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Measurement of binding forces intrinsic to adhesion molecules is necessary to assess
their contribution to the maintenance of the anatomical integrity of multicellular organisms.
Atomic force microscopy was used to measure the binding strength between cell ad-
hesion proteoglycans from a marine sponge. Under physiological conditions, the adhesive
force between two cell adhesion molecules was found to be up to 400 piconewtons. Thus
a single pair of molecules could hold the weight of 1600 cells. High intermolecular binding
forces are likely to form the basis for the integrity of the multicellular sponge organism.

Specific intermolecular recognition is a
prerequisite for dynamic biochemical pro-
cesses in living organisms. Such interac-
tions between biological macromolecules
are usually investigated by kinetic binding
studies, calorimetric methods, x-ray diffrac-
tion, nuclear magnetic resonance, and oth-
er spectroscopic analyses. These methods do
not provide a direct measurement of the
intermolecular binding forces that are fun-
damental for the function of the ligand-
receptor association. Recently, surface force
apparatus and atomic force microscopy
(AFM) were introduced to quantify the
forces of biotin-streptavidin interactions
(1-3) or to follow in real time the confor-
mational changes in a single enzyme (4),
and optical tweezers were applied to probe
the forces responsible for myosin-actin as-
sembly (5). Here, we used AFM to deter-
mine the binding strength between cell ad-
hesion macromolecules under various phys-
iological conditions. We selected the cell
adhesion proteoglycan (AP) of the marine
sponge Microciona prolifera as a model. The
AP mediates in vivo cell recognition and
aggregation via homophilic, specific, poly-
valent, and calcium ion-dependent carbo-
hydrate-carbohydrate interactions (6—8).

With the use of AFM imaging, we ob-
served AP rings with a diameter of 200 nm
and about 20 irradiating arms, each 180 nm
long (Fig. 1A). Although similar structures
can be seen by electron microscopy (EM)
(Fig. 1B), AFM provides additional three-
dimensional information about the ring-
arm attachment sites where globular struc-
tures are visible.
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To measure AP-AP interaction forces,
we covalently attached APs to an AFM
sensor tip and a flat surface; the attachment
process involved AP proteins but did not
modify functional carbohydrate adhesion
sites (9). The cantilever tip was carefully
moved toward the substrate surface, and a
series of approach-and-retract cycles was
collected (10). The stability of binding
events during the course of these experi-
ments indicated that none or very few of
the AP functional adhesion sites were irre-
versibly damaged. Four typical approach-
and-retract cycles originating from AP ex-
periments are shown (Fig. 2, A through D).
The adhesion peaks were retarded, indicat-
ing that there was no interaction during the
surface approach, but on retraction the le-
ver detected an attractive force at a dis-

Fig. 1. Adhesion proteoglycans imaged by AFM
and EM. (A) The APs (16 pg/ml) in SWT containing
2 mM Ca?* were physiosorbed to freshly cleaved
mica (15 min), briefly rinsed with nanopure water,
and dried in air. AFM images (tapping mode) were
taken in air (16). (B) For EM the same procedure as
in (A) was used but the mica was charged by
APTS (76). After rotary shadowing, APs were im-
aged by a Hitachi 7000 electron microscope.
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tance from O to approximately 200 nm
above the surface. This phenomenon was
also observed within a few nanometers of
the surface without actually touching it. In
contrast, a typical approach-and-retract cy-
cle taken between two surfaces without APs
showed that adhesion took place directly at
the surface; this observation indicates the
presence of short-range forces, and the slope
of the adhesion curve shows that there was
no elasticity in the sample itself (Fig. 2E).
The shape of the approach-and-retract
curves between APs suggests the presence
of long-range interactions, interpreted as
the lifting and extension of stringlike arms,
followed by further stretching until the elas-
tic force of the cantilever equals the
strength of the binding and the lever
“jumps off.” At a physiological Ca?* con-
centration of 10 mM in seawater tris
(SWT) [0.5 M NaCl and 20 mM tris buffer
(pH 7.4) iso-osmotic with seawater], multi-
ple jump-offs were frequently observed, in-
dicating polyvalent binding with an average
adhesive force of 40 = 15 pN per release
(Fig. 2).

We also characterized AP-AP adhesion
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Fig. 2. Typical AFM approach-and-retract cy-
cles for AP-AP interactions. The x axis shows the
vertical movement of the cantilever; the y axis
shows the bending of the cantilever and thus the
force acting on it. (A), (B), (C), and (D) represent
typical AP-AP interactions, whereas (E) is an ex-
ample of the interaction between two gold sur-
faces covered with self-assembled monolayers
(1-dodecanethiol).
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by measuring both the force necessary to
separate the AP-functionalized sensor tip
from the AP surface (final jump-offs) and
the percentage of interaction events under
different ionic conditions (Fig. 3) (11).
These two indicators of AP activity varied
reversibly with the Ca?™ concentration, in
agreement with AP-promoted cell adhesion
(6—8) and AP-coated bead aggregation. At
a Ca?* concentration of 10 mM, the aver-
age force between APs was 125 pN, ranging
up to 400 pN, with high probability of
binding (60 * 10%). At a Ca’* concen-
tration of 2 mM, cell adhesion and AP bead
aggregation were sharply reduced (6-8),
and the force (40 = 15 pN) and probability
of binding (12 = 5%) were also reduced
(Fig. 3). The interaction between APs is
Ca’*-selective, as reported with a cell ag-
gregation assay (12). Indeed, 10 mM Mg**
could not replace Ca** in AFM experi-
ments or in adhesion of AP-coated beads
(Fig. 3).

Use of the monoclonal antibody (mAb)
block 2 provided a third line of evidence
that the AFM-measured interactions origi-
nate from AP-AP binding. This antibody
recognizes a carbohydrate epitope and spe-
cifically inhibits AP-promoted cell adhe-
sion (7) and AP-coated bead aggregation
(Fig. 3D). In AFM experiments, block 2 Fab
fragments in 10 mM Ca?* SWT reduced
the interactive force to approximately the
level measured at 2 mM Ca’?*. A control
mADb did not prevent AP-AP binding under
equivalent conditions (Fig. 3C). Thus, dur-
ing AFM measurements in all tested exper-
imental conditions, AP-AP interactions re-
semble cell-cell adhesion events observed
in vivo.

The shape of the approach-and-retract

cycles shows that stringlike structures were
responsible for AP-AP interactions (Fig. 2).
These strings are likely to be the AP arms
composed of glycans with a relative molec-
ular weight of 200 X 10* (g200), which
have been shown to mediate polyvalent
AP-AP binding (7). This possibility is fur-
ther supported by the fact that the length
(180 nm) (13) and the number (20 copies)
of the g200 glycan per AP molecule (7) are
similar to the length and number of AP
arms as measured by AFM and EM (Fig. 1).
Finally, the inhibitory mAb block 2 is di-
rected against a self-association epitope lo-
cated on the g200 glycan (7).

These observations are consistent with a
model in which the AP arms are responsible
for AP-AP cohesion. Because of their po-
lysaccharide nature, the AP arms did not
participate in the AP crosslinking to AFM
surfaces and thus remained free to irradiate
into the buffer. During each approach-and-
retract cycle, multiple noncovalent bonds
between arms attached to the sensor tip and
arms connected to the substrate were formed
and broken. Because the radius of curvature
of a typical functionalized AFM tip is about
50 nm and the AP backbone ring is approx-
imately 200 nm in diameter, only a single
AP molecule from the tip could participate
in the measured interaction with the dense-
ly AP-covered surface. The observation that
approach-and-retract curves often exhibited
multiple jump-off steps (Fig. 2) indicates
that binding was polyvalent. Each step of 40
%+ 15 pN corresponds to the unbinding of a
pair of AP arms, with deviation caused by a
varying degree of mutual overlap. The max-
imal measured adhesion force of 400 pN and
the average force of 125 pN are thus inter-
preted as the binding between 10 and 3 pairs

Fig. 3. AFM measurements
of AP-AP binding strength. 1501 A
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AP-AP adhesion force in
SWT. (B) Ca?* and Mg?*
dependence of the AP-AP
binding probabilities (77). (C)
Effect of antibodies on AP-
AP adhesion force. Fab frag-
ments of mAb block 2 or
control mAb (both immuno-
globulin G2b) were used at
20 pg/mlin SWT with 10 mM
Ca?*, Washing of antibodies
was done with 5 ml of SWT
containing 10 mM Ca?* for 1

AP bead aggregation (%)

hour. (D) Aggregation of AP-coated beads, done as described in (7).
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of AP arms, respectively. Our data also pro-
vide information about the behavior of AP
molecules during homophilic interactions.
First, upon stretching, AP arms did not be-
have as ideal springs; instead, their stiffness
increased gradually (Fig. 2). Second, al-
though the rupture force of a single covalent
C-C bond is about 10 nN (14), the stron-
gest measured noncovalent AP-AP binding
forces are about 25 times weaker (400 pN).
These findings explain why the APs re-
mained intact throughout the AFM experi-
ments and how they allow cell dissociation
without being destroyed. QOur results indi-
cate that the large cohesive force between
two individual sponge adhesion proteogly-
cans is theoretically able to hold the weight
of approximately 1600 cells in physiological
solution (15). Thus the integrity of the mul-
ticellular sponge organism, with at least
1000 APs per cell (7), may be maintained by
the multiplicity of AP-AP interactions.
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A Regulatory Role for ARF6 in
Receptor-Mediated Endocytosis
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Adenosine diphosphate-ribosylation factor 6 (ARF6), ARF6 mutants, and ARF1 were
transiently expressed in Chinese hamster ovary cells, and the effects on receptor-me-
diated endocytosis were assessed. Overexpressed ARF6 localized to the cell periphery
and led to a redistribution of transferrin receptors to the cell surface and a decrease in
the rate of uptake of transferrin. Similar results were obtained when a mutant defective
in guanosine triphosphate hydrolysis was expressed. Expression of a dominant negative
mutant, ARF6(T27N), resulted in an intracellular distribution of transferrin receptors and
an inhibition of transferrin recycling to the cell surface. In contrast, overexpression of ARF1
had little or no effect on these parameters of endocytosis.

Intracellular  membrane trafficking  in-
volves a series of membrane budding and
fusion events. These are regulated by spe-
cific cytosolic and membrane-associated
protein factors, among which are a group of
Ras-like small guanosine triphosphatases
(GTPases) called adenosine diphosphate
(ADP)-ribosylation factors (ARFs), origi-
nally identified as cofactors required for the
cholera toxin—catalyzed ADP ribosylation
of Gay (1). The ARF family consists of 15
structurally related gene products that in-
clude 6 ARF proteins and 11 ARF-like
proteins (2). The ARF proteins are divided
into three classes on the basis of size and
amino acid identity. ARFs 1 to 3 (181
amino acids) form class I, ARFs 4 and 5
(180 amino acids) form class II, and ARF6
(175 amino acids) forms class III (3).

The best characterized ARF protein is
ARF1. It is localized to the Golgi apparatus
(4) and has a central role in intra-Golgi
transport. [t is involved in the recruitment of
cytosolic coat proteins to Golgi membranes
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during the formation of transport vesicles
(5). The ARFs are also implicated in endo-
plasmic reticulum to Golgi transport (6),
nuclear vesicle fusion (7), and endosome
fusion (8). In these cases, however, the spe-
cific ARFs involved and their molecular
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mechanisms of action are less clear. Here,
we demonstrate that ARF6 is localized to
the cell periphery and that overexpression
of ARF6 or ARF6 mutants (but not
ARF1) causes dramatic alterations in en-
docytic traffic.

Qur studies were carried out in a Chinese
hamster ovary cell line that overexpresses
the human transferrin receptor (TRVb-1)
(9). We transiently expressed ARF6 by using
Sindbis virus as an expression vector (10).
To monitor the expression of ARF6 and to
determine its intracellular distribution, rab-
bit antiserum to ARF6 was raised against a
peptide corresponding to the COOH-termi-
nal region of the protein. This antiserum
reacted specifically with ARF6, and no cross
reaction was observed with any of the other
ARF proteins tested, including ARF1,
ARF3, ARF4, and ARF5, as shown by pro-
tein immunoblot analysis (Fig. 1). The anti-
body was used to localize ARF6 by confocal
immunofluorescence microscopy in TRVb-1
cells overexpressing ARF6. The overex-
pressed protein exhibited a peripheral distri-

Fig. 1. (A) Specificity of the ARF6 antibody.
BL21(DES) bacteria coexpressing ARF pro-
teins and N-myristoyltransferase were
grown in 2 ml of Luria broth to an absor-
bance at 600 nm of 0.8 and were then in-
duced with isopropyl-B-D-thiogalactopy-
ranoside for 2 hours. The cell pellet was
resuspended in SDS sample buffer, boiled
for 5 min, and centrifuged at high speed.
Aliquots of the supernatant were run on
12% SDS gels. The SDS gel proteins were
visualized by Coomassie blue staining or
were transferred to nitrocellulose mem-
branes and blotted with an ARF6 antibody
(23). Size markers are indicated on the left in
kilodaltons. (B and C) Localization of ARF6 by confocal immunofluorescence microscopy. TRVb-1 cells
grown on cover slips were infected with recombinant virus expressing ARF6 (24). At 5 hours after infection,
cover slips were fixed with 2% formaldehyde (freshly diluted with PBS) for 15 min, quenched, and perme-
abilized with PBS containing 0.1 M NH,Cl, 0.2% gelatin, and 0.05% Triton X-100. Incubation with the
affinity-purified ARF6 antibody (B) or immunoglobulin G (IgG) fraction from the preimmune serum (C) was
conducted at room temperature for 2 hours. The secondary antibody was a goat antibody to rabbit IgG
coupled to fluorescein isothiocyanate (FITC). The cover slips were mounted in 1% propyl gallate and viewed
with a Zeiss axiovert microscope and a Bio-Rad confocal scanning imaging system. Bar = 10 pm.
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