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ABSTRACT g-catenin is a central component of the adaptor complex that links cadherins to the actin cytoskeleton in adherens
junctions and thus, it is a good candidate to sense and transmit mechanical forces to trigger specific changes inside the cell. To
fully understand its molecular physiology, we must first investigate its mechanical role in mechanotransduction within the
cadherin system. We have studied the mechanical response of §-catenin to stretching using single-molecule force spectroscopy
and molecular dynamics. Unlike most proteins analyzed to date, which have a fixed mechanical unfolding pathway, the §-catenin
armadillo repeat region (ARM) displays low mechanostability and multiple alternative unfolding pathways that seem to be
modulated by its unstructured termini. These results are supported by steered molecular dynamics simulations, which also
predict its mechanical stabilization and unfolding pathway restrictions when the contiguous «-helix of the C-terminal unstructured
region is included. Furthermore, simulations of the ARM/E-cadherin cytosolic tail complex emulating the most probable stress
geometry occurring in vivo show a mechanical stabilization of the interaction whose magnitude correlates with the length of the

stretch of the cadherin cytosolic tail that is in contact with the ARM region.

INTRODUCTION

The importance of mechanical force in regulating intracel-
lular signaling and gene expression during embryonic devel-
opment, tissue morphogenesis, and cell differentiation in
normal physiology as well as in pathological conditions
like cancer is well established (1). However, the molecular
mechanisms by which cells sense and respond to mechan-
ical stress through intracellular biochemical changes remain
unclear. Cell adhesion receptors like cadherins and integrins
are key components of this mechanotransduction machinery
because they fulfill three different functions: cell-to-cell and
cell-to-extracellular matrix adhesion; connecting the mem-
brane to the cytoskeleton inside the cell; and the regulation
of intracellular signaling pathways, including gene expres-
sion (1). The nanomechanical properties of the talin rod,
a key component of the adaptor complex that links the extra-
cellular matrix to the cytoskeleton through integrins, have
been recently characterized (2). This structure was found
to display complex mechanical features, including the expo-
sure of cryptic binding sites to vinculin upon stretching,
advancing our understanding of the mechanisms of force
transduction within this pathway.

Initiation of cell-cell contacts requires interactions
through cadherins, an important class of cell-cell adhesion
receptors (3) linked to the cortical actin cytoskeleton
through connecting proteins. $-catenin is a key component
of the plasma membrane-cytoskeleton chain of the cadherin
adhesion system (Fig. 1 A), being a multifunctional protein
that acts both as a structural adaptor protein and as a tran-
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scription cofactor translocating to the nucleus in the Wnt
signaling pathway (4). Thus, §-catenin has the potential to
coordinate changes in gene expression with dynamic
changes in cell adhesion and migration. Indeed, its deregu-
lation can lead to alterations in cell fate, adhesion, and
migration, provoking the development of different types of
cancer (4). Furthermore, this protein has been recently
related to neurodegeneration (5).

Mechanotransduction often involves conformational
changes in the protein domains that are subjected to tension
(1,2). The cadherin-catenin contact is known to be subjected
to mechanical stress (3,6), and a molecular clutch model has
been proposed as the mechanism to connect the system to
the cytoskeleton (7). Thus, it seems likely that catenins,
the main component in the adaptor complex of these con-
tacts, are good candidates to sense and/or transmit mechan-
ical forces to the cell interior to trigger biochemical
changes. Significantly, it has been proposed that tension
may regulate the fraction of (-catenin that is either bound
to cell-cell junctions or free in the cytosol and, in doing
so, it could stabilize the cell-cell contacts and control down-
stream signaling (8). Because catenins connect cadherins to
the actin cytoskeleton, knowing how these central proteins
respond to force is of paramount importance to understand
the basis of these mechanotransduction processes.

(-catenin binds to the cytoplasmic domain of cadherins
(9) and a-catenin in a ternary complex (10), and the exact
chain of components that physically links them to the actin
cytoskeleton has been solved (11). Like many proteins with
a putative mechanical function (12), #-catenin is modular,
containing 12 characteristic armadillo (ARM) repeats in
its central region (R1 to R12, from N- to C-termini) that
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FIGURE 1 Tertiary and quaternary structure of $-catenin in the adherens
junction and the experimental setup for its nanomechanical analysis. (A)
Schematic representation of the cadherin adhesion system and possible
force applied through the cell-cell adhesion contact. 3-catenin is an adaptor
protein involved in cell-cell adhesion that can also translocate to the nucleus
and act as a transcriptional cofactor when the Wnt signaling pathway is
active (4). (B) Crystal structure of the ARM region from (-catenin (lighter
structure) complexed with E-cadherin cytoplasmic tail (darker structure).
The ARM region is in the middle of the protein and consists of 12 ARM
repeats stacked onto one another in a superhelical tertiary structure. 3-cat-
enin binds both «-catenin (close to its N-terminal region) and the cadherin
cytoplasmic domain (through the ARM region). Circle and pentagon mark
the N-termini of $-catenin and cadherin respectively, which are oriented in
opposite directions. Ellipse and triangle mark the C-termini of (-catenin
and cadherin respectively. (C) We analyzed several fusion proteins
comprising four repeats of the titin 127 marker, used for single-molecule
identification, flanking either the region of 12 ARM repeats from (-catenin
(ARMI27) or the full-length G-catenin (B127). We also analyzed the full-
length B-catenin without the markers. (D) Cartoon representation of the
experimental setup: proteins were immobilized on top of a substrate and
after their attachment to the cantilever tip of an AFM, these molecules
were axially stretched (in the N-C direction).

mediate protein-protein interactions (13,14) and that are
flanked by two long disordered terminal regions, which
have been postulated to modulate their binding to ligands
(15,16). Each ARM repeat is formed by ~42 aa residues ar-
ranged in three a-helices so that the region has an overall
solenoid structure ((13,14); Fig. 1 B). This ARM region
(aa 138 to 664 of the full-length (-catenin (13)) binds the
cytoplasmic domain of cadherin ((9,17); Fig. 1 B), whereas
the N-terminal disordered region including ARM R1 (aa
120-151) binds to «-catenin ((10); Fig. 1 B). The ARM
region contains three sites for tyrosine phosphorylation
that could downregulate the fraction of (-catenin bound to
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a-catenin (Tyr-142) and cadherins (Tyr-489 or Tyr-654)
upon phosphorylation (18-20).

Here, we have characterized the nanomechanics of 3-cat-
enin both experimentally and in silico. First, by using
single-molecule force spectroscopy (SMFS) to stretch the
protein axially (N-C direction), we have analyzed its
ARM region and its full-length form including the N- and
C-terminal regions. Furthermore, we have performed
molecular dynamics (MD) simulations of the process of
stretching of the ARM region (21), the ARM region with
an extra a-helix from the unstructured C-terminal region.
Finally, we analyzed the mechanical response of the
complex formed by the ARM region with different stretches
of the E-cadherin cytoplasmic tail ((17), Fig. 1 B and Fig. S1
in the Supporting Material) emulating the likely pulling
geometry that is expected to exist in vivo (Fig. 1 A) by
stretching both structures from the N-terminus.

MATERIAL AND METHODS
SMFS

SMFS was carried out using a custom-made atomic force microscope
(AFM) described elsewhere (22). Before each experiment, the cantilever
tip was cleaned for 1 min with an UV/Ozone ProCleaner Plus lamp
(Bioforce Nanosciences, Ames, IA). The chip was then immersed in buffer
and the spring constant of the cantilever was calibrated by the equipartition
theorem (cantilevers were MLCT-AUHW, Veeco Probes, Camarillo, CA;
with a spring constant of ~40 pN/nm; or BL-RC, Olympus, Tokyo, Japan;
with a spring constant of ~30 pN/nm). To perform the AFM experiments we
used gold-coated coverslips, either home-made (see the Supporting
Material) or commercial ones (Arrandee, Werther, Germany), as well as
Nitrilotriacetic acid (NTA)-Ni*" functionalized glass coverslips (see the
Supporting Material) with similar results. We placed 10-40 ul of either
full-length (-catenin or the fusion heteropolyproteins (Fig. 1 C) onto the
surface and allowed 15-60 min for protein binding. We then washed the
surface several times with the working buffer, containing phosphate buff-
ered saline/0.2 mM EDTA/5mM dithiothreitol at pH 7.4. The force versus
extension traces were recorded using the length-clamp mode (12) at
a constant pulling speed of 400 nm/s (Fig. 1 D). The force noise at this pull-
ing speed (~9 pN) was estimated as the width of a Gaussian fitting to the
force noise of the noncontact region of the recordings (Fig. S2 A). To
rule out the possibility of overlooking force data that could lie below this
noise, we increased the sensitivity (noise/signal ratio) by lowering the pull-
ing speed (noise ~4 pN at 20 nm/s, Fig. S2 A) and we found similar types of
recordings (Fig. S2 B). Furthermore, the lack of a significant overlapping
between the histograms of the noise and that of the unfolding forces at
400 nm/s strongly suggests that the shape of the force distribution reflects
the intrinsic mechanical behavior of the constructs studied (Fig. S2 C).

SMFS analysis

Constructs termed B127 and ARMI27 (Fig. 1 C) had a built-in internal
control for single-molecule identification: flanking repeats of the 127
marker (a model system in the field (12)) that allows the identification of
unfolding events from the ARM structure (23,24). The magnitudes of
interest in these experiments are the unfolding force (Fy, related to the
barrier that resists the mechanical unfolding of the protein) and the increase
in contour length (AL, related to the length of the protein that is force
hidden). The built-in internal control allowed us to be confident that we
had stretched the complete ARM region (plus the disordered terminals in
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the case of $127) only when a recording contained four 127 unfolding events
(Fy ~200 pN and AL ~28 nm (25)). The $-catenin region always unfolded
before the 127 modules and therefore, we adopted a further criterion for the
selection of recordings: the contour length at which the first 127 force peak
appeared (termed Lc® and obtained by fitting the force peaks to the worm-
like chain model of protein elasticity ((26), Fig. 2 A) should correspond to
the expected length of the flanked region under study. This criterion also
enabled us to sort out populations originated from the ARM region from
those corresponding to the 127 markers (Fig. S3 and Fig. S4). The §127
construct yielded comparatively less diagnostic recordings (i.e., carrying
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FIGURE 2 Single-molecule force spectroscopy of the ARM region and
full-length B-catenin. (A) Force-extension recordings from the mechanical
unfolding of the three constructs from Fig. 1 C: ARMI27 (top, from L to
L& ARM region; from LcP to the last force peak: 127 modules), the 8127
(middle, from Lc° to LP: full-length §-catenin region; from LA to the last
force peak: 127 modules) and (-catenin (bottom). Peaks were fitted using
the worm-like chain model of polymer elasticity (smooth lines (26)), which
allows to calculate contour lengths (LCO, AL, and Lcﬁ). The region under
study in the three constructs unfolded in a similar way, with weak forces
and variable AL values (several traces from ARMI27 construct are shown
as a representative example, Fig. S6). The 127 marker shows an AL of
28 nm and a Fy of around 200 pN, in accordance with previous reports
(25). (B) Fy histograms. Lines correspond to log-normal fittings (x? are
1.5 x 107>, 8.5 x 1075, and 2.3 x 107> for ARMI27, 8127 and S-catenin,
respectively). Only 0.4% of the data points lie above 100 pN for ARMI27
(top), being 10% for B127 (middle), and (-catenin (bottom) (containing
unstructured terminal regions). This suggests that the ARM region is
somehow stabilized by the outer regions. (C) The AL histograms for the
proteins show similar (though slightly shifted) multimodal distributions
with the mean values close to the length of one or multiple ARM repeats
(see details in the main text). ARMI27 (top), G127 (middle), and (-catenin
(bottom).
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four 127 force peaks). In the case of $-catenin alone, for the analysis we
used the total contour length as the only criterion to select single-molecule
recordings (781 aa ~312 nm (27)). We also analyzed the length at which the
first unfolding peak appeared (Lc°) to determine if some regions of the
protein were unfolded before the pulling process started.

The unfolding force histograms were fitted to a log normal function
(Fig. 2 B, solid curves), whereas the ALc and LCO histograms were fitted
to several Gaussian curves (Figs. 2 C and Fig. S5, respectively). Igor
Pro 6 software (Wavemetrics, Oswego, OR) was used for this analysis.

Although the force distributions were fitted only to one log normal
function (due to the low number of high force events, Fig. 2 B), for statis-
tical purposes the force values were sorted out into two groups based on
whether they laid above or below the force value that minimizes the prob-
ability density function (arrows in Fig. 2 B, middle and bottom). These
values were 100 pN for ARMI27, 110 pN for 8127, and 95 pN for §-catenin.
Statistical results are expressed as mean = SE.

MD simulations

The crystal structures of the ARM region and the ARM region carrying
a stacked a-helix at the C-terminus (ARMHC) of human (§-catenin are
533 and 644 aa long, respectively (PDB codes 1qz7 and 2z6h (21,14)).
The long size of this structure makes their modeling by MD difficult if
an explicit solvent is used, because the water box needed to hydrate the
whole molecule would be extremely large and would exceed the regular
computing capacity. The generalized Born solvation model (generalized
Born/surface area (28)) overcomes this limitation by using a force field
that emulates the properties of an explicit solvent, and predicts the mechan-
ical properties as accurately as explicit water models (29).

The initial atomic coordinates were taken from the crystal structure of the
ARM region of human $-catenin (1qz7) because it contains the complete
backbone chain (including the R10 repeat (21)). To complete the R10
loop of 2z6h (which is incomplete in this deposited structure), we per-
formed a structural alignment with 1qz7, taking the backbone of the R10
loop from the latter structure as initial guessing coordinates. Moreover,
the structures with PDB codes 1i7x and 1i7w were combined to obtain
the ARM region complexed with different stretches of a murine E-cadherin
cytoplasmic tail (termed ARM/E-cadh.y,, Fig. S1 (17)). We removed the
phosphorous groups from 1i7w (Ser-840, Ser-842, and Ser-848) and gener-
ated four different structures comprising residues 784-840, 784-850, 784—
840/854-879, and 784-850/854-879 from the E-cadherin cytoplasmic tail
(hyphen indicates an interval, whereas the slash bar indicates a gap). These
residues correspond to the interacting regions RI-III, RI-IV, RI-III/V and
RI-IV/V from the E-cadherin tail, respectively (Fig. S1 (17)). Because in
the solved atomic structure of the E-cadherin tail a few residues are missing,
we emulated a continuous chain between solved fragments by imposing
a restraint (400 kcal mol~' A~2 and 4.6 or 1.6 nm for the gaps RIII/V
and RIV/V, respectively) between the boundaries of the gap during the pull-
ing of the generated complexes. Parameters were built using AMBER 10
(30) in combination with the parm99 force field and the atomic coordinates
from the 1qz7 PDB entry and the completed 2z6h. A previously reported
generalized Born/surface area model was used (31,32) in conjunction
with the parameters described elsewhere (28). The surface area was
computed with the LCPO model (31). The cutoff distance for the potential
was 12 A with a switching distance of 10 A. The salt concentration of
monovalent counterions was set to 0.1 M, which was implemented by
a modified generalized Born model that takes account of mobile monova-
lent counterions through the Debye-Hiickel limiting law for ionic interac-
tions (33). We first ran a minimization of 5 ps. Subsequently, with 1 fs as
the time step, we increased the temperature from O to 298 K over 20 ps
with restrained positions for C, atoms. Finally, before performing free
MD, we removed the restraints and stabilized the system for 8 ps. Free
MD simulations were performed for 4 ns with a time step of 2 fs. We
selected the coordinates of the protein at 1, 2, and 3 ns of the free MD as
starting points for the steered molecular dynamics (SMD). A distance



8-Catenin Nanomechanics

restraint (X;es;) to the C, at the N- and C-termini was then applied
(Kresr = 5 kcal mol ™! Afz). In the case of ARM/E-cadh.,, complex, the
distance restraint was imposed to the N-termini of both structures,
emulating the most probable geometry of the possible physiological stress
(Fig. 1, A and B). The initial value of these restraints was equal to the
distance between the terminal C, atoms, and this distance was increased
at a rate of 1 /DX/ps. Trajectories visualization, extraction of C, root mean-
square deviation (RMSD), and the distance between the terminal C, atoms
(X) were obtained with the VMD software package (34). These data were
then loaded into Igor Pro 6 software (Wavemetrics) to calculate the forces
as follows: F = —Kyeqir X (X—Xiestr)-

RESULTS AND DISCUSSION
Nanomechanics of g-catenin ARM region

AFM-based SMFS (Fig. 1 D) enables individual protein
molecules to be axially pulled (i.e., in the N-C direction),
so that the magnitude of the resistance barriers involved in
the stretching process can be measured in the so-called
length-clamp mode (12). The initial recordings obtained
showed that the whole ARM region was stretched before
the 127 modules (Fig. 2 A), indicating that it has lower me-
chanostability than that of the I27 markers. The ARM region
unfolding events showed a highly variable pattern in ALc
values (Figs. 2, A and C, and Fig. S6) with an average
unfolding force Fy = 44 = 1 pN (n = 278, Fig. 2 B,
top) and a single event with higher unfolding force Fy =
113 = 9 pN (here the error is the measurement error).
The best fitting of the unfolding force histogram was ob-
tained by a log normal function (solid curves in Fig. 2 B;
see Materials and Methods).

In the force-extension traces, the AL, values between
consecutive unfolding events correspond to the region of
the protein that is force-hidden behind a mechanical barrier.
As a result, repeat-containing proteins typically display
sawtooth pattern recordings (12). Interestingly, the ARM
region unfolding traces showed force events variable in
number, position, and increase in contour length (Figs. 2 A
and Fig. S6), as opposed to a typical sawtooth pattern, which
indicates the possibility of unfolding through different path-
ways. Moreover, we examined the Fy; vs. AL¢ plots because
any clustering of the data would point to the existence of a
preferential unfolding pathway (Fig. S3 D). Similarly, the
plot of AL¢ vs. the tip-surface distance shows a complete
scatter (Fig. S3 (). The lack of correlation between
Fy and AL, and AL vs. the tip-surface supports the idea
of multiple alternative unfolding pathways as opposed to
a single one.

The analysis of the AL¢ histogram (Fig. 2 C, fop) showed
a distribution that could be fitted to seven Gaussian func-
tions (AL maxima: 16.0, 34.6, 50.9, 72.4, 89, 106, and
130 nm; ¢ = 9.2 nm; x> = 1.5 x 107°). This multimodal
distribution can be interpreted as the result of unfolding
either single or multiple ARM repeats, given the number
of aa contained in each ARM repeat (42 aa on average)
and considering 0.4 nm as the length of a stretched aa
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((27); i.e., ~17 nm/ARM repeat). Indeed, evidence for the
existence of distinct conformers (i.e., molecular plasticity)
in the ARM region has been already reported (35). Further-
more, the occurrence of the unfolding events was variable:
we can find from two to nine force peaks in different force
extension traces (with an average value of 4.5 (-catenin
peaks/trace). Considering that the Fy value (~44 pN) is
larger than the noise (Fig. S2 C) one can assume that the
results obtained are due to the intrinsic behavior of the
molecule under our experimental conditions (i.e., variable
number of force peaks per recording with different ALc
values). Thus, this variability suggests that some ARM
repeats could be unfolded with pulling forces below 9 pN
or, alternatively, some repeats unfold almost simultaneously
with the similar unfolding force, indicating the likely exis-
tence of cooperativity in the mechanical unfolding of the
ARM repeats. To rule out the possibility that some force
events were overlooked due to the force noise, we also per-
formed pulling experiments with a higher signal/noise ratio
(by decreasing the pulling speed), which depicted a similar
behavior (Fig. S2 B).

Moreover, as some unfolding recordings showed an initial
region lacking force peaks, we have also analyzed the
distance at which the first force peak (Lc°) appears, to
examine the extent the molecule was previously unfolded
(before stretching, Fig. 2 and Fig. S5). This analysis allows
extracting important information: first, peaks that appear at
an extension shorter than the length of the folded molecule
(11 nm coming from the ARM region + 5 nm from each
127 x 4 =31 nm; solid red line in Fig. S5) could in principle
be originated either from unbinding events (when detaching
the ARM region from the surface or from artifactual interac-
tions between some ARM repeats and the flanking 127
modules) or from the rupture of the forces that maintained
the tertiary structure (ARM superhelix); second, most of
the events lay above this length, suggesting that some
ARM repeats unfold below our detection limit or are in
equilibrium between structured and unstructured conforma-
tions, similar to what has been recently shown for ankyrin
(ANK) repeats 5-6 of IkBa (36).

The nanomechanics of full-length §-catenin

To analyze the possible mechanical effects of the unstruc-
tured terminal regions, we examined the nanomechanics
of the full-length form. We started analyzing a protein con-
struct consisting of the full-length $-catenin flanked by 127
markers (8127, Fig. 1 C). The force traces were very similar
to those obtained during the unfolding of the ARMI27
construct (Fig. 2 A, middle). (127 Fy histogram (Fig. 2 B,
middle) showed similar low force events to those obtained
from the ARM region, with F; (47 = 2 pN, n = 86), but
also a few events with an Fy of 140 = 8 pN (n = 12).
The corresponding AL histogram (Fig. 2 C, middle) also
showed a distribution that could be fitted to several Gaussian
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functions (AL maxima:12.5, 30.4, 47.2, 65.2,97, 114, 139,
and 163 nm; ¢ = 8.2 nm; x’= 3.7 x 107°). Similar to
ARMI27, the plot of AL vs. the tip-surface distance shows
a complete scatter (Fig. S3 C and Fig. S4 C). Furthermore,
as shown in Fig. S4 D, B127 also showed no correlation
between Fy; and AL, supporting the idea of multiple, alter-
native unfolding pathways.

The flanking terminal regions of (-catenin seem to be
unstructured (and thus one could expect them to be stretched
without mechanical resistance (23)) and are thought to
interact weakly with the ARM region (14,15). We therefore
examined the L’ values (data not shown), observing that
some events appear at an extension shorter than the expected
length if the N- and C-terminal segments were not interact-
ing (and thus could be stretched showing no mechanical
resistance): 11 nm (ARM) + 5 nm x 4 (I127) + 0.4 nm X
250 aa (N- and C-termini) = 131 nm. These data suggest
that, before the expected length, we are detecting unbinding
or unfolding events, although the exact origin of these force
peaks is unknown.

To rule out the theoretical possibility that the high forces
observed in G127 could also be originated from artifactual
interactions with the 127 marker (Fig. 2 B, middle), we
analyzed (-catenin alone (without the markers). As this
approach lacks a single-molecule marker, the selection of
recordings had to be done based solely on the full-length
criterion, being particularly careful in selecting only record-
ings that were clean in the proximal region (a region prone
to noise originated from nonspecific interactions, see
Methods (37)). These force-extension recordings were
essentially similar to those obtained from the other two
constructs (Fig. 2 A, bottom). The force histogram had
two populations (Fig. 2 B, bottom) comparable to those
observed in the other two constructs, one of them with an
Fyof43 + 1 pN (n = 273) and the other with Fy; of 125
+ 4 pN (n = 33).

The corresponding AL histogram also had a multimodal
distribution that could be fitted to six Gaussian functions
(AL, maxima: 14.9, 29.7, 47.4, 62.3, 79, and 108 nm;
o =82nm; x> = 1.3 x 107°) (Fig. 2 C, bottom). As with
G127 and ARMI27, both the plots of AL vs. tip surface
distance and Fy vs. ALc show a complete scattering
(Fig. S7, A and B, respectively) supporting, again, the idea
of multiple alternative unfolding pathways. The analysis
of the first force event (not shown) shows that we can find
peaks at shorter lengths than the one expected for the native
protein (11 nm (ARM) + 0.4 nm x 250 aa (N and C unstruc-
tured termini) = 111 nm). This behavior is similar to that
observed for BI127, meaning that we cannot distinguish if
the first force peak arises from an unbinding event (termi-
nals/surface, terminals/ARM, surface/ARM) or from ARM
repeat unfolding.

Taken altogether, our experimental results indicate that
the unfolding process of the ARM region and the full-length
(-catenin proceeds in a very similar manner, showing
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similar average unfolding forces, similar AL profiles, and
multiple unfolding pathways with several intermediates.
Furthermore, the N- and C-termini of (-catenin could be
modulating the mechanical stability of the protein, as sug-
gested by the increased frequency of high force peaks
(above 100 pN) in the Fy; distributions of the two constructs
carrying the N/C termini (0.4% for ARMI27 and ~11% for
G127 and (-catenin, Fig. 2 B, middle and bottom).

Stretching g-catenin in silico

Finally, to study the atomic details of the unraveling of the
ARM repeat region, we performed MD simulations of the
ARM region using the reported crystal structures for
the human (-catenin, one carrying exclusively the ARM
region (PDB code 1qz7 (21)) and the other with an extra
«-helix at the C-terminus (ARMHC; PDB code 2z6h
(14)). In the case of the ARM region, repeats R1, RI10,
and R12 displayed larger deviations than the other repeats
during 4 ns of free MD (Fig. S8 A, fop). As expected, repeats
located at the free ends of the ARM region (repeats R1 and
R12) showed more mobility than those repeats located in the
inner part of the structure. The larger fluctuations of R10
could be attributed to the extended length of this repeat,
which carries a long loop with a fluctuating secondary
structure (data not shown). Similar to what was observed
experimentally, the unfolding force traces from the ARM
region (Fig. 3 A, top) show low mechanical stability,
compared with 127 unfolding under the same conditions
(29). To follow the unfolding sequence during the simula-
tions of the stretching of the ARM region, we plotted the
backbone RMSD of each ARM repeat (Fig. S8 B, left),
showing that those repeats located at the N-terminal region
(R1, R2, and R3) unfolded first in all the simulations of this
structure (although we were pulling from both termini).
Some of the repeats showed unfolding intermediates and
a significant freedom in the unfolding pathway, i.e., a nonor-
dered pathway, as the unfolding of several repeats was
observed at different N-C distances in the three trajectories
(see R4 or R11 in Fig. S8 B, left). These results support
the idea that the unfolding pathway of the ARM repeats is
not fixed.

In the case of the free MD of ARMHC, the RMSD of the
protein backbone for R1, R10, and R12 was comparable to
those of the other repeats (Fig. S8 A, bottom), whereas the
extra helix at the C-terminus had a larger RMSD due to
its terminal residues. It seems that interactions between
helix C and R12 (three hydrophobic residues and two
hydrogen bonds (14)) place the whole structure into a lower
energy state, and R1, R10, and R12 do not deviate too much.
The SMD simulations showed the same unfolding hierarchy
for R1, R2, and R3 as that shown in the ARM structure,
although the number of force peaks and their magnitude
were slightly higher (Fig. 3 A, bottom), indicating that this
structure is in a deeper energy state and shows almost the
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FIGURE 3 SMD simulations of (-catenin and (-catenin/E-cadherin
complex. (A) Force traces for the stretching of the ARM (fop) and the
ARMHC structures (bottom). An experimental unfolding curve (top, arrow)
of the ARM region is superimposed to the in silico curve, showing the
similarity between both curves. The structure carrying helix C (ARMHC,
bottom) shows slightly higher unfolding force peaks. This evidence goes
in line with the increase of high force events observed experimentally
when the unstructured termini are present in the structures (Fig. 2 B).
Thus, B-catenin termini could somehow stabilize the ARM repeats. (B)
Superimposition of the four force traces for each (-catenin/E-cadherin
complex. The magnitude of the force peaks is higher as longer stretches
of E-cadherin are present. A high force peak appears upon breaking the
interaction between R1 and RV. (C) Detail of the conformational changes
experienced by R8 and R9 ARM repeats resulting in the exposure of the
buried Tyr-489.

same unfolding pathway for all the trajectories (Fig. S8 B,
right). Thus, little changes in the conformation could place
the protein in different energy states, deriving in different
unfolding pathways (38).

Although the time window in simulations is much shorter
than in AFM experiments, these results qualitatively
reproduce, at least in the case of the ARM structure, the
variability of the mechanical unfolding pathway and the
low Fy values observed in the experiments. Nevertheless,
we have no experimental evidence for the tendency
observed in the simulations toward a directional unfolding
from N- to C-terminus. Furthermore, the results obtained
with ARMHC indicate a certain stabilization of the ARM
repeats by interactions with helix C (for example, see R11
for ARM and ARMHC, Fig. S8 B), an effect that could
also occur in the presence of the entire N- and C-termini,
considering our experimental results.
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Stretching ARM/E-cadh.,; complex in silico

In addition to studying the response of the ARM region to
mechanical force, we also simulated the mechanics of the
whole ARM/E-cadh,, complex. Because it has been shown
that cadherins are subjected to force (1) and can even apply
force from inside the cell to the outside (3), it is important to
know how do the proteins that integrate this system respond
to force, and how this response is altered when the proteins
interact with their corresponding partners. In this context, it
is critical to assess how (-catenin transmits force as such in
its natural environment, in complex with the cadherin
cytoplasmic tail (along the whole ARM region) and with
a-catenin (between residues 118-149). To this end, we setup
four structures carrying different extensions of the E-cadh,y,
interacting region (Fig. S1). a-catenin structure was not
included in the complex because it interacts with only six
residues at the N-terminus of the ARM structure. Because
cadherin ectodomain corresponds to the N-terminal region
of the protein and a-catenin binds to the N-terminal region
of ARM repeats, we emulated the possible mechanical
stress by the distance restraints imposed on both N-termini
(ARM and E-cadh.y). Interestingly, during free MD,
ARM repeats R1 and R10 (and R12, to a less extent)
show differential RMSD values, depending on the length
of E-cadhy structure in complex with the ARM region
(Fig. S9 B). In particular, R1 shows the largest deviation
when the whole E-cadh,, region is present in the complex,
whereas R10 shows larger deviations only when RIV of
E-cadh,,, is absent of the structure.

The SMD results show a clear mechanical stabilization of
the complex when longer stretches of E-cadh.,, are com-
plexed with the ARM region (Fig. 3 B). The mechanical
resistance observed when regions RI-III and RI-IV are com-
plexed with the ARM region is close to zero, but some force
peaks appear when RV is included in the structure. Remark-
ably, only when the E-cadherin regions RI-V are present, the
ARM region undergoes a conformational change after the
first 25 nm of pulling leading to separation of repeats R8
and R9 without being unfolded (showing small deviation
in the RMSD plot) (Figs. 3 C and Fig. S10) and Tyr-489
seems to get more exposed and accessible to the solvent
(Fig. 3 C and Fig. 4 C) thus being more accessible. This
conformational change could, hence, provide a mechanism
to increase B-catenin turnover and the dynamics of cadherin
adhesion by modulating the Tyr-489 accessibility to protein
kinases like Abl (20). Moreover, at the end of the stretching
process, when the RI-III/V and RI-IV/V regions are in
complex with the ARM repeats and E-cadh, is completely
elongated, a high force peak results from the unbinding of
repeat R1 from E-cadherin region RV (Fig. 3 B).

General discussion on 3-catenin nanomechanics

Taken together, our data suggest that the mechanical
properties of the ARM region of (-catenin are very
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FIGURE 4 Cartoon representation of the possible scenario for the
multiple mechanical unfolding pathways of §-catenin. (A) For simplicity,
this model is restricted to the ARM region, which is represented as
a box. Based on LZ° analysis and considering our MD simulations results,
we hypothesize that several ARM repeats would be unfolded beforehand.
Afterward, depending on the initial state, many unfolding pathways (P)
with a variety of intermediate states (I) with different ARM repeats
composing the mechanical blocks would be possible. (B) Illustration
showing the possible roughness in the energy landscape of ($-catenin, con-
taining several minima with similar energy levels, and different unfolding
trajectories. F; illustrates the different initial folded states, whereas C,
represents the minima corresponding to the cadherin-complexed state.
Iy, is the intermediate where Tyr-489 is greatly exposed. U is the unfolded
state. (C) Cadherin cytoplasmic tail binding can canalize §-catenin unfold-
ing pathway (43), allowing the ARM region to open at Tyr-489, which is
susceptible to Abl-mediated phosphorylation.

sensitive to small changes in its structure. This region
seems to follow multiple unfolding pathways upon stretch-
ing, which suggests that the process takes place through
a rough energy landscape with shallow energy minima
(Fig. 4, A and B). It is interesting to compare our results
with those obtained from other solenoid repeat proteins,
specifically those proteins containing ANK repeats,
although both types of solenoid proteins may not be
strictly comparable. Thus, the mechanical unfolding of
gankyrin, a 7-ANK repeat protein, was shown to proceed
by multiple pathways compatible with a rugged and com-
plex energy landscape (39). In addition, SMFS experi-
ments of ankyrin B, using 24 and 12 repeats fragments,
showed that ANK repeats can unfold either individually
or two at a time (40). Furthermore, the chemically deter-
mined energy landscape of a fragment of ankyrin R
composed of 12 ANK repeats is predicted to be very rough
with several possible configurations (38), whereas the
chemical unfolding of Notch appears as a two-state coop-
erative process (41,42). These results on ANK repeats
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cannot be easily reconciled, and it looks like the actual
unfolding pathway could highly depend on the energy state
of the protein before the denaturation and on the unfolding
agent (chemical, thermal, or mechanical), with local
perturbations being critical for the energetics of the unfold-
ing process.

Comparing the results obtained with G127 and B-catenin,
we can conclude that the increase in the frequency of
high force events originates exclusively from the presence
of the @-catenin termini (0.4% for ARMI27 and ~11% for
BI27 and @-catenin). Although we cannot discard the
possibility that these force peaks might originate from
interactions between the termini and other elements (surface
or ARM region), if we consider that the experiments were
performed on surfaces of different chemical nature, we
can speculate that these high force events could originate
from the unbinding of @-catenin termini from the ARM
region. Nevertheless, they could also be originated by
some stabilization of the mechanical unfolding of the
ARM region mediated by the terminal regions, as predicted
by MD simulations of the ARM region with the a-helix at
C termini.

The mechanostability of (§-catenin is in the range of that
of talin (2), and more interestingly, in the range of the forces
sustaining cadherin-cadherin adhesions (43) and much
lower than the mechanostability of C-cadherin ectodomain
(44) and other adhesion receptors (37). Furthermore, the
mechanical stability we measured is comparable to that
recently reported for the full-length (-catenin (45).
However, as the data from the latter study were obtained
without the use of single-molecule markers, they are not
strictly comparable to our results. That study showed that
full-length (-catenin most often unfolds in a rather
discrete manner, although it was still possible to observe
at least two ARM repeats unfolding simultaneously. It
must be noted that only less than one-third of the molecule
was stretched in those experiments, i.e., ~100 nm (the full
length, 718 aa, would correspond to ~312 nm, considering
0.4 nm/aa (27)), and therefore, in this setup it is not possible
to discard an interaction or modulation of the unfolding/
refolding process by the unstructured termini. Furthermore,
in this kind of experiment the cyclic collapse/extension
trajectories have been proposed to stem from the hopping
over an entropic barrier that emerges upon application of
force to an extended polypeptide and that does not correlate
with the final folding transition (46). From our results, the
fact that the ALc histograms are multimodal, unlike the
force histogram, indicates that similar force values are
needed to unravel a stack or a single ARM repeat, as if
the protein was constituted by mechanical blocks (each
one consisting of one or several ARM repeats, Fig. 4 A),
all of them with similar mechanical stability. This observa-
tion suggests the existence of cooperative effects among
repeats in the mechanical blocks comprising more than
one ARM repeat.
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CONCLUSION

Our results suggest that the 8-catenin ARM region is very
sensitive to small changes in its structure and follows
multiple unfolding pathways upon stretching, which could
be modulated by its unstructured termini and ligand binding.
We can speculate that if §-catenin is subjected to tension
in vivo, the axial forces that this structure is expected to
experience or to transfer are on the range of the known
mechanostabilities of the other components of the mechan-
ical circuit: the force borne by cadherin/cadherin adhesion
(43) and by cadherin ectodomains (44). Given that 3-catenin
shows low mechanical stability and even several ARM
repeats are unfolded with low mechanical resistance (as
the L¢" analysis shows), and considering the high chemical
affinity for its ligands (40 and 100 nM for the cadherin tail
and a-catenin, respectively (16,47)) we suggest that (-cate-
nin structure could serve as a mechanical buffer under high
forces (F > Fy ~50 pN) being able to unfold a significant
portion of its structure to preserve the links between the
cadherin ectodomain and the actin cytoskeleton (through
a-catenin and EPLIN, 11). Moreover, due to the similar
mechanical stabilities of cadherin-cadherin bonds and
B-catenin, when the latter and the cadherin tail interact by
their five contact regions, forming a mechanical stable
complex, B-catenin could also serve as a force transmitter.

To fully understand the mechanical role of $3-catenin in
mechanotransduction through the cadherin-catenin system,
future experiments should explore the kinetics of this
adaptor platform under different forces (below (-catenin
mechanical stability, above the cadherin-cadherin rupture
forces, and values in between) upon the binding of different
specific ligands.
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