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Annexins are peripheral membrane-binding proteins implicat-
ed in a number of membrane-related events (for a review see
refs. [1, 2]). Of particular interest within this family is annexin
A2, since it can exist in two forms possibly showing different
modes of membrane interaction, the annexin A2 monomer
and the heterotetrameric complex of annexin A2 with the S100
protein S100A10 (p11). The complex, herein referred to as an-
nexin A2t, is the predominant form of annexin A2 in most cells.
It is composed of two annexin A2 molecules linked via their N-
terminal domains to a S100A10 dimer.[3] Within the cell, the
protein complex is mainly localized to endosomes and at the
plasma membrane.[4±6] Recent RNA-interference experiments
have revealed a function of the protein in maintaining a
proper organization of certain endosomal subdomains.[7, 8] In
vitro, it has been shown that annexin A2t is capable of binding
to negatively charged phospholipids and aggregating chro-
maffin granules and phospholipid vesicles in a Ca2+-dependent
manner (for a review see ref. [9]).

The molecular organization of the junctions between mem-
brane surfaces linked by the annexin A2t complex is still a
matter of debate. Two different models have been proposed.
The first one is based on electron-density profiles obtained in
cryoelectron-microscopy studies.[10,11] It proposes that the
dimer of S100A10 is located in the center of the two mem-
branes with one annexin A2 molecule facing the bilayer on
each side (Figure 1A, C).[12] The dimension of the complex be-
tween the two membranes was estimated to be 9.0�0.3 nm.
The second model assumes that two annexin A2 subunits of
the complex are bound to one membrane interface (Fig-
ure 1B).[13] In order to link the two membranes together two
heterotetramers then form an octameric structure held togeth-
er by the S100A10 dimer (Figure 1D).[14] Bearing these models
in mind, two different scenarios are conceivable for an initial
Ca2+-dependent binding of annexin A2t to a membrane bilay-
er. Either one (Figure 1A) or both annexin A2 subunits (Fig-
ure 1B) of the heterotetramer might bind to the negatively
charged phospholipids via Ca2+ bridges.
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To elucidate which of the two binding modes is more likely
to occur, we determined the height of membrane-bound an-
nexin A2t by scanning force microscopy. Scanning force micro-
scopy on solid-supported Langmuir±Blodgett (LB) bilayers
composed of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) and 1,2-dipalmitoyl-sn-glycero-3-phosphoserine (DPPS)
on mica was shown previously to be well suited to visualizing
annexin A1 bound to DPPS-enriched domains.[15,16] The
method exploits the fact that lipid bilayers composed of DPPC
and DPPS are in the gel state at room temperature and are
thus only minimally indented during the scanning, thereby re-
ducing the error in the height analysis. The first monolayer of
the LB bilayer was composed of DPPC transferred from a water
subphase at 45 mNm�1. The second water-exposed monolayer
consisted of a mixture of DPPC/DPPS (4:1) transferred at
32 mNm�1. A detailed characterization of these bilayers is
given by Ross et al.[15]

Scanning force microscopy (topographic images) of the
DPPC-DPPC/DPPS bilayers does not reveal any height differen-
ces (Figure 2A) except for some small dark dots, which can be
attributed to defects within the bilayers. However, when ana-
lyzed by lateral force microscopy, DPPS-enriched domains
within the DPPC matrix can be identified in the presence of
Ca2+ ions (not shown), as shown previously.[15] After addition
of 0.3 mm annexin A2t to the immobilized bilayer, round do-
mains, which are 2±5 mm in diameter, become discernable in
the topographic images (Figure 2B) and exhibit the same form
and distribution as the DPPS-enriched domains as visualized
by lateral force microscopy. Thus, we conclude that these
higher domains are composed of laterally interacting annexin
A2t bound to the DPPS-enriched domains. This result also con-

firms the specificity of annexin A2t adsorption to acidic phos-
pholipids. Further protein addition did not change the size,
number and distribution of the annexin A2t domains. In con-
trast to the images obtained by Brisson and co-workers for
membrane-bound annexin A5,[17,18] in the case of annexin A2t,
two-dimensional crystal-like structures could not be resolved
by scanning force microscopy. This is in accordance with the
results obtained for annexin A1[16] and probably reflects the in-
trinsic properties of the different annexin proteins analyzed.
Reversibility of binding was investigated by addition of a
buffer containing 0.1 mm EGTA; this resulted in a complete re-
moval of the protein domains from the membrane. However,
nonspecifically bound proteins found in the defects of the
membrane, which are visible as small bright dots in the topo-
graphic images (Figure 2B), were still present under these con-
ditions and could not be removed by chelating Ca2+ (not
shown).

The significant topographic contrast between the protein
domains and the membrane enabled us to readily obtain an
exact height of the protein layer. Figure 3A shows a single
domain composed of laterally interacting proteins with a line
scan through this domain indicating a height difference be-
tween the membrane and the protein layer of 4.3 nm. Histo-
gram analysis of several protein domains (n=16) leads to an
average height of 4.2�0.4 nm (see Figure 4A). The two differ-
ent models outlined above (Figure 1A, B) predict two different
but rather well defined heights of the protein layer. For model
one (Figure 1A), a height of about 9 nm is expected taking the
crystallographic and cryoelectron microscopy data into ac-
count.[19] For model two (Figure 1B), the molecular arrange-
ment on top of a phospholipid bilayer would be about 4.5 nm
in height. This takes into account that both annexin A2 sub-
units are bound to the membrane via their convex sides with
the S100A10 protruding away from it. Our height analysis is in
agreement with the second model and let us conclude that in
a first step the annexin A2 tetrameric complex binds to a
model membrane simultaneously with both annexin A2 sub-
units. The slightly smaller value of 4.2 nm might be explained
by the fact that the protein coverage on the surface is always
less than one and the height is determined as an average
value of a certain area, so that the measured height is expect-
ed to be slightly smaller than that of a single protein.

To corroborate our results, we also investigated by scanning
force microscopy the height of membrane-bound monomeric

Figure 1. Schematic illustration of the annexin A2t membrane binding process.
A and B show the initial membrane binding, C and D the aggregation process.
In the first model (A), the tetrameric complex is bound via one annexin A2
monomer to the membrane. For this arrangement, the resultant height would
be about 9 nm for one protein layer. In the second model (B), both annexin
subunits of annexin A2t bind to one membrane surface. In this case, an approx-
imate height of about 4.5 nm for one protein monolayer bound to the mem-
brane would be expected. The membrane aggregation process could be medi-
ated by a tetrameric or an octameric structure (C,D).

Figure 2. A) Topographic image of a DPPC±DPPC/DPPS lipid bilayer deposited
onto mica by a double Langmuir±Blodgett transfer. B) Topography image after
addition of 0.3 mm annexin A2t. The images were obtained in aqueous solution
(TRIS/HCl (20 mm), NaCl (100 mm), CaCl2 (1 mm), NaN3 (1 mm), pH 7.4).
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annexin A2. Monomeric annexin A2 was obtained by dissociat-
ing the heterotetrameric complex in urea followed by size-
exclusion chromatography to separate the individual subunits,
which were renatured individually.[20] Successful renaturation of
annexin A2 was confirmed by verifying its typical Ca2+-de-
pendent binding to negatively charged phospholipids. Addi-

tion of the annexin A2 monomer to a DPPC±DPPC/
DPPS bilayer again leads to round protein domains
of similar size to those obtained by binding annexin
A2t (Figure 3B). Histogram analysis of the annexin
A2 monomer domains reveals a height for the pro-
tein layer of 2.8�0.7 nm (n=8; Figure 4B). This
value is similar to the one obtained for monomeric
annexin A1 bound to DPPC±DPPC/DPPS bilayers
(3.1�0.2 nm),[16] but is much lower than that ob-
tained for the tetrameric complex. The height of
about 3 nm for membrane-bound monomeric an-
nexin A2 agrees with the crystallographic data for
the annexin A2 core.[19] The difference between
monomeric and tetrameric annexin A2 is about
1.4 nm and can be attributed to the S100A10 dimer.
Related S100 dimers such as calcyclin and calbindin
9k exhibit dimensions of about 3.8î3.3î3.1 nm[21]

and 2.5î3.0î3.0 nm,[22] respectively. The predicted
dimensions of S100A10 dimers of about 3 nm imply
that the S100A10 molecules could be arranged next
to each other in the manner shown in Figure 1B;
this would result in a height difference between
monomeric annexin A2 and the heterotetrameric
complex of around 1.5 nm.

As the Ca2+-dependent membrane binding of the
annexin core is a dynamic process, two possible sce-

narios could account for the aggregation initiated by annexi-
n A2t. The first one is depicted in Figure 1C, where the junc-
tion between the two membranes involves single annexin A2t
molecules connecting the surfaces of opposing membranes.
This arrangement is favored by electron-density profiles ob-
tained by cryoelectron microscopy and model calculations.[11,12]

Since our data indicate that in the initial membrane binding
event both annexin A2 molecules are bound to one membrane
interface, desorption and rebinding to the opposing mem-
brane of one of the two annexin A2 subunits of the complex
has to occur. In the second model (Figure 1D) the membrane
aggregation is mediated by protein±protein interactions; this
results in an octameric annexin A2±S100A10 complex. This mo-
lecular arrangement was favored by Waisman in the case of
annexin A2t±chromaffin granules interactions[13] and has also
been discussed to occur following disulfide-bridge formation
between cysteines within the C-terminal region of S100A10.[14]

Future experiments employing scanning force microscopy and
analyzing the topography of annexin A2-S100A10 complexes
assembled from individual subunits on DPPC±DPPC/DPPS bi-
layers should resolve this issue.

Experimental Section

Materials : DPPC and DPPS were purchased from Avanti Polar
Lipids (Alabaster, AL, USA) and used without further purification.
Annexin A2t was purified from porcine intestinal epithelium ac-
cording to Gerke and Weber.[23] Protein concentration was deter-
mined by UV absorption with e280nm=0.65 cm2 mg�1. Protein purity
was analyzed by SDS-PAGE. Monomeric annexin A2 was isolated
from the tetrameric complex. After denaturation in 9m buffered

Figure 3. Topographic image of A) an annexin A2t and B) an annexin A2 monomer protein
domain. The black lines indicate the corresponding line scan with the height profiles depict-
ed on the right-hand side. The difference between the lipid bilayer and the protein layer is
4.3 nm for the tetrameric complex. The cross section for the annexin A2 monomer protein
domain indicates a height difference of 2.5 nm. All images were obtained in aqueous solu-
tion (TRIS/HCl (20 mm), NaCl (100 mm), CaCl2 (1 mm), NaN3 (1 mm), pH 7.4).

Figure 4. Typical height-analysis histogram of A) an annexin A2t and B) an an-
nexin A2 monomer protein domain. Two well-separated frequency peaks are
observed, which are assigned to the lipid layer (set to zero) and the protein.
The height difference is calculated as the difference between the two peak
maxima and was determined to be 4.1 nm for the annexin A2 heterotetramer
and 2.8 nm for the annexin A2 monomer.

ChemBioChem 2004, 5, 1003 ±1006 www.chembiochem.org ¹ 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1005

www.chembiochem.org


urea, the annexin A2 and S100A10 subunits were separated by
size-exclusion chromatography.[20] Subsequent dialysis against TRIS/
HCl (20 mm), NaCl (100 mm), NaN3 (1.5 mm), MgCl2 (2 mm), DTT
(0.5 mm), pH 7.5 yielded the renaturated proteins. Purity was ana-
lyzed by SDS-PAGE, and protein concentration was determined by
UV absroption with e280nm=0.75 cm2 mg�1.

Lipid-bilayer preparation : Lipid bilayers were prepared by the
Langmuir±Blodgett technique. LB films were prepared at 20 8C
from the air/water interface on a film balance equipped with a Wil-
helmy plate (Riegler±Kirstein, Golm, Germany) with the help of a
dipper device. The Teflon trough was 175.5 cm2. As subphase, ul-
trapure water was used. After being spread, the lipid film was equi-
librated for 30 min. The first monolayer composed of DPPC was
compressed to a surface pressure of 45 mNm�1, equilibrated again
for 30 min, and was then deposited on a freshly cleaved mica plate
maintaining the surface pressure constant. A second monolayer
composed of DPPC/DPPS (4:1) was transferred on top of the DPPC
monolayer at a surface pressure of 32 mNm�1.[15]

Scanning force microscopy (SFM): Surface images were obtained
in an open Teflon fluid chamber with a JPK NanoWizard scanning
force microscope (JPK Instruments, Berlin, Germany). Measure-
ments were performed in TRIS/HCl (20 mm), NaCl (100 mm), CaCl2
(1 mm), NaN3 (1 mm), pH 7.4. Protein was added from a stock solu-
tion to the fluid chamber with 1 mL volume to final concentrations
of 0.3 mm for annexin A2t and 0.6 mm for annexin A2 monomer.
Images were obtained in contact or intermitted-contact mode, re-
spectively, by using microfabricated silicon nitride tips (NP-S, Digi-
tal Instruments, Santa Barbara, CA, USA) or silicon tips (CSC37/50 E,
Ultrasharp, Silicon-MDT Ltd. , Moscow, Russia). For the contact
mode, V-shaped cantilevers with a nominal spring constant of
0.32 Nm�1 were used, while for intermitted contact mode, cantile-
vers with nominal spring constants of 0.3 Nm�1 and resonant fre-
quencies of 21 kHz were employed. Usual scan rates were set to
0.3 Hz. Image resolution was 512î512 pixels.
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