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Abstract Desmoglein 1 is a desmosomal member of the
cadherin family expressed in stratified epithelia. Desmog-
lein 1 is the target adhesion molecule of severe blistering
skin diseases such as pemphigus or bullous impetigo.
However, despite this enormous pathological relevance, the
molecular binding properties of desmoglein 1 are largely
unknown. Using atomic force microscopic imaging, we
found that desmoglein 1 molecules displayed Ca**-depen-
dent conformational changes of the extracellular domains.
By single-molecule force-distance cycles, we provide evi-
dence that desmoglein 1 undergoes Ca®*-dependent
(K4 = 0.8 mm Ca®*) homophilic frans-interaction, which is
highly relevant for the contribution of desmoglein 1 hom-
ophilic binding to keratinocyte cohesion in distinct epider-
mal layers. Moreover, while the single-unit unbinding force
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is comparable to other cadherins (~40 pN at retrace velocity
of 300 nm/s), apparent differences with respect to multiv-
alency of interaction and lifetime of single bonds (0.17 s)
were observed. Thus, besides the biophysical character-
ization of desmoglein 1, a main outcome of the study is that
desmoglein 1 differs from other members of the cadherin
family in terms of some molecular binding properties.

Keywords Desmosome - Atomic force microscopy -
Pemphigus - Cadherin - Cell adhesion

Introduction

Desmosomes are specialized adhesive intercellular junc-
tions mainly confined to epithelial cells of simple and
multilayered epithelia, where they serve to stabilize the
epithelial barrier and protect it against mechanical shear
forces (Garrod, Merritt & Nie, 2002; Kottke, Delva &
Kowalczyk, 2006). The most obvious pathological conse-
quence of impaired desmosomal function is known as
pemphigus disease, a life-threatening blistering of the
epidermis and in certain cases of the upper alimentary
system (mouth, esophagus) (Amagai, 2003; Bystryn &
Rudolph, 2005; Payne et al., 2004; Stanley & Amagai,
2006). Pemphigus is caused by autoantibodies against de-
smoglein-type desmosomal adhesion molecules, which
belong to the cadherin superfamily (Sitaru & Zillikens,
2005). In contrast to other classical cadherins, in epithelial
cells the cytodomains of desmogleins are anchored to
intermediate filaments of the cytokeratin family via adaptor
proteins such as plakoglobin and desmoplakin (Garrod
et al., 2002; Kottke et al., 2006). In humans, the desmog-
lein family consists of four related members, i.e., desm-
ogleins 1, 2, 3 and 4 (Dsgl, -2, -3, -4) (Kottke et al., 2006).
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Autoantibodies directed to the ectodomain of Dsgl are the
main cause of pemphigus foliaceus, and a combination of
autoantibodies to Dsgl and Dsg3 causes the even more
severe pemphigus vulgaris (Bystryn & Rudolph, 2005;
Mahoney et al., 1999; Miyagawa et al., 1999). In bullous
impetigo, Dsgl1 is selectively cleaved by bacterial proteases
(Amagai et al., 2000; Payne et al., 2004; Stanley & Ama-
gai, 2006). This defines Dsgl as a clinically highly
important member of desmosomal cadherins. Recently, we
have shown by single-molecule atomic force microscopy
(AFM) that Dsgl-specifc autoantibodies in pemphigus fo-
liaceus do not directly interfere with Dsgl frans-interaction
but rather induce cellular mechanisms (Waschke et al.,
2005) and identified that Rho guanosine triphosphatases
(GTPases) are involved in the signaling events leading to
keratinocyte dissociation and epidermal splitting (Waschke
et al., 2006).

Despite the biological and clinical importance of Dsgl,
its binding properties have not been elucidated so far. Like
in all other conventional cadherins, the adhesive ectodo-
main of desmogleins consists of five homologous subdo-
mains, EC 1-5, that require Ca** for structural stability and
adhesive activity (Garrod et al., 2002; Kottke et al., 2006).
Three-dimensional reconstruction based on electron
micrographs of the intercellular cleft of desmosomes
indicated assembly of the ectodomains in which the out-
ermost EC 1 subdomains of neighboring desmosomal
cadherins associate laterally by cis-interaction and addi-
tionally bind to opposing molecules by trans-interaction
(He, Cowin & Stokes, 2003).

In the present study, we characterized molecular binding
properties of Dsgl by AFM using dimers of entire extra-
cellular domains of human Dsgl fused to the Fc portion of
human immunoglobulin G (Dsgl-Fc). We show by AFM
imaging that the ectodomain of Dsgl requires almost
millimolar concentrations of Ca®* to form straight rod-
shaped cis dimers, which, in the absence of Ca2+, separate
into diverging single stands. Force spectroscopy of trans-
interacting Dsgl molecules showed single-unit unbinding
events, comparable in strength to other cadherin-type
molecules. In addition, higher-order unbinding events were
recorded, suggesting changing degrees of overlap between
trans-interacting external domains with cumulative binding
strength.

Materials and Methods
Recombinant Dsgl-Fc

Dsgl-Fc was expressed by stably transfected Chinese
hamster ovary (CHO) cells and purified from culture su-
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pernatants by affinity chromatography exactly as described
previously (Waschke et al., 2005).

AFM

For imaging of hydrated Dsgl-Fc, the chimeric proteins
were covalently coupled to a gold-linked self-assembled
monolayer (SAM) in the presence or absence of Ca®*. For
this purpose, freshly cleaved mica sheets were sputter-
coated, yielding a gold layer of approximately 150 nm
thickness. In order to obtain ultraflat gold surfaces, flame
annealing was performed. The surface was checked by
AFM imaging, and if the desired flatness of the gold
surface was not reached, flame annealing was repeated.
For formation of a SAM, the gold-coated mica sheets
were incubated with a 1 mm solution of a 1:500 mixture
of liponic acid and liponic acid amide in ethanol for 2 h.
After rinsing twice for 5 min with ethanol and twice with
dimethyl formamide (DMF), the carboxyl groups of the
liponic acid were activated by incubation with 1 mmN-
hydroxy-succimide (NHS), 1 mwm diisopropylcarbodii-
mide, 1 mm N,N-Diisoporpylethylamine (DIPEA) and 0.2
mm Dimethylaminopyridin (DMAP) in DMF for 3 h at
room temperature. Afterward, the mica sheets were wa-
shed twice for 5 min with DMF, followed by MeOH and
then H,O. Then, the sheets were incubated with the Dsgl-
Fc chimeric protein at a concentration of approximately
0.03 ng/l in 4-(2-hydroxyethyl)-1-piperazineethanesulfon-
ic acid (HEPES) buffer (10 mm HEPES, 150 mm NaCl,
pH 7.4) containing 2 mm of either CaCl, or ethylene-
glycoltetraacetic acid (EGTA) for 15 min at room tem-
perature. Then, the sheets were washed three times in a
tris(hydroxymethyl)aminomethane (TRIS) buffer contain-
ing 10 mm TRIS, 150 mm NaCl and 2 mm of either CaCl,
or EGTA. Imaging was performed in the TRIS buffer
(with or without Ca®*) using a Bioscope AFM driven by a
Nanoscope III controller (Digital Instruments, Santa
Barbara, CA) equipped with standard high reflective
cantilevers (Park Scientific, Sunnyvale, CA). The nominal
spring constant chosen was 10 pN/nm, and scanning force
was adjusted to approximately 150 pN. Images were ob-
tained in the contact mode. In order to avoid tip artefacts
like double-tip effects, we typically prepared five SAMs
for one experiment, one of which was not further treated,
two of which were incubated with Dsgl in Ca”*-free
buffer and two of which were incubated in Ca®*-con-
taining buffer. The typical sequence of one experiment
was as follows. First, the tip was used for imaging a gold-
grain standard (Park Scientific). If the tip was found
appropriate, it was used for imaging of the SAM without
protein. Afterwards, again using the same tip, imaging of
the first Ca**-free sample was performed, followed by the
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first Ca®*-containing sample, the second Ca**-free sample
and finally the second Ca**-containing sample. This pro-
cedure was repeated with another tip.

AFM Force Measurements

Dsgl-Dsgl interactions were characterized by force-dis-
tance measurements of Dsgl coupled via flexible linkers to
the tip and substrate of the AFM. Dsgl was linked cova-
lently to the SizN, tip of the cantilever and freshly cleaved
mica plates (Wacker, Burghausen, Germany) using poly-
ethyleneglycol (PEG) spacers containing an amino-reactive
crosslinker group (NHS ester) at one end and a thiol-
reactive group (2-[pyridyldithio]propionate) at the other
end, as described previously in detail (Hinterdorfer et al.,
1996). The NHS group served to link PEG to free amino
acid groups at both the SizN, tip and the SiOH plate
introduced by treatment of the tip and plate with 2-am-
inoethanol HCl (Sigma, Taufkirchen, Germany). Binding
events were measured in Hanks balanced salt solution
(HBSS) by force-distance cycles at amplitudes of 300 nm
and at frequencies ranging 0.5-10 Hz. Force-distance cy-
cles were performed either at constant lateral positions or
with lateral shifts of 1 nm/s. The spring constant of the
cantilever in force measurements was 0.03 N/m. Force-
distance cycles were analyzed as described previously in
detail (Baumgartner & Drenckhahn, 2002; Baumgartner
et al., 2003).

Synthesis of Lysine-N-Lipoic Acid-N-
Aminohexylbenzophenone

In brief, all reaction steps were performed in a homemade
glass column similar to the reaction vessel originally de-
scribed by Merrifield (Merrifield, 1964; Wang & Merri-
field, 1969). Standard procedures of solid-phase synthesis
by the Fmoc strategy were used (Chan & White, 2003).
Coupling reactions to form amide bonds were performed
using HOBt/PyBOP activation of carboxylic acids.

N,-Fmoc-N_-Mtt-lysine was coupled to Wang resin
using the method of Sieber (Chan & White, 2003; Sieber,
1987). The Fmoc protecting group was removed by treat-
ment with 20% piperidine in DMF, and N-Fmoc-amino-
capronic acid was coupled to the o-amino group. After
washing with dichloromethane (DCM) and removing the
Fmoc group by piperidine as above, lipoic acid was cou-
pled to the aminocapronic acid. The resin was washed with
DCM and the Mtt group cleaved off with 1% trifluoroacetic
acid (TFA)/1% Triisopropylsilane (TIS) in DCM. After
several washes with DMF, N-Fmoc-aminocapronic acid
was coupled. Deprotection with piperidine was followed by
coupling of 4-benzoylbenzoic acid (B12407; Aldrich,
Milwaukee, WI).

The compound was cleaved from the resin by 95% TFA
in water, precipitated with ice-cold ether, and small
amounts were purified on a semipreparative high-perfor-
mance liquid chromatography Lichrosorb-C18 column
using a 0.05% TFA/60% acetonitrile gradient.

Preparation of Lipoic Acid SAMs

Gold-sputtered mica sheets were washed several times with
methanol and dried under a stream of nitrogen. The mica
sheets were incubated with methanolic solutions containing
1 mMm of lipoamide and 2 um of lipoic acid or lysine-o -
lipoic acid-e-aminohexyl benzophenone for 2 h. After
several rinses with dry DMF, activated NHS esters of lipoic
acid residues were prepared by adding a DMF solution
containing 1 mm NHS/I mm N-ethyl-N’[3-(dimethylami-
no)propyl]carbodiimide hydrochloride (EDC)/0.1 mm DI-
PEA for 3 h.

To covalently attach proteins to the surface, DMF was
washed away with HBSS and the protein solution imme-
diately added to the mica sheets.

For the preparation of nitrilotriacetic acid (NTA) sur-
faces, the DMF was washed away with methanol and a 1
mwm methanolic solution of N,N-bis-(carboxymethyl)-L-ly-
sine (NTA-lysine) was added for 3 h. The mica sheets were
rinsed several times with HBSS and stored in this buffer at
4°C. They were used within 1 week.

Mica sheets containing NTA-substituted lysine-a-lipoic
acid-g-aminohexyl benzophenone were used to covalently
attach His-tagged proteins. Mica sheets were incubated
with protein solutions, rinsed with HBSS and then irradi-
ated with a 15-W ultraviolet (UV) lamp for 15 min from a
distance of 5 cm.

Results

To investigate the molecular binding properties of Dsgl,
we first characterized the Ca®* dependence of homophilic
Dsgl binding.

Ca”**-Dependent Conformational Changes of Dsgl

In a first step to characterize the Dsgl-Fc chimeric protein,
we subjected the purified protein to AFM imaging. For this
purpose, Dsgl-Fc was coupled covalently to an NHS-lipoic
acid SAM as described above in the presence and absence
of Ca**. The gold-supported SAM was found to be abso-
lutely flat, resembling the topography of the underlying
gold surface as evident in Figure 1A and B. Imaging of the
hydrated but immobilized proteins in the absence of Ca**
shows clearly visible structures on the SAM (Fig. 1C,D).
At higher magnification, in the Ca**-free solution mostly
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SAM + Dsg1-Fc SAM

SAM + Dsg1-Fc

20 nm
 E—

height image

deflection image

Fig. 1 Gold-supported SAM and attached Dsgl-Fc. AFM images of
a gold-supported SAM in height mode (A), showing the actual
topography in false colors, and in deflection mode (B). This is
equivalent to a high pass filter or derivative of the height image and,
therefore, presents small details with more contrast. These panels
clearly show a very flat surface resembling the underlying gold
topography. After incubation with Dsgl-Fc in the absence of Ca**,
several small structures can be observed in height (C) and deflection
(D) mode AFM. At higher magnification, Y-shaped proteins can be
observed clearly (E,F). The apparent height of the individual proteins
is about 3 nm when taking tip effects into account

Y-shaped structures were observed, which apparently re-
flected V-shaped spreading of the two extracellular do-
mains of Dsgl and the cross-linked Fc portions on the
opposite end of the molecule (Fig. 1E,F). In the presence of
Ca2+, however, the structure of Dsgl-Fc molecules was
rather different (Fig. 2), and exclusively rod-like structures
could be observed, indicating cis dimer-like lateral asso-
ciation of the ectodomains.

Ca”* Dependence of Trans-Interacting Dsgl
The Ca®* dependence of binding of recombinant Dsgl-Fc

was analyzed by AFM at various Ca®* concentrations as
described in detail previously for VE- and N-cadherin
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Fig. 2 Ca*-dependent conformational changes of Dsgl-Fc. AFM
images of hydrated proteins bound to a gold-supported SAM in height
mode (A, C) and in deflection mode (B, D). The proteins show a clear
change from a Y shape (in the absence of Ca”*, see Fig. 1) to a rod-
like appearance, consistent with the hypothesis of Ca**-induced
cis-dimerization. The apparent height of the individual proteins is
about 3 nm

100

binding activity (arbitrary units)

0 0.5 1 1.5 2
calcium concentration (mM)

Fig. 3 Ca®* dependence of Dsgl-Fc trans-interaction. Binding
activity was determined using the AFM. Ca** dependence of binding
activity (frans-interaction between tip- and substrate-bound Dsgl)
showed half-maximal adhesion (apparent K4) of 0.8 mm Ca®* with a
very high degree of cooperativity (Hill coefficient n, > 5)

(Baumgartner et al., 2000, 2003). Approach-retrace cy-
cles at v, =800 nm/s and 0.1 s encounter time were
performed at different Ca®* concentrations (0-10 mm).
The total area between the force curve and the neutral
line (position of undeflected cantilever) was taken as a
measure of binding activity (Fig. 3). Each point of the
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Fig. 4 Distribution of unbinding forces of Dsgl-Fc trans-interac-
tions. The individual curves correspond to different pulling velocities
(force loading rates). The interaction time of tip and sample was kept
constant at 1 s. The observed unbinding forces are distributed in
clusters (distinct peaks in the distribution) approximately around
multiples of a unitary force. With higher force loading rates, the
individual force peaks (center of the force clusters) are shifted to
higher values and the occupation of the force clusters is significantly
changed; i.e., higher forces are more frequent

plot shown in Figure 3 represents the mean activity of at
least 500 subsequent retrace cycles. Four different tips
were used, all yielding the same degree of Ca®* depen-
dence. Binding activity (frans-interaction between tip-
and substrate-bound Dsgl) showed half-maximal adhe-
sion activity at 0.8 mm Ca”* (apparent K,) with a high
degree of cooperativity (Hill coefficient n;, > 5). These
experiments show that Dsgl exhibits Ca®*-dependent
homophilic binding which is negligible below 0.7 mm
Ca”" and maximal at 1 mm Ca®*.

Lifetime of Trans-Interacting Dsgl

The general principle for determining unbinding forces
and lifetimes of bonds of frans- interacting recombinant
cadherin dimers has been described in detail previously
(Baumgartner et al., 2000). Cadherins covalently attached
to the tip of the cantilever and to the surface of the
substrate are repeatedly brought into contact and sepa-
rated by cyclic up- and downward movements of the tip
at velocities of 300-6000 nm/s over a distance of 300 nm
(force-distance cycles). For correct kinetic evaluation, the
time interval in which the Dsgl proteins can interact (tip-
substrate interaction time) was kept constant at 1 s. Only
the final unbinding event during which the cantilever
jumped to the neutral, undeflected position was taken for
statistical analysis. The distribution curves of unbinding
forces under these conditions are depicted in Figure 4. It
is apparent that the unbinding forces are distributed in
clusters (distinct peaks in the distribution) around multi-

ples of a unit force. When increasing the pulling velocity,
not only the individual force peaks (center of the force
clusters) are shifted to higher values but also the occu-
pation of the force clusters is significantly changed. This
is clearly visible from a detailed analysis of the first
cluster (minimal force), using a recently developed de-
convolution algorithm (Baumgartner & Drenckhahn,
2002). Figure 5A shows the dependence of the minimal
unbinding force on the pulling velocity. When increasing
the pulling velocity from 300 to 6,000 nm/s, unbinding
forces increased from 37 to 68 pN. According to Bell’s
equation (Bell, 1978), this allows determination of the
lifetime of the single bond to be approximately 0.17 s
(Kogs = 5.88 s71). This lifetime is significantly smaller than
the lifetimes determined by the same approach for N-
cadherin (Baumgartner et al., 2003), VE-cadherin
(Baumgartner et al., 2000), E-cadherin and LI-cadherin
(Baumgartner et al., unpublished data), which for all
these cadherins is about 1 s (0.7-1.3). However, in con-
trast to the other cadherins tested so far, there is a
remarkable shift of the occupation of the different force
clusters. The percentage of interaction forces which be-
long to the minimal force cluster is depicted in Figure 5B
in dependence on the pulling velocity. As clearly visible
from this graph, there is a monoexponential decrease of
the occupation of the minimal force cluster in dependence
on the pulling velocity. The simplest way to explain this
behavior is to assume a multivalent interaction of indi-
vidual Dsgl cadherins with two or more sites at the
ectodomain. This means that if the pulling velocity is
slow, successive unbinding of complex bonds takes place,
whereas in the case of high pulling velocities the complex
bonds have no time to break successively. If independent
multivalent binding is assumed, the actual number of
bonds between two trans-interacting Dsgl molecules
should be distributed binomially after 1 s of tip-sample
interaction. If we further assume that new bonds will not
form during stretching of the molecule, we can find the
probability for the occupation of the minimal force cluster
(one single bond) to be

p(N, = 1)> p(N, = 1Ny = i).p(No = i)

i=1

where N, is the number of bonds at the rupture, N is the

maximum number of bonds and N, is the number of bonds
at the end of direct tip-sample interaction. If no rebinding
occurs, the probability of N, follows to be

p(N, = 1Ng = i) =i-e"" (1 _e*t/f)(i—l)

with f representing the time between tip-sample separation
and rupture and 1 standing for the lifetime of a single bond.
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Fig. 5 Analysis of the first cluster (minimal force) of the Dsgl-Fc
trans-interaction. A clear exponential dependence of the minimal
unbinding force on the pulling velocity is observed (A). Forces range
37-68 pN when increasing the pulling velocity from 300 to 6,000 nm/
s, yielding a lifetime of a single bond of approximately 0.17 s.
Analysis of the occupation frequency of the individual force clusters

Fig. 6 SAMs containing the
trifunctional linker LLAB. (A)
Schematic of the linker
containing an NTA, a lipoic
acid and a benzophenone group.
A mixture of this linker with
lipoic acid amide was used to
form SAMs on gold surfaces.
AFM deflection images of the
flame annealed gold (B), of the
SAM (C) and of the SAM after
binding of Dsgl-Fc-His6 (D)
prove the working principle of
the surface modification
procedure

The probability of the number of bonds at the time of tip-
sample separation is given as

N

p(No = i) = ( i)-pé-(l — )N (1= py) Y

where py, equals the probability of one bond forming at the
time of tip-sample separation. The last term accounts for
the censuring of the data; i.e., if no bond is available at the
time of tip-sample separation, no event will be observed
within the force-distance cycle and the cycle will be ex-
cluded from analysis. Using this description, the decrease
of the occupation of the minimal force cluster corresponds
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shows a remarkable shift of the percentage of interaction forces which
belong to the minimal force cluster (B) in dependence on the pulling
velocity. A monoexponential decrease of the occupation of the
minimal force cluster in dependence on the pulling velocity can be
observed

to a lifetime of the individual bond of approximately 0.12 s,
which is in good agreement with the lifetime of the indi-
vidual bond found from the analysis of the minimal force
cluster (0.17 s) as outlined above. Thus, this result suggests
that homophilic binding of two Dsgl molecules displays
several independent interactions of approximately equal
binding strength.

Overlapping of Trans-Interacting Dsgl Molecules

To directly show multivalent interactions and to specify the
degree of overlap of the trans-interacting Dsgl molecules,
the AFM setup has to be modified to couple Dsgl-Fc in a
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Fig. 7 Selection of an AFM tip
containing only two Dsgl-Fc-
His6 molecules and application
of this tip on SAM-linked Dsgl.
Application of a tip on a surface
containing NTA-bound Ni ions
yields typical force-distance
curves showing unbinding
events at two distinct positions

Ni Ni
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and all at about the same
unbinding force of
approximately 90 pN. If the
same tip is applied on a SAM
with directly attached Dsgl-Fc-
His6 molecules, all tethered
covalently at their C-terminal
end via LLAB, a broad
distribution of unbinding length
is obtained. This can be
explained either by assuming
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predictable orientation to the substrate. Instead of coupling
Dsgl-Fc randomly via flexible PEG chains, we developed a
method to couple Dsgl-Fc covalently to lipid elements of
SAMs via its C-terminal end. For this purpose, mixtures of
lipoic acid amide and lysine-N,-lipoic acid-N ,-amin-
ohexylbenzophenone (LLAB) were allowed to form SAMs
on gold-coated mica sheets as described in Materials and
Methods. NTA amine was then coupled to the carboxyl
group of the lysine-N-lipoic acid-N-aminohexylbenzophe-
none to generate a trifunctional linker (schematic in
Fig. 6A). The NTA/Ni group serves as binding site for the
His6 portion at the C terminus of the Fc portion of the
Dsgl-Fc-Hisg protein, forcing the bound fusion protein in
well-defined orientation with the ectodomain pointing
away from the substrate. Covalent linkage between the
gold-attached LLAB linker and the Dsgl-Fc-His6 fusion
protein was induced by UV activation of the photoreactive
benzophenone group. Due to the short length of the ben-
zophenone-containing side chain covalent coupling will be
most likely located in close vicinity to the C terminus of
the Fc portion. As shown by AFM images in Figure 6, the
SAM (Fig. 6C) did not change the topography of the gold
surface compared to the pure uncoated gold surface
(Fig. 6B). After coupling of the protein to the SAM, a
change of topography is clearly visible (Fig. 6D) as distinct

0 20 40
unbinding length (nm)

60 80 20 0 40 60

unbinding length (nm)

(]
(=]

80 100

bumps appear which correspond to individual Dsgl mol-
ecules. If UV illumination was omitted, the protein cov-
erage could be completely washed off the surface using
imidazole or EGTA (data not shown).

In order to obtain information on the number of Dsgl
groups attached to the cantilever tip, individual cantilevers
functionalized with PEG-linked Dsgl-Fc-His6 were tested
by force-distance cycles on a SAM with LLAB containing
NTA/Ni* head groups. This screening method allowed
selection of cantilevers with one or two Dsg molecules
attached to the accessible tip area. Figure 7 shows an
experiment of 800 force-distance cycles with maximally
two unbinding events with two different well-defined
unbinding lengths occurring in individual cycles. The force
distribution shows only one clear peak at about 90 pN,
which is slightly below recently published values for the
unbinding forces of NTA-Ni-His6 bonds (not shown).
Thus, the experiments shown in Figure 7 can be taken as
proof that only two well-separated Dsgl molecules are
attached to the AFM tip in the accessible tip area. The same
cantilever was then applied on a SAM containing Dsg1-Fc-
His6 covalently linked to the gold surface by the LLAB
linker. On this surface, multiple (up to five) distinct
unbinding events occurred with a broad distribution of
unbinding lengths (Fig. 7, right) as well as clustered force
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distribution similar to that observed with PEG-linked Dsg1
(see above). Although the geometry of the substrate-bound,
Dsgl-Fc-His6-bound molecules is well defined and
homogeneous, the linkage of the PEG-bound fusion pro-
teins attached to the tip remained variable. Thus, absolute
values of overlap between interacting tip- and substrate-
bound Dsgl molecules could not be determined. However,
these experiments clearly show that multivalent types of
interaction occurred with a variety of unbinding lengths.

Discussion

In this study, we characterized for the first time the
molecular binding properties of Dsgl and provide evidence
that the mechanisms of Dsgl-mediated trans-interaction
partly differ from other members of the cadherin super-
family studied by the same technical approach. It has been
proposed that desmogleins predominantly bind in a heter-
ophilic way to desmocollins (Dsc), the second family of
desmosomal cadherins. Based on cell aggregation assays,
immunoprecipitation or studies with soluble fragments of
the external domain of Dsgl, it has been assumed that
homophilic binding of desmogleins must be weak or even
negligible (Amagai et al., 1994; Chitaev & Troyanovsky,
1997; Runswick et al., 2001; Syed et al., 2002). In contrast
to these studies, we here unequivocally demonstrate that
Dsgl undergoes specific homophilic frans-interactions.
Homophilic interaction has been already shown for Dsg3
(Amagai et al., 1994). However, it has to be emphasized
that the in vitro conditions of our assay may not completely
apply to the situation in vivo, and thus, a final conclusion
about the relevance of homophilic Dsgl-mediated adhesion
in vivo is not possible.

Heterophilic Dsgl binding to other desmocadherins like
Dscl or Dsc2a has been reported in previous studies using
aggregation assays of transfected cells (Runswick et al.,
2001). Nevertheless, from these studies no kinetic infor-
mation about the heterophilic binding mechanism could be
determined.

AFM experiments using fusion proteins containing the
complete extracellular domain of human Dsgl reveal
trans-interaction of tip- and plate-bound Dsgl molecules
which was reduced to background levels in the absence of
Ca®*. This behaviour was not observed when Ba®* was
used instead of Ca®". In a previous study, we have shown
that a monoclonal Dsgl antibody inhibits Dsgl trans-
interaction, showing that Dsgl binding is a specific event
(Waschke et al., 2005).

In the present study, we found that the binding activity
depends on Ca®* in a highly cooperative manner (n;, > 5) at
a Ky (half-maximal activity) of about 0.8 mm Ca>*. The
Ca®* dependence of VE-cadherin and N-cadherin was
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determined recently (Baumgartner et al., 2000, 2003). It is
remarkable that the specific combinations of Ky (0.72 mm
Ca’* for N-cadherin and 1.1 mm Ca** for VE-cadherin) and
the Hill coefficient (~2 for N-cadherin and ~5 for VE-
cadherin) differ significantly from the combination deter-
mined for Dsgl. These data suggest that VE-cadherin
displays nearly an “all-or-nothing” transition close to the
physiological Ca** level, whereas N-cadherin is less sen-
sitive to the extracellular Ca®* concentration ([Ca2+]g) and
displayed a moderate degree of cooperativity, which would
allow a graded response of adhesive activity over a broader
range of [Ca2+]e. Dsgl, on the other hand, behaves like VE-
cadherin in the sense of “all-or-nothing” but not that close
to the physiological [Ca®*], level. This Ca** dependence of
Dsgl trans-interaction may be of major biological impor-
tance. It has been reported that the human epidermis dis-
plays a calcium gradient with low calcium in the lower
basal and spinous layers and highest levels in the stratum
granulosum (Elias et al., 2002; Menon & Elias, 1991).
Thus, our data indicate that not only the expression levels
of Dsgl in the specific layers but also the calcium level
might regulate Dsgl-mediated adhesion if homophilic
adhesion of Dsgl significantly contributes to desmosomal
adhesion in vivo. The contribution of homophilic Dsgl
binding to desmosomal adhesion would be less in the lower
epidermis compared to more superficial layers. This is of
medical relevance because different forms of pemphigus
disease affect certain levels of the epidermis (Amagai,
2003; Bystryn & Rudolph, 2005). Moreover, pemphigus
skin blistering results in a local breakdown of epidermal
barrier functions, leading to loss of the epidermal Ca**
gradient similar to an artificially induced epidermal lesion
(Elias et al., 2002). The altered Ca®* concentration would
in turn lead to a loss of Dsgl-mediated binding, especially
in the superficial epidermis. This mechanism could
aggravate skin blistering in addition to the autoantibody-
mediated effects on Dsgl binding (Waschke et al., 2005).

Force measurements revealed clustering of unbinding
forces as multiples of a unitary force, similar to recent
observations using other members of the cadherin super-
family. The forces observed were strictly dependent on the
pulling velocity (force loading rate). Most interestingly, the
occupancy of the different force clusters was also velocity-
dependent such that higher force clusters were populated at
higher pulling velocities. This strengthens the view of
multivalent interactions as proposed by different groups in
recent years (Ahrens et al., 2003; Leckband, 2002; Leck-
band & Prakasam, 2006; Legrand et al., 2001; Pertz et al.,
1999; Pokutta et al., 1994; Sivasankar et al., 1999; Siva-
sankar, Gumbiner & Leckband, 2001; Tomschy et al.,
1996). Detailed analysis of the unbinding behavior is in
good agreement with a model assuming several indepen-
dent interactions between individual trans-interacting
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Dsgl-Dsgl pairs. However, this is in contrast to analysis
done with other types of cadherins, like VE- or N-cadherin.
Under the same conditions, these proteins exhibited hom-
ophilic interactions showing a significantly longer lifetime
and no measurable shift of the occupancy of the force
clusters (not shown). The multivalent interactions corre-
spond to different geometries as evident from the analysis
of unbinding length. This may be due to different degrees
of overlap or to conformational changes.

Despite the rather similar secondary and tertiary struc-
tures, substantial differences with respect to their molecular
binding properties between the various cadherin members
have been observed, as outlined above. In recent years,
several studies have been published on the structure and
function of cadherins. Several of these publications led to a
rather polemic discussion on the validity of methods used
for the investigation as well as models of cadherin-cadherin
interaction. Using the identical approach of single-mole-
cule force spectroscopy for different cadherins, we found
remarkable differences between the cadherins investigated
so far, i.e., VE-cadherin, N-cadherin, LI-cadherin and now
Dsgl. These findings support recent data from Wirtz and
colleagues, who also found that E-cadherin, N-cadherin
and VE-cadherin exhibit different biomechanical proper-
ties (Panorchan, George & Wirtz, 2006a; Panorchan et al.,
2006b). Thus, the general mode of trams-interaction of
members of the classical cadherin superfamily appears to
underly significant type-specific variations, rendering
individual approaches for all types of cadherins necessary.
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