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a b s t r a c t

Cadherin-mediated adhesion plays a crucial role in multicellular organisms. Dysfunction within this
adhesion system has major consequences in many pathologies, including cancer invasion and metastasis.
However, mechanisms controlling cadherin recognition and adhesive strengthening are only partially
understood. Here, we investigated the homophilic interactions and mechanical stability of the extra-
cellular (EC) domains of E-cadherin and cadherin 7 using atomic force microscopy and magnetic
tweezers. Besides exhibiting stronger interactions, E-cadherin also showed more efficient force-induced
self-strengthening of interactions than cadherin 7. In addition, the distributions of the unbinding forces
for both cadherins partially overlap with those of the unfolding forces, indicating that partial unfolding/
deformation of the cadherin EC domains may take place during their homophilic interactions. These
conformational changes may be involved in cadherins physiology function and contribute to the sig-
nificant differences in adhesive strength mediated by type I and type II cadherins.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Selective and robust cellecell adhesion plays a key role in
maintaining tissue structural integrity and specific architecture in
multicellular organisms [1,2]. In most tissues, cellecell adhesion is
dominated by a class of transmembrane proteins named cadherins
[1,2]. Dysregulation of cadherin function correlates with tumour
cell invasion and distant dissemination [1e4]. The cadherin su-
perfamily comprises distinct families and subfamilies [5,6]; one of
these is the classical cadherins. E-cadherin, the prototypic member
of classical type I cadherins, is an essential component of epithelial
EC5 domains, the first to the
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adherens junctions and contributes to a fully polarized state in the
cell through the formation of a circumferential actin belt. In
contrast, classical type II cadherins, such as cadherin 7, show
significantly weaker adhesion and are mainly expressed in
mesenchymal tissues [6,7].

Type I and type II cadherins demonstrate similar domain orga-
nization: a cytoplasmic region, a transmembrane region, and an
extracellular region [8,9]. The primary sequence of the extracellular
region differs significantly between type I and type II cadherins
[10]. The forces required to separate cell doublets expressing type II
cadherins are much weaker than for those of type I-expressing
cells, a property linked to their extracellular region [6]. Nonethe-
less, the extracellular segments of type I and type II cadherins share
a similar 3D structure that comprises five tandem repeats, called
extracellular cadherin (EC) domains, herein referred to as EC1 to
EC5. Each EC domain consists of about 110 amino acids forming
seven b-strands that are organized into two b-sheets [5,11,12].

Crystallographic data suggest the formation of X-dimers and
strand-swapping dimers by the homophilic interaction of classical
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type I cadherins in vitro [12e14]. In a two-step adhesive binding
experiment, cadherins were shown to initially form X-dimers and
then convert to strand-swapping dimers [12]. A similar pathway
were also proposed by Rakshit et al., as in the atomic force micro-
scopy (AFM) studies [15], they found that strand-swapping dimers
formed slip bonds, and X-dimer of E-cadherin formed catch bonds
[15]. The latest steered molecular dynamics simulations results
suggest that tensile force can deform cadherin EC domains to form
long-lived hydrogen bonds to tighten the X-dimer contact [16].
Crystallographic studies also show that type II cadherins form
similar strand-swap dimers [13,14]. In their strand-swapping di-
mers, the buried accessible surface area was found larger than that
of type I cadherins [13,14] and, the dissociation constants (kd)
measured by ultracentrifugation [17] imply that the binding energy
of type II cadherins is higher than that of type I cadherins. On the
contrary, type I cadherins expressed cells show stronger unbinding
forces [6,7]. Nevertheless, direct comparison between type I and
type II cadherins at the molecular level is lacking, while this is
important for understanding the distinct adhesion mechanism
between them.

In the AFM study of E-cadherin X-dimers and strand-swapping
dimers, Rakshit et al. proposed a model of reorientation of the EC
domains by tensile forces to lock the dimer more tightly by an
alternate binding site as the mechanism of the catch-bond behav-
iour. Meanwhile, quite a few studies also indicate that force plays
important role in assisting cadherin-mediated adhesion processes.
E-cadherin-mediated adhesion occurs under an actomyosin-
generated tension force in vivo [18], force can enhance E-cad-
herin-mediated adhesion [19e21], and force can also increase the
junction size in cadherin adhesions [22,23]. In addition, studies
indicated that the cells can respond to the activation of E-cadherin
EC domains (conformational change for binding) to regulate
adhesion [24]. Therefore, EC domains and the homophilic in-
teractions of their pairs response to mechanical forces is essential
for cellecell interaction.

Here, we used AFM to compare the homophilic interactions
between E-cadherin and cadherin 7 at the single-molecule level
varied under the external force dynamics. While both cadherins
showed slightly time-dependent strengthening in their homophilic
interactions, the strengthening effect by additional mechanical
stretching is much more noticeable for E-cadherin than for cad-
herin 7. The elasticity of the EC domains of both cadherins were also
carried out using AFM and magnetic tweezers, and the results
indicated that the force to partially unfold/deform the EC domains
showed a larger overlap with the unbinding force of the dimers for
E-cadherin than cadherin 7.

2. Material and methods

2.1. Protein cloning

The Ecad and Cad7 genes were cloned into pFB-Sec-NH vector
(Addgene) using ligation-independent cloning [25]. The forward
and reverse primers for Cad7 were 5’
eTACTTCCAATCCATGAGCTGGGTTTGGAATCAGTTC-30 and 50-
TATCCACCTTTACTGTCACTCTGCATTGCAGGTCTGG-30, and for Ecad,
50-TACTTCCAATCCATGGACTGGGTCATCCCTCCC-30 and 50-TATC-
CACCTTTACTGTCACGCCTTCATGCAGTTGTTGA-3’. The construct
contains baculovirus gp64 signal peptide followed by an N-termi-
nal hexahistidine tag and TEV protease cleavage site. Bacmid pro-
duction, insect cell transfection and virus production were
performed as previously described [26]. The early passage of virus
particles (P0) was amplified to P2 and was used to infect 2 L of log
phase (3 � 106 cells/ml) insect cells for recombinant protein
expression. The multiplicity of infection (MOI) was kept between 2
and 3 and the culture was incubated at 140 RPM, 27 �C for 56 h.

2.2. Protein purification

The culture was spun at 4000 � g for 30 min and the superna-
tant was collected. Protease inhibitor cocktail (Calbiochem) was
added to the media (100 ml per 1 L media). For optimal binding, the
pH of the supernatant was adjusted to 7.5 using a solution of
500 mM Tris pH 8.0 and 1.5 M NaCl. Ni-NTA Agarose (10 ml; Life
Technologies) was added to the supernatant and incubated with
rotation at 80 RPM for 1 h (4 �C). The supernatant was then sub-
jected to second protein absorption with 5 ml Ni-NTA beads. The
beads were collected and loaded into gravity columns and washed
with 20 column volumes (CV) of wash buffer (50 mM Tris, pH 8.0,
500 mM NaCl and 2 mM imidazole, pH 8.0). The target protein was
eluted with elution buffer (50 mM Tris, pH 8.0, 500 mM NaCl and
250 mM imidazole pH 8.0). Two CV fractions were collected per
time until no protein was detected (absorbance, 280 nm) in the
elution buffer. The eluted protein was subjected to buffer exchange
(PD10 column, GE Healthcare) and digested with TEV protease
(1:40 ratio of mg TEV protease:mg protein) at 4 �C overnight [27].
The sample was then loaded onto a gravity column packed with Ni-
NTA agarose beads for the removal of the free His-Tag and TEV
protease. The flow-through containing the target protein was
collected. The fractions containing the target proteinwere collected
and concentrated to 5 ml using 10K MWCO concentrator (Vivaspin
20 ml, Sartorius Stedim Biotech) before being subjected to size-
exclusion chromatography (SEC). SEC was conducted in the AKTA
Xpress system (GE Healthcare) using a HiLoad 16/60 200 Superdex
prep-grade column equilibrated in GF buffer (20 mM HEPES,
300 mM NaCl, 10% (v/v) glycerol). Elution peaks were collected in
2 ml fractions and the purity of the protein was analysed on SDS-
PAGE. The protein sample was again concentrated using a 10K
MWCO concentrator (Vivaspin 20 ml, Sartorius Stedim Biotech).

2.3. Buffers and substrates

Unless otherwise stated, a 25 mM HEPES, 125 mM NaCl and
3 mM CaCl2 buffer with a pH adjusted to 7.2 was used. Quartz (UQG
optics, Cambridge, Cambridgeshire, UK) slides were cleaned by
washing successively in a sonicator with deionized water, ethanol
and deionizedwater again for 20min each step, and then treated by
air plasma (Expanded Plasma Cleaner, Harrick Plasma, St. Ithaca,
NY, USA) for 5 min before use.

Three different coating methods were used in experiments. For
AFM unbinding experiments, NTA/Ni2þ-coated AFM cantilever and
quartz slides were prepared. The cantilever and slides were coated
with biotin by incubating in 0.1 mg/ml biotin-labelled BSA (Sig-
maeAldrich St. Louis, MO, USA) overnight. The 0.4 mM biotin-PEG-
SVA (Laysan Bio, Arab, AL, USA) solution was labelled with NTA by
reacting with 1 mg/mL Na,Na-bis(carboxymethyl)-L-lysine hydrate
(Sigma Aldrich) overnight. The NTA-labelled PEG was diluted and
mixed with 0.1 mg/mg streptavidin (Sigma Aldrich) at a 1:4 M ratio
for 30 min. Finally, the biotin-coated cantilever and slides in the
first step were coated with this mixture solution for 30 min, fol-
lowed by 100 mM NiSO4 for 30 min.

For AFM unfolding experiments, NTA/Ni2þ-coated quartz slides
were prepared in five steps by incubating sequentially in 1 M NaOH
solution for 15 min, propylmethyldimethoxysilane (Alfa Aesar,
Ward Hill, MA, USA) solution (1% propylmethyldimethoxysilane, 4%
water, 95% ethanol) for 15 min; 0.05% glutaraldehyde (Sigma
Aldrich) solution for 1 h; 1 mg/mL Na,Na-bis(carboxymethyl)-L-
lysine hydrate solution for 30 min, and finally in 100 mM NiSO4
solution for 30 min [28]. The slides were washed thoroughly with
deionized water between the steps.
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For magnetic tweezers unfolding experiments, biotin-coated
slides were prepared by incubating in 1 M NaOH solution for
15 min, propylmethyldimethoxysilane solution for 30 min, and
10 mM HEPES (pH ¼ 7.2) buffer with a mixture of 5 mM methyl-
PEG-SVA (Laysan Bio) and 5 nM biotin-PEG-SVA (Laysan Bio) [29]
for 4 h.
2.4. AFM experiments

AFM unbinding experiments by Shi et al. have shown that the
unbinding forces between varied length of EC domains of C-
cadherins are different, suggesting that all 5 EC domains
contribute to the strength of homophilic interactions of cadher-
ins [30]. Thus, we used the full extracellular part of cadherins in
this report. AFM experiments were performed using a commer-
cial AFM (JPK Nanowizard II, JPK Instruments, Berlin, Germany)
with the silicon tip cantilever (HYDRA2R-100NG, The Applied
Nano Structure Inc., Santa Clara, CA, USA). In experiments, EC1-5-
His6 protein and the NTA-Ni2þ-coated cantilever/quartz slides
were used, where the His-tag terminal of the protein molecule
was expected to bind specifically with NTA-Ni2þ on the canti-
lever and slides.

In unbinding experiments, the slides were incubated with 15 ml
of ~20 mg/ml protein solution in HEPES buffer for 15 min. The slides
were thenwashed five times with buffer to remove floating protein
molecules. Before an experiment, the sample was incubated for 1 h
with 1mg/ml BSA to block non-specific binding. Themeasurements
were performed in a buffer containing 0.1 mg/ml BSA.

In unfolding experiment, the slides were incubated with 15 ml of
~20 mg/ml protein solution in buffer for 15 min and then washed
five times with buffer to remove floating protein molecules.
2.5. Magnetic tweezers experiments

Solutions of 0.2 mg/mL E-cadherin biotin-EC1-5-His6 protein
and 0.2 mg/mL neutravidin (Thermo Fisher Scientific, Waltham,
Massachusetts, UK) were mixed at a molar ratio of 1:1 for 30 min
and then added to biotin-coated quartz slides for 30 min. A buffer
containing 2% BSA was introduced for approximately 2 h to further
block non-specific binding sites. Carboxyl group-functionalised
green fluorescent magnetic beads (The Bangs Laboratories,
Fishers, IN, USA) with a diameter of ~2.8 mm were treated with a
mixture of 50 mg/ml sulfo-NHS (Alfa Aesar) and 50 mg/ml EDC
(Thermo Fisher Scientific) in 50 mM MES (pH 4.7, Sigma Aldrich)
activation buffer for 20 min prior to incubation with 1 mg/ml
Na,Na-bis(carboxymethyl)-L-lysine hydrate for 4 h. The NTA-
coated beads were then incubated with a solution of 100 mM
NiSO4 for 1 h and stored in a HEPES buffer containing 2% BSA.
Before experiments, NTA-Ni2þ-coated beads were incubated on
quartz slides with biotin-EC1-5-His6 proteins for 1 h, and the His-
tag at the C-terminus of the protein was expected to bind to NTA-
Ni2þ via the beads. Any residual unbound protein was washed
away with a HEPES buffer containing Ca2þ ions prior to
measurements.

Magnetic tweezers experiments were performed on a home-
built magnetic tweezers/evanescent nanometry [31]. The combi-
nation of a permanent magnet, I�71 Total Internal Reflection
Fluorescence (TIRF) microscope (Olympus, Tokyo, Japan) and
QuantEM 512sc camera (Photometrics, Tucson, AZ, USA) was
controlled by codes written in Igor Pro (Wavematrics, Lake Oswego,
OR, USA). The force calibration was based on equi-partition theo-
rem [32]. A constant unfolding force around 5 ± 3 pN (SD) was
applied to the beads by the magnetic tweezers and protein exten-
sion was monitored using the TIRF microscope [31].
2.6. Excluding the interference of linkage breaking

In our AFM unbinding experiments, linkages, including NTA-
His6 binding, SVA-NH2 binding, biotin-streptavidin binding and
BSA adsorption were utilised. These linkages have been widely
utilised in previous AFM single-molecule experiments. Among
them, NTA-His6 linkage shows rupture forces around 200 pN under
similar loading rates as in our experiments [33]. Additionally, in our
unfolding experiments where cadherins molecules were immobi-
lized on the slides via NTA-His6 linkage, the average detaching
force was 195 pN. These forces are much higher than the unbinding
force (<120 pN) measured in our experiments. SVA-NH2 and
biotin-streptavidin binding have been utilised in previous AFM
studies on E-cadherin unbinding [15,34], whereas the absorption of
BSA has been utilised to measure the unbinding force of the biotin-
streptavidin linkage [35]. Thus, these linkages should be much
stronger than the cadherin homophilic interactions. Therefore, the
unbinding events measured in our experiments are not the rupture
of the linkages that are used to immobilise cadherins on the AFM
cantilever and substrates.

In AFM unfolding experiments, the linkages of NTA-His6 binding
is small and simple, so its breakage cannot contribute to the saw-
tooth pattern of unfolding proteins, but cause the detachment
peak in the AFM force-extension trajectories.

3. Results

AFM was used to measure the unbinding forces of homophilic
interaction pairs between E-cadherin and cadherin 7 EC domains.
The molecular elasticity of these EC domains was also investigated
using AFM and magnetic tweezers; in the latter case, the stretching
forces can be as low as a few pN, which is close to the in vivo forces
borne by adhesion molecules.

3.1. Rupture force of individual homophilic pairs

In AFM unbinding experiments, EC1-5-His6 molecules of E-
cadherin/cadherin 7 were immobilized on cantilever and slides and
formed bonded pairs by homophilic interaction (Fig. 1a). The
average distance between neighbouring EC molecules was ~90 nm,
as measured by fluorescently labelled EC molecules using the same
method as described previously [34]. This is much larger than the
radius of the AFM tips (~10 nm); thus, most unbinding events
observed should come from individual bonded pairs. Consistently,
the binding probability in our experiments was ~10%, which, ac-
cording to Poisson statistics, correspond to ~95% probability of in-
dividual homophilic pairs. As a control, the deletion of ECmolecules
on the cantilever and the removal of Ca2þ ions significantly
decreased the binding probability (Table S1 in File S1).

Three types of force cycles were utilised in the AFM rupture
experiments: contact of 2 s and 10 s at ~10 pN (pushing) before
pulling, as well as the pull-release-pull cycle (Figs.1c and d). Typical
force trajectories are shown in Figs. 1c and d, respectively. The
different baseline of pushing (blue) and retracting (green) segment
is caused by the shifting of AFM system and is around 10 pN. The
rupture forces of E-cadherin interactions (~52 pN) were similar to
those found in previous studies [34,36,37], with consideration of
the different loading rates or slight variations in force calibration
conditions in AFM. The histograms of the rupture forces of E-cad-
herin and cadherin 7 are shown in Figs. 2aef. In all three types of
force cycles, E-cadherin showed higher average unbinding force
than cadherin 7 (Fig. 2g), consistent with in vivo measurements
[6,7]. In all situations (Figs. 2aef), there was a broad distribution of
rupture forces for both cadherins, and a significant difference be-
tween Cad7 and Ecad as evident from the figures (p < 0.0001, by an



Fig. 1. Schemes of AFM force spectroscopy measurements. (a) Schematic of AFM unbinding measurements. The tip and the substrate were functionalised with PEG linker, which
was linked to NTA. His-tagged protein was immobilised via Ni2þ-NTA at a surface density of ~120 monomers per mm2. (b) Schematic of AFM unfolding measurements. The substrate
was functionalised with Ni2þ-NTA, which could immobilise His-tagged proteins. (c) Typical force scan curves in short-term and long-term contact force cycles. AFM tip was pushed
towards the slides to 50 pN (blue trace), and then immediately retracted to maintain 10 pN pushing force for 2 or 10 s to allow cadherins on the tip and slides to form homophilic
interaction pair (red trace). Then, the tip was retracted at 600 nm/s for 1 s to detect the bond rupture force (green trace). (d) Typical force scan curves in pull-release interaction force
cycles. The AFM tip was pushed towards the slides to 50 pN (blue trace), and then immediately retracted to maintain 10 pN pushing force for 2 s to allow cadherins on the tip and
slides to form homophilic interaction pairs (red trace). Then, the tip was retracted until the tension force reached 25 pN (green trace) and pushed toward the slides again (blue
trace), and held at 10 pN for 2 s (red trace). Finally, the tip was retracted at 600 nm/s for 1 s to detect bond rupture (green trace). (e) Typical force scan curves in unfolding
measurements. In the left curve, the AFM tip was pushed towards the slides to 50 pN and held at this force for 1 s, then retracted at 600 nm/s for 1 s. Occasionally, a single molecule
of protein was mechanically stretched between the tip and substrate and an unfolding curve can be observed. (f) Fitting method for force vs. extension unfolding curves. Force of the
first unfolding peak was recorded as unfolding force, F. Worm-like-chain (WLC) model (red curve) was used to fit the force peaks for the contour length change DL [59]. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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unpaired t-test). In all the distributions, there is a major peak at the
low force region (between 20 and 40 pN), with a long tail extending
into the high force region. Therefore, by considering the shape of all
these distribution, we assume a boundary of 70 pN to separate the
high force tail from the main distribution for comparison. The
population of the high rupture force tail (>70 pN) is shown in



Fig. 2. Unbinding forces of curves with single force peak. (a) Unbinding force histogram of E-cadherin bonds after a 2-seconds contact. The total number of events is 407. (b)
Unbinding force histogram of cadherin 7 bond after a 2-seconds contact. The total number of events is 366. (c) Unbinding force histogram of E-cadherin bond after a 10-seconds
contact. The total number of events is 74. (d) Unbinding force histogram of cadherin 7 bond after a 10-seconds contact. The total number of events is 95. (e) Unbinding force
histogram of E-cadherin bond in pull-release force cycle. The total number of events is 149. (f) Unbinding force histogram of cadherin7 bond pull-release force cycle. The total
number of events is 58. A significant difference (p < 0.0001) between Cad7 and Ecad as evident from these figures, calculated by an unpaired t-test. The dash lines at a 70 pN in
(a)e(f) are chosen to separate the high force unbinding events from the main force peak in the distributions. (g) The box dot plots of the unbinding force data. The bottom and top of
the boxes are the first and third quartiles, the band inside the box is the second quartile (median), and the ends of the whiskers show 1.5 interquartile range (IQR) from the lower
and upper quartiles, respectively. (h) Probabilities of high unbinding forces from (a)e(f). A long contact time raise the probability for both E-cadherin and cadherin 7. However, E-
cadherin bonds show a more evident larger probability of high rupture forces, whereas in case of cadherin 7 bonds the probability remain a similar level.
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Fig. 2h. Compared with the results obtained for the 2-sec contact,
the larger probability of high rupture forces for the 10-sec contact
indicated slightly strengthening of the homophilic interactions for
both E-cadherin and cadherin 7. The difference between E-cadherin
and cadherin 7was distinct in the case of the pull-release-pull force
cycle. For E-cadherin, the strengthening of the homophilic inter-
action by pre-pulling at a force of 25 pN is more evident, whereas
no or only a limited effect was observed after pre-pulling for cad-
herin 7. To exclude the multiple binding, only force-extension
curves with single force peak were taken for plotting here. The
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histograms for all force-extension curves are shown in Fig. S1. We
also performed control experiments on unbinding of cadherins in
absence of Ca2þ, and observed the significantly decrement of
binding probability as listed in Supporting Information table S1.
3.2. Partial unfolding of EC domains by external forces

To examine the mechanical stability of the EC domains of both
cadherins, forced unfolding measurements were also carried out at
the single-molecule level. The histograms of the force for the first
unfolding event in each AFM trajectory are shown in Figs. 3a and b
(red bars) for E-cadherin and cadherin 7, respectively. The average
unfolding force of E-cadherin was only slightly higher than that of
cadherin 7. The unfolding forces of the E-cadherin EC domains were
similar to that of C-cadherin, also measured by AFM [38]. On the
Fig. 3. Indication of unfolding occurs prior to unbinding. (a) Histograms of unbinding for
E-cadherins. The probability that unfolding occurs prior to unbinding calculated from the ov
The total number of events for the unbinding and unfolding histograms are 379 and 117,
unfolding (red) forces for cadherin 7. The probability that unfolding occurs prior to unbindin
first unfolding peak. The total number of events of unbinding and unfolding histograms are
legend, the reader is referred to the web version of this article.)
other hand, because each of the five E-cadherin EC domains con-
tains around 110 amino acids, the contour length of each unfolded
EC domain should be approximately 42 nm. In the native state, the
physical size of each domain is about 3e5 nm [38,39]; thus, the
change in contour length, DL, for the one-step unfolding of each EC
domain would be expected to be the difference in these measure-
ments; i.e., about ~ 38 nm. As shown in the insets of Figs. 3a and b,
the contour length changes (DL) of most of the unfolding events
were smaller than 38 nm. The small DL indicates that there are
stable intermediate states along the unfolding pathways and, in
most cases, partial unfolding of the EC domains was observed. This
is consistent with the SMD simulation results of the first two EC
domains of cadherins [40].

To further explore the mechanical stability of E-cadherin at a
force condition close to that observed in vivo [41], Magnetic
ces after a 2-seconds contact (blue) and the forces of the first unfolding events (red) for
erlap area is 12%. The inset shows the histogram of the DL of the first unfolding events.
respectively. (b) Histograms of unbinding forces after a 2-seconds contact (blue) and
g calculated from the overlap area is 6%. The inset shows the histogram of the DL of the
366 and 226, respectively. (For interpretation of the references to colour in this figure
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tweezers/evanescent nanometry was used to unfold the EC do-
mains at a force of 5 ± 3 pN (SD). Specific biochemical linkage
groups were used at both terminals of the full E-cadherin extra-
cellular segment to fix individual molecules between the magnetic
beads and the quartz substrate. In this way, only the functionalised
proteins, i.e., E-cadherin EC domains in this case, were stretched by
magnetic tweezers [42]. Both unfolding and refolding events were
observed in the same trajectory of pulling EC domains by magnetic
tweezers (Fig. 4b, insert). The contour length changes, DL, in
unfolding and refolding displayed a broad distribution (Figs. 4a and
b). Similarly, most unfolding events in magnetic tweezers mea-
surements resulted in DL of less than 38 nm, confirming the partial
unfolding of EC domains observed in the AFM experiments. The
dwell time, t, between a pair of consequent events is relevant to the
rates of events [31]. The histograms of the dwell time for folding/
unfolding events (Figs. 4c and d) were fitted by single-exponential
decay with unfolding and refolding rates of ~0.027 s�1 and
~0.032 s�1, respectively.
3.3. Rupture of the homophilic interactions and unfolding of EC
domains

Interestingly, for both cadherin types, the histograms of the
unfolding and unbinding forces exhibited a partial overlap. From
the histograms, the probability that the partial unfolding of the EC
Fig. 4. Forced unfolding of extracellular domains of E-cadherins by magnetic tweezers. (
(blue). The DL was calculated from the extension change and force using the Worm-Like-Ch
303. The histogram of DL measured by AFM is shown in red, with 263 total number of eve
events. The total number of events is 108. The inset shows a typical extension-time trajecto
Ca2þ. The external force was kept at 5 ± 3 pN (SD). The unfolding/refolding steps were found
unfolding and refolding rates of 0.028 s�1 and 0.031 s�1, respectively, by exponential fittin
reader is referred to the web version of this article.)
domains happens before the rupture of the homophilic interaction
was estimated to be 12% and 6% for E-cadherin and cadherin 7,
respectively (see Methods in File S1). Also, some trajectories show
multiple force peaks. It is very difficult to distinguish whether these
force peaks correspond to the breakage of multiple binding or
partial unfolding of EC domains. Statistically, the ratios of pulling
trajectories with multiple peaks were 15% for E-cadherin and 13%
for cadherin 7, which are much higher than the multiple binding
probabilities predicted by Poisson statistics, 5% and 6%, respec-
tively. Thus, some of these multiple force peaks are probably the
observation of partial unfolding of EC domains. In addition, some of
the unbinding trajectories, the curve before rupture deviated from
that predicted by the worm-like-chain (WLC) model, indicating the
deformation of molecular structures. Some examples of multiple-
peaked trajectory are shown in Fig. S2.
4. Discussion

4.1. The binding force of E-cadherin is stronger than cadherin 7

The AFM results show that the interaction between E-cadherin
(type I) is stronger than that between cadherin 7 (type II), as the
average unbinding force is higher for E-cadherins (Fig. 2). This is in
agreement with in vivo cell adhesionmeasurements [6,7]. However,
here AFM experiments aremeasuring the unbinding force at single-
a) Histogram of change in contour length, DL, for unfolding events in magnetic tweezers
ain (WLC) model, with a persistance length of 0.38 nm. The total number of events is
nts. Two histograms show a similar distribution. (b) The histogram of DL for refolding
ry with both unfolding and refolding events in a HEPES buffer with pH 7.2 and 1 mM
by a reported algorithm [60] (red step) (c) and (d) show the dwell time distributions of
g (red curves). (For interpretation of the references to colour in this figure legend, the
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molecule level, so strengthening mechanisms at the cellular level,
e.g. lateral clusters [43,44] and other cytoplasmic mechanosensing
proteins [19e21], are absent. This indicates that the stronger un-
binding force than that of cadherin 7 is an intrinsic property of E-
cadherin dimer and should be determined by the structure and
organisation of the E-cadherin EC domains. On the other hand,
crystallographic data suggest that both type I and type II cadherins
form dimers by a strand-swapping mechanism [13,14]. The larger
buried surface in the strand-swapped dimer of type II cadherin
suggests the better stability, consistent with in vitro ultracentrifu-
gation experiments [17]. This seems contradictory to the lower
unbinding forces observed in AFM experiments for cadherin 7 (type
II), as well as the cell adhesion measurements [6,7].

4.2. Strengthening of cadherin adhesion over time and by forces

Further investigations on the homophilic interactions of E-
cadherin and cadherin 7 show a strengthening effect for both E-
cadherin and cadherin 7 homophilic interactions over contact-
time. By changing the contact time from 2 s to 10 s before
measuring the unbinding forces (Fig. 2) in AFM experiments, we
observed a trend in the increment of the percentage of high un-
binding force for both E-cadherin and cadherin 7. This is similar to
the observation at the cellular level, where the dual-pipette assay
experiments show that the unbinding force between cadherin-
expressing cells keeps increasing in 30 min for E-cadherin and
100 min for cadherin 7 respectively after contact [45]. Our results
suggest that such strengthening of cadherin homophilic binding
over time is an inherent molecular property and may contribute to
the strengthening effect of cadherin-mediated cell adhesion.

In addition, the AFM experiments with the pull-release-pull
cycles reveal that pre-pulling at a force of 25 pN can strengthen
the binding between E-cadherin EC domains and cause a higher
probability of large unbinding forces (Fig. 2). This strengthening
effect by force is more significant than that observed over time,
indicating a substantial role of mechanical force on the homophilic
interaction of E-cadherins. Though the same stretching and release
cycles may not occur at native state in cells in vivo experiments at
the cellular [46] and molecular [18] levels have shown that the
cytoskeleton exerts tension forces on cadherins. Thus, this force-
strengthening mechanism probably is critical for the rapid and
strong adhesion of E-cadherins. In contrast, the force-
strengthening effect is absent in case of cadherin 7. Therefore, at
the molecular level, force can differentiate the homophilic binding
of E-cadherin and cadherin 7, and in turn this should be one of the
factors leading to the significant difference in cell adhesions
mediated by these two types of cadherins [6]. In other words, the
role of force to change conformation of cadherins during the dy-
namics of cell adhesion should not be neglected, as so far it is.

4.3. Force can deform/unfold cadherin EC domains

It is well established that stretching forces can deform or unfold
proteins [47,48]. It has also been shown that force can activate
vinculin binding to talin and a-catenin by unfolding them to expose
the binding sites [49,50]. At cadherin-mediated cell adhesion,
cadherins are also force-bearing nodes similar to talins/a-catenins,
so it is very interesting to find that cadherin EC domains undergo
conformational changes, i.e. partial unfolding and deformations,
under external forces by both the AFM and magnetic tweezers
experiments. The distribution of the DL in these unfolding events
(Fig. 4a and Fig. S3 in Supporting Informations) is similar to the
SMD simulation results [39,40,51], all below the contour length of
individual EC domain, ~38 nm. This means that each EC domain
usually won't unfold completely in one step, but go through one or
a few stable intermediate states. The distribution of the unfolding
forces in AFM experiments overlaps partially with that of the un-
binding forces in Fig. 3. From the overlap, the chance of a partial
unfolding event before an unbinding event in AFM experiments is
estimated to be 12% and 6% for E-cadherin and cadherin 7,
respectively. In addition, the deformation of the EC domains
without unfolding was also occasionally observed prior to bond
rupture in the unbinding force vs. extension trajectories for both
cadherin types (Fig. S2), as implied by the deviation from the WLC
model in the curve prior to the peak.

In magnetic tweezers experiment, the E-cadherin EC domains
were able to unfold at a force of 5 ± 3pN (SD), which is close to the
tension forces applied by the cytoskeleton on E-cadherin in vivo
[41]. At such a low force, the unfolding and refolding rates were
both around 0.03 sec�1, which is not slower than the turnover rate
of E-cadherin measured in vivo [52e54]. The maturation process of
junctions takes even longer, ~30 min for E-cadherin [6]. All of these
results indicate that there is an unnegligible probability for the
conformational change of EC domains prior to the rupture of their
homophilic interactions during the initial phase of cell adhesion
dynamics.

4.4. Force is essential in strengthening of cell adhesion

Conformational change of the EC domainsmay result in stronger
bonds between E-cadherins, e.g. the catch-bond model proposed
by Rakshit et al. There may also be other molecular mechanism
involved. For example, the conformational change can expose extra
hydrophobic surfaces, some of which may become alternate bind-
ing sites, just like the case of amyloid aggregates, which are formed
from inter-molecular b-type interactions of unfolded normal pro-
teins. In contrast, type II cadherins unfold in different pathways
[55], leading to different exposed intermediate surfaces, likely
unsuitable for additional binding. Nevertheless, the force triggered
strengthening effect at the molecular level may exist in vivo and
closely correlates with cytoskeleton, as evidenced by the following
facts: 1) in vivo experiments at the cellular [46] and molecular [18]
levels have shown that the cytoskeleton exerts tension forces on
cadherins; 2) the unbinding force of individual E-cadherin in-
teractions measured between single cells [56] is higher than that
measured in our experiments as well as those from other studies
for isolated EC-domains [34,36,37] at the similar loading rate; 3)
force can trigger a series of conformational changes that could, in
turn, cause bond formation or junction remodelling [20]; 4) the
junctions between E-cadherin-expressing cells and stiff gel were
stronger than those established with a soft gel [21].

Nevertheless, cadherin-mediated cell adhesion is a complicated
process. So far many related mechanisms have been proposed, e.g.
catch bonds of X-dimers, the involvement of the last three domains
[30], the conformational changes in the cytoplasmic region, cyto-
plasmic linker proteins, GTPase activity and the network/cluster of
trans- and cis-interactions of cadherins [24,45,57,58], as well as
external forces. We believe that all of these mechanisms/factors
may work together in cadherin-mediated cell adhesions, and the
absence of one ormore of thesemechanisms/factors may result in a
significant change in the adhesive strength.

In summary, our molecular force experiments showed varied
strength in the homophilic interactions between the EC domains of
E-cadherin and cadherin 7, as well as different mechanical stability
of their EC domains. Even in the absence of the cytoplasmic region,
individual E-cadherin (type I) displays a stronger unbinding force
than cadherin 7 (type II). External forces applied by the AFM
cantilever were also found to strengthen the E-cadherin in-
teractions rather than that between cadherin 7. In addition, the
results from the unfolding experiments suggest that the stability of
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cadherin EC domains are not enough to ensure their integrity prior
to the rupture of their homophilic interaction, and thus the chance
of partial unfolding/deformation of these EC domains is not negli-
gible. Furthermore, magnetic tweezers experiments demonstrated
that partial unfolding of EC domains can take place at a force close
to that borne by the cytoskeleton in vivo. Based on these findings,
we propose that force play an essential role on differentiating the
homophilic binding of various cadherins, i.e. type I and type II
cadherins, as well as cell adhesion they mediate. This is the first
attempt from such a more physical perspective to uncover the
detailed mechanisms of cadherin-mediated adhesion.
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