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Supplemental Methods
Unfolding and folding rates of M1

The unfolding and folding rates of M1 were obtained from pseudo dwell time
analysis from constant force experiments (Figure 3A). Using the unfolding
transition as an example, the pseudo dwell times of the folded state were
obtained by multiplying the time taken to the next unfolding transition event
by a factor of 2 if the current state had both M1 domains folded, or multiplied
by a factor of 1 if the current state had only one M1 domain folded (Cao et al.,
2008). The pseudo dwell times of the folded state were then fit to an
exponential decay function to obtain the force-dependent unfolding rate.
Bootstrap analysis was used to obtain the statistical error for the force-
dependent unfolding rate (Supplemental Methods). A similar procedure was
performed on the pseudo dwell time of the unfolded state to obtain the force-
dependent folding rates (Figure 3B).

Folding energy of M1

The folding energy of M1, -, was estimated based on the critical force, F, (of

the equilibrium unfolding and folding transitions at which the unfolding and

folding have the same rates) obtained in Figure 3B by using
F,

:u:_Ji(xfolded(Fv)_xunfoldcd(F'))dF' ? where xfOlded(F) is the force-extension

0
relation of the folded state of M1 and X ol d(F) is the force-extension relation

of the unfolded state of M1. To obtain the range of the folding energy of M1, -
w was estimated using two methods. In the first method, the unfolded M1 was

assumed to behave like a randomly coiled polypeptide, which xunfold(F ) was
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where 4 is the persistence length which is modeled here using a value of 0.8
nm (Rief et al., 1999) and L = 50.5 nm is the contour length calculated with

each amino acid having a contour length of 0.38 nm. The folded state of M1
was modeled as a rigid body with the force-extension relation of
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I-TASSER predicted structure as well as that of aE-catenin M1 domain
(PDBID: 4IGG). Using this method, the folding energy of M1 was estimated
tobe —u =~-16 kgT.

modeled by the inverse worm-like chain,

b

k,T . .
J— ; , with b ,.,= 5.8 nm estimated based on

In the second method, the unfolded state of M1 was assumed to be a chain of
four equal length a-helices with a short linker of 31 amino acids, as this model
was found to best describe the behavior of M1 at low forces (Supplemental
Figure S3). Therefore, the unfolded state of M1 was modeled as four rigid
bodies, each of them with the force-extension relation of



Fb, . : .
X (F) = by i, coth LN , with b, . = 3.8 nm (each amino acid
k,T F
contributes 0.15 nm to the length of the o-helix), and a short flexible
polypeptide region with the force-extension, xﬂexible(F) , modeled using the
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inverse of the worm-like chain, = 4 Mlexible _ _

kT 4(1_xﬂexible/ Lﬂexible)z Lygie 4
with L; .. = 11.8 nm (calculated with each amino acid having a contour
length of 0.38 nm) and A = 0.8 nm (Rief et al., 1999). The force-extension
relation of  the unfolded state can be written as:
X oo (F) = 4%, (F)+ Xy (F) - The folded state of M1 was modeled as a

rigid body as described in the first method. Using this method, the folding
energy of M1 was estimated to be —u =~ -12 kgT.

Number of amino acids in M1-3

The number of amino acids involved in the folding and unfolding transitions
of the respective domains during the linearly increasing and constant force

experiments was estimated from the stepsize, Ax, , and corresponding

transition force, F; , using two methods. In the first method, it was assumed
that the unfolded state is a flexible, fully uncoiled polypeptide with an
extension-force relation, x_ ., Cl(F ), which was well modeled by the inverse

FA 1 xunfold 1
= 5 + S
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persistence length which is modeled here using a value of 0.8 nm (Rief et al.,

1999) and L is the contour length to be solved. In addition, the force-
dependent extension of the folded state, xfold(F ), was assumed to behave

worm-like chain, , where A4 is the

similarly with a rigid body with an extension-force relation:

Fb
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of each middle domain, estimated to be 5.8 nm based on I-TASSER predicted
structure as well as that of aE-catenin M1 domain (PDBID: 4IGG). Since
AXstep = Xunfold(F7)- Xro1d(F7), the contour length L can be obtained by solving the
following equation:

j— k; r ,where by is the length of the folded state
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The contour length, L, obtained can then be converted into the number of
amino acids by dividing it by 0.38 nm, which is the contour length per amino
acid (Carrion-Vazquez et al., 1999).

In the second method, it was assumed that the M1 domain unfolded into four
equal length rigid a-helices and a short region of flexible polypeptide. Each a-



helix was modeled as a rigid rod, x = b| cothl Fb kT , with length b =

k,T ) Fb
3.8 nm and extension x at force F. The extension of the short flexible
polypeptide at force F, xy, (F ), was modeled using the inversed of the worm-
like chain (similar as above) with contour length L = 31 amino acids x 0.38
nm = 11.8 nm. The folded state of M1 was modeled as a rigid rod,

x=b, coth(%j _ kT , with length by = 5.8 nm and extension x at force F as
B 0

described above. Based on these, the length of each of the rigid alpha a-helix,

b, was estimated by solving:

A)Cste =4p| coth| F;b —kBT +xWLC(F;)_b0 cothl F‘_bo _kB_T
' kyT ) Fb k,T ) FEb,

In an oa-helix, each amino acid is known to contribute 0.15 nm to b, hence
from the b obtained, the number of amino acids in M1 can then be estimated
by dividing by 0.15 nm.

Force-dependent vinculin dissociation step size

The vinculin binding site in M1 was estimated to have ~ 36 amino acids in the
a-helix structures that were stabilized by VD1 binding (Yonemura et al., 2010;
Choi et al., 2012). Upon VD1 dissociation at high forces of more than 20 pN,
the a-helix instantly unfolded into flexible uncoiled polypeptide chain. The
force-dependent step size observed for this unfolding was calculated by
finding the force-dependent extension difference between the flexible
polypeptide chain and the o-helix of 36 amino acids. The extension of the
flexible polypeptide chain, x, at force ' was modeled using the inverse of the

1 X

= 5 + —
kyT  4(1-x/Lf L
persistent length, and L = 13.7 nm is the contour length which is calculated

with each amino acid having 0.38 nm in length. The extension of the a-helix,
xves, at force F can be modeled as a rigid body,

Fb
Xygs(F') = bygg cothl —B5
VBS( ) VBS ( kBT
length calculated with each amino acid contributing 0.15 nm. At a force range
of 20-40 pN, the extension difference due to the a-helix unfolding in VBS was
calculated to be ~ 3-4 nm (Supplemental Figure S5), in agreement with
experimental observation.

worm-like chain, 1 , where A4 1is the bending

j_kﬂ%, where by = 5.4 nm is the rigid body

Bootstrap analysis

Bootstrap analysis was used to obtain statistical error for M1 unfolding/folding
rates and VD1 binding probabilities. The procedure was, for a given number
(N) of data points, 1000 data sets of the same size were generated by N times
of random data picking from the original set with replacement. The data in
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each data set were then analyzed, and the average value was reported, while
the standard deviation was reported as error.

For the pseudo dwell times of the M1 folded/unfolded state, the pseudo dwell
times in each data set were fit with an exponential decay function to obtain the
unfolding/folding rate. Since there were 1000 data sets, a total of 1000
unfolding/folding rates were obtained at each force. The mean of the 1000
unfolding/folding rates was then reported, with error reported as the standard
deviation of the 1000 rates.

For the VD1 binding experiments, the number of binding events in each data
set was divided by the total number of cycles for the time interval (at which
M123 was subjected to ~ 8 pN) to obtain the binding probability. Since there
were 1000 data sets, a total of 1000 binding probabilities were obtained for
each time interval. The mean of the 1000 binding probabilities was then
reported, with error reported as the standard deviation of the 1000 binding
probabilities.



Supplemental Figures:

aEcat 300 RFRPSLEERLESITISGAALMADSSCTRDDRRERIVAECNAVRQALQDLLSEYMGNAGRKER 360
aTcat 295 EIRPSLEKRLEATISGAALLADSSCTRDLHRERITAECNAITRQALQDLLSEYMNNAGKKER 355
aNcat 298 RFRPSLEERLESTISGAALMADSSCTRDDRRERIVAECNAVRQALQDLLSEYMNNTGRKEK 358

Fig. S1. Sequence comparison of the VBS in oE-, aT- and aN-catenin.
Residues 300-360 in oE-catenin were identified as the VBS
(Yonemura et al., 2010; Choi et al., 2012). This amino acid sequence
was aligned with the aT-catenin (residues 295-355) with 82 % identity.
In addition, these residues were aligned with aN-catenin (residues 298-
358) with 95% identity.
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Fig. S2. 127 domain unfolding as a positive control. At a high force of 77 +
8 pN, four stepwise unfoldings that correspond to the four 127 repeats
(which act as positive control) were observed, indicating that the tether
is attached to the correct M123 construct.
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Fig. S3. Number of amino acids in aT-catenin M123 domains. (A-B) The
number of amino acids involved in the unfolding/folding transition of
M1 domain (A) and M2-3 domains (B). The number of amino acids in
M1 and M2-3 domains were first estimated with the assumption that
the domains unfolded into fully uncoiled polypeptides (red histograms)
and fit with a Gaussian. (A) For M1, a separate estimation was done
with the assumption that it unfolded into a series of four a-helices and
a short uncoiled polypeptide (blue histogram) and fit with a Gaussian.
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Fig. S4. Vinculin head domain 1 blocks aT-catenin M1 domain from
refolding. Representative changes in the height of the bead tethered to
a 2M1 construct when subjected to a linearly increasing (3.5 £ 0.4
pN/s) force loading rate before (colored traces) and after addition of 50
nM VDI (grey traces), smoothed over 0.1 s. Before addition of 50 nM
vinculin head domain 1, two stepwise unfolding events were observed,
which correspond to the two M1 domains. Upon addition of VD1, only
one unfolding transition occurred in the first cycle with no unfolding

transition in the subsequent cycle (gray traces), indicating that the VD1
had bound to the VBS in M1 and blocked M1 from refolding.
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Fig. S5. Extension change of the a-helical VBS at high force. Upon vinculin
dissociation at high force, the a-helix in VBS (~ 36 amino acids)
unfolded into a flexible polypeptide. The flexible polypeptide was
modeled using the worm-like chain, while the o-helical VBS was
modeled using a rigid body (Supplemental Methods). The extension
change of this unfolding at force of 20-40 pN was ~ 3-4 nm, in
agreement with experimental observation (Figure 4, A and C).
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Fig. S6. VD1 binding onto VBS in M1 at low force. A representative time
traces of the height change of a bead tethered to an originally folded
M123 construct in 50 nM VD1 held at a constant force of ~2 pN. A ~
10 nm stepwise extension increase occurred at ~ 960 s. This indicated
VD1 binding to the VBS in M1 domains in the absence of applying a
transient force of ~ 8 pN for two minutes to unfold M1. Subsequently,
the bead height remained unchanged for 1000 s, indicating that VD1
did not dissociate.
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