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Annexins are a family of structurally related eukaryotic proteins
that reversibly bind membranes containing anionic phospholi-
pids in a calcium-dependent manner."" More than 160 different
isoforms have been found in many organisms ranging from
mammals to molds.? The protein family is defined by its
characteristic structure comprising a conserved core made up of
four or eight domains of a 70-amino-acid sequence forming five
a helices and a variable N-terminal region varying in length and
amino acid sequence. The core domains harbor multiple
calcium-binding sites, which are all located on the convex side
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of the molecule.®! X-ray crystallographic analyses®® and muta-
genesis studies® ' have shown that the convex site is respon-
sible for initial membrane binding. Calcium ions bound to these
sites act as bridges connecting the protein with anionic lipid
headgroups. The N-terminal region is thought to be involved in
the regulation of different functions of annexins. Although exact
physiological functions of annexins have not been identified yet,
it has been shown that they participate in a variety of in vitro
activities. In particular, some annexins such as annexins|, Il, IV
and VIl can promote membrane aggregation and may thus be
involved in cellular endo- and exocytotic pathways. It was shown
that annexin |, the protein of interest in our study, is capable of
aggregating and even fusing membrane vesicles.'*'%! However,
the mechanism of membrane aggregation is still discussed
controversially. One model postulates that membrane-bound
annexin | molecules form axial dimers prior to interacting with a
second membrane, while another model hypothesizes that
monomeric bound annexin | interacts with the second mem-
brane.

We utilized scanning force microscopy (SFM) on solid-
supported Langmuir-Blodgett (LB) bilayers composed of 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dipal-
mitoyl-sn-glycero-3-phosphoserine (DPPS) immobilized on mica
(serving as an atomically flat substrate) to directly visualize
annexin | binding with high lateral and vertical resolution, thus
enabling us to distinguish between the two different models.
With this technique height differences in the angstrém region as
well as morphological changes of the membrane structure and
domain formation can be observed in a physiological environ-
ment.

Topographic images of an LB bilayer composed of DPPC as the
first leaflet and DPPC/DPPS (4:1) representing the uppermost
layer pointing to the aqueous phase are mostly featureless, with
some defects occurring as dark spots in the SFM images.
Addition of a 1 um annexin | solution in 50 mm Tris (pH 7.4), 1 mm
CaCl, to the bilayer results in the appearance of circular domains
with sizes of 3-10 pm (Figures 1a and b) that are attributed to
specifically adsorbed annexin I. These protein domains occupy
(35 £ 3) % of the overall area, exhibit an average height of (3.2 +
0.3) nm as obtained from a height analysis (Figure 1c), and are
stable in a calcium-containing buffer for several hours. The
thickness of the annexin layer compares well with the molecular
dimension of annexin | as determined by X-ray crystallography,
indicating that the protein binds in a monomeric fashion.® ']
Recently, Bitto etal., employing X-ray specular reflectivity
measurements, also found that annexin | binds as a monomer
or monolayer to 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoser-
ine  (POPS)/1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanol-
amine (POPE)/1-palmitoly-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) (2:5:2) monolayers at the air-water interface. They
determined a protein thickness of (3.1 +0.2) nm."'® Remarkably,
lateral movement of the protein domains was not observed in
the Ca**-containing buffer within three hours indicating that the
lateral mobility of the lipids is low, as is expected for gel-phase
lipids at room temperature. Crystallization of the protein,
however, did not occur as it was reported for annexinV on a
DOPC/DOPS (4:1) membrane immobilized on mica.'™2) |n
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Figure 1. a:Scanning force microscopy image (topography) of a Langmuir -
Blodgett bilayer composed of DPPC as a first monolayer and a second DPPC/DPPS
(4:1) monolayer deposited onto mica from a water subphase after addition of
1 um annexin | in 50 mm Tris (pH 7.4), 1 mm CaCl,. The image size is 40 x 40 um?.
b: Topographic image of one domain with adsorbed annexin I. Image size:

3 x 3um? c: Height analysis of a topographic image of annexin | domains
adsorbed onto a DPPC/DPPS lipid layer. The histogram displays a Gaussian-
filtered version of a depth analysis. Two well-separated height distributions
attributed to the protein and the lipid layer, respectively, are decomposed by
fitting mixed Lorentzian/Gaussian functions to the data (shown as a solid line).
The height difference between the two peaks is 3.2 nm.

contrast to our experiments, Reviakine et al.'® 2" used lipids that
were in the fluid state at room temperature, resulting in a larger
lateral lipid mobility on the surface. This may facilitate the
crystallization process due to possible rearrangement of the
protein molecules on the surface. However, it is also conceivable
that the proper conditions for crystallization have not been
found yet or that annexin| does not tend to form two-
dimensional crystals in general. From the densely packed
protein domains on the lipid bilayer it is evident that bound
annexin | molecules are capable of laterally aggregating on the
membrane surface. Increasing the annexin| concentration did
not alter the protein domains; protein adsorption remained
solely restricted to the circularly shaped domains and a larger
occupancy of the surface or multilayer formation was not
observed. At concentrations below 1 pwv, annexin | adsorbs on
the surface with submonolayer coverage and imaging in contact
mode becomes cumbersome due to the high lateral force
exerted on the individual proteins. However, full coverage of the
DPPS-enriched domains with tightly packed annexin| reduces
the lateral force on individual proteins considerably, which
results in images of good quality (Figure 1).

We hypothesized that DPPS-enriched domains are formed
within the LB monolayer due to the presence of calcium ions in
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the subphase. This was confirmed by employing time-of-flight
secondary-ion mass spectrometry (TOF-SIMS) imaging of LB
monolayers and lateral force microscopy of LB bilayers in
aqueous solution. TOF-SIMS imaging provides a means to
visualize chemical and physical properties of lipid domains after
transfer from the air—water interface to a solid support, with a
practical lateral resolution of 1 um.?2 231 We utilized this techni-
que to image the chemical composition of DPPC/DPPS mono-
layers transferred onto gold surfaces at a surface pressure of
30mNm~" in dependence of different subphase conditions.
Figures 2a and b display a mass map of secondary ion fragments

Figure 2. a, b: Secondary-ion mass spectrometry images of positive secondary
ions (SI) from a DPPC/DPPS monolayer (4:1 molar ratio) deposited at a surface
pressure of 30 MNm~" on gold from a water subphase. a: Positive SI (C;H,,N*,
M, = 86) specific for DPPC; b: a calcium (M,= 40) map. The size of the images is
30 x 30 um?. ¢, d: Lateral force microscopy images of a lipid bilayer obtained in
water. First, a DPPC monolayer was deposited onto mica at a surface pressure of
45 mNm~=" by Langmuir - Blodgett transfer followed by a second transfer of a
DPPC/DPPS monolayer (4:1 molar ratio) at a surface pressure of 30 mMNm~-'.

c: forward scan; d: backward scan. The size of the images is 30 x 30 um?.

representative of DPPC (C;H,,N*, M, =86) and a Ca* map (M, =
40) of a Langmuir monolayer of DPPC/DPPS (4:1) transferred
from a pure water subphase, respectively. From TOF-SIMS
imaging it is evident that the circular domains, which are visible
in the Ca?" map due to the preferential binding of calcium ions
to DPPS, are surrounded by a DPPC-enriched phase. The size of
the DPPS-enriched domains is about 3-10 um occupying an
area of (35+3)% consistent with the annexin| coverage
observed in the SFM images. (For a more detailed TOF-SIMS
analysis the reader is referred to ref.[24].) Similarly shaped
domains with similar sizes were found by means of lateral force
microscopy (LFM) of LB bilayers composed of DPPC and DPPC/
DPPS (4:1) (Figures 2¢, d). The brighter domains in the forward
scan (Figure 2¢) represent larger lateral forces between tip
(silicon nitride) and substrate and can be assigned to DPPS-
enriched domains. In general, contrast in lateral force images
originates from differences in adhesion, elasticity differences
causing variable contact areas, and the roughness of the
sample.?>?"1 Lateral forces also occur due to topographic
features of the sample, which can be distinguished, however,
from those resulting from friction by changing the scan
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direction. While lateral forces originating from topography do
not depend on the scan direction, contrast based on material
differences is characterized by contrast inversion if the scanning
direction is reversed. The observed contrast inversion in the
forward (Figure 2c) and backward scan direction (Figure 2d)
confirms that the observed lateral contrast originates from
material differences. The higher friction on the DPPS-enriched
domains is probably due to a Ca?*-induced solidification of DPPS
giving rise to a higher critical shear modulus. From area analysis
we concluded that (32+3)% of the overall area in the LFM
image is occupied by the circularly shaped DPPS-enriched
domains, which corresponds well to the values obtained from
TOF-SIMS imaging and protein domain coverage. Comparing the
protein coverage of (354 3)% with that of the DPPS-enriched
domains demonstrates that annexin | solely binds to the acidic
phospholipid domains and does not interact with zwitterionic
DPPC molecules. Calcium ions are essential for annexin | binding
at pH74 as demonstrated in the experiment depicted in
Figure 3. Annexin | that is adsorbed to DPPS domains immedi-
ately desorbs from the surface upon addition of a buffer

Figure 3. Topographic images of a DPPC - DPPC/DPPS Langmuir - Blodgett
bilayer deposited on mica obtained in 50 mm Tris (pH 7.4), 1 mm CaCl, before (a)
and after addition of 1 um annexin I (b). c: Scanning force microscopy image after
rinsing the surface with 50 mwm Tris (pH 7.4), 5 mm EGTA. All images are

10 x 10 um? in size.

containing ethylene glycol-bis(5-aminoethyl ether)-N,N,N',N'-
tetraacetic acid (EGTA), which removes the calcium ions from
the bulk phase by complexation. Since calcium ions bound to
the convex side of annexin| act as bridges connecting the
protein with anionic lipid headgroups, the protein is released
upon removing Ca?*. By means of TOF-SIMS imaging and lateral
force microscopy it was demonstrated that the DPPS-enriched
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domains do not form in the presence of EGTA.2¥ However, as
protein desorption occurs within minutes, we rule out that the
DPPS-enriched domains have been dispersed within this time
period, and cause protein desorption. Binding and desorption of
the protein to the DDPS-enriched domains is fully reversible.
However, annexin | molecules that are bound to defects in the
lipid bilayer (small bright dots) remain adsorbed after the
addition of an EGTA-containing buffer probably due to a
preferentially hydrophobic interaction between the proteins
and lipids at the edges.

We conclude that annexin | specifically binds to the interface
of DPPS-enriched domains in a monomolecular fashion. More-
over, annexin| is capable of aggregating in the membrane-
bound state and calcium ions are essential for protein binding at
pH 7.4. It remains to be elucidated whether the role of calcium
ions lies in membrane organization, that is domain formation,
and if these domains are required for binding of the protein to
the phosphatidylserine headgroups.

Experimental Section

Materials: DPPC and DPPS were purchased from Avanti Polar Lipids
(Alabaster, AL, USA) and used without further purification. Recombi-
nant porcine annexin | was purified according to Rosengarth et al.?®!
Protein concentration was determined by UV absorption with &,5,=
0.6 cm?mg~". Protein purity was analyzed by SDS-PAGE.

Langmuir - Blodgett (LB) mono- and bilayer preparation: LB films
were prepared on a Wilhelmy film balance equipped with a 25-mL
teflon trough (15.4 cm x 2.5 cm) and a dipper device. For TOF-SIMS
measurements LB films were deposited on precleaned gold-covered
glass slides. Lipid films compressed at a rate of 1.8cm?min~" to a
surface pressure of 30 mMNm~' were transferred with a speed of
0.7 mm min~" while maintaining the surface pressure at 30 mMNm~".
LB films for SFM measurements were deposited on freshly cleaned
mica plates dipped into a pure water subphase. First, a DPPC
monolayer compressed to a surface pressure of 45 mNm~' was
transferred onto mica followed by the deposition of a second
monolayer composed of DPPC/DPPS (4:1) at 30 mNm .24

Time-of-flight secondary-ion mass spectrometry (TOF-SIMS): The
device and measurement procedure has been described else-
where.?2 23! | ateral resolution of 0.5-1pum was obtained, corre-
sponding to scan areas of 30 x 30 um? in a 256 x 256-raster. A mass
spectrum (solely positive ions) was obtained by integrating SI
intensities over the entire scan area.

Scanning force microscopy (SFM): Surface images of solid-support-
ed membranes were obtained in an open fluid chamber using a
Nanoscope llla Bioscope scanning force microscope (Digital Instru-
ments, Santa Barbara, CA) operating in contact mode, equipped with
a 100 x 100-um? G scanner. For topography and lateral force micro-
scopy images, microfabricated silicon nitride tips (NP-S, Digital
Instruments) with an approximate tip radius of 5-20nm and a
spring constant of 0.06-0.1 Nm~" were used as purchased. Minimal
load force (200-400pN) was employed during contact mode
imaging, while the scan rate was set as high as possible (4-7 Hz
for a 20 x 20-um? image) to reduce the extent of bilayer deformation.
For lateral force images higher load forces were applied.
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This communication describes a dynamic substrate that can
selectively release immobilized ligands and hence can regulate,
in real-time, the ligand - receptor interactions between a cell and
the substrate to which it is attached. The aim of this work is to
provide model substrates for mechanistic studies of cell
adhesion and migration. The adhesion of cells is mediated by
the binding of cell-surface receptors—often, the integrin family
of receptors—to ligands of the insoluble protein matrix (also
known as the extracellular matrix)."’ In many cases, cells respond
to changes in the composition of ligands presented within the
matrix. Examples are found in the growth or differentiation of
cells,? and in tumor metastasis, where malignant cells migrate
through the endothelial barrier.®! The development of dynamic
substrates which can modulate the composition of ligands that
interact with adherent cells would provide new opportunities for
studying many important cellular processes. In this paper, we
describe a chemical strategy to develop a dynamic substrate that
can selectively release immobilized ligands under electrochem-
ical control.

Our approach is based on a self-assembled monolayer (SAM)
of alkanethiolates on gold that presents peptide ligands
tethered to the monolayer through an electroactive quinone
ester moiety (Scheme 1B). The quinone ester undergoes a two-
electron reduction on application of an electrical potential to the
underlying gold substrate to give the corresponding hydro-
quinone, which then rapidly cyclizes to give a lactone with
release of the peptide ligand.* ! We use as a model system, a
monolayer that can release the tripeptide Arg-Gly-Asp (RGD).
This peptide is a ligand found within many extracellular matrix
proteins and which mediates cell adhesion through integrin
receptors.l"” With this system, the application of an electrical
potential results in the release of RGD and, therefore, of cells that
are attached to the monolayer. This model system has the
benefits that the dynamic property can be easily visualized, and
that it establishes the compatibility of the electroactive substrate
with the conditions of cell culture. The tri(ethylene glycol)
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