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1.1 Introduction

Chapter 1

Molecular Biomechanics

in Intercellular Mechanotransduction

1.1 Introduction

Cell-cell adhesion is a basic principle for multicellular organisms. A variety of
biological functions in the multicellular organisms are supported or mediated by the
contact adhesion between cells. From a mechanical point of view, the cell-cell adhesion
stably supports the functional structures in multicellular organs, such as a heart, a brain,
and a gut, by connecting cell cytoskeletons between cells. In the meantime, the cell-cell
adhesion is known to dynamically change during morphogenesis in an embryonic body
to drive cell rearrangement and local tissue deformation. The dynamical changes in the
cell-cell adhesion arise from the series of cellular responses to mechanical environment,
such as compressive stress, tensile stress and flow shear stress. The cellular process in
which mechanical stimulus is transduced to biochemical signal is called as

mechanotransduction. Here, adherens junctions, which connect actomyosin



1.1 Introduction

cytoskeletons between cells, dynamically change the adhesion strength and intensity as
a result of mechanotransduction in response to intercellular tension. To understand the
process of intercellular mechanotransduction is not only one of the important challenges
in the current context of biomechanics and biophysics but also a valuable seed for

applications in engineering and medical applications.

The mechano-responsive ability of adherens junctions emerges from the
functions of their constitutive proteins. Adherens junctions are molecular complex based
on a transmembrane protein called as cadherin. a-Catenin, one of the constitutive
proteins at adherens junctions, is known to play a pivotal role as a tension-sensor under
intercellular  tension. Under intercellular tension, o-catenin changes its
three-dimensional conformation to associate with vinculin. As vinculin associates with
vinculin and nucleates the actin polymerization, the mechanical activation of a-catenin

under tension is supposed to initiate the local remodeling of actin cytoskeleton.

Although the roles of a-catenin in intercellular mechanotransduction have been
investigated by previous studies of molecular biology and structural biology, the
mechanical behaviors that generate the tension-sensitivity remain unclear. For example,
there is one paradox to be solved for this type of tension-sensor proteins, since tension
itself is known to cause successive unfolding of biomolecules; the tension-sensor
proteins definitely require mechanical forces for their activation, however, they have to
be stable under such conditions because the mechanical forces function as basic protein
denaturants. If a-catenin further unfolds after the conformational change, vinculin
cannot associate with a-catenin because there is no functional structure. On the other
hand, the architectural flexibility of adherens junctions should also be assured by the
constitutive molecules as long as they sustain their innate functions, since the dynamical
actin remodeling would cause a strain in the molecular complex. Since cadherin and
actin filament are known to play as highly rigid materials under tension, one remaining
component, B-catenin, would support the flexibility of adherens junctions. Thereby,

a-catenin and PB-catenin, as the constitutive proteins of adherens junction, would have
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cryptic mechanical behaviors that allow robust mechanotransduction at adherens
junctions. The tension-sensitivity of a-catenin seemingly emerges from the structural-

functional dynamics under tension.

The present thesis explores mechanical behaviors of a-catenin and B-catenin,
which serve as a tension-sensor and a tension-transmitter with the aim of understanding
molecular mechanism of mechanotransduction from a viewpoint of single-molecule
biomechanics. In this chapter, we undertake a general and broad background review in
intercellular mechanotransduction. First, we highlight the current understanding of the
roles of intercellular tension in a mature and immature multicellular tissue from a view
point of mechanics. Second, we summarize the current single-molecule biomechanical
approaches to understand the mechanical behaviors, structures, and biochemical
properties of biomolecules by employing atomic force microscopy (AFM) and total
internal reflection fluorescence microscopy (TIRFM). Finally, we present the objective

of this thesis and outline of chapters.

1.2 Intercellular mechanotransduction

1.2.1 Intercellular tension in a multicellular tissue

Forces orchestrate the morphogenesis process in an embryo (Eiraku et al. 2011; Lecuit
et al. 2011; Hannezo et al. 2015) as well as maintain the integrity of a mature biological
tissue (Brugués et al. 2014). The embryonic development involves dynamical changes
in number, size, shape and position of cells (Heisenberg and Bellaiche 2013). This is not
surprising because such changes are caused by innate activities of cells. The change in
the cell number is induced by the cell division and death, and the change in the cell size
is caused by the cell growth. The cellular shape is determined by the intracellular

cytoskeleton and the position in a tissue can be determined by migration. However, in a
3
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developmental tissue, these cellular activities need to be orchestrated for proper
morphological changes in every stage of development (Fristrom 1988). Especially, the
morphological change of a biological tissue requires the large amount of mechanical
forces generated by individual cells to drive the local tissue deformation (Hutson ef al.
2008; Martin et al. 2010; Okuda et al. 2013). Therefore, how the cells in a tissue
cooperatively behave to induce the local force is a fundamental issue in the field of
biomechanics. In the past decade, a variety of researches have shown the cellular
activities in response to mechanical environment (Sokabe et al. 1991; Engler et al.
2006; Malone et al. 2007; Adachi et al. 2009; Miyoshi and Adachi 2014; Spasic ef al. in
press), which is called as mechanotransduction. In a multicellular tissue, the mechanical
forces produced by individual cells trigger mechanotransduction in each cell. This
intercellular mechanotransduction would allow mechanical communication between
cells to accomplish the cooperative cell activities in a tissue. Adherens junctions, one of
the major interfaces that directly connect actin cytoskeleton between cells, sense and
amplify the intercellular tension as well as stably transmit the intercellular tension into

the intracellular structures.

1.2.2 Cadherin-based adherens junctions

Adherens junctions are molecular complex based on a transmembrane protein called as
cadherin, as shown in Fig. 1-1 (Harris and Tepass 2010; Yap et al. 2015). The
extracellular domain of cadherin associates with another cadherin on another cell, which
forms the direct link between cells (Takeichi 1988). Thereby, the intracellular domain of
cadherin associates with B-catenin and o-catenin to form a cadherin-catenin complex
(CCC) (Kobielak and Fuchs 2004). The CCC further associates with actin filament,
through which actomyosin cytoskeletons are physically connected between neighboring
cells. Although the direct connection between the CCC and actin filament has been

controversial as the o-catenin in the CCC cannot associate with actin filament

4
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Adherens junctions B-Catenin
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Figure 1-1: Cadherin-based adherens junctions. Several proteins such as p-catenin,

o-catenin, and EPLIN mediate the interaction between cadherin and actin filament.

(Yamada et al. 2005), some proteins such as vinculin and EPLIN could work as adaptor
molecules between a-catenin and actin filament (Pappas and Rimm 2006; Abe and
Takeichi 2008). Recently, the adherens junctions can interact with microtubules as well
as actin filaments (Waterman-Storer ef al. 2000; Meng et al. 2008), suggesting that the

cytoskeletons in cells could be integrally regulated by the adherens junctions.

As illustrated in Fig.1-2, The adherens junctions show dynamical behaviors to
cause the apical constriction in the multicellular tissue during development (Takeichi
2014). The apical constriction is induced by the contraction of adherens junctions or by
their downwards sliding movement (Wang et al. 2012). The direction of epithelial
folding can be determined by the alignment of adherens junction along the mediolateral
axis of a bending tissue (Nishimura et al. 2012). Also, the aligned adherens junctions
induce the cell intercalation that drives the directed extension of a tissue along

anterior-posterior axis(Rauzi et al. 2010; Levayer and Lecuit 2013). Furthermore, the
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rotation of epithelial tubule can be driven by asymmetrical constriction of adherens
junctions (Taniguchi et al. 2011). Such dynamical behaviors of adherens junctions are
induced by polarized assembly and disassembly of constitutive molecules as a result of
the interaction with other cells. Importantly, adherens junctions have a characteristic
ability to sense the intercellular tension by positively remodeling the actin cytoskeleton.
Since the strength of adherens junctions correlates with the intercellular tension (Harris
et al. 2014), such positive tension feedback of adherens junctions could be one of the
most important mechanisms in integration of mechanical forces in individual cells for

dynamical architectural changes in a biological tissue.

a Adherens junctions
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Actin cytoskeleton
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Figure 1-2: Deformation of a multicellular tissue caused by apical constriction. a. A
planar tissue. Yellow lines and green spots indicate actin cytoskeletons and adherens
junctions, respectively. b. Tissue deformation caused by apical constriction (orange

line).
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1.2.3 Mechanotransduction at adherens junctions

The cadherin-based adherens junctions sense the intercellular tension on the basis of
functions of their constitutive proteins. As depicted in Fig. 1-3, a-catenin, which links
B-catenin and actin filament, is known to play a pivotal role as a tension-sensor under
intercellular tension (Yonemura 2011; Maiden and Hardin 2011). Under intercellular
tension, a-catenin changes its conformation to associate with vinculin, as shown in Fig.
1-4a (Yonemura et al. 2010). As vinculin associates with vinculin and nucleates the
actin polymerization, as shown in Fig. 1-4b (Wen et al. 2009), the mechanical activation
of a-catenin under tension is supposed to initiate the local remodeling of actin
cytoskeleton. Furthermore, the contractile force caused by actomyosin activities would
be accelerated as a result of actin remodeling. This unique function of a-catenin as a
tension-sensor is inevitable in the mechanotransduction via adherens junctions, as the
disruption of a-catenin accordingly causes many kinds of diseases such as heart
dysfunction (Sheikh et al. 2006), hyperproliferation (Vasioukhin et al. 2001),

tumorigenesis and metastasis (Benjamin and Nelson 2008).

B-Catenin

o-Catenin

s Cadherin |
_“ CS' See755s

Actin filament

Figure 1-3: The molecular composition of adherens junctions. Cells are directly
connected via cadherin, a transmembrane protein. a-Catenin, connecting f-catenin and

actin filament, forms an autoinhibited structure against vinculin in free condition.
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Vinculin -o

Myosin 11

Figure 1-4: Molecular process of mechanotransduction at adherens junctions. a. The
autoinhibition of a-catenin is disrupted under intercellular tension resulting in vinculin
association. b. Vinculin nucleates the actin remodeling, in which myosin II is involved

in tension generation.

Helix bundle M3

Vinculin binding site
(VBS)

Helix bundle M1 Helix bundle M2

Figure 1-5: The crystal structure of tension-sensory domain o-catenin (residues
277-631) [PDB code: 4K1N] (Ishiyama et al. 2013).
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The tension-sensory ability of a-catenin is caused by the autoinhibited structure
caused by intramolecular domains. The crystal structure of the tension-sensory domain
(residues 277-631) of a-catenin, as shown in Fig. 1-5 [PDB code: 4K1N] (Ishiyama et
al. 2013), shows three four-helix bundles; helix bundle M1 comprising the vinculin
binding site (VBS; residues 325-360), helix bundle M2 (residues 391-506), and helix
bundle M3 (507-631 residues) (Harris 2012). These helix bundles M2 and M3 are called
as modulatory (M) domain that regulates the association of a-catenin with vinculin.
Yonemura et al. (2010) revealed that the M domain-segmented a-catenin exhibits high
vinculin affinity while the autoinhibited a-catenin with M domain exhibited suppressed
vinculin affinity, in in vitro and in vivo experiments. The report also suggested that the
autoinhibited structure of a-catenin is open under intercellular tension, by using the
specific antibody al8 that binds to a cryptic site in the helix bundle M1. In addition,
based on the crystal structural biology study (Rangarajan and Izard 2012), the VBS of
a-catenin should be extended to interact with the head domain of vinculin, suggesting
the conformational change of the VBS is required for the association with vinculin.
Recently, based on the molecular dynamics simulation (Li ef al. 2015), the helix bundle
M1 is proved to be structurally unstable compared to other two helix bundles M2 and
M3, and the disruption of the interaction between helix bundles M1 and M2-M3 induces
the destabilization of the helix bundle M1. Taken together, the conformational change of
a-catenin can be induced by the mechanical disruption of the inter-domain interaction
between helix bundles M1 and M2-M3 that causes the destabilization of helix bundle
M1 to expose the VBS.

However, there are several questions for the intercellular mechanotransduction
process from a view point of molecular biomechanics. First, there is a simple question
for the architectural flexibility of adherens junction. Since there are the dynamical
assembly and disassembly of protein networks in each cell, the adherens junction at the
boundary between the cells is exerted by fluctuated displacement. At the same time, the
actin filament and the cadherin as the constitutive proteins are known to play as highly

rigid materials (Pittet ez al. 2008; Matsushita et al. 2010). Even though the high rigidity
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of actin filament and cadherin is important for stable tension transmission, the flexibility
of adherens junctions needs to be supported by the remaining constitutive proteins such

as a-catenin and f-catenin.

In addition, one important paradox remains to be solved for a-catenin since
tension plays as a denaturant of biomolecules by causing successive unfolding. Previous
report (Liu et al. 2009) has suggested that some protein completely unfold under
physiologically possible small tension. In addition, a-helical secondary structure in
a-catenin is known to exhibit lower mechanical stabilities than another type of
secondary structure, B-sheet (Hoffmann and Dougan 2012). It is true that the
tension-sensor proteins such as o-catenin at adherens junctions and talin at focal
adhesions should change the conformation under tension to expose the binding sites for
signaling molecules, but they also have to sustain the activated state to await the binding

of signaling molecules.

Furthermore, how the mechanically-activated o-catenin associates with
vinculin is mysterious, since vinculin forms an autoinhibited structure against a-catenin
as a-catenin in free condition does against vinculin (Johnson and Craig 1994; Bakolitsa
et al. 2004). Although the VBS of a-catenin associates with the head domain of vinculin,
the segmented a-catenin (residues 273-510), with exposed VBS, does not associate with
full-length vinculin (residues 1-1066) (Choi ef al. 2012). The difference in the results
implies the autoinhibited structure of full-length vinculin against a-catenin. Previous
study (Bakolitsa et al. 2004) has reported the strong autoinhibiting interaction between
the head and tail domains of vinculin. Thereby, there can be an unraveled association

mechanism of a-catenin with vinculin mediated by intercellular tension.

Thus, there are three open questions for mechanotransduction at adherens
junctions; (1) how the architectural flexibility of adherens junction is maintained under
fluctuating intercellular tension, (2) how a-catenin retains its activated state to recruit
vinculin by avoiding the successive unfolding under tension, and (3) how a-catenin

associates with vinculin under intercellular tension by unlocking its autoinhibition.
10
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1.3 Single-molecule biomechanical
approaches based on AFM and TIRFM

1.3.1 AFM nano-tensile testing

In the history of biomechanics, atomic force microscopy (AFM) has been
powerfully utilized to explore mechanical behaviors and three dimensional surface
profiles of multiscale biological samples from a biological tissue to a single
biomolecule such as nucleic acids and proteins (Neuman and Nagy 2008; Lekka and
Laidler 2009; Chang et al. 2012; Haase et al. 2015). The AFM was initially developed
by Binning et al. (1986) to overcome limitations of the scanning tunneling microscope
in imaging nonconductive samples, which enabled AFM to obtain the surface profiles of
biomolecules. However, AFM has become an ideal tool for biomechanical researches
because of the possibility of modifying the surface and manipulating individual
molecules (Engel 1991; Lindsay 1994; Bustamante et al. 1995). The advantages of this
technique are the possibility of simple and rapid sample preparation and the ability to
perform measurements under nearly physiological conditions (Drake et al. 1989;
Bustamante et al. 1997). The special abilities to directly “touch” and “look” the
biological samples have provided the new insights in the complex biological systems, in
which the mechanical behaviors and the structures of materials are mutually coupled.

AFM is a microscopy that measures forces acting between atoms. Fig. 1-6a
describes the basic principle of AFM, which is called as an “optical lever”. The AFM
cantilever, the tip of which has a small probe, is exposed by a laser and the reflected
laser passes through the long optical path and finally detected by two- or four-
segmented photodiode. The base of the cantilever can be displaced along x-, y-, and
z-axes by small extensions in piezoelectric elements with the voltages from the
controller of AFM. When the cantilever is deflected by the force applied to the probe,

the voltages in the photodiode sensitively change. To calibrate the force applied to the

11
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probe from the voltage change in the photo diode, we first need to achieve the two
relationships, i.e., the relationship between the voltage change and the cantilever
deflection, and the relationship between the cantilever deflection and the force. The
relationship can be achieved in a simple measurement to push the surface of a stiff
substrate, such as glass or mica. As the displacement of the stiff substrate under small
force can be ignored, the displacement of the cantilever is now equal to the
displacement of z-axial piezo. Thus, we can obtain the relationship by calculating the
slope in the plot on the basis of voltage change in the photodiode and the displacement
of z-axial piezo during the pushing experiment. Second, the relationship between the
displacement of cantilever and the force is estimated based on the resonance frequency.
Thereby, based on the principle of the optical lever in AFM, the small deflection of a
cantilever is magnified to the large voltage change in the photodiode as a result of the

long optical path length of the deflected laser, and finally calibrated to the force.

Structural Stiffhess

Laser . .
a b mmaging measurement
Cantilever Photo diode o \ 4 'v
—
Interaction Nano-tensile
measurement testing

Figure 1-6: Principle of AFM and applications. a. An optical lever in AFM system. b.
Structural imaging, stiffness measurement, interaction measurement, and nano-tensile

testing.

12
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The unique ability of AFM to sensitively detect the small force has been
utilized to explore the mechanical behaviors of biological materials, as illustrated in Fig.
1-6b (Haase et al. 2015). The nano-tensile testing, or single-molecule force
spectroscopy, is a strong tool to investigate the forces and motions associated with
biological molecules and enzymatic activities (Zhuang and Rief 2003; Lim et al. 2006).
In the nano-tensile testing, the biomolecules are modified to the AFM tip or substrate,
and the AFM probe is contacted to the cover slip to allow the interaction between the
molecules on the AFM probe and the cover slip, or the interaction between the AFM
probe and the molecules on the cover slip. Finally, the molecules are directly loaded
according to the extension of z-axial piezo. After the calibration of the voltage change in
the photodiode to the force, we obtain the plot of the force on the basis of the piezo
displacement. As the piezo displacement is equal to the summation of the cantilever
deflection and the extension of the sample, the force plot is often converted to the force
versus extension curve, or shortly force curve. This force curve includes a lot of
valuable information in the mechanical behaviors of biomolecules under tension, such
as their mechanical properties as a polymer chain, unfolding pathways with multiple
intermediate states, and their transient mechanical stabilities. Thereby, this technique

can be expressed as “mechanical fingerprinting” (Hoffmann and Dougan 2012).

The first example of single-molecule protein unfolding by AFM nano-tensile
testing was reported by Mitsui et al. (1996). They modified a2-Macroglobulin on the
gold-coated mica surface and applied tension by using gold-coated silicon nitride AFM
tip. As a result, saw tooth patterns were observed in force curves, suggesting the
multiple intermediate state of the protein during mechanical unfolding. Rief ef al.
(1997) showed the reversible unfolding of titin immunoglobulin domains that proved
that the folding pathway could also be explored by AFM nano-tensile testing with cyclic
piezo displacement. The reversible mechanical unfolding of RNA structures were
reported by Liphardt et al. (2001). The AFM nano-tensile testing is now a powerful tool
to explore the internal structures of biomolecules. Popa et al. (2013) reported the

detection of single S-S bond in a protein and Janovjak et al. (2003) reported the precise
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unfolding pathways of bacteriorhodopsin. Valle-Orero ef al. (2015) developed the clever
method to construct the free energy landscape of a protein based on the result of AFM
nano-tensile testing. As the mechanical behaviors of a polymer chain are suggested to
change based on the secondary or tertiary structures (Stirnemann et al. 2013), the
dynamical conformational changes of a protein under mechanical force, including
continual breaking of subcomponents, will be more understood by AFM nano-tensile

testing.

1.3.2 AFM structural imaging

The other powerful usage of AFM is structural imaging to obtain the three-dimensional
profile of biological samples. The sharp AFM probe, of which curvature radius should
be small as a few nano-meters, gently traces the sample surface at the constant piezo
displacement or the constant force. As a result, the surface profile can be obtained based
on the cantilever deflection or the z-axial piezo displacement. The advantage of AFM
structural imaging is definitely that we can observe the structures of “living” samples in

near-physiological environment.

As shown in Fig. 1-7, There are three types of imaging mode in AFM structural
imaging (Jalili and Laxminarayana 2004; Ando et al. 2007); (1) constant-height imaging,
(i1) constant-force imaging, and (iii) tapping imaging. Constant-height imaging is the
simplest type of structural imaging using AFM (Marti et al. 1988). In the
constant-height imaging, the piezo displacement is clamped during imaging and only
the x- and y-axial piezo is displaced in the scanning region. Based on the deflection of
cantilever, the sample height is estimated at each scanning point and integrated to one
image including the information of the sample height. Although the contact-height
imaging is accurate when the sample is much stiffer than the cantilever, it was not

applicable for soft samples such as a biological tissue and a protein because the sample
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is deformed under force that made the measurement inaccurate. The constant-force
imaging overcame the disadvantage by gently scanning the surface at the constant small
force, in which the voltage change in the photo diode is fed back to the piezo
displacement during the measurement. The constant-force imaging (Héberle ef al. 1992)
enabled the measurement for soft biomaterials while it still cause the drag force on the
surface that resulting in the detachment of samples if their adhesion strength to the
substrate is weak. Thereby, the samples are occasionally dried up for the strong
interaction with the substrate. The tapping imaging, which was invented in 1994 (Zhong
et al. 1993), broke through in minimizing the drag force. In this type of imaging, the
cantilever resonates along z-axis and the difference in the amplitude of vibration caused
by the repulsive force from a sample is fed back to the z-axial piezo displacement. As
the samples should not be strongly modified to the substrate in tapping imaging, this
improvement made the AFM imaging more convenient and useful to visualize the

sample surfaces as they were in physiological conditions.

a b C

Piezo

He g

Figure 1-7: Schematics of three types of structural imaging. a. Constant-height imaging.

b. Constant-force imaging. ¢. Tapping imaging.
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Recently, new type of very small cantilever with high resonance frequency and
the low spring constant have enabled the high speed structural imaging to vividly
observe the dynamical motion of proteins in physiological conditions. Previous
researches have succeeded to observe the walking motion of myosin proteins on actin
filaments (Kodera et al. 2010), conformational change of bacteriorhodopsin under
optical stimuli (Shibata ez al. 2010), and the rotational motion of the motor F1-ATPase
(Uchihashi ef al. 2011). This exciting development in AFM imaging is now bridging our

understanding on molecular structures and their functions.

1.3.3 TIRFM imaging

Single-molecule fluorescence observation is an implicit technique to understand the
biochemical properties of biomolecules. The total internal reflection fluorescence
microscopy (TIRFM) enables extremely high signal-to-noise ratio, which is achieved by
the illumination of fluorescent molecules only near the coverslip surface without
background noise that is caused by fluorescent molecules far away from the coverslip.
Thereby, TIRFM has been utilized to explore the dynamics of biomolecules in solution,

cells, or even biological tissues (Reck-Peterson ef al. 2010; Mattheyses et al. 2010).

The principle of TIRFM is a total reflection of a beam of light (Axelrod 1981).
When the beam goes out of one material and into another material with a smaller
refractive index with a small incident angle, the bent is bent with the transmitted angle
which is times larger than the incident angle. The relationship between the incident and
transmitted angles are determined by the ratio of refraction index of two materials.
When the incident angle is equal to the critical angle, the transmitted angle reaches at
90°, i.e., the beam is bent parallel to the interface between two materials. Then, the
beam is totally reflected when the incident angle is larger than the critical angle. In the

TIRFM observation, the laser perpendicular to the coverslip is serially bent in the
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specially made objective lens to obtain the high incident angle, as depicted in Fig. 1-8
(Reck-Peterson et al. 2010). The incident angle is regulated by the shift of the laser path
from the optical axis. In the condition of total reflection, the electric field of the laser
generates an evanescent wave that extends into the second material. Importantly, the
evanescent wave exponentially decays with the distance from the substrate and thus the

fluorescent molecules only near the substrate can be illuminated.

The first TIRFM experiment was performed by Funatsu ef al. in 1995, in which
they directly observed the motion of myosin on actin filament. After this considerable
work, a lot of researches examined the stepping mechanisms of cytoskeletal motor
proteins such as myosins, kinesins and dyneins, which contributed to the early stage of
nano-biomechanics and molecular biophysics. The TIRFM imaging has also been
utilized to understand the kinetics of the interaction between single molecules (Hellen
and Axelrod 1991). Even though the small depth of the evanescent wave limits the
application to in vivo researches using cells, the molecular assembly/disassembly
mechanism of focal adhesion, which appears in the thin basement of cells, has been

realized based on the TIRFM imaging.

1.4 Thesis objective

The research objective in this thesis is to understand the mechanical behaviors of
a-catenin and B-catenin, which serve as a tension-sensor and a tension-transmitter from
a viewpoint of molecular biomechanics. The tension-sensitivity of a-catenin would
emerge from a dynamical coupling of the structure and the biochemical properties under
tension. Therefore, we employed AFM-based nano-tensile testing and structural
imaging, and TIRFM-based fluorescent imaging in order to comprehensively

understand the tension-sensory mechanism of a-catenin molecule under tension.
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Figure 1-8: Schematics of TIRFM imaging. The laser with shifted light path is totally

reflected because of the difference in the refractive index. The excited light from

fluophores only in the evanescent field is observed by high-sensitive CCD camera.
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1.5 Thesis outline

In Chapter 2, we investigated the mechanical behaviors of f-catenin by employing AFM
nano-tensile testing to understand how this molecule contributes to the architectural
flexibility of adherens junctions. As the loading condition should be various at adherens
junctions depending on the interaction between cadherin and B-catenin, a whole and a
part structure of B-catenin have been loaded under tension. B-Catenin molecules

chemically modified on the coverslip were directly loaded by AFM probe.

In Chapter 3, we explored the mechanical behaviors and the structures of
a-catenin with the objective to reveal how a-catenin retains its activated state under
tension to await vinculin. By employing AFM nano-tensile testing, we examined the
mechanical behaviors of wild type, mutated, and segmented a-catenin fragments to
understand the effect of intramolecular interaction on the mechanical behaviors. The
conformations of wild type and mutated a-catenin fragments were examined by AFM
structural imaging. In addition, we mechanically activated wild type a-catenin by using

the holding method to reveal the mechanical behaviors of its activated state.

In Chapter 4, we developed a novel TIRFM-combined AFM system to
investigate the change in vinculin affinity of a-catenin as a result of mechano-adaptive
conformational change. In this experiment, we mechanically activated wild type
a-catenin by AFM and simultaneously observed their association/dissociation with
fluorescent dye-labeled full-length vinculin in a solvent by TIRFM. In addition, we
analyzed the mechanical behaviors of a-catenin in the presence and absence of
characteristic signals in TIRFM caused by vinculin association, to reveal how the

vinculin association alters the mechanical behaviors of a-catenin.

Finally, in Chapter 5, we highlighted the main results, draw conclusions and

outline the future prospects of this study.
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2.1 Introduction

Chapter 2

B-Catenin as a Tension Transmitter

2.1 Introduction

Adherens junctions form a link between cytoskeletal actin filaments in adjacent cells
and transmit the intercellular force (Tepass, 2002; Harris and Tepass, 2010). Component
molecules, such as cadherin (a transmembrane protein involved with cell—cell adhesion),
B-catenin, a-catenin (a cytoplasmic protein that plays a role as a tension-sensor in
maturation of adherens junctions (Yonemura ef al., 2010)), and EPLIN (Cherbin-Petinot
et al., 2012), directly bind together serially in this order to interact with the
force-generating actin cytoskeleton. The intercellular tension frequently fluctuates
depending on the cell arrangement within the tissue and myosin activities within
individual cells. Therefore, adherens junctions and their component molecules are
frequently exposed to high tension between cells (Miyake et al., 2006; Thiery et al.,
2012). To control unbalanced forces, a-catenin at adherens junctions adaptively matures
(Yonemura et al., 2010), and during this process, mechanical behaviors of components
of adherens junctions would be a key factor in determining the characteristics of this

mechano-feedback mechanism (Kobielak and Fuchs, 2004; Choi et al., 2012).
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B-Catenin, another important component of adherens junctions, functions as a
direct linker between cadherin and a-catenin and contains armadillo (ARM) repeats in
its central region (138—664 amino acids) forming a superhelical spiral structure (Xing et
al., 2008; Huber and Weis, 2011). Such unique spiral structures play a role as tension
transmitters and are found in Ankyrin (ANK) repeats with a similar superhelical spiral
protein in hair cells, exhibiting low stiffness under low tension and high stiffness under
high tension for mechanotransduction (Lee et al., 2006). A previous single-molecule
experiment showed a high mechanical stability of B-catenin when subjected to a high
force (Ritco-Vonsovici et al., 2007), while the other experiment suggested that B-catenin
unfolds under tension with low mechanical stability (Valbuena et al., 2012). Therefore,
we considered that it is possible that the mechanical behaviors of B-catenin vary in

experimental conditions such as solvent compounds, pH, and temperature.

In the present study, we aimed to elucidate the mechanical behaviors of
[B-catenin as a possible tension transmitter at adherens junctions (Maki et al, 2015). We
employed AFM nano-tensile testing by directly loading single molecules (Rief al.,
1997). We adopted a similar rate of loading as that used in previous studies
(Ritco-Vonsovici et al., 2007; Valbuena et al., 2012) for comparison, although the rate
would not necessarily match up with the in vivo condition. We performed two types of
experiments, in which a part and a whole structure of B-catenin were loaded under
tension. To apply the force to a part of P-catenin, single-tagged (N-terminus
GST-tagged) B-catenin was introduced to experiments, where N-terminus GST-tag and
solvent-exposed amine residues widely dispersed in ARM repeats were targeted. In
addition, to load the full component of B-catenin by both its ends, double-tagged

[N-terminus GST-tagged and C-terminus His-tagged] B-catenin was introduced.
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2.2 Materials and Methods

2.2.1 Materials

The N-terminal domain of B-catenin directly associates with a-catenin, and the central
ARM repeats interact with the cytoplasmic domain of cadherin, as shown in Fig. 2-1a.
To analyze the mechanical behavior of fB-catenin as a tension transmitter at adherens
junctions, we used two types of B-catenin fusion proteins, i.e., single-tagged and
double-tagged human full-length B-catenin. Single-tagged B-catenin, as shown in Fig.
2-1b, purchased from Abnova Corporation, was used in the AFM nano-tensile testing,
where the GST tag and the solvent-exposed lysine residues were targeted. Using
single-tagged P-catenin, we targeted 26 lysines in the whole structure, of which 20
lysines were widely dispersed in ARM repeats. In addition, double-tagged B-catenin, as
shown in Fig. 2-1c, was used in nano-tensile testing, where GST and His tags at both
termini were targeted for modification processes of the AFM tip and the substrate. The
plasmid DNA of double-tagged p-catenin was cloned into pGex6pl-7his and
transformed into E-coli BL21-D3-pLysS. Double-tagged [B-catenin was expressed
overnight using 0.1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) induction at
20°C and purified with GST bulk kit (GE Healthcare Biosciences). Using double-tagged

[-catenin, we were able to load full-length B-catenin including, all 12 ARM repeats.

For chemical modification of silicon nitride AFM tips and cover slips, surface
treatment agents, i.e., (3-aminopropyl) triethoxysilane (APTES; Sigma-Aldrich Co.,
LLC) (Madox and Jenkins, 1987) and (3-mercaptopropyl)-trimethoxy-silane (MPTMS;
Sigma-Aldrich Co., LLC) were utilized. N-hydroxylsuccinimide-polyethylene
glycol-N-hydroxylsuccinimide (NHS-PEG-NHS, NANOCS Inc.; M.W.,, 3.4 kDa),
maleimide-polyethylene glycol-N-hydroxylsuccinimide (Mal-PEG-NHS, NANOCS
Inc.; M.W., 3.4 kDa) and N-(6-maleimidocaproyloxy)sulfosuccinimide (Sulfo-EMCS,
DOJINDO Lab.) were also utilized.
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Figure 2-1: Schematic of B-catenin subjected to intercellular tension and B-catenin
fusion proteins. a. The interaction condition between the cytoplasmic domain of
cadherin and B-catenin. The N-terminus of B-catenin directly interacts with a-catenin
and is exposed to tension generated by the actomyosin contraction. b. Single-tagged
[N-terminus GST-tagged] B-catenin with lysine residues (green) exposed to the solvent.
The yellow sphere indicates the GST tag. ¢. Double-tagged [N-terminus
glutathione-S-transferase  (GST)-tagged and C-terminus His-tagged] full-length

B-catenin. The orange sphere indicates the His tag.
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2.2.2 Chemical modification

For AFM nano-tensile testing of B-catenin in the two loading methods, as illustrated in
Fig. 2-2, AFM tip and cover slips were chemically modified for each experiment. The
silicon nitride AFM cantilever (OMCL-TR400PSA-1, Olympus Co.; spring constant,
0.02 N/m) was used for measuring piconewton order small forces (Popa et al., 2013).
The AFM tip was washed with Milli-Q water (EMD Millipore Co.), oxidized using
ozone cleaner, and treated with 2% APTES in 99.5% ethanol for 15 min. It was then
treated with 5 mM NHS-PEG-Mal ester for 30 min and with 10 mM glutathione for 1 h.
B-Catenin (1 pg/mL) was modified on the AFM tip using glutathione-GST affinity
binding (Habig et al., 1974) for 2 h. Finally, the unreacted maleimide groups were
blocked using 0.1% ethanethiol (Sigma-Aldrich Co., LLC) in phosphate-buffered saline

(PBS) for 5 min. All reactions were performed at 27°C.

To modify the substrate, a cover glass was washed with Milli-Q water, oxidized,
and treated with 2% MPTMS in 99.5% ethanol for 15 min. In single-tagged B-catenin
experiments (left panel in Fig. 2-2), the APTES cover slip was treated with 5 mM
NHS-PEG-NHS for 30 min and washed with PBS. In double-tagged B-catenin
experiments (right panel in Fig. 2-2), the substrate was treated with 0.4 mM
maleimide-C3-NTA (Mal-C3-NTA; DOJINDO Lab.) for 1 h, with 10 mM NiCl, (Wako
Pure Chemical Industries) for 30 min, followed by washing with PBS.

In our experimental settings, there could be nonspecific linkages between 1)
the AFM tip and the substrate and 2) the PEG linker and the substrate. To distinguish
the force responses of B-catenin with nonspecific linkages, we performed control
experiments 1) without B-catenin and 2) without PEG linker. For experiments without
B-catenin, we modified the AFM tip and the substrate in the same process, except
without B-catenin. For the experiment without PEG linker, we used 1 mM Sulfo-EMCS
instead of Mal-PEG-NHS for modifying the AFM tip.
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AFM probe

_— PEG linker ~ X
_— Glutathione ~___
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Double-tagged
B-catenin

Single-tagged
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NHS-ester NiZ'-NTA
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Figure 2-2: Schematics of AFM nano-tensile testing. Single-tagged (left) and
double-tagged (right) B-catenin molecules modified on the AFM tip by the interaction
between glutathione and the GST tag at the N-terminus. The AFM tip was then placed
in contact with the substrate to allow interaction between 1) lysine residues and
NHS-ester for single-tagged B-catenin and 2) the His tag at the C-terminus and
Ni**-NTA for double-tagged B-catenin. Finally, the AFM tip was moved upward and the

[-catenin molecules were directly loaded.

2.2.3 AFM nano-tensile testing for p-catenin

Mechanical behaviors of a part or a whole structure of B-catenin molecules were
examined by AFM using a Nanowizard III BioAFM (JPK Instruments, Berlin,

Germany) was used for the B-catenin nano-tensile testing. The spring constant of each
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AFM cantilever was calibrated using the energy equipartition theorem. The AFM
nano-tensile testing of B-catenin was conducted in PBS (pH 7.4). The double-tagged
B-catenin-modified AFM tip was approached at a speed of 0.2 um/s and it was in
contact with the cover slip for 5 s to facilitate the binding of the C-terminus histidine tag
of B-catenin and the substrate Ni*" nitrilotriacetic acid (Ni*-NTA). The single-tagged
-catenin-modified AFM tip was approached in the same manner to facilitate binding of
the external amino group of B-catenin with the NHS ester. We targeted 20 lysine
residues, which were exposed to the solvent in ARM repeats (Ying et al., 2008) (green
spheres, left panel in Fig. 2-2) and applied tensile force to various numbers of
ARM-repeats. The tip was then retracted at the same speed. To verify the elasticity of
B-catenin under low tension, we performed a loading—unloading experiment. The
retraction of B-catenin from the substrate was prevented by a gradual reduction of the
piezo-moving distance (d) to 50, 30, and 20 nm until the appearance of the unloading
curve, taking into account the retract extension observed from results in the loading
experiment. Force (F) versus d curves were obtained and converted into F' versus
B-catenin extension AL curves, referred to as the force curves, by subtracting the

cantilever deflection from d.

2.2.4 Spring constants analysis

To quantify the mechanical properties of B-catenin under tension, we estimated the
B-catenin spring constants k& from the force curves. The spring constant k was
determined as the average value of the tangent stiffness [dF/d(AL)] (first-order
derivatives of the force curve) in the specified linear region, as described below. Initially,
the base line of the applied force was determined as the average value of force points
after unbinding, and the base line of extension was determined where the smoothed
force is 0 pN. Next the first- and second-order derivatives of the force curves [dF/d(AL)
and d’F/d(AL)], respectively, were calculated. In the derivation process, each curve was
smoothed using a simple moving average, where the number of datum points for the
average was determined as 25 before and after the averaging point. Subsequently, the
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linear region was specified, where the second order derivatives take values within the
determined range of —1 < d’F/d(AL)* < 1. All parameters for calculation, such as the
data points for the moving average and the second order derivatives range to determine
linear regions, were set based on the correlation coefficient (R* > 0.95) between the
force and linear regression curves. Finally, we calculated the spring constants & as the

average of the first-order differentiated force in the linear region.

2.2.5 Statistical analysis

To confirm that the spring constants £ of single-tagged and double-tagged B-catenin
have different values, we used an F test, which verifies the hypothesis that two
distributions have the same standard deviations o; and o,. The spring constants of
single-tagged (n = 66) and double-tagged (n = 34) B-catenin were compared by the F
test (p <0.001).

2.2.6 Polymer chain models

In our study, we analyzed the mechanical behaviors of -catenin under high tension by
fitting three polymer chain models to force curves: 1) freely jointed chain (FJC) model
(Smith et al., 1992), 2) worm-like chain (WLC) model (Marco et al., 1995), and 3)
two-state WLC model (Haverkamp et al., 2007).

The FJC model describes the relationship between the applied force F and

extension 4L expressing the entropy elasticity as

F-by kgT (2.1)
AL =1L COth(kB_T)_ﬂ’

where kg is the Boltzmann constant, 7' is temperature, b is the Kuhn length and L is the

fully extended length.
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The WLC model also describes the relationship between force and extension

considering the bending energy of polymer chain as

F

_ kgT 1(1 AL>—2 AL 1 2.2)
- L. 4]

p |4\ Lo

where p is the persistent length and L. is the contour length.

Two-state  WLC model is an advanced model of WLC considering the
conformational transition of local structures from initial state to the other state. The
force F'is given by

o kgT 1( AL)_Z N AL 1 (2.3)
Cop |4 L L. 4
where L' is the contour length of two-state WLC model which extends under force F.

The contour length L' is given by
LS =L +n-ALg-y(F), (2.4)

where L is the contour length at initial state, n is the number of local structures, 4L is
the increase in extension for each local structure, and y(F) is the possibility of

conformational transition of local structure that is given by

AGs —F - ALS)]_l’ (2.5)

y(F) = [1 + exp( kT

where 4G; is the free-energy change in conformational transition and the local structure
breaks under the transition force Fi, which corresponds to the value of AGy/ALs. Force
curves obtained in our experiments for single-tagged B-catenin were fitted by these

three polymer chain models in least-square analysis.
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2.3 Results

2.3.1 Nonlinear elastic behavior

As shown in Figs. 2-3a and 2-3b, the force curves obtained in AFM nano-tensile testing
for single-tagged (green lines) and double-tagged (orange lines) B-catenin showed
nonlinear behaviors during the loading process. Interestingly, the force curves showed
linear regions initial extension, as shown in Fig. 2-3c¢. Nonspecific tethers with small
rupture force Fr (<50 pN) were observed in the experiment without B-catenin, whereas
specific tethers (Fg > 100 pN) were observed in the experiment without a PEG linker.
These results indicated that our results were caused by P-catenin behaviors. Unlike
double-tagged B-catenin, single-tagged B-catenin exhibited various spring constants & in
linear regions caused by the variation of reacted amine residues of B-catenin. Under
high tension, B-catenin behaved as a rather rigid material and was not fully unfolded,
which was confirmed by the force curves without any tension relaxation before
unbinding of the tip from the substrate and by the fact that maximum extensions were
much shorter than the estimated extended full length of B-catenin (310 nm). In addition,
nonlinear behavior was observed in the loading—unloading experiments using both
single-tagged and double-tagged [B-catenin, in which the loading (orange line) and
unloading (blue line) curves were fully reversible, as shown in Fig. 2-3d. These results

suggest that B-catenin plays a role as a nonlinear elastic material under tension.

2.3.2 Number of loaded molecules

To confirm that single B-catenin molecules were loaded, we evaluated the rupture force
Fr, which was the peak value of F' in the force curves, as shown in Fig. 2-3¢. As shown
in Fig. 2-4, the histogram of Fy in the single-tagged B-catenin experiment (green bar)
exhibited two peaks (Odorico et al., 2007; Han et al., 2011). We fitted the histogram
with a weighted mixture Gaussian distribution, where the number of distributions was
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Figure 2-3: Results of AFM nano-tensile testing for B-catenin. a and b. Force curves
for single-tagged (a, green line) and double-tagged (b, orange line) B-catenin. c¢. The
rupture force Fr and initial spring constant & were analyzed. The orange and green
linear lines indicate the linear regression curves in initial linear regions. d. Force curve

obtained in loading (orange) and unloading (blue) double-tagged -catenin experiments.
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Figure 2-4: Histogram of Fy for single-tagged and double-tagged B-catenin.
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determined so as to minimize the residual sum of squares with the condition that each
constitutive distribution has a weight larger than 10%. The two peaks of the histogram
indicated that the force curves were caused by single molecule (506 = 163 (Mean =+
S.D.) pN) and double molecule (901 + 136 pN) B-catenin. The double-molecule force
curves with high rupture force did not show significant increases in extension compared
to single-molecule force curves, because they were bound to the substrate in a parallel
way. In contrast, as depicted in Fig. 2-4, the histogram depicting Fr in the
double-tagged B-catenin experiment (orange bar) exhibited a single peak representing
the unbinding of a single NTA-Ni*"-His bond, whereas a previous study suggested that
the histogram exhibited three maximal peaks corresponding to single, double, and triple
bonds because the Hise-tag contains up to three binding sites for NTA-Ni*" (Verbelen et
al., 2007). In our results, the force curves would reflect the mechanical behaviors of

single molecule double-tagged -catenin.

2.3.3 Spring constants

To quantify the mechanical properties of B-catenin, spring constants & in linear regions
of the force curves were calculated. The force curves of single-tagged B-catenin were
extracted, and the value of Fr was found to be 506 + 192 pN (half width at half
maximum of first peak) to evaluate the mechanical properties of single molecules.
Spring constant & of the linear region was found to be 6.5 = 3.0 pN/nm for single-tagged
B-catenin and rather smaller values 3.9 + 1.3 pN/nm for double-tagged B-catenin. The
dispersion for single-tagged P-catenin (n = 66) was significantly larger than the
corresponding dispersion for double-tagged B-catenin (n = 34) [F test (p < 0.001)],
which was caused from the variation in reacted amines of single-tagged B-catenin, in
other words, variation in the number of ARM repeats directly loaded. This result
indicates that the spring constant k& of B-catenin decreases according to the increasing
number of ARM repeats. Such a property as a “nanospring” has been reported by Lee et

al. (2006) on ANK repeats that form the same superhelical structure as ARM repeats.
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2.3.4 Mechanical properties as a polymer chain

For analyzing the B-catenin behaviors under high tension, we fitted polymer chain
models to the force curves of single-tagged B-catenin as shown in Fig. 2-5. Force curves
(green line) were better explained by the simple WLC model (purple long-dashed line)
than the FJC model (blue short-dashed line). In addition, we found that the two-state
WLC model (red solid line), which considers the increase in the contour length caused
by conformational transition from the initial state to the other state, showed the best fits
to the force curves. The conformational transition from the initial state (red dotted line)
occurred at high tension (F; > 150 pN), whereas the increase in the contour length, AL,
was 1-2 nm (from red dashed line to solid line, Fig. 2-5). These results indicated that
B-catenin underwent minor conformational transition to more rigid state under high
tension. The extended lengths in our experiments (~25 nm) were significantly shorter
than the expected fully extended length (~304 nm), considering that the contour length
of each amino acid is 0.4 nm. Our result indicated that B-catenin undergoes minor

conformational transition and is not fully unfolded with high mechanical stability.
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Figure 2-5: Results of curve fittings. Force curves (green line) were fitted by the
two-state WLC model (red solid line), simple WLC model (purple long-dashed line),
and FJC model (blue short-dashed line). The WLC curve at the initial state (red dotted
line) was estimated from the result of fitting by the two-state WLC model.
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2.4 Discussion

2.4.1 p-Catenin as a tension transmitter

Our experiments using AFM revealed the mechanical behaviors of B-catenin under
tension at the molecular level. f-Catenin behaved as a nonlinear elastic material under
tension with a linear response under low tension and a rather rigid response under high
tension. In addition, such a nonlinear elastic behavior of B-catenin would correspond to
the in vivo situation because the tension applied to B-catenin in our experiments is in the
same range as the tension exerted on single actin filaments (Ishijima et al., 1996). We
accordingly suggest that B-catenin functions as a flexible component that preserves links
between constitutive molecules at adherens junctions under low tension, though acting
as a rigid tension transmitter with high mechanical stability under high tension. Thus,
B-catenin would contribute to regulating the intercellular force balance as a tension

transmitter.

2.4.2 Mechanical behaviors of terminal regions

Here, we discuss the mechanical contribution of non-ARM domains to the function of
B-catenin. The N-terminal domain (1-137 amino acids) of B-catenin directly associates
with a-catenin, and the C-terminal domain (665—781 amino acids) does not interact with
cadherin. Because both N- and C-terminal regions are unable to form stable structure by
themselves (Huber et al., 1997; Huber and Weis, 2011), it is assumed that the non-ARM
domains make no contribution in increasing the tension during the loading process.
Moreover, in experiments using double-tagged B-catenin, we infrequently obtained the
force curves that showed a certain extension without an increase in tension, caused by
unstable non-ARM domains before load-bearing region with nonlinear behaviors. This
result suggested that non-ARM domains exhibit extension, but do not play a significant
mechanical role of B-catenin as a tension transmitter
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2.4.3 Effects of environment on mechanical behaviors

In our study, AFM nano-tensile testing was performed for isolated B-catenin fusion
proteins under slightly different conditions from physiological ones. For example, a
previous report by Valbuena et al. suggested that the interaction between B-catenin and
cadherin is essential for B-catenin to transmit intercellular tension with high mechanical
stability. To examine the mechanical stability of P-catenin itself, we performed
experiments for single-tagged B-catenin in 8 M urea—PBS, a protein solubilizing agent.
The resulting force curves showed linear regions under low tension and rigid regions
under high tension without tension relaxation, which corresponded well with the curves
obtained in experiments without urea. This result is in agreement with the report (Huber
et al., 1997) that showed ARM repeats structure of B-catenin conserved in 2.4 M urea.
Furthermore, the report (uploaded to the Protein Data Bank under the PDB code 4EVT)
showed that B-catenin treated by 8.3 M urea retains its ARM repeats structure.

Therefore, experiments in urea confirmed the high mechanical stability of B-catenin.

The force range of molecular behaviors remains to be discussed. For the main
results, the experiment was performed with a loading rate of 4000 pN/s. We also
performed the experiments at a lower loading rate of 1000 pN/s, a rate similar to that in
Valbuena’s experiments, but unfolding events were not observed. Although we could
not determine the exact reasons for the discrepancy in the results with the report, it
could be because of the differences in the solvent compounds and testing temperature.
The solvent compounds could affect the mechanical behaviors of proteins (Popa ef al.,
2013). In Valbuena’s experiments, PBS buffer containing 5 mM dithiothreitol (DTT),
which avoids aggregation, was used for 0.3—0.4 mg/mL B-catenin. In contrast, we used
PBS buffer without any additional compounds for a lower concentration (1 pg/mL) of
B-catenin. In addition, the testing temperature could affect the helix content of protein
and its unfolding force (Law et al., 2003). Nevertheless, it is possible that there are
undiscovered molecular mechanisms that clearly explain the discrepancy in the results.
For example, a previous report (Ritco-Vonsovici et al., 2007) suggested that f-catenin
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has various conformations in equilibrium. Obviously, other experimental methods that
enable a low-loading-rate experiment, such as magnetic tweezers (Yao et al., 2014), are
required to estimate the molecular behaviors under physiological conditions. In our
study, we report one aspect of the function of P-catenin as a tension transmitter at

adherens junctions.

2.4.4 Future prospects

In the present study, we showed the mechanical behaviors of B-catenin as a tension
transmitter at intercellular adherens junctions, employing the method of AFM
nano-tensile testing. This direct measurement of molecular behavior can offer new
insights into force-induced dynamical mechanisms in multicellular systems. The high
mechanical stability as exhibited by B-catenin could be a common mechanical property
for some proteins, which also work under inter- or intracellular force. Since a-catenin,
another component molecule, is activated to expose the cryptic signal binding site under

tension, the high mechanical stability would be important to sustain the activated state.

2.5 Conclusion

In this chapter, we successfully examined the mechanical behaviors of B-catenin by
employing AFM. We performed two types of experiments, in which a part and a whole
structure of PB-catenin were loaded under tension. The results of nano-tensile testing
indicated that B-catenin behaves as a nonlinear elastic material under tension, i.e., a
mechanical component with low stiffness under low tension and high stiffness under
high tension. The nonlinear elastic behavior exhibited in our experiment suggests a
mechanical function of B-catenin to serve as a tension transmitter at adherens junctions:
1) preserving links between component molecules under low tension and 2) transmitting

high tension with high mechanical stability.
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3.1 Introduction

Chapter 3

Mechano-adaptive Conformational

Change of a-Catenin

3.1 Introduction

A combination of contractile forces in individual cells drives tissue dynamics such as
morphogenesis (Martin et al., 2010; Eiraku ef al., 2011; Lecuit et al., 2011) and wound
healing (Tamada ef al., 2007). The cadherin-based adherens junctions function as direct
links between the contractile actomyosin cytoskeletons of different cells (Harris and
Tepass, 2010; Meng and Takeichi, 2009). Adherens junctions balance the intercellular
tensions by the adaptive assembly of the cytoskeletal actin filaments (Miyake et al.,
2006; Levayer, and Lecuit, 2013; Engl et al., 2014; Sato et al., 2015). In this
mechano-adaptive mechanism, a-catenin, a tension-sensing component of adherens
junctions, is critical regulator of vinculin (Lecuit, 2010; Yonemura, 2011; Kim et al.,
2015), which recruits another actin filament to adherens junctions (Grashoff et al.,

2010; Huvenerrs et al., 2012).
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3.1 Introduction

The molecular mechanisms of the vinculin regulation by a-catenin have been
investigated using various approaches. The molecular and cellular study of Yonemura et
al. (2010) has revealed that a-catenin under intercellular tension exposes the cryptic
VBS. The process is triggered by the release of the autoinhibited conformation caused
by an intramolecular interaction between its M1 domain (residues 277-393) containing
VBS (residues 325-360) and the vinculin-inhibitory M2-M3 domain (residues 391-631).
The autoinhibited conformation has been determined in the crystallized a-catenin [PDB
code: 4K1N] (Ishiyama et al., 2013), where the vinculin-binding surface of VBS is
buried in the helix bundle of MI domain that is structurally stabilized by M2-M3 helix
bundles. Single-molecule experiments using magnetic tweezers have suggested that the
disruption of M1/M2-M3 interaction requires only approximately 5-pN tension (Yao et
al., 2014), which is close to the range of forces generated by a single myosin molecule
(Finer et al., 1994). Thereby, the M1/M2-M3 interaction holds the key to the

mechanical activation of a-catenin, recruiting vinculin under tension.

However, a-catenin mechanically activated under tension faces a critical
problem common to all tension-sensing proteins. Usually, an external force acts as a
biomolecule denaturant (Obenhauser ef al., 2001; Popa et al., 2013). A study (Liu et al.,
2009) using AFM has reported a complete unfolding of a protein in approximately 30 s
under low tension of approximately 13 pN. Furthermore, a-helical proteins such as
a-catenin have lower mechanical stabilities than other B-sheet proteins (Hoffmann and
Dougan, 2012). During the tension-sensing process, the helical conformation of VBS
should be conserved to associate with vinculin (Choi et al., 2012). Thus, the most
significant question is how does a-catenin, one of the tension-sensing proteins, retain its

activated state while avoiding the successive unfolding under denaturing tension.

In Chapter 2, we revealed that B-catenin, another component of adherens
junctions, exhibit extremely high mechanical stability to stably transmit intercellular
tension. In this chapter, our objective is to verify a hypothesis that a-catenin under

tension also exhibit high mechanical stability to sustain the activated intermediate state
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3.2 Materials and Methods

(Maki et al., 2016). We investigated the mechanical behaviors of a-catenin by AFM
nano-tensile testing (Lv et al., 2014; Goldmann et al., 2015; Maki et al., 2015). To
compare the mechanical behaviors of a-catenin before and after the conformational
change, we employes following two types of loading conditions: (A) direct loading and
(B) loading with a holding period to wait for mechanical activation (Maki ef al., 2016).
We also compared the mechanical behaviors of a-catenin with that of talin, which is a

well-known tension-sensor protein at focal adhesions (Maki et al., 2016).

3.2 Materials and Methods

3.2.1 Protein purification

DNA fragments of mouse wild type (WT) aE-catenin M1-M3 domain, mutated (MT)
M1-M3 domain, M1 domain, and M2-M3 domain, as shown in Fig. 3-la, were
amplified by PCR and cloned into the pGEX6P-3 vector (GE Healthcare). The MT
fragment, in which autoinhibiting M1/M2-M3 interaction is disrupted, behaved as an
activated o-catenin that interacts with vinculin under no tension, as illustrated in Fig.
3-1b. The weakened M1/M2-M3 interaction causes a change in the angle between helix
bundles M2 and M3 (Ishiyama ef al., 2013) and the destabilization of helix bundle M1
(Li et al., 2015). All plasmids were verified by DNA sequencing and transformed into
E-coli strain BL21Star (DE3) (Invitrogen) cells. Proteins were expressed at 20°C in
Luria—Bertani medium containing 0.1 mM isopropyl-B-D-thiogalactopyranoside. Cells
expressing oE-catenin were suspended in 20 mM Tris-HCI buffer (pH 8.0) containing
150 mM NaCl and disrupted by sonication. After ultracentrifugation, the supernatant
was applied onto a Glutathione Sepharose 4B column (GE Healthcare). Eluted proteins
were further purified by anion-exchange (HiTrap Q HP, GE Healthcare) and gel
filtration (Superdex 200 pg, GE Healthcare) chromatography.
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o-Catenin NN\
WT M1-M3 (EEEEEE
LMl M2 M3
MT M1-M3 () ———
LA
Ml _ - His-tag

180 kDa
116 kDa <+— Vinculin
97 kDa (~117 kDa)
79 kDa
+— WT/MT o-catenin
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Figure 3-1: a-Catenin fragments and vinculin used in AFM nano-tensile testing. a. WT
M1-M3 (residues 276-634), MT M1-M3 (M319G and R326E), M1 (residues 276-393),
and M2-M3 (residues 385—634). b. Pull-down assay for a-catenin samples with vinculin.
WT and MT (M319G and R326E) a-catenin M1-M3 fragments and full-length vinculin
were mixed and incubated in solution and were applied to GST SpinTrap (GE
Healthcare). After two times washing, a-catenin and vinculin were eluted together.
Autoinhibited WT a-catenin did not show vinculin affinity. In contrast, vinculin
associated with MT a-catenin, indicating that the mutations disrupted the autoinhibiting

M1/M2-M3 interaction while conserving the vinculin binding affinity.
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3.2 Materials and Methods

3.2.2 Chemical modification

For AFM nano-tensile testing a cover slip and AFM tip were treated using a chemical
modification process (Popa et al., 2013). The cover slip was modified with a-catenin at
its C-terminus and AFM tip was modified with glutathione, which interacts with
N-terminal GST-tag of a-catenin. The cover slip was oxidized and treated with 2%
MPTMS/ethanol for 15 min. The substrate was then treated with 2 mM
maleimide-C3-NTA (Mal-C3-NTA; DOJINDO Lab.) /PBS for 30 min, with 10 mM
NiCl, (Wako Pure Chemical Industries) /Milli-Q for 30 min, and washed with PBS.
o-Catenin fragments (10 uM for each fragment) were modified by NTA-Ni*"-His,
affinity binding for 1 h and finally washed with working buffer (10 mM HEPES, 150
mM NaCl, pH 7.2). For the AFM nano-tensile testing of vinculin-associated a-catenin
fragments, the a-catenin-modified substrate was further incubated with 1 uM full-length
vinculin/PBS for 30 min and washed with working buffer. Silicon nitride AFM tip
(OMCL-TR400PSA-1; spring constant, 0.02 N/m, Olympus Co.) was first oxidized
using ozone cleaner and treated with 2% APTES/ethanol for 15 min. The tip was then
treated with 1.5 mM Mal-PEG-NHS ester/PBS for 30 min and with 10 mM
glutathione/PBS for 1 h. The remaining maleimide was quenched with 50 mM

2-mercaptoethanol/HEPES and finally washed with working buffer.

3.2.3 AFM nano-tensile testing for a-catenin

a-Catenin fragments modified on the cover slip at the C-terminus exploiting
NTA-Ni*"-His, affinity were loaded at the N-terminus using GST-GSH affinity. As
shown in Fig. 3-2a, the autoinhibited WT MI1-M3 fragment was examined in the
following two types of loading conditions: (A) direct loading (orange line) and (B)
loading with a holding period (magenta line) to wait for mechanical activation. As a
result, we obtained force curves with multiple saw-tooth patters, as depicted in Fig. 3-2b,

which are caused by multiple conformational transitions of a-catenin fragments during
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3.2 Materials and Methods

unfolding process under tension. Based on the force curves, we calculated contour
length L. to identify intermediate states during unfolding and the measured peak
unfolding force F, to estimate the mechanical stabilities of the abovementioned

a-catenin fragments.

. : b A Offset length L ., + Final ¢ length L
Loading (A Loadine (B set length L po inal contour length L ¢ ]
g(A) g(B) w »1(iv)
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g Holding R 1"
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0 0.6 1.6 >

Time (s) Extension AL

Figure 3-2: Methods for two types of loading and force curve analysis. a. Loading
conditions (A) and (B). The piezo-actuator was moved upward by 300 nm at a constant
speed of 500 nm/s (“Loading (A)” in this study, orange line). To analyze the mechanical
behavior of WT M1-M3 after mechanical activation, we introduced a holding time of 1
s at 40 nm of constant piezo-moving length (“Loading (B),” orange (initial loading),
magenta (holding), and purple (further loading)). b. Force curve analysis. First, the
force curves with saw-tooth patterns [state (i) to (iv), orange curve] caused by
single-molecule behaviors were identified, with the rupture force and final stiffness in
the last peak [state (iv)]. Next, the offset length Lyt was determined by WLC-model
fitting to the last peak (green curve) with the fixed final contour length L. [143.2 nm
(WT/MT M1-M3), 46.8 nm (M1), and 99.6 nm (M2-M3)]. Finally, we measured the
contour length L. and peak unfolding force F, at each force peak with transition force
AFr [state (i1) to (iii)] greater than the threshold 4F,.
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3.2 Materials and Methods

3.2.4 Force curve analysis

In this chapter, we analyzed the force curves to understand the unfolding pathway of
a-catenin molecules. The force curves corresponding to the single a-catenin molecules
were extracted and their characteristics were analyzed using the in-house software, as
illustrated in Fig. 3-2b. First, we extracted the force curves for completely extended
single a-catenin molecules, based on the thresholds of force and stiffness at the rupture

event, assuming an 85%-extended WLC model (Bustamante et al., 1994),

kgT 1( _A_L)_Z_I_AL 1 (3.1)
L 4|

F(AL) = ——|~(1 »
C

L |4

where kg is the Boltzmann constant, 7 is temperature [300 K], /;¢ is the final persistence
length [0.4 nm] based on a previous report (Carrion-Vazquez et al., 1999). The final
contour length L. was estimated as 143.2 nm (WT/MT M1-M3 domain), 46.8 nm (M1
domain), and 99.6 nm (M2-M3 domain) based on the number of residues. The threshold
of the stiffness excluded the curves with low stiffness for aggregated molecules. For the
extracted curves, we determined the length of offset Lser, corresponding to PEG length
(approximately 45 nm) and the tip curvature radius, by fitting WLC model allowing

baseline offset as

FeaLy = <27 F (1 - L)_Z LA 6
lpf 4 ch + Loffset ch + Loffset 4

to the final peak at the rupture event (green line in Fig. 3-2b), where Lot Was a fitting
parameter. Finally, we identified the intermediate force peaks with the transition force
AFt (cyan arrow in Fig. 3-2b) based on the threshold A4Fy, (40 pN) and calculated the
contour length L. and the persistence length /, by fitting WLC model with the

determined Lt to the force peaks as follows:
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kgT [1 AL 2 AL 1
F(AL) = 2~ _(1 ——) I R )

lp 4 Lc + Loffset Lc + Loffset 4

by considering that the PEG linker, without any substructures, can be fully unfolded at
each intermediate state. To analyze the mechanical stabilities for intermediate states, we
measured peak unfolding force F, (magenta arrow in Fig. 3-2b). We adopted lower 4Fy,

(20 pN) to detect the force peaks caused by unfolding of unstable substructures.

3.2.5 Number density of force peaks

Based on scatter plots of peak unfolding force F), versus contour length L., we evaluated
the number density n4 (L, F,) of force peaks per curve by taking the product of the
average number of force peaks per one curve N and the probability density P (L., Fy)

calculated using two-variable Gaussian distribution function as

2k 9(Le, By, L, Fuk) (3.4)

P(L.,FE) = ,
o Zk[ffg(l‘c' Fu:Lck'Fuk)chdFu]

where

1 1 (Lc - Lck)z (Fu - Fuk)z (35)
g= expi—= > + > )
2mo;of 2 o OF

in which the summation for £ meant the summation for all scattered data points.

3.2.6 AFM structural imaging

Molecular conformations of a-catenin fragments and vinculin were examined by AFM
structural imaging. We employed the tapping mode by using AFM cantilevers with high

resonance frequency (BL-AC40TS-C2; spring constant, 0.1 N/m; resonance frequency,
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110 kHz; radius of tip, < 7 nm; Olympus Co.). Below are the methods for sample

preparation, AFM imaging, and data analysis.

The fresh mica surface was achieved by cleaving the top surface of Muscovite
mica disc (¢, 9.5 mm; ALLIANCE Biosystems) by tape and washed by 20 mM
Tris-HCI buffer (pH 8.0). a-Catenin and vinculin (I nM) in the working buffer were
placed on the mica for 1 h at room temperature. The solution were removed and gently
washed by the working buffer for three times. Finally, we placed the 50 pL of working
buffer. The AFM structural imaging was conducted by the tapping mode for soft protein
samples. We performed the measurement with the drive frequency of ~26 kHz for the
scan range of 1 um x 1 um (512 pixels x 512 pixels). The obtained images were first
processed by the JPK SPM Data Processing Software. The tilt of mica was calibrated by
subtracting the polynomial line fitting from each scan line, in which we used the data of
which height are in bottom 70 % so that molecular aggregates with extraordinary large
height are not considered for fitting. The height values between pixels were finally

interpolated by a bicubic method.

3.3 Results

3.3.1 Mechano-adaptive conformational change

WT M1-M3 domain in loading (A) unfolded each domain under tension. To
analyze the stochastic unfolding trajectories from obtained force curves as shown in Fig.
3-3a, we evaluated the number density of force peaks, nq (L., F;) on the basis of scatter
plots of F, versus L.. The contour map of the number density ny showed three wide
horizontal regions with similar intervals, as shown in Fig. 3-3b. The low #n4 in the initial
region (green line) indicated that the weak helix bundle of M1 unfolded easily, with

infrequent force peaks. However, the last two regions (blue lines) with high ng, i.e., with
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3.3 Results

frequent force peaks, corresponded to two stable helix bundles of M2-M3 domain.
These results indicated that M1-M3 domain unfolding depended on the mechanical

stability of their helix bundles under direct loading.

However, WT M1-M3 domain in loading (B) showed force peaks within a
rather greater force range, as depicted in Fig. 3-3c, and the contour map of ny showed
greater peak unfolding force F,, as shown in Fig. 3-3d, than those in loading (A) (Fig.
3-3b). This result indicated that the conformation of M1-M3 domain changed to another
intermediate state that required higher tension for further unfolding. As the peak
unfolding force F), increased along the entire contour length L. (Fig. 3-3d), the
conformational change must have occurred at all three helix bundles M1-M3. The
contour map showed a specific peak at L. of approximately 45.4 nm (arrow in Fig.
3-3d); the net extension was approximately 19.0 nm, <40% of completely extended
length of M1 domain. This observation suggested that VBS in M1 domain was
conserved in this region. During the holding time, the force relaxation curve showed
stepwise relaxations (Fig. 3-4a), implying dynamic transitions in the MI1-M3
conformation. The force distribution at the beginning (0 s) of the holding time settled
into a narrow distribution approximately 10 pN at the end of this period as shown in Fig.
3-4b, showing that the M1-M3 conformation finally equilibrated under low tension. We
suggest that M1/M2-M3 interaction was partly diminished during the holding time; the
average extension of approximately 2.8 nm in the holding period was longer than the
reported extension (Li ef al., 2015) that was approximately 1.0 nm for the mechanical
activation of M1-M3 domain. The probability density of the force peaks in loading (B)
in the initial extension was lower than that in loading (A), as shown in Fig. 3-4¢, which
supported this suggestion. Thus, we revealed that M1-M3 domain of a-catenin
adaptively changes the conformation to another stable state under low tension, with

weakened M1/M2-M3 interaction.
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Figure 3-3: Results of AFM nano-tensile testing for WT M1-M3 domain in loading (A)
and (B). a. Force curves for WT M1-M3 fragment in loading (A). The force curves are
shifted to the left by the offset length Lygret. b. Contour map of number density ngq of
force peaks in loading (A) based on 797 force curves. Color contours are set from the
maximum value of n4 (red) to 0.4 x the value (blue). c. Force curves in loading (B). d.

Contour map in loading (B) based on 514 force curves.
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Figure 3-4: Conformational change in holding time. a. Force relaxation curve during
the holding time. b. The probability density of force at 0 s (orange bars) and 1 s (purple
bars) during the holding time. c. Histograms of the net extension of WT M1-M3 in
loading (A) (orange bars) and loading (B) (purple bars). The arrowhead shows the
salient peak in loading (B) corresponding to the peak indicated in the contour map. In
the initial extension, the probability density in loading (B) was lower than that in
loading (A), indicating that the M1/M2-M3 interaction was partly diminished during the
holding time in loading (B).
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3.3.2 Intramolecular interaction as a molecular switch

To elucidate the conformational changes in the M1-M3 domain with weakened
M1/M2-M3 interaction, we examined the MT M1-M3 fragment, of which force curves
are shown in Fig. 3-5a. The contour map for MT M1-M3 domain showed two specific
regions (L. = 19.4 nm and 37.6 nm, arrowheads in Fig. 3-5b). The regions had greater
peak unfolding forces F,, (146.8 pN and 141.0 pN) than those for WT in loading (A), as
shown in Fig. 3-5¢. Moreover, the number densities 74 in these regions were higher than
those in WT (arrowheads, the side view of n4 distribution in Fig. 3-5¢). Furthermore, in
the later region (50 nm < L, < 150 nm), two separate regions observed in WT M1-M3
domain (blue lines, upper part of Fig. 3-5¢) fused into one broad region in MT (lower
part). This observation indicated that M2-M3 domain changed its conformation because
of weakened M1/M2-M3 interaction. The result for MT M1-M3 domain indicated that

weakened M1/M2-M3 interaction triggers the changes in M1-M3 conformation.

Individual M1 and M2-M3 domains, of which force curves are shown in Figs.
3-6a and 3-6b, exhibited one and two regions in the contour maps, as shown in Fig. 3-6c¢.
As depicted in Fig. 3-6d, the nq values were higher than those for M1-M3 fragments,
indicating that M1 and M2-M3 domains settled into an innate stable state without
interacting with each other. In particular, the peak unfolding force for the M1 domain
(155.9 pN, Fig. 3-6¢) was approximately 50% greater than that for the corresponding
region of WT M1-M3 in loading (A) (107.7 pN, Fig. 3-3b). This result indicated that the
weak helix bundle M1 changed the conformation to another state with higher
mechanical stability without the interaction with M2-M3 domain. To compare the
mechanical stabilities of a-catenin fragments, we analyzed the number of force peaks N
per curve, as shown in Fig. 3-7. The stacked bar graphs display N values, with color
intensity illustrating the range of transition force AFt for force peaks (Fig. 3-2b). The
greater AFt values correspond to more stable substructures. For WT M1-M3 fragment
(orange and purple bars), N values at large 4Fp (>100 pN, associated with a stable
substructure) increased in loading (B) compared with that in loading (A). On the other
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hand, the value of N at small 4Fr (20 pN to 40 pN, associated with unstable
substructure) decreased in loading (B). This result supported our idea that the
conformation of WT M1-M3 changed to a more stable state with weakened M1/M2-M3
interaction under tension. In addition, the sum of the N values for M1 (green bar, Fig.
3-7) and M2-M3 (blue bar) was greater than that for WT M1-M3 in loading (A). This
result suggested that the M1/M2-M3 interaction destabilized the M1 and M2-M3
conformations under no force. On the basis of the results for mutated and segmented
a-catenin fragments, we determined that M1/M2-M3 interaction acted as a molecular

switch to induce the mechano-adaptive conformational change of M1-M3 domain.
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Figure 3-5: Results of nano-tensile testing for MT M1-M3 fragment. a. Force curves
for MT M1-M3 domain. b. Contour map for MT M1-M3 fragment based on 576 force
curves. ¢. Comparison of the number density nd in contour maps from a side view in
WT and MT M1-M3 fragments.
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Figure 3-6: Results for segmented M1 and M2-M3 fragments. a and b. Force curves. c.
Contour maps for M1 and M2-M3 fragments based on 181 and 785 force curves,
respectively. The contour map for M2-M3 fragment is shifted to the right by 46.8 nm,
which corresponds to the fully-extended length of M1 domain. d. Comparison of the

number density 74 in contour maps against contour length L. from a side view.

AFp 20 40 60 80 100 (pN)

N I |
Unstable <@g Stable

Number of force peaks N

“ B
WT M1-M3

Ml M2-M3
Figure 3-7: The average number of force peaks N per curve. The stacked bar graphs
display N values, with color intensity illustrating the range of transition force AFt. The

substructure stability increases with the increasing 4F'r values.
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3.3.3 Conformational switch observed by structural

imaging

To reveal conformational change of a-catenin caused by the disruption of M1/M2-M3
interaction, we performed AFM structural imaging. As shown in Figs. 3-8a and 3-8b, we
obtained three dimensional images of WT and MT M1-M3 domain. Figs. 3-8c and 3-8d
show the magnified and smoothed images. For WT M1-M3 domain, we found the three
regions corresponding with three helix bundles (Fig. 3-8c), while MT M1-M3 domain
showed a different conformation with one region, as shown in Fig. 3-8d, which
corresponds to one helix bundle, and another larger region, which can be caused by
overlapped two helix bundles. Without helix bundle M1, helix bundles M2-M3 are
known to take a compact conformation to interact closer each other. This suggested that
the larger region in AFM image corresponds to helix bundles M2-M3 and the smaller

region corresponds to helix bundle M1.

Interestingly, in the obtained images, we found many molecules aligned to one
direction. As the adhesion between a-catenin molecule and mica surface is mediated by
outside hydrophobic sites of a-catenin, the alignment could be caused by rotation of
molecules around such a specific site as a pivot point under flow during the sample
preparation. As shown in Figs. 3-9a and 3-9b, we simply named the three domains in
WT as A, B, and C domains and two domains in MT as X and Y domains. The analysis
for the height of each region revealed that, as depicted in Fig. 3-9c, three helix bundles
in wild type exhibit similar heights (orange bars), such as 1.65 = 0.29 (Mean + S.D.) nm,
1.66 + 0.28 nm, and 1.57 + 0.31 nm. In contrast, the larger region in the MT M1-M3
domain showed significantly larger height of 1.91 + 0.36 nm than that of the smaller
region, 1.49 + (0.18 nm (magenta bars). This analysis supported the larger region in MT
M1-M3 domain could be caused by overlapped M2 and M3 domains. As MT M1-M3
domain associated with vinculin while wild type did not, this conformational change

could be important in vinculin affinity as well as the mechanical stabilities.
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WT a-Catenin .

Figure 3-8: Results of AFM structural imaging for WT and MT M1-M3 fragments. a
and b. Obtained structural images of WT and MT M1-M3 fragments. Color contours

are set from 3 nm (white) to 0 nm (black). ¢ and d. Smoothed images.
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Figure 3-9: Analysis of the height of intramolecular domains. The statistical difference

in mean values was analyzed using #-test (*, p <0.01)
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3.3.4 Comparison with mechanical behaviors with talin

To understand how the changes in mechanical behaviors of tension-sensor proteins alter
their tension-sensitivities in in vivo conditions, we examined talin molecules, a
well-known tension-sensor protein in focal adhesions (Izard and Vonrhein, 2004;
Roberts and Critchley, 2009), by nano-tensile testing. Focal adhesion is a molecular
complex (Kanchanawong et al., 2010), which connects intercellular actin cytoskeleton
and extracellular matrix such as fibronectin and collagen. At focal adhesion, talin
directly links actin filament and integrin, a transmembrane protein associated with a
variety of extracellular matrix. As similarly as a-catenin, talin associates with vinculin
under tension to promote a stable molecular complex by positively remodeling actin
cytoskeleton (Hytonen and Vogel, 2008; Golji and Mofrad, 2010; Grashoff et al., 2010).
The tension-sensing domain of talin, as shown in Fig. 3-10a, forms 62 a-helices (gray
and magenta ellipses). These helices further form 11 helix bundles (purple, cyan and
green boxes), some of which include VBS (magenta ellipses). Patel et al. (2006) has
suggested that structural stabilities of VBS-containing helix bundles determine their
tension-sensitivities under tension, while little is known about the mechanical behaviors
of each helix bundle. In this chapter, we compared the mechanical behaviors of helix

bundles in talin, which exhibit high and low tension-sensitivities in in vivo conditions.

In this experiment, as shown in Fig. 3-10b, the mechanical behaviors of talin
486-654 residues a helix bundle (Papagrigoriou et al., 2004) with low tension-sensitivity,
and talin 754-889 residues, a helix bundle (Fillingham et al., 2005) with high
tension-sensitivity, were examined by nano-tensile testing. 486-654 residues and
754-889 residues of talin molecules were directly loaded with the constant piezo

moving speed of 500 nm/s. The force curves were similarly analyzed as in Chapter 3.

As a result of nano-tensile testing, we observed the significant difference in
mechanical behaviors of 486-654 residues and 754-889 residues of talin. Fig. 3-10c

shows the histogram of total unfolding energy Ei... The total unfolding energy FEi, of
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talin 486-654 residues showed symmetrical distribution, which was quite similar as the
histogram for o-catenin 276-393 residues, which also forms one helix bundle. In
contrast, the histogram for talin 754-889 residues showed right-skewed distribution with
lower mode value than that for talin 486-654 residues and a-catenin 276-393 residues.
The samples of Eyy for 486-654 residues and 754-889 residues of talin were not
achieved by the same population, as tested by the Mann-Whitney U test (p < 0.001).
Based on the analysis for each force peak during unfolding, we also observed that the
peak unfolding force F, of 486-654 residues, 215.1 £91.9 (Mean + S.D.) pN, was larger
than that of 754-889 residues (189.2 + 85.5 pN). In addition, the persistence length /;, of
talin 754-889 residues, 0.19 + 0.14 (Mean + S.D.) nm, was significantly larger than talin
486-654 residues (0.12 £ 0.08 nm) and a-catenin 276-393 residues (0.12 £ 0.07 nm) (T
test, P < 0.001). This result indicated that the intermediate state of talin 754-889
residues exhibit low tensile stiffness. These results suggest that talin 754-889 residues is
more easy to unfold under tension than talin 486-654 residues, which was consistent
with the difference in their tension-sensitivities in cells. In addition, the results
suggested that the mechano-adaptive conformational change of a-catenin contributes to

its robust tension-sensing at adherens junctions.
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Figure 3-10: Nano-tensile testing for talin. a. Schematics of functional domains of talin.
a-Helices are shown in ellipses and Helix bundles are shown in box. b. Crystal
structures of a helix bundle with low tension-sensitivity (left, 486-654 residues, PDB
code: 1SJ7) and that with high tension-sensitivity (right, 754-889 residues, PDB code:
1U89). was caused by the detachment of the AFM probe from the surface of coverslip. c.
Histogram of the total unfolding energy FEi for 486-654 residues (purple bars) and
754-889 residues (cyan bars) of talin and 276-393 residues of a-catenin (green bars). d.
Bar chart of the persistence length /,. The statistical difference in mean values was

analyzed using #-test (*, p <0.001)
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3.3.5 Effects of vinculin association on mechanical

behaviors

To elucidate how vinculin binding affects the mechanical behavior of a-catenin, we
examined a-catenin fragments after vinculin treatment. The contour map of ng for
vinculin-associated MT M1-M3 domain, of which force curves are shown in Fig. 3-11a,
showed characteristic regions (L. = 29.4 nm and 37.3 nm; arrows in Fig. 3-11b) at a
greater peak unfolding force F, (154.7 pN and 248.5 pN) than that for MT M1-M3
without vinculin (Fig. 3-5b). This result indicated that M1-M3 domain was reinforced
by vinculin association. In contrast to MT M1-M3 domain, vinculin-associated M1, of
which force curves are shown in Fig. 3-11c, exhibited the contour map, as shown in Fig.
3-10d, with two regions at smaller F,, (99.7 pN and 96.7 pN) than M1 without vinculin
(155.9 pN, Fig. 3-6¢). Vinculin-associated M1 showed one region at a rather greater F,,
(195.8 pN, Fig. 3-11d). This result indicated that the conformation of

vinculin-associated M1 comprised a stable helix of VBS and two unstable substructures.

Comparing the results for MT M1-M3 and M1 fragments, we concluded that
M2-M3 domain stabilized the unstable vinculin-associated M1 domain. Thus, the
number of force peaks N at large AF (>100 pN) for MT M1-M3, as shown in Fig.
3-12a, was increased by vinculin association (red bar), with a decrease in N at small 4F¢
(20 pN—40 pN). The number of force peaks for M1 did not change significantly (cyan
bar). The stabilizing role of M2-M3 domain was further confirmed in the analysis of
total energy Ei,: for completely unfolding, as depicted in Fig. 3-12b. The total energy
Ei for M1, as shown in Fig. 3-12c, decreased after vinculin association (cyan bar) that
was caused by greater decrease in unfolding energy for two unstable substructures than
the increase in unfolding energy for stable VBS helix. However, MT M 1-M3 increased
after vinculin association (red bar). These results revealed that M1-M3 domain was
reinforced by association with vinculin at the head domain, as illustrated in Fig. 3-12d,

with M2-M3 domain stabilizing the conformation of vinculin-associated M1 domain.
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Figure 3-11: Effects of vinculin association on mechanical behaviors. a and ¢. Force
curves for MT M1-M3 and M1 fragments associated with full-length vinculin. b and d.
Contour maps MT M1-M3 and M1 fragments associated with full-length vinculin based

on 571 and 111 force curves, respectively.
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Figure 3-12: Analysis of the number of force peaks and unfolding energy. a. Changes in

the average number of force peaks N caused by vinculin binding. Conformational

change in holding time. b. Schematic of the analysis of the total unfolding energy Eiy.

The total unfolding energy FEix (orange area) was calculated by subtracting the

cantilever bending energy (gray area) from the piezo-moving energy (green-enclosed

area). c. n the bar chart of Ey for examined fragments, the statistical significance of the
differences was analyzed using #-test (*, p < 0.05 and ***, p < 0.005). E\x for MT
M1-M3 fragment significantly was increased by vinculin association, while no

significant differences were observed for WT and MT MI-M3 fragments without

vinculin association. d. Schematic of the molecular complex consisting of a-catenin,

vinculin, and actin filament (F-actin).
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3.3.6 Changes in persistence length

To examine the changes in a-catenin as a polymer chain, we analyzed persistence length
Iy, as shown in Fig. 3-13a. In the initial extension (0 nm < L. < 72 nm, the left plot), the
persistence length /, for WT M1-M3 in loading (B) (purple bar) was greater than in
loading (A) (orange bar), indicating that tensile force required to a certain amount of
extension was decreased by mechanical activation. No significant differences were
observed in the later extension (72 nm < L, < 144 nm, the right plot). After vinculin
association, /, settled to a smaller value in the entire extension (red bars), implying that
M1-M3 was immobilized due to conformational reinforcement by vinculin. Here, the
increase in /, of M1-M3 by mechanical activation was consistent with the increase in
the peak unfolding force F,. As illustrated in Fig. 3-13b, we can postulate the same
energy barrier £y, for the next intermediate state in M1-M3 before and after the
activation on the basis of total unfolding energy E.. Further, the activated M1-M3 (B),
with greater /,, should be extended more to overcome the energy barrier £y, than M1-M3
(A), with smaller /,, resulting in a larger F,. Thus, M1-M3 domain of a-catenin under
tension changes the conformation to an intermediate state with a larger persistence

length, and finally settles into the immobilized state caused by vinculin association.
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Figure 3-13: Persistence length analysis. a. Persistence lengths /,. Error bars show
standard deviations. Statistical significance in mean values was analyzed using z-test (**,

p <0.01; *** p <0.005). b. Effect of persistence length on peak unfolding force.
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3.4 Discussion

3.4.1 a-Catenin as an adaptive tension sensor

On the basis of our single-molecule experiments, we revealed the mechano-adaptive
sensory mechanism of a-catenin. Under physiologically possible low tension, a-catenin
adaptively changed the conformation to a stable intermediate state. Such
mechano-adaptive conformational changes enable a-catenin at adherens junctions to
retain the activated state under tension, without successive unfolding, to function as a
robust tension-sensor. Our findings could be one solution to a paradox. The
tension-sensing proteins require mechanical forces for their activation; however, they
have to be stable under such conditions because the mechanical forces function as basic
protein denaturants. Furthermore, we revealed that the association with vinculin
reinforces a-catenin conformation; the stable a-catenin-vinculin complex contributes to
the tight anchoring of adhesive molecules at adherens junctions (Thomas et al., 2013)
by recruiting another actin filament. Therefore, we suggest that the mechano-adaptive
sensory ability of a-catenin arises from its molecular plasticity in response to both

mechanical and biochemical cues.

3.4.2 Role of tension in the conformational change

Our results for mutated (MT M1-M3) and segmented (M1, M2-M3) a-catenin revealed
that the M1/M2-M3 interaction acts as a conformational switch to the intermediate state,
where M1 and M2-M3 domains change to the conformations with increased stability.
Our results are consistent with the previous reports that the helix bundle M1 requires the
structural stabilization by M2-M3 domain (Li et al., 2013) and that helix bundles
M2-M3 are approximately 180°-rotated in conformation without M1 domain (Pokutta et
al., 2002; Yang et al., 2001). However, there were some discrepancies between the
results for MT M1-M3 without mechanical activation and those for WT M1-M3 in
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loading (B) with mechanical activation. Thus, we should consider both the importance
of tension for the drastic conformational changes and the conformational switch caused

by M1/M2-M3 interaction.

3.4.3 Association of a-catenin with full-length vinculin

In our experiments, the full-length vinculin firmly associated with MT M1-M3 fragment,
with an increase in peak unfolding force F, and a decrease in the persistence length /,.
The full-length vinculin assumes an autoinhibited conformation for a-catenin (Cohen et
al., 2005). Our results suggested that the VBS exposed in the mechanically-activated
a-catenin opens the autoinhibited conformation of vinculin to make a stable a-catenin—
vinculin complex. Our data supported the previous reports (Choi et al., 2012: Peng et al.,
2012) that a-catenin and vinculin are “co-activated” for interacting with each other
under tension. This type of a force-induced vinculin-activation mechanism of a-catenin
could be conserved in talin and a-actinin that are similar adhesive proteins constituting

a molecular complex with vinculin and actin filament (Bois et al., 2006).

3.4.4 Utility of the holding method by AFM

The loading rate used here was appropriate for the qualitative analysis of the mechanical
behavior of a-catenin. Our results for WT M1-M3 domain in loading (A) were in
agreement with the results of the experiments (performed using magnetic tweezers)
using a low loading rate (approximately 4 pN/s) (Yao et al., 2014). Moreover, the
“holding” method utilized in our study allowed us to analyze the conformational
changes under physiologically possible low tension of approximately 10 pN. Thus, by
introducing the holding time into fast loadings, we succeeded in analyzing the
conformational changes of a-catenin molecules under low tension while efficiently

exploring their unfolding trajectories.
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3.4.5 Relationship between persistence length and

subcomponents

The persistence length L, appeared in this study was smaller than that reported
(approximately 0.4 nm) for titin molecules (Carrion-Vazquez et al., 1999). This
discrepancy may be related to the secondary structures of molecules. A previous study
(Stirnemann et al., 2013) employing molecular dynamics simulation revealed that a
protein with high ¢ dihedral potential shows a small persistence length of 0.19 nm. This
suggests that a-helical proteins such as a-catenin, of which ¢ dihedral angle is more
constrained than B-sheet proteins such as titin, exhibit smaller persistence length. In
addition, subcomponents in a-catenin molecules, such as helix bundles, could decrease

the persistence length L,

3.4.6 New concept of mechano-adaptive molecules

Based on our study, we propose a novel concept of “mechano-adaptive” molecules that
fulfill their innate functions by adapting to the cellular forces. Under these forces,
biomolecules such as proteins and nucleic acids may change their conformations,
mechanical behaviors, and chemical properties. Such molecular-scale changes under
mechanical forces could affect force-induced phenomena at cellular and tissue level. We
believe that our study may be the basis for future studies investigating the concept of

mechano-adaptive sensory mechanism.
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3.5 Conclusion

In this chapter, we revealed how a-catenin retains its activated state while avoiding
unfolding under tension. Using single-molecule force spectroscopy employing AFM, we
found that mechanically activated a-catenin fragment had higher mechanical stability
than a non-activated fragment. The results of our experiments using mutated and
segmented fragments showed that the key intramolecular interactions acted as a
conformational switch. The drastic conformational change of a-catenin was observed by
AFM structural imaging, suggesting the change in its vinculin affinity. We also found
that the conformation of a-catenin was reinforced by association with vinculin. We
demonstrate that a-catenin adaptively changes its conformation under tension to a stable
intermediate state and finally settles into a more stable state reinforced by association
with vinculin. Our data suggest that the plastic characteristics of a-catenin, revealed in
response to both mechanical and biochemical cues, enable the functional-structural

dynamics at the cellular and tissue levels.
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4.1 Introduction

Chapter 4

Mechano-guided Association

of a-Catenin with Vinculin

4.1 Introduction

Adhesive interaction between neighboring cells contributes to the mechanical
maintenance of morphogenetic changes in embryos (Eiraku ef al., 2011; Okuda et al.,
2016; Lecuit and Yap, 2015) as well as homeostasis in mature tissues. Cadherin-based
adherens junctions connect the actin cytoskeleton between cells and dynamically
change the strength of adhesion in response to intercellular tension (DuFort et al., 2011;
Levayer and Lecuit ef al., 2013; Takeichi, 2014; Engl et al., 2014). During the
maturation process of adherens junctions, a-catenin and vinculin cooperate to remodel
the actin cytoskeleton (Yonemura et al., 2010; Maiden et al., 2011). a-Catenin
participates in the cadherin—catenin complex (CCC), where cadherin, B-catenin, and
a-catenin serially associate together. (Kobielak et al., 2004; Yap et al., 2015). The CCC

interacts with actin filaments via a-catenin (Cavey ef al., 2008; Wickline et al., 2016) in

&3



4.1 Introduction

the cytoplasmic region of adherens junctions to transmit intercellular tension generated
by the actomyosin cytoskeleton. Under intercellular tension, a-catenin becomes
associated with vinculin (Yonemura et a/., 2010). Vinculin is another key protein in the
architecture of adherens junctions. The C-terminus of vinculin interacts with monomeric
and filamentous actin to initiate the formation of bundled actin filaments and to remodel
existing filaments (Wen et al., 2009). a-Catenin and vinculin thereby induce local
remodeling of the actin cytoskeleton at adherens junctions to increase the strength of

adhesion, which stably transmits intercellular tension.

The association between a-catenin and vinculin is surprising as these proteins
form autoinhibited structures that prevent their association. The autoinhibition of
a-catenin against vinculin association is formed by interaction between the a-catenin
M1 domain, which includes VBS, and the M2-M3 domain (Rangarajan et al., 2013;
Ishiyama et al., 2013). Similarly, the autoinhibition of vinculin against a-catenin
association is formed by interaction between the vinculin head domain, which includes
the a-catenin binding site, and the tail domain (Johnson and Craig, 1994; Bacolitsa et al.,

2004; Cohen et al., 2005).

While the autoinhibition of a-catenin and vinculin must be unlocked to allow
their association, the molecular mechanism underlying this process is still unclear. A
previous study indicates that the M1-M2 domain of a-catenin with an exposed VBS
does not interact with autoinhibited full-length vinculin, while both of these molecules
co-precipitate with actin filaments (Choi et al., 2012). This result suggests that the
autoinhibition of vinculin is disrupted by simultaneous interaction with the open-form
a-catenin and actin filament. In this possible mechanism, a-catenin and full-length
vinculin at least weakly/transiently associate with each other before forming a stable
complex with actin filaments (Choi et al., 2012). In Chapter 3, we found that the
mechanical disruption of a-catenin autoinhibition causes an adaptive conformational
change that increases mechanical stability, while mutational disruption promotes its

affinity to full-length vinculin (Maki et al., 2016). Therefore, we hypothesized that the
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mechanically induced conformational change of a-catenin alters its affinity to vinculin
head domain, which enables a-catenin to associate with vinculin by secondarily

unlocking its autoinhibition.

To reveal the association mechanism of mechanically activated a-catenin with
full-length vinculin, we developed a system TIRFM-combined AFM. Other studies have
used TIRFM-based molecular observation combined with DNA cutting/pasting (Kufer
et al., 2009) and structural imaging experiment (Brown et al., 2009) to provide a strong
tool for investigating the biochemical and structural aspects of biomechanical
phenomena at the molecular level. By using the TIRFM-combined AFM system, we
mechanically activated o-catenin molecules modified on a coverslip by AFM and
simultaneously observed the dynamics of full-length vinculin molecules dissolved in

solvent using TIRFM.

4.2 Materials and Methods

4.2.1 TIRFM-combined AFM

As 1illustrated in Fig.4-1, we mechanically activated a-catenin using AFM while
observing the dynamics of vinculin TIRFM. The piezo in AFM was controlled in the
following three steps, as shown in Fig. 4-2: (1) initial extension (from 1.60 s to 1.68 s;
piezo moving speed v, 500 nm/s), shown in a magenta line, to mechanically activate
a-catenin, (2) holding with a constant piezo height of 40 nm for 2 s (from 1.68 s to 3.68
s), shown in a yellow line, to keep a-catenin under tension awaiting vinculin, and (3)
later extension (from 3.68 s to 4.20 s, v, 500 nm/s), shown in a cyan line, to examine the
mechanical behaviors of a-catenin after vinculin association. During the nano-tensile
testing, we simultaneously observed Alexa 488-labeled full-length vinculin in the

working buffer using TIRFM.
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Figure 4-1: Schematic of an experiment using TIRFM-combined AFM. o-Catenin
molecules on coverslips were mechanically activated by AFM; simultaneously,
full-length vinculin molecules in solvent were observed by TIRFM. Vinculin molecules

were illuminated when they appear in an evanescent field (cyan region).
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Figure 4-2: Programmed piezo displacement for AFM nano-tensile testing.
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4.2.2 Protein purification

a-Catenin and vinculin were expressed and purified as reported in Chapter 3. DNA
fragments of mouse aE-catenin M1-M3 (residues 276—634) and M2-M3 (residues 385—
634) were amplified by PCR and cloned into the pGEX6P-3 vector (GE Healthcare). A
DNA fragment of mouse full-length vinculin (residues 1-1066) was cloned into the
pET-6b (+) vector (Novagen). These plasmids were verified by DNA sequencing and
transformed into Escherichia coli strain BL21Star (DE3) cells (Invitrogen). a-Catenin
and vinculin molecules were expressed at 20°C in Luria—Bertani medium with 0.1 mM
isopropyl-p-D-thiogalactopyranoside. BL21Star cells expressing a-catenin and vinculin
were suspended in 20 mM Tris-HCI buffer (pH 8.0) containing 150 mM NaCl and
disrupted by sonication. The supernatant after ultracentrifugation was applied to a
Glutathione Sepharose 4B column (GE Healthcare). Proteins eluted from the column
were further purified by anion exchange (HiTrap Q HP, GE Healthcare) and gel
filtration (Superdex 200 pg, GE Healthcare) chromatography. N-terminal Hisg tags on

vinculin molecules were then cleaved using human rhinovirus 3C protease.

4.2.3 Chemical modification

The coverslips were cleaned in a plasma cleaner, sonicated in 1 M KOH for 15 min, and
sonicated in ethanol for 15 min. After cleaning, the coverslips were thoroughly washed
in MilliQ-treated water (EMD Millipore, Hayward, CA, USA). For modification with
a-catenin molecules, the coverslips were treated with 2% MPTMS/ethanol for 15 min
and then treated with 2 mM maleimide-C3-NTA (Mal-C3-NTA; DOJINDO
Laboratories, Kumamoto, Japan) in 20 mM Tris-HCl buffer for 30 min. The
NTA-modified coverslips were then treated with 10 mM NiCI2 (Wako Pure Chemical
Industries, Osaka, Japan)/MilliQ water for 30 min and further washed with MilliQ water
and 20 mM Tris-HCI buffer. Using NTA-Ni*"-Hisg affinity binding, 500-uM a-catenin

fragments in 20 mM Tris-HCI buffer were modified on the coverslips. The coverslips
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were finally washed with 20 mM Tris-HCI buffer.

AFM tips were first cleaned up in a plasma cleaner and then treated with 2%
APTES/MilliQ for 15 min. The tips were then treated with 6 mM Mal-PEG-NHS
ester/20 mM Tris-HCI buffer for 30 min and with 10 mM glutathione/20 mM Tris-HCI
buffer for 1 h. The remaining maleimide groups were quenched with 50 mM

2-mercaptoethanol/MilliQ water and washed with 20 mM Tris-HCI buffer.

4.2.4 Fluorescent labeling of vinculin

Full-length vinculin molecules were labeled using the Alexa Fluor 488 Protein Labeling
Kit (Thermo Fisher Scientific, Waltham, MA, USA), in which primary amines of
vinculin molecules formed covalent bonds with Alexa 488 dye. Full-length vinculin
molecules and Alexa 488 dye were conjugated at 1:1 ratio at room temperature.
Alexa-488—labeled vinculin molecules were purified wusing size exclusion
chromatography. For each measurement using TIRFM-combined AFM, Alexa
488-labeled vinculin molecules were dissolved at a concentration of 10 nM in working
buffer (pH 8.0; 20 mM Tris-HCl, 1 mM DTT, and 2 mM Trolox). DTT was added to the
working buffer to prevent aggregation of vinculin molecules caused by disulfide bonds,
and Trolox, a reducing agent, was used to sustain the fluorescence of the Alexa 488 dye

by maintaining reducing conditions in the working buffer.

4.2.5 Vinculin observation by TIRFM

To observe vinculin molecules by TIRFM, we controlled the penetration depth of the
evanescent field as 150 nm, which is the length of a fully extended aE-catenin M1-M3
fragment (~144 nm). We used 100X objective lens for TIRFM (UAPON 100XOTIRF;
NA, 1.49; Olympus Co.). The power of the 488-nm laser (OBIS 488 LS; Coherent, Inc.,
Santa Clara, CA, USA) was decreased to 2.97 W/cm® by ND filter to avoid

photobleaching. The exposure time was 50 ms and the final frame rate was 14.76
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frames/s. We synchronized the TIRFM observation with the AFM nano-tensile testing
using the pulse signal output from the AFM controller that externally controlled the
EM-CCD camera (iXon Ultra 888; Andor Technology Ltd., Belfast, UK). Finally, the

square region (15 x 15 pixels) around the tip position were cropped and analyzed.

4.3 Results

4.3.1 Mechanical activation of a-catenin under tension

As a result of AFM nano-tensile testing for a-catenin M1-M3 domain (residues 276—
634), as shown in Fig. 4-3a, we obtained force curves (force F versus extension AL). A
maximum force amplitude threshold of 50 pN was used in obtaining nano-tensile testing.
This threshold was large enough to identify molecular responses since the force
amplitude caused by thermal fluctuations is ~13 pN. Over the time course of force
during the holding time, as depicted in Fig. 4-3b, the force curve shows stepwise tension
relaxations caused by conformational changes of a-catenin under tension as shown in
Chapter 3 (Maki et al., 2016). As indicated in Fig. 4-3c, Force at the beginning of the
holding time with broad distribution (magenta bars) was equilibrated to ~10 pN with a
rather narrow distribution at the end (cyan bars); the force range at the end of holding
time corresponds to the force generated by couples of myosin molecules (Finer ef al.,
s1994). These results indicate that a-catenin changes its conformation in response to

tension.

89



4.3 Results

oo
o
S
S

Force (pN)
WA W
(e [ S
(] (e (e

o
]
(=]

(3.68 5) N

100

-50 0 50 100 150 200
Extension (nm)

b 200 C 200
m— at 1.68 s
150 150 = 3t 3.68 s
z z
£ 100 £ 100
S s
[2 [2 S —
50 50 F——
—— 4
|
0 0
0.0 0.2 0.4 0.6 0.000 0.006 0.012 0.018
A Holding time (s) Probability density (pN-!)

Figure 4-3: The results of AFM nano-tensile testing. a. The force versus extension
curves with force responses of a-catenin were identified on the basis of the maximum
force amplitude. Force curves for later extension after 3.68 s (cyan arrowhead) in force
measurement are shown. b. Time course of force in the holding time after 1.68 s
(magenta arrowhead) in force measurement. Initial time course for 0.6 s is shown. c.
Force distributions at the beginning (magenta bars) and end (cyan bars) of holding time

(at 1.68 and 3.68 s in force measurement).
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4.3.2 Association of mechanically activated a-catenin

with vinculin

The dynamics of full-length vinculin molecules were observed by TIRFM
simultaneously with the AFM nano-tensile testing. In the time courses of fluorescent
intensity in the movies obtained in conjunction with a-catenin responses in force curves,
we observed a square pulse in the intensity with a possibility of 0.71%, as shown in Fig.
4-4a, in which the intensity increased during the holding time and then decreased at the
beginning of later extension. This result indicates that vinculin associates with a-catenin
under tension and dissociates upon further extension of a-catenin. Similar square pulses
were observed with a possibility of 0.10% in the movies obtained without a-catenin
responses in force curves, while the timing of the decrease in the intensity was not
synchronized with the nano-tensile testing. The unsynchronized square pulses could be
caused by transient association/dissociation of vinculin with a-catenin in autoinhibited

conformation under no tension.

In the time courses of fluorescent intensity in the movies obtained with and
without a-catenin responses, we observed a different type of signal, i.e., a step increase
in the intensity with a possibility of 0.67%, as shown in Fig. 4-4b, in which the intensity
increased independently of the holding time and sustained until the nano-tensile testing
was completed. We determined that the step increases resulted from nonspecific
vinculin association with the surface of coverslip, not to a-catenin molecules, as the step
increases were observed on the coverslips on which we did not modify a-catenin
molecules. The square pulses, which were caused by specific vinculin association with
the a-catenin M1-M3 domain, were not observed for the M2-M3 domain (residues
385-634) lacking the M1 domain. This result indicates that vinculin associates with
a-catenin M1 domain but not to any linker components nor the M2—M3 domain. Based
on these results, we propose that the conformational change of a-catenin under tension

allows its M1 domain, which contains the VBS, to associate with full-length vinculin.
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Figure 4-4: The results of TIRFM observation. a. Square pulses with increase in
intensity after 1.68 s (magenta arrow head), representing vinculin association with
mechanically activated a-catenin and decrease at 3.68 s (cyan arrow head), representing
vinculin dissociation caused by further a-catenin extension. Time courses of images are
shown in the lower panel. b. Step increases in intensity, independent of the timing of

nano-tensile testing, caused by vinculin interaction with the surface of coverslip.
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4.3.3 Reinforcement of «@-catenin by vinculin

association

To explore how the mechanical behavior of a-catenin changes by association with
vinculin, we analyzed force curves in conjunction with the step increases observed in
TIRFM, as shown in Fig. 4-5a. As shown in Fig. 4-5b, the unfolding force F\, was
measured at every peak in the force curves except the last peak, which is caused by the
detachment of the AFM probe from a-catenin. The histogram of the unfolding force F,,
for the force curves without square pulse, as shown in Fig. 4-5c, showed right skewed
distribution with mode value of ~100 pN. The high unfolding force F, of more than 600
pN, which we did not observe in Chapter 3 (Maki et al., 2016), could be caused by
parallel loading of several a-catenin molecules; we used a 50-fold higher concentration
of a-catenin than in the experiments in Chapter 3 to increase the loading possibility. In
contrast to force curves in the absence of a square pulse, those in the presence of a
square pulse showed rather symmetric distributionwith a higher mode value (~150 pN),
as shown in Fig. 4-5c. This positive change in mechanical responses indicates that
a-catenin is mechanically reinforced by association with vinculin, as illustrated in Fig.
4-5d, which 1s consistent with the previous observation in Chapter 3 that a-catenin
mutationally disrupted in autoinhibition is reinforced by association with full-length
vinculin (Maki et al., 2016). Thus, we suggest that the mechanically activated a-catenin

is reinforced by association with full-length vinculin.

93



4.3 Results

o
N
S
()

500

N

o

S
T

Force (pN)
(98]
(=]
o

(3.68 s)
100F Vv M
0 ottt
-50 0 50 100 150
Extension (nm)
0.018
C vy N 1
<0015+ === WIth square pulse
Z === Without square pulse
a
20.012F
i
< 0.009r
2
5 0.006-
<
o
Foot M e
oooocl LN it s,
0 200 400 600
Unfolding force F, (pN)

Figure 4-5: Reinforcement of a-catenin by association with vinculin. a. Force curves
obtained with square pulses (i.e., vinculin association). b. Schematics of unfolding force
(F,) analysis. F, was measured for every peak, blue dot, except the last peak, a red dot,
which was caused by the detachment of the AFM probe from the surface of coverslip. c.
Histogram of F, for force curves with and without square pulses. High F, (more than
600 pN, black line) could be caused by parallel loading of several a-catenin molecules.
d. Association of mechanically activated o-catenin with autoinhibited vinculin.

Conformational change of a-catenin under tension increased its affinity to vinculin head

domain to form a mechanically stable complex.
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4.4 Discussion

4.4.1 Mechano-guided association of a-catenin with

vinculin

By using TIRFM-combined AFM, we directly demonstrated that a conformational
change in the a-catenin M1-M3 domain under tension alters its affinity for full-length
vinculin. Since both the a-catenin M1-M3 domain and full-length vinculin exhibit
autoinhibited conformations against each other, how both of these molecules form a
complex in mature adherens junctions was enigmatic. Although it has been proved that
the a-catenin M1-M2 lacking the M3 domain exhibits higher affinity for the vinculin
head domain than does the M1-M3 domain, interaction between the a-catenin M1-M2
domain and full-length vinculin has not been observed (Yonemura et al., 2010; Choi et
al.,2012). Such a unique association mechanism between a-catenin and vinculin would
be allowed by the autoinhibited structure of vinculin: the dissociation constant of the
autoinhibiting interaction in vinculin between its head and tail domains (~1 nM)
(Bacolitsa et al., 2004) is smaller than that of the interaction between the isolated
a-catenin M1-M2 domain open form and the vinculin head domain (15 nM) (Yonemura
et al., 2010; Choi et al., 2012). In the present study, we directly observed that the
a-catenin M1-M3 domain makes a mechanically stable complex with full-length
vinculin. This result is consistent with the result in Chapter 3 that the open form of the
mutated o-catenin M1-M3 domain forms a mechanically stable complex with
full-length vinculin, while the isolated M1 domain does not (Maki et al., 2016).
Therefore, we suggest that the conformational change of full-length a-catenin involving

the M1-M3 domains is crucial for the large increase in vinculin affinity.

Here we suggest a tension-based two-step unlocking mechanism of a-catenin
and vinculin; first, intercellular tension unlocks the autoinhibition of the a-catenin M1—

M3 domain; second, the overall conformational change drastically alters the vinculin
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affinity to unlock the autoinhibition of vinculin, resulting in a stable molecular complex.
This “mechano-guided association mechanism” mediated by force would be important
for preferential assembly of a well-ordered molecular complex from a variety of

adhesive molecules that could potentially associate together in the cytoplasm.

4.4.2 Dissociation of vinculin under high tension

In our results, the dissociating behaviors of vinculin from a-catenin were identified as
sudden drops in intensity in square pulses observed in TIRFM. Interestingly, the
vinculin dissociating events were observed even in the cases where a-catenin were not
fully unfolded, i.e. the maximum extensions of a-catenin were shorter than its
fully-extended length of ~143 nm. This result suggests that vinculin could dissociate
from a-catenin in the beginning of the later extension. This result is consistent with the
result in Chapter 3, in which full-length vinculin-associated o-catenin showed large
force peaks in small extensions (~30 nm), suggesting vinculin can dissociate from
a-catenin in initial extension. Since the isolated head domain of vinculin dissociates
only when the a-catenin M1-M3 domain is almost fully extended (Yao et al., 2014), our
result suggest that full-length vinculin dissociates more readily from a-catenin VBS
than the vinculin head domain does. It is possible that high tension destabilizes the
interaction between a-catenin VBS and vinculin head domain so that the vinculin tail
domain recovers the head domain. Thus, we suggest that a biphasic association
mechanism of a-catenin and vinculin would play a pivotal role in regulating
intercellular tension; 1) under ~10 pN tension, a-catenin associates with vinculin to
generate larger tension by positively remodeling actomyosin cytoskeleton, and 2) under
higher tension threshold, vinculin dissociates from a-catenin to suppress the tension by

deconstructing the adhesion structure.
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4.5 Conclusion

a-Catenin and vinculin in adherens junctions cooperate to promote adhesion strength by
remodeling the actin cytoskeleton. Under intercellular tension, a-catenin changes its
conformation to associate with vinculin that nucleates actin polymerization. However,
under tension-free conditions, both proteins assume autoinhibited conformations that
prevent their association. By employing TIFRM-combined AFM, we mechanically
activated a-catenin using AFM while observing vinculin association/dissociation using
TIRFM. As a result, we found that mechanically-activated a-catenin unlocks the
autoinhibition of vinculin to establish a mechanically stable complex. This
mechano-guided association mechanism of autoinhibited proteins would allow for the
preferential formation of well-ordered adherens junction architecture from several
adhesive molecules. Furthermore, mechanically activated a-catenin was reinforced by

the association with vinculin to form the stable molecular complex at adherens junction.
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Chapter 5

Conclusion

In the present thesis, based on single-molecule biomechanical experiments using AFM
and TIRFM, the mechanical behaviors of constitutive molecules of mechano-sensitive
adherens junctions were explored with the objective of understanding how the
molecules cooperate to sense the intercellular tension by changing the conformations

under tension. Below is a summary of the major findings and observations.

In Chapter 2, the mechanical behaviors of P-catenin under tension were
examined by AFM. A part and a whole structure of B-catenin have been loaded under
tension since the loading condition could be various at adherens junctions depending on
the interaction between cadherin and B-catenin. The results indicated that B-catenin
behave as a nonlinear elastic material under tension, i.e., a mechanical component with
low stiffness under low tension and high stiffness under high tension. The nonlinear
elastic behavior exhibited in our experiment has suggested a mechanical function of
B-catenin to serve as a tension transmitter at adherens junctions: 1) preserving links
between constitutive molecules at adherens junctions under low tension and 2)

transmitting high tension with high mechanical stability.
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In Chapter 3, we have revealed how a-catenin retains its activated state while
avoiding unfolding under tension. Using single-molecule force spectroscopy employing
AFM, we have found that mechanically activated o-catenin fragment had higher
mechanical stability than a non-activated fragment. The results of our experiments using
mutated and segmented fragments have showed that the key intramolecular interactions
acted as a conformational switch. The drastic conformational change of a-catenin has
been observed by AFM structural imaging, suggesting the change in its vinculin affinity.
We have also found that the conformation of a-catenin was reinforced by association
with vinculin. We have demonstrated that a-catenin adaptively changes its conformation
under tension to a stable intermediate state, and finally settles into a more stable state
reinforced by association with vinculin. Our data have suggested that the plastic
characteristics of a-catenin in response to both mechanical and biochemical cues enable

the functional-structural dynamics at the cellular and tissue levels.

In Chapter 4, we have examined how the conformational change of a-catenin
under tension alters its vinculin affinity. Although a-catenin and vinculin in adherens
junctions cooperate to promote adhesion strength by remodeling the actin cytoskeleton,
both proteins assume autoinhibited conformations that prevent their association under
tension-free conditions. Thereby, it had been mysterious how both molecules are
activated to form a molecular complex at adherens junctions. As o-catenin had
drastically changed the conformation under tension, we hypothesized that the
conformational change alters the vinculin affinity. By employing TIFRM-combined
AFM, we mechanically activated a-catenin using AFM while observing vinculin
association/dissociation using TIRFM. As a result, we found that
mechanically-activated a-catenin unlocks the autoinhibition of vinculin to establish a
mechanically stable complex. This mechano-guided association mechanism of
autoinhibited proteins would allow for the preferential formation of well-ordered
adherens junction architecture from several adhesive molecules. Furthermore,
mechanically activated a-catenin was reinforced by the association with vinculin to

form the stable molecular complex at adherens junction.
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In conclusion, the present thesis has proposed the new molecular mechanisms
in intercellular mechanotransduction. We have revealed that the dynamical coupling of
force, structure and function originates the tension-sensitivity of a-catenin. The results
are a significant progress in elucidating the molecular biomechanics in dynamical and
complex multicellular systems. The new concepts emerging from our investigations, i.e.,
“the mechano-adaptive conformational change” and “the mechano-guided association
for autoinhibited molecules” could explain how robust and well-ordered molecular
architectures are established and maintained in cells. Furthermore, the
structural-functional dynamics presented by a-catenin under tension inspires a powerful
molecular machine that dynamically changes its structure to alter its biochemical
property, such as signal binding affinity or redox state, and to exert mechanical force for
crushing cancer cells or sewing micro injuries. Thus, the present thesis could contribute

to the further development of the field of biomechanics, biophysics, and bioengineering.

The vivid activities of cells emerge from various functions of constitutive
biomolecules and their kinetic interactions with each other. In addition, as observed in
this study, biomolecules exhibit a wide variation in their behaviors under mechanical
and chemical conditions, which would contribute to the functional and structural
robustness in cells. For exploring the molecular characteristics together with variations,
it is required to develop high-through put methods with minimized measurement error
and, at the same time, to solidly evaluate the results from a theoretical point of view.
Such approaches, based on the sense of mechanical engineering, can be utilized to any
research objectives in larger spatial scales. Accordingly, the approaches would become
increasingly important in the next stage of life studies to comprehensively understand
the multiscale life system in cooperation with other approaches such as molecular
biology, structural biology, and biophysics. In turn, new materials and technologies
developed in engineering-based biostudies could be utilized for more generic purposes
in clinical medicine and industry as well as academic research. Thereby, I propose in
this thesis that the dual-directional approaches from engineering to biostudies, and vice

versa, are inevitable for developments in the field of biomechanics in the future.
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