Sarkar et al., 2004; Moffitt et al., 2008; del Rio et al., 2009).

Microfluidic devices and flow chambers are used to study the cell responses to
shear flow (del Alamo et al., 2008; Wang and Levchenko, 2009). Stretching devices
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are usually coupled with fluorescence imaging methods to quantify the effects of
stretch on actin cytoskeleton rearrangement, activation of kinases, gene expression
and cell differentiation (Sawada et al., 2006; Kurpinski et al., 2006). TEFM was
invented to investigate the traction force that cells apply to the substrates (Pelham
and Wang, 1997). Initially, TFM methods utilized fluorescent beads embedded in
polymeric substrates so that traction forces exerted by adherent cells on the substrate
could be calculated from the displacements of the beads. Recently, micropatterned
substrates by soft photolithography have been used to control the cell adhesion areas
and cell shapes (Balaban et al., 2001; Tan et al., 2003; Théry and Bornens, 2006).
Therefore, a broad range of mechanical measurements and manipulations are now
possible across a broad array of length- and time-scales and from the molecule to
cellular levels.

2.6 Conclusion and Perspectives

Mechanical inputs must have been among the first signals that cells received and had
to respond to, and the ability of cells to sense and react to these inputs likely evolved
at a very early time point. Thus, it is not surprising that there are numerous overlaps
between the mechanotransduction and “traditional” chemical signal transduction
pathways. Because of the overlap between these pathways, mechanical-chemical
coupling and feedback loops are a natural consequence of this system integra-
tion. Because the actin cytoskeleton is structurally integrated with nearly every
aspect of the cell, mechanical inputs can be transmitted quickly throughout the cell.
Furthermore, individual proteins may be involved in multiple pathways and con-
tributing multiple functions. Therefore, to fully understand the roles of individual
proteins and the cooperativity among them in the actin cytoskeleton, in vitro exper-
iments involving single molecule measurements, reconstituted actin networks, and
computational simulations of protein folding/unfolding and protein-protein inter-
actions have to be combined with quantitative in vivo observations. Challenges
for understanding mechanosensation through the actin cytoskeleton include reveal-
ing how proteins function cooperatively over short nanometer-length-scales and
fast sub-second time-scales. Direct observations of force propagation in cells and
eventually between cells within tissues will be essential. Novel designs of mechan-
ical strain sensors using fluorescence readouts such as FRET pairs and inventive
imaging setups will be needed to fulfill these demands. Applying a repertoire of
these approaches to a genetically tractable organism, such as Dictyostelium cells
as they perform physiologically and medically important processes like cell divi-
sion, will continue to provide unique insights into cellular mechanosensing and
mechanotransduction.
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Glossary List

Affine Describes an actin network, which is co-linear during stretching and
shearing

Non-affine  Describes an actin network in which co-linearity is absent during
stretching and shearing

Stress The force applied on a unit area

Strain The ratio between the length-change associated with deformation and
the original length (no deformation)

ABD Actin-binding domain

ABP Actin-binding protein

ACLP Actin-crosslinking protein

BTF Bipolar thick filament

ELC Essential light chain

FIC Free-joint-chain

HMM Heavy meromyosin

RLC Regulatory light chain

WLC Worm-like-chain

D Bundle size

E Young’s modulus: the proportionality between stress and the resulting
strain

fb Bending modulus: the proportionality between bending momentum
and the resulting curvature

G* Complex modulus

G Shear modulus — the real part of G*: the proportionality between shear
stress and the shear strain

G’ Loss modulus — the imaginary part of G*

K’ Differential shear modulus: the differential proportionality between
shear stress and the shear strain

L. Contour length: the integrated length along the polymer chain

L, Persistence length: the length over which correlations in the direction
of the tangent are lost

Le Distance between entanglements

& Mesh size
Crosslinking density: the ratio between the cross-linker concentration
and actin concentration
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