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Abstract
Micropipette manipulation measurements quantified the pre-steady state binding kinetics between
cell pairs mediated by Xenopus cleavage stage cadherin. The time-dependence of the intercellular
binding probability exhibits a fast forming, low probability binding state, which transitions to a
slower forming, high probability state. The biphasic kinetics are independent of the cytoplasmic
region, but the transition to the high probability state requires the third extracellular domain EC3.
Deleting either EC3 or EC3–5, or substituting Trp2 for Ala reduces the binding curves to a simple,
monophasic rise in binding probability to a limiting plateau, as predicted for a single site binding
mechanism. The two stage cadherin binding process reported here directly parallels previous
biophysical studies, and confirms that the cadherin ectodomain governs the initial intercellular
adhesion dynamics.

The cadherin family of adhesion proteins mediates cell-cell interactions in all solid tissues
(1). These calcium-dependent cell surface glycoproteins are critical for morphogenesis and
for directing the segregation of cells into distinct tissues during development. In addition to
their mechanical role as adhesion molecules, they are also signaling proteins that influence
cytoskeletal reorganization, cell migration, and proliferation through interactions with other
cadherins and possibly with other cell surface receptors.

Classical cadherins are the most extensively studied of the cadherin superfamily. The
proteins comprise an extracellular region, and single-pass transmembrane domain, and a
cytoplasmic domain (2). The extracellular region embeds the adhesive and selectivity
functions of the protein. It folds into five structurally homologous extracellular (EC)4

domains numbered 1–5 from the N-terminal domain (3). The cytoplasmic domain mediates
signaling through interactions with catenins (1).

Several approaches have been used to investigate cadherin recognition, binding, and signal
transduction. Sequence exchange and cell aggregation studies mapped the specificity-
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determining region to the first extracellular domain EC1 (4). For this reason, this domain has
been the focus of the majority of mechanistic studies of cadherin adhesion and binding
specificity. In the crystal structure of the soluble N-terminal domain (EC1) of neural
cadherin, the Trp2 (W2) residue was docked in a hydrophobic pocket of the adjacent EC1
domain (5). This reciprocal Trp2 exchange is referred to as a “strand dimer.” The structure
of the ectodomain of Xenopus cleavage stage cadherin (C-cadherin) similarly exhibited this
Trp2 exchange, but between anti-parallel EC1 domains (3). Electron tomography images of
desmosomal cadherins in mouse epidermis also suggested that similar interactions form in
tissue, although the images contain a wide variety of other configurations and possible
interactions (6). Studies showing that W2A and W2G mutations eliminate cell adhesion,
also suggest that the docked Trp2 side chain forms the sole adhesive interface (7, 8).

Other biophysical measurements, however, identified additional cadherin bonds, which
involve other regions of the cadherin ectodomain than EC1. Surface force measurements
first identified additional domain interactions (9, 10). In addition to adhesion between EC1
domains, Zhu et al. (11) mapped a second, stronger bond to the third EC domain (EC3).
Other classical cadherins exhibit similar behavior (12). Cell adhesion studies using flow
assays also implicated additional domains in adhesion (13). Similar to the surface force
measurements, single bond rupture measurements demonstrated that the outer EC12
fragment forms two relatively weak bonds with fast dissociation kinetics. However, the full-
length extracellular fragment EC1–5 forms two stronger bonds with slow dissociation
kinetics, in addition to the weak, fast EC12 bonds (14, 15). The population of strong bonds
also increases at the expense of the weak bonds with increasing protein contact times (15).
These findings are not consistent with a simple, one site binding mechanism.

A recent proposal that Trp2 is an allosteric regulator of global cadherin adhesive activity
may reconcile the multi-bond model with the Trp2 requirement for adhesion. Prakasam et al.
(16) showed that the W2A mutation both abrogates the weak EC12-mediated bond and
substantially attenuates the strong, EC3-dependent binding. Tsuji et al. (17) similarly
reported weak residual binding between ectodomain dimers with the W2A mutation, and
showed that this mutation disrupts lateral C-cadherin dimers on the cell surface. Prakasam et
al. (16) postulated that W2 mediates the EC1 bond and allosterically regulates the activity of
other domains, e.g. EC3 in the extracellular segment. Nevertheless, the translation of these
force measurements at the molecular level to adhesion at the cell level has not yet been
demonstrated.

Quantitative biophysical studies of cadherins have been based primarily on measurements of
soluble, cadherin extracellular domains (3–5, 9, 10, 15, 16, 18–22). The underlying
assumption that the truncated, soluble ectodomain accurately models the full-length,
membrane-bound protein is untested. In the case of integrins, for example, allosteric
coupling between the cytoplasmic and extracellular regions underlies outside-in and inside-
out signaling (23–25). This is decoupled in soluble fragments, so that mutations are required
to lock-in either the active or inactive integrin configuration (24, 26, 27). There is also
evidence for inside-out signaling in the cadherin family. In Xenopus embryos, chemokines
can activate cleavage stage cadherin, independent of changes in cadherin expression (28,
29). Src kinase activation correlates with the disruption of (cadherin-mediated) cell-cell
junctions (30, 31). Apparent differences between adhesion by soluble ectodomains and
membrane-bound cadherin also suggest some influence from the cytoplasmic domain (32).
There is, however, no direct comparison of the binding properties of soluble, recombinant,
and membrane-bound cadherin.

Only a few techniques allow quantitative comparisons between recombinant, soluble
protein, and the cell surface forms. Comparing the trajectories of cells in flow chambers
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with those of protein-decorated beads could test this (33–35). One could also compare the
bond rupture forces between soluble ectodomains (15) with those between soluble
ectodomains and membrane-bound cadherin (32).

Such comparisons are possible with the micropipette manipulation technique, which
quantifies binding between individual cell pairs bearing complementary receptors and
ligands (36, 37). Live cells with surface-bound receptors and ligands are aspirated into
opposite micropipettes, and brought into contact for a defined period. Typically, at least one
of the cells is a red blood cell (RBC). Adhesion causes the RBC to distort during separation,
and to then recoil at bond rupture. The RBC distortion gives the adhesion strength (37).
Alternatively, the kinetic rates and two-dimensional affinities of the receptor-ligand bonds
are quantified from the dependence of the binding probability on the cell contact time (36).
The binding probability is the number of detected binding events divided by the total
number of cell-cell contacts. Because these micropipette measurements are also used to
quantify the binding kinetics between soluble protein fragments immobilized on RBCs, they
enable quantitative comparisons of the properties of recombinant proteins with their
membrane bound forms. Micropipette measurements have been used to study interactions
between Fcγ receptors, selectins, integrins, and CD8 with their respective receptors (36, 38–
44).

Here, we describe micropipette binding probability measurements of the pre-steady state
kinetics of intercellular adhesion mediated by Xenopus cleavage stage cadherin. The binding
probability curves exhibit complex kinetics characterized by a fast, low probability binding
state and a slower forming, high probability binding state. This kinetic behavior contrasts
with the simple, monophasic rise to a limiting binding probability, predicted by a single site
binding model. Studies with isolated extracellular domains tested the impact of the
cytoplasmic domain on the cadherin binding dynamics. In addition, by deleting either the
EC3 or EC3–5 domains we identified protein segments required for this complex kinetic
behavior. The biphasic kinetics exhibited by the full-length extracellular region directly
parallels prior biophysical studies, and confirms that the nanomechanical properties of the
recombinant cadherin ectodomain govern the initial dynamics of cell-cell contact formation.

EXPERIMENTAL PROCEDURES
Cell Lines, Proteins, and Plasmids

The pEE14 plasmid containing the full-length Xenopus C-cadherin cDNA, the pEE14
plasmid containing the cDNA encoding the hexahistidine-tagged C-cadherin extracellular
domain with the W2A mutation, and the CHO cell line expressing the full-length C-cadherin
with the W2A mutation were generously provided by B. Gumbiner (University of Virginia).

To generate cell lines expressing the W2A mutant of soluble CEC1–5-His6 and the full-
length C-cadherin, CHO-K1 cells were stably transfected with the plasmids encoding the
different C-cadherin constructs. Cells were transfected using Lipofectamine 2000, according
to the manufacturer’s protocols (Invitrogen). The cells were cultured in Glasgow MEM
medium supplemented with 10% dialyzed fetal calf serum, and selected with 25 μM
methionine sulfoximine (MSX) as described (13). For the secreted proteins, the clone with
highest protein production rate was identified by Western blot. The mouse monoclonal anti-
His antibody (Upstate, Charlottesville, VA) and goat anti-mouse HRP conjugated antibody
(Santa Cruz Biotechnology, Santa Cruz, CA) were used to detect the protein.

Prior to the micropipette experiment, the cells were detached from the flask with Hank’s
Balanced Salt Solution (HBSS) (Invitrogen, Carlsbad, CA), with 0.01% trypsin and 1 mM
CaCl2 for 15 min (45). The cells were incubated in phosphate buffered saline (PBS) with 5

Chien et al. Page 3

J Biol Chem. Author manuscript; available in PMC 2012 October 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mM EDTA and 1% bovine serum albumin (BSA) at 4 °C for at least 30 min, and then used
in micropipette assays within 12 h. Prior to use, the EDTA was removed and replaced with 2
mM Ca2+.

The production and purification of the soluble C-cadherin extracellular domain deletion
mutants EC1245-Fc and EC12-Fc, CEC1–5-His6, and W2A CEC1–5-His6 are described
else-where (11, 13). The protein purity was assessed by SDS-PAGE. The aggregation
activity of each protein was further characterized with bead aggregation assays (16).

Sample Configuration and Preparation in the Micropipette Manipulation Assays
Fig. 1A exemplifies the configuration of the cells in the micropipette manipulation
experiment. In this case, the CHO cell on the left expresses the full-length, wild-type C-
cadherin (C-CHO) (Fig. 1B). The RBC on the right is modified with anti-hexahistidine
antibody, which in turn captured soluble hexahistidine-tagged C-cadherin ectodomain
fragments (CEC1–5His6). In other cases, the capture antibody was anti-human IgG, and the
C-cadherin fragment was C-terminally fused to a human Fc tag (Fig. 1B). In a third
configuration (not shown), both cells were modified RBCs.

The monoclonal anti-hexahistidine (Upstate) or anti-human immunoglobin G Fc domain
antibodies (Sigma-Aldrich), were used to capture cadherin on the RBC surface. The
antibodies were attached chemically to red blood cell surfaces, using CrCl3 coupling
chemistry (46, 47).

RBCs were obtained from the peripheral blood of a healthy donor, which was collected in
sterile Vacutainers (BD Biosciences, San Jose, CA) containing EDTA, using a protocol
approved by the Institutional Review Board of Georgia Institute of Technology (38). After
centrifugation, the RBCs were collected and washed with 0.9% NaCl, and then resuspended
in red blood cell storage solution EAS 45 (48). About 108 red blood cells (in 100 μl of EAS
45) were collected for the CrCl3 coupling reaction. The cells were resuspended in 250 μl
saline (0.85% NaCl, w/v) containing 1 μg capture antibody. To these cells were added 250
μl of CrCl3 solution (in 0.02 M acetate and 0.85% NaCl, w/v). However, to vary the surface
density of capture antibodies, we varied the final concentrations of CrCl3 between 10−6 and
10−4 % (w/v). After 5 min, the reaction was quenched with 500 μl of PBS containing 5 mM
EDTA and 1% BSA. The thus modified RBCs were stored in EAS 45 buffer at 4 °C. The
RBCs can be thus stored for up to 3 weeks without significant hemolysis.

To couple the different Xenopus C-cadherin extracellular fragments to the antibody-
functionalized RBC surface, 1 μg of hexahistidine or human Fc-tagged C-cadherin
fragments were incubated with 2 × 105 antibody-labeled RBCs at 4 °C for 1 h in 100 μl of
phosphate-buffered saline, supplemented with 5 mM EDTA and 1% BSA. The cells were
then pelleted and rinsed, in order to remove unbound cadherin. The thus modified cells were
used for micropipette measurements.

Quantifying the Cadherin Surface Density on RBCs and CHO Cells
The cadherin density on the cells was determined by fluorescence-activated cell sorting
(FACS). Calibrated fluorescein isothiocyanate (FITC)-labeled standard beads (Bangs
Laboratories, Fishers, IN) were used as a reference. Monoclonal anti-C-cadherin antibody (1
μg) (Santa Cruz Biotechnology) was used to stain the C-cadherin-labeled cells, which were
stored in phosphate-buffered saline with 0.5 mM EDTA and 1% BSA at 4 °C for 30 min.
Cells were then stained with 1 μg of FITC-conjugated anti-goat IgG antibody in phosphate-
buffered saline with 0.5 mM EDTA and 1% BSA at 4 °C for 30 min. The fluorescence
intensity of the labeled cells was quantified with a BD LSR flow cytometer (BD
Biosciences, San Jose, CA) as described (38). The fluorescence intensity for each population
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of the five standard beads was used to determine the fluorescence calibration curve. The
protein density on the cells was determined by dividing the number of fluorophores on the
cells by the estimated cell surface area. The fluorophore density on the cells was quantified
by comparing the total fluorescence intensity on the cells against a calibration curve
generated with the FITC standard beads.

Micropipette Measurement of Cell Adhesion Dynamics
Adhesion probability measurements with the micropipette were conducted as described
previously (36). Both the C-cadherin-expressing CHO K1 cells (C-CHO) and modified
RBCs were incubated in the sample chamber mounted on the microscope stage. The
chamber was filled with L-15 medium (Invitrogen) containing 1.26 mM CaCl2, and
supplemented with 1% BSA. Cells were aspirated into each of the two micropipettes, which
were then used to position the cells adjacent to each other. The contact area was adjusted to
~3 μm2 (~2 μm diameter). One of the micropipette manipulators is interfaced to the
computer via a piezoelectric actuator, which controls the cell contact time and changes the
micropipette position by moving cells in and out of contact at a speed of 0.1 μm/s. The
intercellular contact time is operator-programmed. The RBC deformations during cell
contact and retraction are visualized in real time with a CCD camera and TV monitor. An
adhesion event is identified from the elongation of the RBC during micropipette retraction.
Adhesion is scored as 1, while a non-adhesion event is scored as 0. Each cell pair was
subjected to 50–100 contact-retraction cycles, after which we determined the binding
probability. The binding probability is defined as the number of binding events detected per
total number of cell contact-retraction cycles attempted. For each cell-cell contact time, we
measured three to five pairs of cells (n > 150). Data are represented as the mean ± S.D. from
the mean.

Cell pairs consisted of (i) a transfected CHO cell and a cadherin-modified RBC or (ii) two
cadherin-modified RBCs. The RBCs were modified with either hexahistidine-tagged or
Human Fc-tagged soluble ectodomain fragments. The CHO cells expressed either the wild-
type C-cadherin or the W2A mutant of the full-length C-cadherin. The three different
control measurements consisted of (i) an antibody-coated RBC (no cadherin) interacting
with a C-CHO. The second set of control measurements were done with 5 mM EDTA in the
chamber medium, and, in the third control, we first incubated the cadherin-coated RBC with
4 μg of anti-C-cadherin, polyclonal blocking antibody for 30 min.

RESULTS
Adhesion between CHO Cells Expressing Wild-type C-Cadherin and RBCs Coated with
CEC1–5-His6 Exhibits Biphasic Kinetics

Fig. 2A shows a representative time course of the binding probability obtained with the
experimental configuration in Fig. 1. The cadherin densities on the CHO cell and RBC were
~7 and 3/μm2, respectively. Instead of a simple rise to a limiting plateau, as observed with
other receptors (36, 38–44), this time course is biphasic, and exhibits two different,
consecutive kinetic stages. Within the first 2 s, the background-corrected binding probability
increases rapidly to the first plateau at ~0.2; that is, ~20% of cell-cell contacts result in
adhesion. This low probability state is followed by a 2–5-s lag phase, and subsequent
transition to a high probability binding state and second plateau. At these cadherin densities
(Fig. 2A), the upper plateau is at 0.87 ± 0.05. There was no further change in the binding
probability after 20 s.

Several control measurements assessed the background adhesion. These included
measurements between C-CHO and antibody-modified RBCs without the cadherin
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ectodomains (blank). A second control was conducted with 5 mM EDTA in the medium. In
the third control, measurements were done in the presence of polyclonal anti-C-cadherin
antibody, which blocks cadherin adhesion (blocking AB). These controls all reduce the
binding probability to ~0.1 (Fig. 2A). The latter is attributed to nonspecific binding. In all
subsequent binding time courses reported in this manuscript, the background was subtracted
from the data using the following equation (49): Pc = (P − P0)/(1 − P0). Here Pc is the
background-corrected binding probability, P is the raw binding probability, and P0 is the
binding probability of the control.

The cadherin density does not alter the biphasic kinetic profiles, but it changes them
quantitatively (Fig. 2B). Decreasing 2 the CEC1–5 His6 density from ~10 to ~3 cadherin/μm
reduced the first plateau from 0.46 ± 0.06 to 0.31 ± 0.03, and may slightly increase the
duration of the lag. Decreasing the C-cadherin density on the C-CHO from 7 to 1 cadherin/
μm2 decreased the plateau of the high probability state from 0.79 ± 0.03 to 0.56 ± 0.03 (Fig.
2B). This 7-fold reduction in cadherin density also appears to increase the lag slightly.

Biphasic Cadherin Kinetics Do Not Require the Cytoplasmic Domain
To test the impact of the cytoplasmic domain on the two stage (biphasic) kinetics, we
measured the binding time course between two RBCs coated with the His6-tagged extra-
cellular domain of C-cadherin (CEC1–5-His6), which lacks both the transmembrane and
cytoplasmic domains. The resulting binding probability versus time curve (Fig. 3A) is also
bipha-sic. Binding increased rapidly in the first 2 s, at both cadherin densities examined.
After a subsequent 2–5-s lag, the binding transitioned to the second, high probability state.
At both CEC1–5 His6 densities, the binding curve plateaued within 20 s. These profiles are
qualitatively similar to those measured between C-CHO and CEC1–5His6 (see Fig. 2),
indicating that the ectodomains alone determine the biphasic kinetics within the first 40 s of
contact.

Studies suggest that cadherin dimerization enhances cadherin activity (50). To test the
influence of lateral dimerization on the cadherin binding dynamics, we immobilized
preformed cadherin dimers on the RBCs. The cadherin ectodomains are dimerized, by
fusing them to the human IgG Fc domain, at the C terminus (CEC1–5-Fc). The dimers are
then immobilized on the RBCs via anti-human-Fc monoclonal antibodies (CEC1–5 Fc
RBC).

The time-dependent binding probability measured between two RBCs modified identically
with CEC-Fc dimers is also biphasic (Fig. 3B), but the overall curve shifts slightly to the
left, compared with data in Fig. 3A. The first, fast binding stage plateaus within 1s, and is
followed by a shorter lag phase and a faster transition to the high probability binding state.
Interactions between C-CHO and CEC1–5 Fc RBCs (Fig. 3C) also shift the curve left,
relative to the curves in Fig. 2. In this case, the first step plateaus within 2 s, and the second
stage plateaus within 15 s, which is intermediate between that measured with the CEC1–5-
Fc RBC/CEC1–5-Fc RBC and C-CHO/CEC1–5 His6 RBC cell pairs.

Biphasic Cell Binding Kinetics Require Specific Cadherin Domains
Cadherin adhesion requires the EC1 domain (4, 7, 8, 51). However, increasing evidence
shows that the full-length protein and EC3 are required for strong binding (11, 13–15). Here
we investigated the impact of removing domains EC3 and EC3–5 on cadherin binding
dynamics.

Fig. 4 shows the binding time course measured with the cadherin Fc-tagged domain deletion
mutants CEC12-Fc and CEC1245-Fc bound to RBCs via the anti-human-Fc antibody.
Removing EC3 substantially alters the kinetic profiles (Fig. 4). The time courses exhibit a
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single, monophasic rise to a low probability binding state. There is no lag or subsequent
transition to a high probability binding state. This is not due to insufficient cadherin surface
densities. The densities of the immobilized fragments required to achieve a binding
probability of 0.2, as in the first, fast step measured with the full ectodomain (see Fig. 2),
were 10 and 158 cadherin/μm2 for CEC1245-Fc and CEC12-Fc, respectively. Even at the
highest cadherin density, there was little change in the binding probability after 20 s.
Measurements at lower Fc-tagged ectodomain densities also exhibited simple kinetics, and
the binding curve plateaued below 0.2 (not shown). The CEC12-Fc binding curve
approaches the plateau at a similar rate as the biphasic CEC1–5-Fc binding curves approach
the first plateau. This also suggests similar dissociation rates (36). In contrast, the CEC1245-
Fc binding curve rises at a slower pace, suggesting slower kinetic rates.

Kinetic Analyses of Monophasic Binding Probability Curves
Binding mechanisms and kinetic rate constants of the receptor-ligand interactions can be
determined from the dependence of the binding probability on the cell contact duration. For
a simple one-step reaction (Equation 1),

(Eq. 1)

the analytical expression for the time-dependence of the adhesion probability between cells
with a given contact area AC is in Equation 2 (36).

(Eq. 2)

Here mL and mR are the surface density of the receptor and the ligand, respectively. The
apparent affinity constant is Ka = kf/kr where kr and kf are the reverse and forward binding
rates, respectively. This model predicts a simple monophasic rise in the binding probability
with time. With systems that exhibit such binding curves, as in Fig. 4, the parameters Ka and
kr can be estimated from nonlinear least squares fits of Equation 2 to the probability time
courses. The forward binding rate kf is determined from kf = Kakr.

We thus determined kinetic rates associated with the time courses in Fig. 4, by fitting the
data using Equation 2 (solid lines, Fig. 4). The apparent contact area AC of ~3 μm2 was set
at the beginning of each series of measurements. The best-fit parameters obtained from the
CEC1245-Fc versus C-CHO time course were Ka = (3 ± 1) × 10−3 μM+2 and kr = 0.31 ±
0.06 s−1. The fitted parameters obtained with the CEC12-Fc fragment were Ka = (1.4 ± 0.5)
× 10−4 μm−2 and kr = 0.9 ± 0.2 s−1. These results are summarized in Table 1.

We considered the possibility that cadherin dimers could bind in a two step reaction, if
cadherins on the C-CHO also bind as dimers. The reaction scheme in this case is Equation 3.

(Eq. 3)

We tested this mechanism by fitting the data (not shown) to the analytic expression for the
time-dependent binding probability for this dimer-binding mechanism.5 This model did not
improve the fits. An F-test indicated that the more complicated reaction scheme was not
statistically justified. Calculated F values were 0.37 and 0.04 for fits to the CEC1245-Fc and
CEC12-Fc data, respectively.
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The mass action effects on the kinetics can be investigated, by rearranging Equation 2. We
applied a log transformation to the plateau adhesion probabilities Pa(∞), and plotted −ln[1 −
Pa(8)] versus the product of the cadherin densities expressed or coated on the two cells, mL
× mR (Fig. 5) (36). In this case, −ln[1 − Pa(∞)] is proportional to mL × mR. The triangles in
Fig. 5 are the thus normalized data measured between identically modified CEC1245 Fc
RBCs. The CEC12-Fc data fall much below this line (not shown), suggesting a much lower
apparent affinity.

We similarly normalized the data obtained with the full ectodomains by ln(1 − P1) and by
ln(1 − P2), where P1 and P2 are the respective magnitudes of the first and second plateaus.
These normalized data are also shown in Fig. 5, for comparison. It is important to note that
the low probability binding data fall along a straight line (black squares), which is collinear
with the CEC1245 data. The linear dependence on the cadherin density product suggests that
the formation 5C. Zhu, unpublished manuscript. of the first binding state is proportional to
the molecular densities on the respective cell surfaces. The slope of the line also represents
the product of the affinity and contact area, ACKa. Based on the colinearity of these two
normalized data sets (Fig. 5, black symbols), one could postulate (i) that the underlying
kinetic mechanisms are the same and (ii) that the CEC1245-Fc interaction has an apparent
affinity equal to that of the first, fast binding step of the wild-type protein.

The normalized data for the high probability state (white triangles) do not exhibit an obvious
linear dependence. This may be due to the greater error in the measured adhesion
probabilities above ~0.8, relative to the mid-ranged values.

W2A Mutants Exhibit Simple Binding Time Courses with Slow Kinetics
The second amino acid from the N terminus in the mature cadherin, Trp2 is reportedly
critical for robust cell adhesion. These studies investigated the impact of the W2A mutation
on cadherin kinetics. Binding probability curves were measured (i) between C-CHO and
W2A CEC1–5-His6 RBCs and (ii) between CEC1–5-His6 RBCs and W2A C-CHO at two
different expression levels (Fig. 6). In all three cases, the cells adhere, and the binding time
course exhibits simple, monopha-sic kinetics. The binding probability increases with contact
time to a limiting plateau, similar to previous studies (see Fig. 4). The profiles are similar
qualitatively regardless of whether the mutation is in the soluble ectodomain fragment or in
the full-length cadherin on the C-CHO.

The W2A mutant densities required to achieve comparable binding frequencies were
substantially higher than required for CEC12-Fc and CEC1245-Fc fragments (Fig. 6 and
Table 1). Nonlinear least squares fits of the data using Equation 2 (Fig. 6, solid lines) show
that this can be explained by a lower apparent affinity than either the CEC12-Fc or the
CEC1245-Fc fragments. The apparent affinities Ka of the W2A mutant for wild-type
ectodomains, at ~1 × 10−5 μm2 are more than two orders of magnitude lower than that of
CEC1245-Fc, and the dissociation rates are nearly 10-fold slower than that of CEC12-Fc.
Again, the simple kinetic model (Equation 2) describes the data, and fitting to the dimer-
binding model was not justified statistically. In all three data sets (Fig. 6), the best-fit
parameters (Table 1) were, however, statistically similar to each other, regardless of whether
the W2A mutation was on the soluble fragment or on the full-length protein on the CHO
cell. The independence of the fitted parameters on the protein densities also confirms that
equation 1 describes the binding mechanism.

DISCUSSION
The significant new findings of this study are that the initial, cadherin-mediated cell contact
formation occurs by a complex kinetic process that requires the full ectodomain, and that

Chien et al. Page 8

J Biol Chem. Author manuscript; available in PMC 2012 October 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



this kinetic behavior is independent of the cytoplasmic domain. The cadherin binding curves
exhibit a fast, low probability binding state and a second, high probability binding state,
which forms more slowly and requires the full extracellular segment. The two kinetic states
are separated by a lag, the duration of which depends in part on the cadherin surface density
and on the state of cadherin oligomerization. Measurements between RBCs coated
identically with the truncated ectodomains demonstrate that, within the first 40 s, the cell
adhesion kinetics are independent of the cytoplasmic domain.

The cytoplasmic domain requirement for the formation of robust intercellular junctions is
well established (52). Importantly, these micropipette assays do not contradict the previous
studies because they do not quantify the adhesion strength. The probability time courses
reflect the mechanism of cadherin binding and the associated kinetic rates. Our results show
that the cytoplasmic domain does not alter the biphasic binding kinetics during the first steps
of cell-cell contact formation. Over longer time scales (>40 s) the cytoplasmic domain is
likely involved in adhesion strengthening via mechanisms such as cadherin clustering (2,
53).

These findings also raise interesting questions concerning the mechanisms and impact of
inside out signaling on cadherin activity. There is increasing evidence that cadherin function
is regulated by several different mechanisms, which include clustering on the cell surface,
internalization, and association with cell surface proteins such as growth factor receptors (1,
28, 50, 53–55). The activation of small GTPases and Src regulates cadherin activity (31, 56,
57), and growth factors such as EGF alter cadherin activity, independent of changes in cell
surface expression (1, 28, 54, 55). Any or all of these mechanisms could involve the
cytoplasmic domain in some (as yet undefined) way. Our findings allow for possible
perturbations, such as described above. Such perturbations could alter the binding kinetics
and consequently the intrinsic cadherin activity. In this study, we did not perturb the CHO
cells in ways that could alter the intrinsic cadherin activity. However, these micropipette
assays demonstrate new possibilities for interrogating quantitatively the impact of such
perturbations on cadherin function.

The qualitative features of the biphasic time courses require specific ectodomain segments.
The first, low probability state requires EC12. Domain deletion mutants containing EC12
bind wild-type cadherin with rapid kinetics comparable to the kinetics of the first, fast
forming low probability state measured between full-length ectodomains. The normalized
data (Fig. 5) further support the equivalence of these two bonds. This conclusion agrees with
surface force measurements, which similarly mapped the CEC1245-Fc bond to the EC1
domain (11). Together these findings provide compelling evidence that EC1 mediates the
first, fast step in cadherin-dependent cell contact formation. This agrees with single bond
rupture studies, which also linked the fast, weak bonds between full ectodomains to EC12
(14, 15).

A second direct parallel with previous force measurements is that the slower forming, high
probability state requires EC3. In force measurements, weak EC12 bonds form rapidly, but
the additional strong bonds, which require the full ectodomain and EC3, form more slowly
(14, 15). Consistent with our micropipette data, increasing the protein contact time from 0.1
s to 3 s increased the population of strong E-cadherin bonds at the expense of the weak
EC12 bonds (15). Surface force measurements also demonstrated that the strongest cadherin
bond requires EC3 (11). The distance dependence of the adhesion by the extracellular
fragments EC345 (ΔEC12); EC1245 (ΔEC3), and EC1–5 showed that removing EC3
eliminates the strongest cadherin bond. The requirement of domains other than EC1 for
strong adhesion is supported by single bond rupture measurements (14, 15) and by cell
adhesion assays (13).
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Based on the numerous parallels between these cell adhesion results and the earlier
biophysical studies, one can not help but speculate that the high probability binding state and
the strong adhesive bonds detected in prior molecular force measurements are directly
linked, and possibly the same. Importantly, these micropipette measurements demonstrate
that C-cadherin binding at the molecular level (10, 11, 14) translates to intercellular
adhesion.

A much higher CEC12-Fc density (158 cadherins/μm2) achieved a slightly lower limiting
plateau (~0.48) than CEC1245-Fc (~0.55) at (10 cadherins/μm2). The lower CEC12-Fc
activity also agrees with prior biophysical measurements (11, 13). Here, we show
quantitatively that this is due to a lower apparent affinity (Table 1), which is likely due to
structural perturbations due to the protein truncation. Recent reports show that subtle
structural changes can significantly alter cadherin function (7, 16, 17). An alternative
explanation is that its shorter molecular length may reduce the apparent two-dimensional
affinity of CEC12-Fc relative to the longer CEC1245-Fc (58).

The W2A mutant binds to wild type ectodomains, although this mutation reportedly
abrogates cell adhesion (7, 8, 17, 59). Nevertheless, our results agree with reports that both
canine E-cadherin W2A EEC1–5 Fc and Xenopus C-cadherin W2A CEC1–5-Fc aggregate
beads (16, 17). The apparent discrepancy between these micropipette results and other cell
adhesion assays is attributed to the lower (single bond) detection threshold of the
micropipette measurements. The much lower affinity of the W2A mutant (Table 1) accounts
for its impact on cell adhesion, bead aggregation, and force measurements. The estimated
affinity of the W2A mutant for wild-type cadherin is an order of magnitude lower than that
of CEC12-Fc fragment and more than two orders of magnitude lower than CEC1245-Fc
(Table 1). The substantial affinity reduction caused by this substitution is consistent with the
critical role of Trp2 in cadherin adhesion.

Although the residual W2A binding might be attributed to H-bond formation between Glu89

and the N terminus of an opposed β-strand (7), this explanation is not supported by these
and other findings. First, loss of Trp2 docking would weaken the EC1 bond, but this would
not affect the biphasic probability curve. This technique measures binding probability, and
not adhesion. Merely enhancing or weakening adhesion at the same site would not alter
biphasic kinetics. Second, force measurements showed that the W2A mutant of E-cadherin
forms a single weak bond to wild-type cadherin and to a second W2A mutant, in contrast to
the wild-type protein, which forms two bonds (16). The mutant also adhered at the identical
membrane separation as binding between opposed EC345 mutants (ΔEC12), which lack
EC1 entirely (11).

Structure-based models postulate that cadherin-mediated cell adhesion only requires the
strand exchange between Trp2 residues and hydrophobic pockets on opposite EC1 domains.
This is equivalent to the receptor-ligand binding reaction described by Equation 1, and
would only result in simple binding kinetics, as shown in Figs. 4 and 6. Although we have
not yet determined the detailed reaction mechanism and kinetic rates for all steps in the
biphasic time course, the simple strand exchange mechanism would not account for either
the two stage binding time course or its dependence on the presence of either EC3 or EC3–5
domains.

In summary, these kinetic measurements of single cell interactions show that cadherin-
mediated binding occurs in a two stage process that is independent of the cytoplasmic
domain. The biphasic kinetics requires multiple extracellular domains: namely, the first, fast
forming state requires EC12, but the slower, high probability binding state requires EC3. By
contrast, W2A, CEC12, and CEC1245 all exhibit monophasic binding time courses
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characteristic of a simple binding mechanism. Furthermore, kinetic analyses also show that
only the formation of a single, mutual bond between full-length ectodomains would not
generate the biphasic reaction time course observed in these measurements.
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FIGURE 1.
A, configuration of the CHO cells and modified red blood cell in the micropipette
measurements. The CHO cell (left) is aspirated into a 7-μm diameter glass pipette. The
CHO expresses the full-length cadherin, including the cytoplasmic, transmembrane, and
extracellular regions. The red blood cell (right) is aspirated into a 1.3-μm diameter pipette.
The RBC, which is activated with CrCl3 binds capture antibody to the cell surface. The
capture antibodies used were either monoclonal anti-His6 or monoclonal anti-human-Fc
antibodies. These in turn capture the hexahistidine-tagged or Fc-tagged soluble cadherin
ectodomains. B, scheme illustrating the relative protein configurations on the opposing cells.
The full-length C-cadherin on the C-CHO (top) faces the recombinant cadherin ectodomain
bound to the RBC surface (bottom). This illustrates the CEC1–5 Fc captured by the
monoclonal anti-human Fc antibody, which is covalently bound to a glycoprotein on the
RBC.
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FIGURE 2.
A, binding probability versus contact time between C-CHO and RBCs derivatized with
CEC1–5-His6. The black diamonds show the time evolution of the adhesion probability
between CHO cells expressing the full-length C-cadherin at 7 cadherin/μm2 and RBCs
coated with CEC1–5 His6 at 3 cadherin/μm2. In the blank control (white squares), we
measured the adhesion probability between C-CHO and the antibody-coated red blood cells
without bound CEC1–5. The black triangles indicate measurements between C-CHO and
CEC1–5 His6 RBCs in 5 mM EDTA. The white triangles show the data obtained in the
presence of blocking antibody. B, binding probability versus contact time between C-CHO
and CEC1–5 His6 RBCs at different cadherin densities. The background-corrected binding
time courses were measured between C-CHO (7 cadherin/μm2) and CEC1–5His6 (10
cadherin/μm2) (white squares); C-CHO (7 cadherins/μm2) and CEC1–5His6 (3 cadherins/
μm2) (black squares); and C-CHO (1 cadherin/μm2) and CEC1–5His6 (10 cadherin/μm2)
(black triangles).
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FIGURE 3. Effect of cadherin dimerization on biphasic kinetics
The time-dependent binding probabilities are reported for three different cell configurations.
A, background-corrected data show the adhesion probability versus contact time between
RBCs modified identically with CEC1–5 His6 at densities of ~4 (black squares) and ~5
(black circles) cadherins/μm2. B, measurements between identically modified CEC1–5 Fc
RBCs at 39 cadherins/μm2 (white squares) and 12 cadherins/μm2 (white circles). C,
measurements between C-CHO and CEC1–5 Fc RBCs. The cadherin densities on the C-
CHO and RBCs were, respectively, 10 and 12 cadherins/μm2 (black squares) and 1 and 38
cadherins/μm2 (black circles). The data also show the blank (white squares) and EDTA
control (white circles).
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FIGURE 4. Binding probability versus contact time between C-CHO and the domain deletion
mutants CEC1245-Fc or CEC12-Fc on RBCs
Background adhesion was subtracted from all data. The time-dependence of the adhesion
probability was measured between C-CHO (7 cadherin/μm2) and CEC1245-Fc RBC (10
cadherin/μm2) (white squares) and between C-CHO (7) and CEC12-Fc RBCs (158
cadherin/μm2) (black circles).
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FIGURE 5. Semilog plot of the probability of total adhesion (−Ln(1 − Pi)) versus the product of
surface densities of cadherin on the two cells (mR × mL)
The black squares show the data from Fig. 2B normalized relative to the first plateau (P1)
and the white squares are data normalized relative to the second plateau (P2). The black
triangles show the data obtained with C-CHO and CEC1245-Fc RBCs normalized relative to
the limiting plateau in Fig. 4.
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FIGURE 6. Adhesion time courses between cadherin W2A mutants and wild-type cadherin
Adhesion probabilities measured between C-CHO (44 cadherin/μm2) and CEC1–5-His6
W2A on the RBC (556 cadherin/μm2) (black triangles); C-CHO W2A (24 cadherin/μm2)
and CEC1–5-Fc RBC (328 cadherin/ μm2) (black circles); and C-CHO W2A (24 cadherins/
μm2) and CEC1–5-Fc RBC (453 cadherin/μm2) (white squares). The background binding
probability was subtracted from all data. The solid lines through the data are the weighted
nonlinear least squares fits to Equation 2. The best-fit parameters are summarized in Table
1.
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