Ideal, catch, and slip bonds in cadherin adhesion
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Classical cadherin cell-cell adhesion proteins play key morphoge-
netic roles during development and are essential for maintaining
tissue integrity in multicellular organisms. Classical cadherins bind
in two distinct conformations, X-dimer and strand-swap dimer;
during cellular rearrangements, these adhesive states are exposed
to mechanical stress. However, the molecular mechanisms by
which cadherins resist tensile force and the pathway by which
they convert between different conformations are unclear. Here,
we use single molecule force measurements with an atomic force
microscope (AFM) to show that E-cadherin, a prototypical classical
cadherin, forms three types of adhesive bonds: catch bonds, which
become longer lived in the presence of tensile force; slip bonds,
which become shorter lived when pulled; and ideal bonds that are
insensitive to mechanical stress. We show that X-dimers form
catch bonds, whereas strand-swap dimers form slip bonds. Our
data suggests that ideal bonds are formed as X-dimers convert
to strand-swap binding. Catch, slip, and ideal bonds allow cadher-
ins to withstand tensile force and tune the mechanical properties
of adhesive junctions.

single molecule biomechanics | force clamp | trans dimers |
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uring tissue formation and wound healing, cells experience

mechanical stress. They resist tensile force by adhering to
neighboring cells using the classical cadherin family of Ca**-
dependent cell-cell adhesion proteins. Cadherins are essential
for embryogenesis and for maintaining tissue integrity in multi-
cellular organisms. Defects that alter adhesion lead to diverse
diseases such as cardiovascular disease and metastatic cancers
(1-4). Cell-cell adhesion is a dynamic process; cadherins tailor
their adhesion in response to changes in the mechanical prop-
erties of their surrounding environment. However, the molecular
mechanisms by which cadherins modulate adhesion and with-
stand mechanical stress are not fully understood.

Adhesion is mediated by the cadherin extracellular region; this
region is comprised of five domains arranged in tandem (2, 5).
Structural studies show that classical cadherins from opposing
cells bind in two distinct frans conformations (6). In one con-
formation, known as a strand-swap dimer, opposing cadherins
insert the side chain from a conserved Tryptophan at position 2
(W2) into a hydrophobic pocket on their adhesive partner (6-9).
A second conformation, called an X-dimer, is formed by exten-
sive surface interactions between the two outer domains of the
cadherin extracellular region (6, 10-12). Although it has been
proposed that X-dimers convert to a strand-swap conformation
(6, 10), the mechanism by which this conversion occurs is un-
clear. Furthermore, although the structures of strand-swap and
X-dimers have been resolved in atomic detail, the functional
properties of these adhesive states are unknown.

Force measurements using mechanical probes show that single
cadherins adhere strongly, indicating that cadherin #rans dimers
have long lifetimes in the presence of a pulling force (13, 14). In
contrast, the binding affinities (5, 6) and lifetimes (15) of cad-
herin dimers in solution is remarkably low. This discrepancy
between low binding affinities measured in solution under force-
independent conditions and relatively strong adhesion is a major
controversy in the cadherin field (16). However, the kinetics of
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cadherin interactions in the presence of pulling force has not yet
been measured.

Theoretical studies predict that when a force is applied to
interacting biomolecules, they respond in one of three distinct
ways (17, 18): (i) they slip apart and their bonds become shorter
lived when pulled (slip bonds), (if) the interacting molecules
catch and their bonds, counter intuitively, become longer lived in
the presence of tensile force (catch bonds) or (i) the bonds are
insensitive to mechanical stress (ideal bonds). Slip bonds are the
most commonly observed interactions in biology. Catch bonds,
which provide a way for molecules to grip tightly and stabilize
their attachments in the presence of mechanical stress, have
been observed with motor proteins like myosin (19) and kinet-
ochores (20) and with adhesive proteins like selectins (21-23),
FimH (24, 25), and integrins (26), but not with cadherins. The
third type of biomolecular interaction, ideal bonds, have also
been proposed to play a role in permitting adhesive proteins to
withstand mechanical stress (17). However, until now, ideal
bonds were only a theoretical possibility (17, 18, 27); they had
not been experimentally observed in any biological system.

Here, we use single-molecule force measurements with an
atomic force microscope (AFM) to show that classical cadherins
form bonds with catch, slip, and ideal mechanical properties.
Cadherins switch between these bond types by changing their
binding conformation; whereas X-dimers form catch bonds,
strand-swap dimers form slip bonds. Our data suggests that ideal
bonds are measured when X-dimers convert to strand-swap
binding. The discovery of cadherin catch bonds reconciles the
difference between cadherin binding properties measured by
using solution and force measurements techniques. Catch, slip,
and ideal bonds allow cadherins to withstand tensile force and
tune the mechanical properties of intercellular junctions.

Results

Experimental Design. We measured the force-dependent bond
lifetimes of X-dimers, strand-swap dimers, and wild-type (WT)
E-cadherin using single-molecule AFM force clamp spectroscopy.
X-dimers were engineered by mutating the swapped amino acid W2
to alanine (W2A); X-ray crystallography has revealed that strand
swapping is abolished in these mutants and they form an X-dimer
structure (6). We trapped cadherins in a strand-swap dimer con-
formation by mutating Lys14 to glutamic acid (K14E); structural
studies show that X-dimer formation is disrupted in these mutants
(6). Finally, we also engineered the double mutant, W2A-K14E,
where both strand-swapping and X-dimer formation is abolished (6).

Engineered cadherins, immobilized on glass coverslips and
AFM cantilevers (Fig. 14) (9), were allowed to interact for dif-
ferent periods of time by controlling the duration that the AFM
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Fig. 1. Single-molecule force clamp experiments show that cadherin X-dimers form catch-slip bonds. (A) Schematic of AFM tip and substrate functionalized
with cadherins for single-molecule force clamp measurements. The tip and surface were functionalized with PEG linkers, some of which were decorated with
streptavidin molecules. Biotinylated cadherin monomers were attached to the streptavidins. (B) Typical data obtained in an AFM force clamp experiment. A
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cadherin functionalized substrate and AFM tip were initially brought into contact to form a trans dimer. The AFM tip was then rapidly withdrawn from the
surface and “clamped” at a predetermined force so that a constant pulling force was applied to the cadherin-cadherin bond. Bond lifetime at the clamping
force was determined from the persistence time of the bond. Complete lifetime measurement cycle is shown in S/ Appendix, Fig. S16. (C) Interaction of WT
cadherins, W2A strand-swap mutants, and K14E X-dimer mutants are Cca?* dependent. Less than 2% binding events were measured in the presence of EGTA,
a Ca®* chelator. Similarly, the frequency of nonspecific binding was less than 2% when the interaction of W2A-K14E double mutant was measured in the
presence of 2.5 mM Ca*; previous experiments have shown that both X-dimer and strand-swap dimer interactions are abolished in this mutant. (D) Bond
survival probabilities for W2A cadherin were measured at nine different forces and approximately 1,000 to 2,000 measurements were conducted at each
force. The probability P(t) that a pair of single molecules survive in the bound state at a constant force is given by P(t) =3 P;(0) x e i), where ki(f) is the off
rate and 1/k;(f) is the bond lifetime. The measured bond survival probabilities were described by the sum of two exponentials. The high probability state
occurred because of the unbinding of X-dimers or strand-swap dimers (Inset), whereas the low probability state occurred because of nonspecific adhesion. (E)
Force-dependent bond lifetimes of the high probability state of W2A cadherin X-dimers exhibit a biphasic catch-slip behavior. Bond lifetimes initially increased
with force indicating the presence of a catch bond. Beyond a critical force of ~30 pN, lifetimes decreased with force, indicating slip bond behavior. Bond
lifetimes at individual clamping forces were determined by using three methods: (i) by fitting the bond survival probabilities to a double exponential decay to
obtain lifetime of the high probability, X-dimer state (black squares), (ii) by measuring the mean lifetime (red circles) of the high probability state, and (iii) from
the standard deviation of lifetime of the high probability X-dimers (blue diamonds). The mean lifetime was fit to a sliding-rebinding model for two pairs of
pseudoatoms (solid green line). (F) To confirm that the catch-slip behavior measured with W2A cadherins was not a mutagenesis artifact, WT cadherins were
trapped in an X-dimer conformation by competitively inhibiting strand swapping using free W in solution. In the presence of 2 mM free W, the WT cadherins
form catch-slip bonds. Error bars for bond lifetimes correspond to standard errors, whereas error bars for force correspond to standard deviation.

tip and surface were in contact. Using a servo controlled feedback
loop, the cadherin-cadherin bond was clamped at a constant
force. The persistence time of the bond gave the lifetime at the
clamping force (Fig. 1B). Because bond failure is a stochastic
process, measurements were conducted approximately 1,000—
2,000 times at five to nine different forces, and bond survival
probabilities were calculated. We determined bond lifetimes
at the different clamping forces from their mean lifetimes, the
standard deviation of lifetimes, and exponential fits of the bond
survival probability (23).

Cadherin binding frequency was adjusted to ~7% by control-
ling the cadherin density on the tip and substrate. Under similar
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experimental conditions, cadherin surface density was deter-
mined to be 65 + 18 cadherins per pm?, which corresponds to an
average distance of 124 nm between neighboring cadherins (9).
Because the separation between neighboring cadherins is an
order of magnitude larger than the radius of curvature of the
AFM tip, it is expected that the measured lifetimes correspond
to the interaction of single cadherins immobilized on the surface
and the AFM tip, respectively. Based on the measured binding
frequency, Poisson statistics predicts that more than 96% of
measured events occur because of the rupture of single bonds.
Binding of WT cadherin and the W2A and K14E mutants were
highly specific and Ca®* dependent; less than 2% binding events
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were measured when cadherins were eliminated from either the
tip or the substrate or in the presence of EGTA, a Ca®* chelator
(Fig. 1C).

As observed in previous cadherin force measurements (13, 14,
28, 29), the measured bond survival probabilities were described
by the sum of two exponentials (Fig. 1D; SI Appendix, Figs. S2—
S6); an F-test confirmed the double exponential fits with 95%
confidence (SI Appendix, Tables S2-S6) (30). The coefficient of
the second exponential did not systematically vary with force (S
Appendix, Figs. S13-S15), suggesting that the two exponentials
correspond to the existence of two bound states rather than
being an intrinsic part of the kinetics of single-state binding (31).
The adhesive state with higher binding probability was weaker
and had a shorter lifetime compared with the lower probability
binding state.

We hypothesized that the high probability state occurred be-
cause of the unbinding of X-dimers or strand-swap dimers,
whereas the low probability state was due to nonspecific adhe-
sion. To test this hypothesis, we measured the force-dependent
bond lifetimes of the W2A-K14E double mutant (SI Appendix,
Fig. S7); previous analytical ultracentrifugation experiments have
shown that both X-dimer and strand-swap dimer interactions
are abolished in this mutant (6). We also measured the force-
dependent lifetimes of nonspecific interactions between WT
cadherins immobilized on an AFM tip (Fig. 14) and a substrate
that lacked cadherins (SI Appendix, Fig. S8). The measured
survival probabilities of both nonspecific interactions and of
the double mutant binding showed a single exponential decay
indicating that they interact in only one state (SI Appendix,
Fig. S7 and S8 and Tables S7 and S8). The force-dependent
lifetimes of this state were identical to the long-lived state mea-
sured with WT, W2A, and K14E cadherin binding, confirming
that this low-probability state arises because of nonspecific
interactions (SI Appendix, Fig. S9 and Table S9). In further
agreement with this data, the total binding probability of the
W2A-K14E double mutant was <2%, which is comparable to
the nonspecific binding probabilities measured with the WT,
W2A, and K14E cadherins in the absence of Ca** (Fig. 1C).
The remainder of this paper only focuses on the high-probability,
specific binding state.

X-Dimers Form Catch-Slip Bonds. W2A cadherin mutants immobi-
lized on the AFM tip and substrate were allowed to interact for
0.3 s to form X-dimers, and their force-dependent bond lifetimes
were measured (SI Appendix, Fig. S2 and Table S2). The X-
dimers exhibited a biphasic relationship between lifetime and
force (Fig. 1 D, Inset and E). The bond lifetimes initially in-
creased with force, indicative of a catch bond. After reaching
a maximum at a critical force of ~30 pN, the lifetimes decreased
with force, indicating slip bond behavior (Fig. 1E).

To confirm that the catch-slip behavior was not an artifact
caused by introducing an Ala in place of Trp in the W2A mutants,
we forced the WT cadherin into an X-dimer conformation by
competitively inhibiting strand swapping using free W in solution.
In the presence of 2 mM free W, the WT cadherins interacting for
0.3 s also formed catch bonds at low forces that transitioned to slip
bonds beyond a critical force of ~30 pN (Fig. 1F).

We hypothesized that X-dimers form catch bonds because the
application of a tensile force changes the orientation of cad-
herins in the X-dimer: As they are pulled apart, the cadherins
form transient bonds with an alternate binding site that slows
unbinding and allows stochastic reformation of a dimer (S Ap-
pendix, SI Materials and Methods, Fig. S1, and Table S1). The
measured biphasic bond lifetimes were well described by such
a “sliding-rebinding” model (32, 33) (Fig. 1 E and F).

Strand-Swap Dimers Form Slip Bonds. Unlike cadherin X-dimers,
the K14E mutants, which only form strand-swap dimers, showed
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a traditional slip bond behavior; their bond lifetimes decreased
with increasing tensile force (Fig. 2 4 and B). Slip bonds were
measured at both long (3.0 s; Fig. 24 and SI Appendix, Fig. S3
and Table S3) and short interaction times (0.3 s; Fig. 2B and SI
Appendix, Fig. S4 and Table S4).

Next we used AFM force clamp experiments to measure the
force-dependent bond lifetime of WT cadherins. Previous stud-
ies have shown that although strand-swapping occurs at a slower
rate than X-dimer formation, the final strand-swapped dimer has
a higher binding affinity (6). Consequently, when WT cadherins
interact for a long period (3.0 s), they formed slip bonds char-
acteristic of a strand-swap dimer (Fig. 2C and SI Appendix, Fig.
S5 and Table S5). WT cadherin that interact for 1.0 s also formed
identical slip bonds (SI Appendix, Fig. S12).

The WT cadherin slip bonds were indistinguishable from the
slip bonds formed by K14E strand-swap dimers (Fig. 2.4A-C). We
globally fit the WT and the K14E cadherin data with a micro-
scopic slip bond model (34) to obtain best-fit parameters across
all datasets. The global fits yielded an intrinsic lifetime of 0.63 s
(Fig. 2 A-C and SI Appendix, Table S10).

Ideal Bonds Are Measured When WT Cadherins Interact for a Short
Time Period. When their interaction time was decreased to 0.3 s,
the WT cadherins formed ideal bonds; their lifetimes were in-
dependent of force (Fig. 2D and SI Appendix, Fig. S6 and Table
S6). The intrinsic lifetime of the ideal bond was 0.04 s (Fig. 2D).
We hypothesize that the ideal bonds correspond to an in-
termediate state as X-dimers transition to a strand-swap con-
formation (Fig. 2E); when strand-swapping is competitively
inhibited, the WT cadherins form X-dimers (Fig. 1F). Ideal
bonds are predicted to occur when the interaction energies of the
bound state and the transition state of a receptor-ligand complex
are harmonic with identical elastic constants and resting lengths
(17). Ideal bond like behavior is also predicted in a multidimen-
sional energy landscape when the extension of the receptor-li-
gand pair along the pulling coordinate is identical for the bound
state and the transition state (27).

Next, we measured whether WT cadherins that were permit-
ted to interact for a very short period (0.001 s) form ideal bonds
(SI Appendix, Fig. S10); this interaction time corresponds to the
fastest data acquisition rate of our force measurement apparatus.
Even at this short interaction time, the WT cadherins formed
ideal bonds, suggesting that the transition from X-dimer to the
intermediate state occurs at a rapid rate.

Because the WT cadherins were loaded at a constant ramp
rate to a constant hold force, we also tested the ramp-rate de-
pendence of ideal bond formation; a recent study has shown that
a mechanical bond that behaves as a catch-slip bond at low ramp
rates may transform to slip-only bonds at high ramp rates (35).
When we increased the ramp rate by an order of magnitude, the
WT cadherins with 0.3 s interaction time continued to behave as
ideal bonds, indicating the rate of force application did not affect
ideal bond behavior (SI Appendix, Fig. S11).

Discussion

In summary, we used single-molecule force measurements to
show that depending on their binding conformation, cadherins
form catch bonds that adhere tightly in the presence of force, slip
bonds that have a longer lifetime in the absence of force, and
ideal bonds that are insensitive to force. Whereas X-dimers
form catch bonds, strand-swap dimers form slip bonds. We hy-
pothesize that ideal bonds are formed as X-dimers convert to
strand-swap binding.

Cadherin catch bonds presumably allow cells to grip tightly
and lock in place when pulled. We anticipate that cadherin catch
bonds are widespread because nonclassical cadherins, which
account for 81% of cadherins in the vertebrate genome, lack the
sequence determinants for strand swapping and likely form X-
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rate of strand swapping, cadherins first form X-dimers that subsequently convert to strand-swap dimers via an intermediate that forms ideal bonds.

dimers (11). In fact, recent crystallographic studies show that the
nonclassical T-cadherin adheres in an X-dimer conformation

more tightly. Consequently, the biphasic catch-slip behavior of
X-dimers can be fit with a sliding-rebinding model (32, 33) (Fig.

that is virtually indistinguishable from the W2A X-dimer (11).
Because catch bonds strengthen in the presence of force, our
experiments reconcile the apparently contradictory finding that
the lifetime of frans dimers measured in solution is low (15),
whereas their lifetimes measured using mechanical probes is
large (13, 14).

Our model for catch bond formation is that the application of
a tensile force reorients cadherins in the X-dimer so that they
form transient bonds with an alternate binding site and lock

18818 | www.pnas.org/cgi/doi/10.1073/pnas.1208349109

1 E and F). We were unsuccessful in fitting the data to other
models for catch-slip bond formation, including two-pathway
models, where force drives the system away from its native dis-
sociation pathway into an alternative pathway involving a higher
energy barrier (21, 36-38), and an allosteric model that suggest
that force alters X-dimer conformation and induces changes in
the cadherin binding site (31).

We propose that ideal bonds are formed by an intermediate
state when X-dimers transition to a strand-swap conformation

Rakshit et al.


www.pnas.org/cgi/doi/10.1073/pnas.1208349109

(Fig. 2E). This intermediate state adopts a structure where its
extension along the pulling coordinate is identical for both the
bound state and the transition state; consequently, its bond
lifetime is independent of pulling force (27). In contrast, X-
dimers and strand-swap dimers pulled along the same direction
form catch-slip and slip-only bonds, respectively. The rate of
force application does not affect ideal bond behavior. Further-
more, ideal bonds are measured even when WT cadherins in-
teract for the short time of 1 ms, suggesting that the transition
from X-dimer to the intermediate state occurs rapidly. How-
ever, the structure of this state and the molecular contacts re-
sponsible for ideal bond formation still need to be resolved.

It is important to note that the bond survival probability of
WT, W2A, and K14E cadherins decay as the sum of two expo-
nentials. Such a double exponential decay could either be an
intrinsic part of the kinetics of a single bond (31, 38) or corre-
spond to the existence of two distinct bound states (13, 14, 28). If
a double exponential survival probability arises from a single
bound state, the coefficient of the second exponential would
increase monotonically with force (31, 38). However, in our data,
the probability of the long-lifetime component does not sys-
tematically vary with force, suggesting that the WT, W2A, and
K14E cadherins interact in two distinct bound states (SI Ap-
pendix, Figs. S13-S15). The lifetime vs. force curve for the long-
lived state is identical to the force-dependent lifetimes of non-
specific interactions (SI Appendix, Fig. S9 and Table S9). These
data demonstrate that the long-lived, low-probability state arises
because of nonspecific adhesion.

It should be noted that the bond lifetimes measured in our
experiments are not a result of failure of the noncovalent
streptavidin-biotin interactions that are used to immobilize the
cadherins on the AFM tip and surface. Previous studies have
shown that streptavidin-biotin linkages form slip bonds, the
lifetime of this bond, measured at a range of clamping forces up
to 150 pN, is more than two orders of magnitude greater than the
lifetimes reported here (39).

Our results suggest a physical mechanism that cadherins use to
resist tensile forces as cells rearrange during tissue formation and
wound healing. As cells migrate, cadherins bind rapidly to form
X-dimers; the X-dimer catch bonds allow migrating cells to grip
strongly under load. Over time, the X-dimers proceed to form
more robust strand-swap dimers that have a high affinity in the
absence of force; this conversion is facilitated by an intermediate
conformation that is insensitive to tensile force (Fig. 2F). Ideal,
catch, and slip bonds allow cadherins to resist mechanical stress
and tune the mechanics of intercellular junctions.

Materials and Methods

Engineering and Purification of Cadherin Constructs. Engineering, purification,
and biotinylation of WT E-cadherin has been described (9). Briefly, the full
extracellular region of E-cadherin with a C-terminal Avi-tag was cloned into
pcDNA3.1(+) vectors by using primers containing a Tev sequence and His-
tag. This cloning resulted in an ORF of the complete E-cadherin/Avi/Tev/His
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sequence. Cadherin mutations (W2A, K14E, and W2A-K14E) were in-
troduced in the EC1 domain of E-cadherin/ATH by point mutation using
QuikChange kit (Agilent). The engineered cadherin sequences were trans-
fected into HEK 293 cells that were selected using 400 pg/mL Genecitin
(G418; Invitrogen). Cells were grown to confluency in high glucose DMEM
containing 10% (vol/vol) FBS and 200 g/mL G418 and then exchanged into
serum-free DMEM. Conditioned media was collected 4 d after media ex-
change. Cell debris was removed by centrifugation and filtration.

His-tagged E-cadherin was purified from conditioned media by using
a Nickel NTA resin (Invitrogen); the media was incubated with the resin for
2 h, washed with Hepes buffer containing 50 mM imidazole and eluted with
250 mM imidazole. The protein was further purified by running through
a Superdex200 10/300 GL column (GE Healthcare) equilibrated with 25 mM
Hepes buffer at pH 7.4 containing 100 mM NacCl, 10 mM KCl, and 1 mM CaCl,.

After protein purification, the Avi-tag sequence on the E-cadherin/ATH
was biotinylated by using BirA enzyme (BirA500 kit; Avidity). After bio-
tinylation for 1 h at 30 °C, free biotin was removed by using a Superdex 200
10/300 GL column. Before biotinylation, the protein sample was exchanged
into a pH 7.4 low-salt buffer containing 25 mM Hepes, 5 mM NacCl, 1 mM
CaCl,, and concentrated to approximately 40 pM.

Single-Molecule Force-Clamp Experiments. Engineered cadherins were immo-
bilized on glass coverslips and the silicon nitride (Si3N,) tip of AFM canti-
levers (Olympus) using protocols described (9). Briefly, AFM cantilevers
and glass coverslips were sequentially cleaned by using a 25% H,0,:75%
H,SO,4 solution, deionized water, 1 M potassium hydroxide solution,
deionized water, and acetone. The AFM cantilevers and coverslips were
functionalized with amine groups by using a 2% vol/vol solution of 3-
aminopropyltriethoxysilane (Sigma) dissolved in acetone. The silanized
cantilevers and coverslips were functionalized with polyethylene glycol
spacers (PEG 5000; Laysan Bio) containing an amine-reactive N-hydrox-
ysuccinimide ester at one end. Seven percent of the PEG spacers presented
biotin molecules on their other end.

The biotins were incubated with 0.1 mg/mL streptavidin for 30 min.
Biotinylated cadherins were bound to the streptavidin molecules on the
AFM tip and surface. After cadherin immobilization, free biotin binding
sites on streptavidin was blocked by using a 10 uM solution of biotin. Before
beginning an experiment, the functionalized coverslips and AFM tips
were incubated in 0.1 mg/mL BSA for 12 h to minimize nonspecific
protein binding.

An Agilent 5500 AFM with a closed-loop piezoelectric scanner was used in
the single molecule force-clamp experiments. Spring constants of the AFM
cantilevers were measured with the thermal fluctuation method (40). Forces
were measured in a pH 7.5 buffer (10 mM Tris, 100 mM NacCl, and 10 mM
KCl) in either 2.5 mM CaCl, or 2 mM EGTA.

Bond survival probabilities were calculated by using two alternate
approaches. First, we distributed the measured bond lifetimes into force bins
and calculated the clamping forces and bond survival probabilities for the
events in each force bin; similar bond lifetimes were obtained by using
different bin sizes. Second, we calculated bond survival probabilities at the
exact clamping forces at which the experiments were done. Both approaches
yielded similar results.
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