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ABSTRACT:. By means of scanning force and fluorescence microscopy of artificial membranes immobilized
on mica surfaces, the lateral organization of the annexin A2/S100A10 heterotetramer (annexin A2t) and
its influence on the lateral organization of the lipids within the membrane have been elucidated. Planar
lipid bilayers composed of 1-palmitoyl-2-oleogiglycero-3-phosphocholine (POPC)/1-palmitoyl-2-oleoyl-
snglycero-3-phosphoserine (POPS) were prepared on atomically flat mica surfaces by the spreading of
unilamellar vesicles. Fluorescence images of fluorescently labeled annexin A2t and scanning force
microscopy images of nonlabeled protein bound to POPC/POPS bilayers show the formation of micrometer-
sized lateral protein domains in the presence of 1 mM &t means of scanning force microscopy,

not only protein domains became discernible but also small membrane domains, which were attributed to
POPS-enriched areas. A depletion of these POPS domains was observed in the vicinity of annexin A2t
protein domains. These results indicate that annexin A2t is a peripheral membrane-binding complex capable
of inducing lipid segregation.

Annexin A2 is a member of the annexin protein family, events §—12). The results implicate that annexin A2 has a
which is defined by the unique structural and biochemical scaffolding and structural function on certain cellular mem-
features of its members (reviewed in réfs3). Because of  branes such as endosomal membranes. Sites of actin as-
their characteristic Ca-dependent membrane binding, an-  sembly at cellular membranes have also been identified in
nexins have been implicated in several membrane-relateddifferent cell types at points to which annexin A2 is

events such as endo- and exocytosis and membrane gpecifically recruited. For example, membrane microdomain
cytoskeleton interactions. The conserved'€and membrane-  grganization in smooth muscle cells, which is stabilized by

binding module is the annexin core consisting of four repeats, jnteractions with an underlying actin cytoskeleton, appears
each of which is composeq of five heIice; (for a review, to be regulated by annexin A2L%), and the protein is
see refd). In each annexin, the core is preceded by a \oqpjited to actin-rich membrane areas characterized by a
N"erm'”?" do_mam that varies in Iength and sequence andhigh cholesterol and phosphatidylinositol-(4,5)-bisphosphate
tcr?n medusgte Interactions W|th'pr'ote|n ligands and regulate content 8, 14—17). Cholesterol depletion or sequestration
© annexu=rmem.brane. association. precludes this interaction of annexin A2 and influences the
In cells, annexin A2 is found as a monomer (A2m_) and specific actin assembly, indicating that membrane-bound
as a heterotetramer (A2() consisting of two annexin A2 annexin A2 serves as a platform for actin assembly (for a
molecules and one S100A10 (p11) dimer, which is a memberreview, see rel7). Chasserot-Golaz et aB)(recently found

of the C&*-binding S100-protein familyg). Annexin A2t . ; .
is mainly Iocalize(?at endc?somes and %/hEg plasma membranethat the reduction of annexin A2 at the cell periphery strongly
(6-9), while the monomer is mainly cytosolic inhibits exocytosis. It was shown that annexin A2t is capable

Even though the role of annexin A2t is still not fully ggrrr)]r;)m:tlrgg Jﬁgcjogg:aéggisr;ﬁl:z?at\zgngxggldtoz]ilgo'l-'he
understood, recent RNA interference experiments have d 9 y ' y

disclosed several cellular processes by the downregulationprOpose tha’? annexin A2 _acts as a calcium-dependent
of annexin A2. The transient knockdown produced defects Promoter of lipid microdomains required for structural and
in the generation of multivesicular endosomal carrier vesicles SPatial organization of the exocytotic machinery.
on early endosomes, in the morphology and distribution of ~ On the basis of our own findingd§) and those described
recycling endosomes and certain’Gaegulated exocytosis  above, it is proposed that annexin A2t bound to a lipid
membrane forms two-dimensional protein clusters and
t This work was supported by the DFG graduate college 760. recruits certain lipid components underneath these clusters.
* To whom correspondence should be addressed. Telephea@: This establishes and stabilizes a protein platform capable of
941-943-4548. Fax:+49-941-943-4491. E-mail: claudia.steinem@ recruiting other (cytosolic and cytoskeletal) components and
chemie.uni-regensburg.de. . L -
# Universitd Regensburg. of structuring lipids within the plane of the membrane. To
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scanning force microscopy (SFMpf fluid lipid bilayers with buffer to remove nonbound protein from the solution.
composed of 1-palmitoyl-2-oleodrglycero-3-phospho-  All measurements were carried out in aqueous buffer solution
choline (POPC) and 1-palmitoyl-2-oleostrglycero-3-phos- (20 mM TRIS/HCI, 100 mM NacCl, 1 mM Cagland 1 mM
phoserine (POPS) immobilized on mica surfaces to which NaN; at pH 7.4).

annexin A2t had been bound. SFM in agueous solution SFM. SFM of ||p|d bi|ayers was performed using a JPK
enabled us to directly visualize membrane-bound annexin NanoWizard Scanning force microscope (JPK |nstruments1
A2t in a highly resolved manner, thereby revealing directly Berlin, Germany). A stock solution of nonlabeled protein
the formation of protein and POPS-rich domains. was added to a POPC/POPS lipid bilayer attached to a mica
surface with a minimum final concentration of Q:81, and
after a 15 min incubation period, the surface was rinsed
several times with buffer to remove non- and reversibly

Polar Lipids (Alabaster, AL). Heterotetrameric annexin A2t Pound protein from solution. SFM images were obtained in
was purified from porcine intestinal endothelium according €oNtact or intermittent contact mode in 20 mM TRIS/HCI,
to the procedure described by Gerke and Wetéy. (The 100 mM NaCl, 1 mM CaGl and 1 mM NaN at pH 7.4
protein concentration was determined by UV spectra using USINg an open Teflon fluid chamber. Silicon canUIgvers W!th
an extinction coefficient of2go nm= 0.65 cn? mgt. TEXAS a typical resonant frequency of 21 kHz and a nominal spring
RED-X Protein Labeling Kit was purchased from Molecular constant of 0.3 N m were used. Scan rates were set to 0.3
Probes (Eugene, OR). Silicon cantilevers were purchasedZ- Image resolution was 512 512 pixels.

féflr:silil)t.rasharp (CSC 37/50 E, Silicon-MDT Ltd., Moscow, RESULTS

Lipid Bilayer Preparation Solid-supported lipid bilayers  Several studies suggest that the hetereotetrameric complex
were prepared on mica surfaces using the vesicle-spreadinginnexin A2t forms lateral protein clusters when bound to
technique. First, POPC and POPS each dissolved in chlo-the membrane and is involved in membrane organization
roform were mixed in a molar ratio of 4:1, dried at the bottom processes (for a review, see r2f). To address these
of glass test tubes by a stream of nitrogen, and d_eSICcate(Euestions, we investigated the lateral distribution of annexin
under vacuum for 3 h, resulting |nll|_p|d_f|Ims covering the A2t bound to phospholipid membranes. Solid-supported
bottom of the glass test tubes. The |Ip|d films were rehydrated membranes composed of POPC and POPS were used as a
by the addition of buffer composed of 20 mM TRIS/HCI,  simple mimic for the inner leaflet of a biological membrane.
100 mM NaCl, and 1 mM Napat pH 7.4, leading to a final  Thijs lipid system has been shown to be well-suited to
|Ip|d concentration of 1 mg/mL, and vortexed several times. investigate annexinamembrane interactionsl®, 21). By
The resulting multilamellar vesicles were converted into means of the vesicle-spreading technique starting from
unilamellar ones by the extrusion method using a LiposoFastynilamellar vesicles with a nominal diameter of 50 nm,
extruder (Avestin, Inc., Ottawa, Canada) supplied with a 50 pOPC/POPS bilayers were successfully prepared on freshly
nm polycarbonate membrane. Freshly cleaved mica wascleaved mica surfaces in the presence of'Gans.
covered with the unilamellar vesicle suspension (0.5 Mg/ gy, escence Imagedo first visualize the organization

mL), and C&" ions were added up to a final concentration ; ;
’ . of membrane-bound annexin A2t by fluorescence micros-
(r);olr(nj trgmpfgr);?u?e 1tr':/(|:: Crgicég za(fzgczo\l,lngg?{ngg 3\/ i'[]h abtuffer copy, the protein was fluorescently labeled. The ability of
. ’ fluorescently labeled annexin A2t to bind to phospholipids

sol(;mon (20 mM TRIS/HCI, 100 mM NaCl, 1 mM Cagl in a manner identical to that of the nonmodified protein was
and 1 mM NaNatpH 7.4). _ proven by Ca'-dependent liposome-pelleting assays using

Fluorescence Microscopfrotein labeling was performed  popc/POPS vesicles (not shown). The protein was added
using TEXAS RED-X following the instructions of the o POPC/POPS membranes immobilized on mica surfaces
manufacturer. Briefly, 1 mg of annexin A2t was reacted with i, the presence of 1 mM CaCfor 15 min. Prior to the
one vial of TEXAS RED-X carrying a succinimidyl ester  aqdition of fluorescently labeled annexin A2t, the mica
moiety, which efficiently reacts with primary amines of the  gyrface with the attached POPC/POPS bilayer appears almost
protein to form stable dyeprotein conjugates. A dye/protein  piack (Figure 1A) under the fluorescence microscope in
ratio of 1:1 was obtained. Fluorescence images were obtainedaqueous solution. After the protein was added and rinsed
with an Axiotech Vario microscope (Carl Zeiss, ®Bogen,  wijth a 1 mM CaCl-containing buffer to remove nonbound
Germany) equipped with an Achroplan4@.80 W objec-  protein from solution, fluorescence images were taken, which
tive. Filter set 45 (BP 560/40, FT 585, BP 630/75) was used show a nonhomogeneous distribution of bright spots with
for fluorescence light detection. A stock solution of labeled gijfferent sizes on the membrane surface, indicating that
attached to a mica surface with a minimum final concentra- jrreversible manner (parts B and C of Figure 1). The total

tion of 0.3uM to ensure maximal protein bindind®). After  syrface coverage of irreversibly bound protein was deter-
15 min of incubation, the surface was rinsed several times mined to be 114 4% (h = 13) by pixel analysis. As a
control, fluorescently labeled annexin A2t was added to a
! Abbreviations: DOPC, 1,2-dioleogr-glycero-3-phosphocholine; ~ POPC/POPS membrane in the absence of £a(@ bright
DOPS, 1,2-dioleoybn-glycero-3-phosphoserine; EGTA, ethylene glycol  spots were observed, confirming that the annexin-A2t
bis(3-aminoethyl etherN,N,N'N'-tetraacetic acid; PC, phosphatidyl-  jemprane interaction is strictly calcium-ion-dependent (not
choline; PG, phosphatidylglycerol; POPC, 1-palmitoyl-2-olesyl- . .
glycero-3-phosphocholine; POPS, 1-palmitoyl-2-olesyglycero-3-  Shown). The bright spots observed in the presence &f Ca
phosphoserine; PS, phosphatidylserine; SFM, scanning force microscopyclearly show that lateral protein clustering on the membrane

MATERIALS AND METHODS
Materials.POPC and POPS were purchased from Avanti
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Ficure 1: (A) Fluorescence image of a POPC/POPS (4:1) lipid bilayer deposited onto a mica surface by vesicle spreading. (B and C)

Characteristic fluorescence images after the addition ofiM3luorescently labeled annexin A2t. Images were taken in buffer solution (20
mM TRIS/HCI, 100 mM NaCl, 1 mM CaG) and 1 mM NaN at pH 7.4). Scale bar length 20 um.
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Ficure 2: (A) SFM image (topography) of a POPC/POPS (4:1)
lipid bilayer immobilized on a mica surface after the addition of
0.3 uM annexin A2t. (B) Lateral force microscopy image of the
same area. The darker areas are assigned to protein domains that
differ from the membrane in their material properties. Images were
taken in buffer solution (20 mM TRIS/HCI, 100 mM NaCl, 1 mM
CaClh, and 1 mM NaN at pH 7.4). Image sizes 40 x 40 um?.

diameter / um
surface occurs and that the protein does not bind homo-g g ee 3. (A) Size distribution of annexin A2t clusters obtained
geneously on the surface. by brightness-based pixel analysis from fluorescent images. Three

SFM ImagesTo obtain a higher resolution of the observed Gaussian distributions were fit to the data shown as solid lines.
protein domainS, SFM images were taken. This technique (B) SlZe dlstrlbutlon Of annexin_A_Zt protein_domains_ obtained from
bears the advantage that artifacts arising from labeling of %'1:2" smg%ier]se's”?é;?ggg niwgaﬂ':;'ig‘;]t fﬁ;oigl?hgoégg_] populations.
the protein can be excluded and that topographic features of
the protein layer can be obtained. Annexin A2t was again demonstrates here that a different material, which is a
added to a mica-attached POPC/POPS membrane in thenembrane-bound protein, has been adsorbed to the lipid
presence of 1 mM CaglAfter the nonbound protein was  bilayer.
removed, SFM images were taken in aqueous solution. A Protein Domain Sizé-luorescence as well as SFM images
typical topographic image is depicted in Figure 2A. Protein suggest that there are at least two different protein domain
domains similar to those observed by fluorescence micros-sizes visible on the bilayer. To investigate this in more detall,
copy are visible as brighter areas. The height distribution of the size distribution of the protein domains was determined
the protein domains is very even except for some higher by pixel analysis. For fluorescence images, binning was set
spots, indicating that the protein binds in a defined manner to 400 nm because of the microscope resolution, while for
to the lipid bilayer. The higher structures are located mostly SFM images, the binning was set to 200 nm (parts A and B
at the rim of a protein domain or as a round cluster on top of Figure 3). A total of 95% of the detected protein domains
and have about twice the height of a single protein layer, are smaller than 2m in diameter. Even though the number
thus, indicative of the assembly of a second annexin layer. of small domains is much larger than that of domains, which
Also, the domain distribution resembles that found by are larger than 2m, about 64% of the protein is bound in
fluorescence microscopy. domains larger than 2m in diameter. The size distribution

To corroborate that the protein-dependent structures canof the protein domains obtained from fluorescence images
be assigned to a material that is different from the lipid by pixel analysis is depicted in Figure 3A. Three different
bilayer, i.e., membrane-bound annexin A2t, we performed domain populations differing in their mean diameters are
lateral force microscopy. In lateral force microscopy images, discernible. Most domains are found to be in the range of
the observed contrast is a result of differences in the torsion600 4+ 300 nm, while part of them are 32 0.6 and 4.8t
of the cantilever caused by different friction forces acting 0.8 um in diameter. The domain distribution obtained from
on the cantilever. In Figure 2B, a backward scan is shown, SFM images is very similar, even though only a few lateral
in which the darker areas indicate larger friction than on the protein aggregates with a diameter larger thamare found
brighter ones. Lateral force microscopy has been shown toin the SFM images (Figure 3B). The larger protein domains
be a useful tool to visualize material contras®?)(and also show a Gaussian-like distribution with a mean diameter
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Ficure 4. Topographic images of protein domains obtained in (A1) contact and (B1) intermittent contact mode. The corresponding line
scans (A2 and B2) are depicted on the right-hand side. For contact mode, the observed height difference between the lipid bilayer and the
protein layer is about 2.6 nm, while for intermittent contact, the cross-section indicates a protein height of approximately 2 nm. Histogram
analysis for contact and intermittent contact mode revealed an average height-bf@®46nm 6 = 17) and 2.0+ 0.2 nm f = 23),
respectively. Typical height analysis histogram of a protein domain obtained in contact mode (C) and intermittent contact mode (D). The
two well-separated peaks are attributed to the lipid surface (set to 0) and the protein layer. Images were obtained in aqueous solution (20
mM TRIS/HCI, 100 mM NaCl, 1 mM CaGJ) and 1 mM NaN at pH 7.4). Image size= (A1) 10 x 10 um? and (B1) 8x 8 um?.

of 2.6 + 0.7 um, while most of the domains are in the range height of about 3-4 nm in contact mode, indicating a second
of 300+ 100 nm. protein layer.

Protein Domain HeightThe height of the protein domains Lipid Membrane StructureBesides the large protein
was investigated by line scans. Dependent upon whether thedomains, a fine structure was also visible in the SFM images
images were taken in contact or intermittent contact mode, that was not seen by fluorescence microscopy. We propose
slightly different protein domain heights were obtained. In that this fine structure is a result of small phosphatidylserine
contact mode, a typical height difference between the protein (PS) membrane domains. The question arose whether these
domain and the lipid bilayer of about 2.6 nm was measured membrane domains are induced by annexin A2t or whether
(Figure 4A), while the height extracted from intermittent they are already present prior the addition of the protein. To
contact mode was in the range of 2.0 nm (Figure 4B). A answer this question, we investigated POPC/POPS mem-
more detailed histogram analysis of several protein domainsbranes in the presence of 1 mM Ca@i the absence of
leads to an average height of 260.4 nm @ = 17) for protein. Figure 5 shows topographic images of a POPC/POPS
contact mode images (Figure 4C) and 0.2 nm q = lipid bilayer obtainedn a 1 mM CaCb-containing buffer.

23) for intermittent contact mode images (Figure 4D). The Higher domain structures are clearly visible, which we assign
higher structures found on top of some domains show ato small phase-separated PS domains. These domains are
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Ficure 5: (A) SFM image of a POPC/POPS (4:1) lipid bilayer
prepared by vesicle spreading onto a mica surface. (B) Magnifica- 10 nm
tion of POPS-enriched microdomains. The height difference of these
structures depends upon the applied force and was determined to
be between 0.4 and 1 nm. Image size¢A) 10 x 10um? and (B)

550 x 550 nn#.

present in POPC/POPS lipid bilayers in the presence of 1
mM CaC} without the addition of protein. They are very
irregularly shaped, with mean diameters of about-200

nm, and are more or less homogeneously distributed in the
membrane. The percentage of area occupied with POPS
microdomains varied among the preparations and was found
to be between 5 and 15%. The height difference between
those domains and the surrounding matrix is—l4nm
dependent upon the applied force. This finding suggests that
the higher areas are probably more rigid and thus less easily
indented by the SFM tip than the surrounding area. This idea
is corroborated by the observation that?Caemoval by
rinsing with an ethylene glycol bigaminoethyl ether)-
N,N,N'N'-tetraacetic acid (EGTA)-containing buffer results
in a disappearance of these membrane domains, leaving &iGUre 6: (A) Vertical deflection SFM image of two annexin A2t

flat and featureless membrane surface behind (data notProtein domains on a POPC/POPS lipid bilayer on mica. (B)
shown). Topographic image of an annexin A2t protein domain. The black

rings indicate the ring areas used for the analysis shown on the
Depletion of POPS Domain3he most interesting obser-  right-hand side. (C) Area of lipid domains enriched in negatively
vation of our study is that the POPS microdomains appear]?rfc‘)?; Q[ﬁg Pr(c?tF;i?n r:olc?gugets.fg;gr;% 2‘;giat‘rg'r‘i’ltti‘;g§?”§ Fgf;v:iatance
to be less frequent in the vicinity of the annexin A2t protein .0, o prpotein dogrr?air?l). Image sizes= (A)y11.2 9 F:)I_l.2;¢m2 Y
domains than in areas where no protein is bound. Figure 6Aand (B) 15x 15 um2.
shows a deflection image to illustrate this observation. To
quantify the inhomogeneity of the POPS domain distribution, DISCUSSION
we divided the entire area in equidistant rings and determined
the area of POPS microdomains per ring area by pixel
analysis. A typical example of this procedure is given in
Figure 6B. In the topography image, the equidistant rings
drawn around a protein domain are shown as black lines. o tein interactions might enable them to reorganize the
The region between two lines corresponds to the ring area.qyyonjasmic leaflet of cellular membranes, thus forming a
In each ring area, the part that is covered by POPS moleculesgir cryral prerequisite for certain membrane-trafficking events
observed as brighter domains is determined. In Figure 6C, 3nq providing a platform for cytoskeleton organization (e.g.,
the fraction of POPS-covered area per ring area is plotted 5¢tin assembly) (for a review, see r29). In the case of
versus the distance from the protein domain. The edge of gnnexin A2t, this platform is discussed in terms of lateral
the protein domain is set to 0. The plot clearly shows that aggregates of annexin AZ)( Several results have suggested
there iS a depletion Of POPS domains Close to the proteinthat annexin A2t iS a regu'ating e|ement in membrane
domain. To ensure that this depletion is a result of the protein dynamics and the organization especia”y of cholesterol and
domain, the POPS distribution was also determined in regionssphingomyelin-enriched microdomairs3( 15). A number
without a protein domain in close proximity and on of studies demonstrated a nonuniform distribution of annexin
membranes without adsorbed proteins. One characteristicA? on cellular membranes and an annexin A2-mediated
result is plotted in Figure 6C. An equal distribution of POPS reorganization of lipid rafts and the underlying actin cyto-
domains is found independent of the distance from a certainskeleton 2, 14, 23).
but arbitrarily defined starting point. At a certain distance  Our study presents direct evidence that annexin A2t forms
from the protein domain, the coverage with POPS domains two-dimensional lateral protein aggregates. Fluid lipid bi-
is the same as that observed at any other area further awayayers composed of PS and phosphatidylcholine (PC) im-
from the protein domains. mobilized on mica surfaces were used to mimic the inner
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The central biochemical characteristic of all annexins
including annexin A2t is their Ca-regulated binding to
membranes containing acidic phospholipids. The specific
protein—lipid interaction in combination with protein
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leaflet of the plasma membrane. Although being a very between the intermittent contact and contact mode might be
simple system, artificial membranes have been demonstratedx result of a stronger deformation of the fluid lipid bilayer
to be a useful tool to investigate anneximembrane  with respect to the protein layer while scanning the surface
interactions 18, 24, 25). Visualization of the lateral orga- in direct contact with the SFM prob&g, 37). Independent
nization of annexin A2t bound to these membranes was of this difference, the height of the protein layer determined
realized by means of microscopy techniques. Fluorescenceby both modes is by a factor of around two smaller than
microscopy as well as SFM unambiguously showed that that obtained for annexin A2t bound to lipids in the gel phase.
lateral protein aggregates are formed on the POPC/POPSn a previous study, we determined the height of annexin
lipid bilayers. What is the driving force for the formation of A2t bound to a DPPC/DPPS (4:1) bilayer to be 4.2 nm, in
lateral protein aggregates? It is conceivable that specific good agreement with crystallographic da®8)( assuming
protein—protein interactions are responsible for the formation that both annexin monomers bind to one membrane interface.
of lateral aggregates. Large annexin A5 clusters that grow The smaller height observed here might indicate that annexin
over time and crystallize in two dimensions on a membrane A2t partly penetrates into the lipid bilayer. A partial insertion
surface have been visualized by means of SBE&-9). In of annexin Al has also been shown for lipid monolayers at
crystal structures of annexin A5, A7 and B12 trimers have the air-water interface 39). However, it cannot be ruled
been found30, 31). The tendency to form such trimers might out that the force applied by the scanning force microscope
be attributed to specific proteirprotein interactions. How-  tip might also influence the partial insertion of annexin A2t
ever, for annexin A1 and A2, no such trimer formation is in the lipid bilayer.

reported and also no crystallization of the protein on  SFM, which provides a high resolution of the sample
membrane surfaces was observ@®) (Another explanation  surface, not only revealed the lateral organization of the
for the formation of lateral protein aggregates without annexin A2t clusters but also resolved features of the POPC/
specific protein-protein interactions is given by Hinderliter POPS lipid bilayer. Small membrane domains became
et al. 33). They demonstrated by Monte Carlo simulations discernible in the topography images, which we attribute to
that, if a preferential proteinranionic lipid interaction is  clusters of POPS lipids. A phase separation between PC and
assumed, protein domains can be formed in a processPS lipids mediated by Caions was also observed by Ross
mediated only by preferential proteitipid and lipid—lipid et al. @2). Investigations on vesicles and lipid monolayer
interactions. The model also includes the lipid redistribution systems showed a €ainduced lateral phase separation of
induced by protein binding. Lipid reorganization induced by negatively charged PS or phosphatidic acid molecu€s (

annexin A2t was also concluded fromZaitration experi- 41). The height difference of the observed small domains,
ments performed by the quartz crystal microbalance tech-which are only 56-200 nm in diameter, varies dependent
nique (L8). upon the applied force of the SFM tip and indicates that this

Surprisingly, only around 1% 4% of the membrane was material is stiffer than the surrounding matrix. We propose
covered with annexin A2t. If, however, POPS is clustered that C&" ions bound to the PS lipids increase the rigidity of
in membrane microdomains and 20 mol % POPS is acces-the domains. Interestingly, we were not able to observe any
sible for annexin A2t binding, it is expected that at least movement of the lipid domains within the bilayer, which
20% of the surface is covered by annexin A2t. Typically, might be a result of the interaction of the PS lipids vigZCa
the protein surface coverage is supposed to be even slightlybridges with the mica surface. From the entire surface
larger because the observed POPS clusters may also containoverage with POPS domains, we conclude that not all PS
POPC molecules. Brisson and co-workers recently provided molecules are organized in these domains but only a fraction,
evidence for a nonhomogeneous distribution of 1,2-dioleoyl- which is variable within a certain regime.
snglycero-3-phosphoserine (DOPS) between the two leaflets In a previous study1(8), we have concluded from €a
in lipid bilayers obtained from vesicle spreading on mica titration experiments that different annexin A2t-binding sites
(34). They attributed this difference to a surface-induced existin a POPS-containing membrane: high-affinity binding
redistribution of DOPS between the two membrane leaflets sites for annexin A2t, which are characterized by POPS
induced by the mica surfac8%). For example, in a mixture  clusters exhibiting a large surface charge density, and low-
composed of 1,2-dioleoydrglycero-3-phosphocholine  affinity binding sites with fewer POPS molecules involved.
(DOPC) and DOPS in a molar ratio of 4:1, they found only Once the protein is bound to the membrane, a further
7 mol % of the DOPS accessible for prothrombin binding. recruitment of PS underneath bound annexin A2t occurs,
If only 7% PS molecules were accessible in our POPC/POPSwhich leads to a rearrangement of the POPS molecules. If
membranes, an estimated protein surface coverage of aroundnnexin A2t partially inserts or if additional membrane-
9—12% would be expected assuming that POPS is organizedspanning proteins are present in such clusters, the protein-
in clusters similar to what we have observed in the DPPC/ induced organization of the membrane lipids might also
DPPS system22, 34). The finding that the negatively affect the lipids located in the opposing leaflet of the lipid
charged lipid is recruited to the membrane leaflet facing the bilayer. In principle, around 20 lipids are placed underneath
mica surface explains why there are still POPS clusters one annexin molecule. Our SFM images show that a
visible that are not occupied by protein. From the topographic depletion of negatively charged POPS in the area surrounding
images, it cannot be distinguished between PS domains ina protein domain occurs. This is in accordance with the
the upper leaflet that are exposed to the aqueous phase andotion that the annexin A2 heterotetramer is capable of

those that face the mica surface. clustering PS lipids in a POPC/POPS-containing lipid bilayer
The height of the protein clusters as determined from line and thus decreases the overall number of PS molecules in
scans and histogram analysis is around—2® nm, de- its nearest neighborhood. Previous studies suggested the

pendent upon the applied SFM technique. The difference capacity of C&™-dependent membrane-binding proteins to
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enrich negatively charged lipidglZ). For example, it was
shown for annexin A4 that binding of the protein increases
the local concentration of phosphatidylglycerol (PG) mol-
ecules in vesicles composed of PC and BG).(

The recruitment of negatively charged lipids underneath
a protein domain shown here vitro might be the prereg-
uisite for clustering of small membrane microdomains to
larger domainsin vivo (3). Annexin A2t is supposed to
influence the aggregation of membrane doma%4.(). For
example, if annexin A2t was bound to the plasma membrane
of smooth muscle cells, the membrane fragment distribution
was shifted to larger fragmentt3). According to Lipowsky,
the formation of intramembrane domains will usually lead
to a difference in spontaneous curvature, and in general, the
spontaneous curvature and the line tension provide a driving
force for budding 44, 45). Thus, a reorganization of a lipid
membrane and the formation of membrane domains might
also be the prerequisite for or at least support vesicle budding
and/or fusion.
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