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ABSTRACT A model system to study the control of cell adhesion by receptor-mediated specific forces, universal interac-
tions, and membrane elasticity is established. The plasma membrane is mimicked by reconstitution of homophilic receptor
proteins into solid supported membranes and, together with lipopolymers, into giant vesicles with the polymers forming an
artificial glycocalix. The homophilic cell adhesion molecule contact site A, a lipid-anchored glycoprotein from cells of the slime
mold Dictyostelium discoideum, is used as receptor. The success of the reconstitution, the structure and the dynamics of the
model membranes are studied by various techniques including film balance techniques, micro fluorescence, fluorescence
recovery after photobleaching, electron microscopy, and phase contrast microscopy. The interaction of the functionalized
giant vesicles with the supported bilayer is studied by reflection interference contrast microscopy, and the adhesion strength
is evaluated quantitatively by a recently developed technique. At low receptor concentrations adhesion-induced receptor
segregation in the membranes leads to decomposition of the contact zone between membranes into domains of strong
(receptor-mediated) adhesion and regions of weak adhesion while continuous zones of strong adhesion form at high receptor
densities. The adhesion strengths (measured in terms of the spreading pressure S) of the various states of adhesion are
obtained locally by analysis of the vesicle contour near the contact line in terms of elastic boundary conditions of adhesion:
the balance of tensions and moments. The spreading pressure of the weak adhesion zones is S ~ 107° J/m? and is
determined by the interplay of gravitation and undulation forces whereas the spreading pressure of the tight adhesion
domains is of the order S ~ 1076 J/m?.

INTRODUCTION

The development of the slime moulictyostelium discoi- tween a short peptide sequence as a possible mechanism,
deumfrom single cells into a multicellular organism is whereas sugars should play a minor role. However, this
mediated by cell-cell adhesion, which is triggered by theconclusion was contested by other groups (Faix, 1993).
genetic expression of adhesion proteins. One of the best In the present paper, we establish a model system (Fig. 1)
characterized proteins of these adhesion-competent cells ifat allows the study of the control of cell adhesion by the
the contact site A (csA) protein. It is expressed in theinterplay of specific and nonspecific forces and membrane
preaggregation phase and mediates the so-called EDTAyending elasticity. The biologic membrane is mimicked by
stable (C&'-independent) fast type of cell adhesion reconstitution of the csA-glycoprotein receptor into bilayers
(Gerisch, 1986; Siu et al., 1988; Harloff et al., 1989). It is acomposed of dimyristoylphosphatidylcholine (DMPC) or
homophilic membrane glycoprotein with a Ceramide'base(aioleoylphosphatidylcholine (DOPC). To mimic the glyco-
anchor of glycosylphosphatidyl abbreviated below as GPl¢gjix jinopolymers (composed of polyethyleneoxide head-
anchor, (cf. Stadler et al. (1989) and Fig. 3). The lipid 5o hs attached to dimyristoylphosphatidylethanolamine
anchor is not essential for the fast type of adhesion, but IEDOPE]) are incorporated. The lipopolymers also facilitate
ensures long persistence of the csA-protein on the celfs tormation of single-walled vesicles. The target mem-
sgrface (B‘Tﬂth et al., 1394). It enables the receptor o k?&rane was deposited onto a glass substrate by first transfer-
_hlghly n_10b|_|e in the plasma _mer_nbrane and delays_ the rapi ing a monolayer of DMPC, and, subsequently, an outer
internalization and degradation in lysosomes (Gerisch et al'rhonolayer consisting of DMPC with reconstituted receptor

1993). A signal function of the ceramid-based anchor is still . . : .
a matter of discussion (Michell and Wakelam, 1994) Theprotem. The test cells consisted of giant vesicles composed

mechanism of the homophilic receptor interaction is un-Of a mixure of DOPC and lipopolymers with receptors

known. Siu and Kamboj (1990) postulated the interplay Ofreconstituted into the outer leaflet. The adhesion of the
' vesicle with the supported target membrane is studied by

ionic and hydrophobic interaction as well as H-bonds be- S . )
reflection interference contrast microscopy (RICM). This
interferometric technique allows analysis of the contact
: — o zone and the surface profile of the adhering vesicle near the
Received for publlcatlon 14 December 1998 and |nf|naI‘form 19 July 1999'substrate in a quantitative way, and it allows measurement
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FIGURE 1 Model system. Vesicle adhesion on a func-
tionalized solid supported membrane.
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hesion energy (or spreading pressure). We demonstrate tha glycoprotein (Mang, 1995) in our monolayer experiments. Commer-
the competition between (receptor-mediated) Short-rang@ally available fluorescein-labeled WGA from Molecular Probes (Leiden,

attraction forces and long-range repulsion forces leads t§¢ Netherlands) was dissolved in 150 mM NaCl, 10 mM HEPES at pH
.2. Commercially available fluorescein-labeled ConA from Molecular

lateral phase separation in the contact zone of the mems, pas was dissolved in 10 mM Na-bicarbonate, 1 MMM mM C&-*
branes, resulting in the formation of domains of tight adhe; pH 8.3.

sion (separation between membranes smaller than 10 nm) Antibodies: To detect the csA-protein, we also used the monoclonal
separated by areas of weak adhesion exhibiting pronounc@@tibodies 41-71-21 and 33-294-17 (Bertholdt et al., 1985), denoted
membrane undulations (separation between membranes b 71 and mAb 294 in the following. MAb 71 recognizes an epitope of

o the native csA-protein, whereas mAb 294 recognizes a polypeptide chain
the order of several 10 nm)' The lateral organization of th f the denaturated protein. The antibody was obtained by purification of

contact area depends on the receptor con_centration. At loWpernatants of hybridoma cells using a protein A-Sepharose column
concentrations, one observes the formation of small dogPharmacia, Uppsala, Sweden). Bound primary antibody was visualized
mains of tight adhesion (adhesion plaques) coexisting withvith alkaline phosphatase-conjugated IgG (DIANOVA, Hamburg, Ger-

areas of weak adhesion that exhibit pronounced ﬂickering[nany) or by electron microscopic observation of 10 nm gold-labeled

At high concentrations. the clusters of receptors fuse reqmtimouse 1gG (SIGMA Immuno Chemicals, Deisenhofen, Germany).
g ’ P ’ Contact site A (csA)i(cf. Fig. 3A for schematic structure of the

sulting eventually in @ homogeneous adhesion disc. In thigceptor).
paper, measurements of adhesion strengths between theprotein purification: Cells of theD. discoideunmutant HG1287 (Faix

vesicles and the supported membranes in the areas of weakal., 1992) overexpressing csA were grown in liquid nutrient medium

and strong adhesion are reported. containing 1.8% maltose (Watts and Ashworth, 1970) on a gyratory shaker
at 150 rpm under axenic conditions. Cells were harvested at a density of
5 X 1P cells/mL. After washing, the density was adjusted to<110”

MATERIAL AND METHODS cells/mL in 17 mM Soerensen phosphate buffer at pH 6.0, and cells were
starved for 12 h. After starvation, lysis was performed in a sucrose

Materials homogenization buffer at 1200 psi at 4°C for 20 min underchlvitation.
Lysed cells were centrifuged at 15,000 g to obtain the membrane

Lipids fraction (Stein and Gerisch, 1996). The csA-protein was extracted from the

DMPC, DOPC, and DOPE coupled ith 45 ethyleneoxice groups (DOPELY2SEd membrane fracton usinghutanol and the agqueous phase was |
PEG,qo9 Were purchased from Avanti Polar Lipids (Birmingham, AL). To PP 9 ! ' .

observe the lipid films by fluorescence microscopy, small amounts Ofequnlbrated with 10 mM piperazine buifer at pH 5.5, containing 1% w/v of

fluorescent lipid were reconstituted into the membranes. Two types o}he nonionic detergert-octylpolyoxethylene (octylPOE) (Bachem, Hel-

fluorescent probes were used: texas red-substituted dihexadecanoy, elberg, Germany). The glycoprotein was eluted with a NaCl-gradient

- . -500 mM), and protein fractions pooled according to dot blots were
phophatidylethanolamine (TR-DHPE) purchased from Molecular PrObesgoncentra\ted by centrifugation in Centriprep30 tubes (Amicon, Beverly,

(Bugene, OR) and NBD-labeled dlpalm|toylphosphat|dylethanolamlneMD). During the last step of purification, octylPOE was eliminated by gel

(NBD-DPPE) from Avanti Polar Lipids. In the case of TR-DHPE 0.1-0.2 _ "’ : LT .
mol% were sufficient, whereas the experiments with DPPE-NBD requiredfIItratlon usmgj_astjrotem liquid chromatography with a querose6 col-
1-2 mol% of the fluorescent lipid. umn (Pharmacia). The detergent concentration was _estlmated by the
method of Garewell (1973), which allows the quantification of polyethyl-
eneoxide chains. After sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) in 10% gels (Laemmli, 1970) the purest fractions of
the 80-kDa molecule were located by staining the protein with coomassie-
Lectins: Lectins are plant proteins with a high affinity for specific sugar blue or silver. The functionality of the csA-protein was tested after puri-
residues that are presented, e.g., by glycoproteins: wheat germ agglutinin fisation in an immunoblot. For these experiments, the monoclonal anti-csA
a 36-kDa dimer that binds to termind-acetylglucosamine residues. antibodies mAb 71 and mAb 294 were used. About80aliquots of the
Concanavalin A (ConA) is a 104-kDa tetramer that binds to internal andreceptor protein-{1-10ug) were spotted onto a BA85 nitrocellulose filter
nonreducing terminak-mannose residues. They were used to locate the(Schleicher und Schuell, Dassel, Germany) and incubated with the primary

Proteins
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antibody for 2 h. In the case of mAb 294, the blotted protein was dena£jectron microscopy
turated for 5 min with 1% boiling SDS before incubation. After a washing
step with NCP-buffer (1.21 g/L TRIS, 9 g/L NaCl, 0.5 g/L Tween20, 0.02 Reconstituted csA-receptors in supported membranes after immunogold
g/L NaN,, pH 7.4) the nitrocellulose was incubated for anoteh with ~ labeling were observed by electron microscopy (EM) (cf., the section
antibody-coupled alkaline phosphatase (secondary antibody, DIANOVA) Preparation of functionalized supported membranes). Specimens were ex-
The native protein was visualized by applying 5-bromo-4-chloro-3-in- @mined with a Philips CM 100 electron microscope at an accelerating
olylphosphate solution (SIGMA), because bound alkaline phosphatas¥oltage of 100 kV. Rotatory shadowing was performed according to Tyler
causes the formation of the blue dye 5-bromo-4-chloro-3-inolyl. and Branton (1980) by low angle deposition with a Balzers freeze-etch
Fluorescence labeling of csAluorescence labeling of csA was per- apparatus.
formed using the green fluorescence FluoroLink Cy2 reactive dye labeling The bilayer with the reconstituted csA-receptors was deposited onto
kit (Amersham Life Science, Braunschweig, Germany). Cy2 is a bifunc-mica sheets. CsA-receptors were labeled with gold using mAb 71 as
tional N-hydroxysuccinimide ester with the following characteristics: a Primary and nanogold-labeled IgG as secondary antibody as follows. The
molecular weight of 896.95, an absorbance maximum at 489 nm, arsamples were incubatedrfd h with a solution containing 10 mM HEPES,
emission maximum at 506 nm and an extinction coefficient of 150,000150 mM NaCl, 4 mol% BSA, and 0.5 mol% Nahit pH 7.2 and a mAb 71
M~Zcm~* at the maximum of the adsorption band. Optimal labeling was concentration of 1Qug/mL. Subsequently, the samples were washed 6
realized at pH 6.9 (17 mM Soerensen phosphate buffer) by keeping thé min with buffer and incubated for anoth@ h with the gold-labeled IgG.
sample for 15 min on ice. The protein concentration wak00 pg/mL. For this procedure, the antibody stock solution was diluted by a factor of
Separation of the labeled protein from dye was performed during the last00 with 10 mM HEPES-buffer containing 4 mol% BSA. After another
step of protein purification simultaneously with the removal of the deter-washing step of &< 5 min, the sample was prepared for EM starting with
gent. The final dye-to-protein molar ratio varied between 2 and 3. Tovacuum drying (10° mbar).
calculate the final dye-to-protein ratio, we assumed an extinction coeffi- All samples were shadowed with a platin/carbon mixture at an angle of
cient of 174,000 Mcm™ for the protein. According to the information of 9° With @ mean shadow thickness of 2 nm. A second layer of 6 nm carbon
the producer, no cross linking should occur when the protein is labeled aas added for stabilization of the replicas.
the low concentration of 10@g/mL. We verified this with SDS-PAGE and The replicas of the gold-labeled bilayers were first floated onto 30% HF
coomassie-blue staining. Unfortunately fluorescence labeling inactivate@nd were then rinsed with distilled water. Finally, all samples were trans-

the receptor and only allows to monitor the reconstitution of csA into ferred to 400-mesh copper grids (Shotton et al., 1979). In each case, we
membranes. prepared different samples with different protein concentrations. In addi-

tion, a control experiment without protein was performed simultaneously.

Methods ] )
Film balance and micro fluorescence

Quasielastic light scattering ) ) )
Monolayer experiments and the preparation of supported bilayers were

The size of the purified, solubilized receptor was determined by quasielasperformed with a micro fluorescence film balance, developed in the au-
tic light scattering (QELS), after removal of the detergent by gel filtration. thors’ laboratory (Heyn et al., 1990). The Langmuir trough (Fig. 2) has a
All solutions were degassed and centrifuged to free them from oxygen. Theurface area of 182.% 30 mn¥ and a volume of either 26 or 36 mL. The
csA-protein concentration varied between 20 andug@mL. The experi- pressurer of a spread monolayer was varied by a movable barrier. After
mental set-up used to determine the particle size in solution was describeatljusting the desired pressure, the protein was added to the subphase
in detail by Piekenbrock and Sackmann (1992). An ALV 5000 Multiple through an injection hole. The evaluation of the surface pressure was
Tau Digital Correlator (ALV, Langen, Germany) was used. The correlatorrecorded by a Wilhelmy system using filter paper as a Wilhelmy plate. The
exhibits 1024 linear channels enabling measurements of correlation timetsough temperature was regulated by Peltier elemen&Z°C). A fluo-
between 107 and 10 s. The light source was a 200 mV Innova 70-4 rescence microscope situated above the Langmuir trough was mounted on

Argon laser from Coherent emitting at 488 nm”(@o et al., 1996). All a motorizedx—y translation stage to allow the observation of most of the

QELS measurements were performed at a temperature of 25°C, the mefiuid surface. lllumination occurred with a 50-W halogen lamp. The

suring time was 60-120 s and the scattering angle was 90°. fluorescent monolayer was observed with an objective LWD CD Plan
cover slide

moveable llpld monolayer

barrier = injection
with - hofe
FIGURE 2 Setup for the preparation of a solid Wilhelmy- -

supported bilayer functionalized with the cell system
adhesion protein csA by the film balance tech- ?{;d | | !g g! !g g! [ |
nigue. Two bilayers maintained under constant molpapar

lateral pressure are subsequently transferred
onto a MgR/SiO,-coated cover slide (cf. text).
The lateral pressure was adjusted with a mov-
able barrier. CsA was reconstituted into the
monolayer by incubation of the subphase with
protein solution, which was injected through an
injection hole. The protein was incorporated into
the outer monolayer, only.

frame small teflon  large teflon
trough trough
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40x/0.60 (Olympus, Micro-Optic, Munich, Germany). Fluorescence im- DHPE or 1 mol% NBD-DPPE) and reconstituted csA-protein. It was

ages of the lipid monolayer and the subphase were taken with an SiTtransferred from a subphase composed of 10 mM HEPES, 150 mM NaCl

camera C2400 (Hamamatsu, Herrsching, Germany) and recorded with @ pH 7.2. To functionalize the second monolayer for the RICM or EM

VHS-recorder AG6200-EG (Panasonic, Osaka, Japan). experiments, solutions of csA-protein were injected into the subphase of
To deposit the first monolayer of the supported bilayers (cf., the sectiorthe film balance. For the RICM experiments described in this paper, the

Preparation of functionalized supported membranes) with the Langmuir-protein-to-lipid molar ratio was,, ~ 2 X 103, For the EM experiments,

Blodgett technique, a special trough with a deep hole in the bottom is usedamples with different protein-to-lipid molar ratios were compargg:~

to vertically dip-in and pull-out the sample. For the deposition of the 1072, rp, ~ 4 X 10 2 andrp, ~ 2 X 10 2 The reconstitution of the

second monolayer, a small trough was inserted into the large trough in sugbrotein was monitored through the increase of the lateral pressure as

a way that it was completely immersed in water. A frame was deposited omlescribed in the section Experimental results. A#e2 h of equilibration,

the bottom of the small trough (Fig. 2). The cover slide coated with the firstthe monolayer was transferred at about 27 mN/m. The bilayer was perma-

monolayer is deposited onto the functionalized monolayer at the air—-watenently kept below water as mentioned above.

interface in horizontal orientation and is pushed through the surface and

slightly pressed onto the frame inside the small trough. The small trough

can be removed from the film balance while keeping the cover slide withPreparation of functionalized giant vesicles

the bilayer permanently below water.
Giant vesicles were prepared by swelling DOPC in an alternating electric

field (Albersdafer et al., 1997). We used mixtures of these lipids with 5
Fluorescence recovery after photobleaching mol% DOPE-PEQ,o, & phospholipid with a head group composed of 45
monomers of ethyleneoxide and an apparent molecular weight of 2000.
The classic spot-bleaching technique (Axelrod et al., 1976) was applied toThe vesicles were prepared as follows: 200 of a 5-mg/mL lipid stock
determine diffusion constants in the supported lipid bilayer. The fluores-solution were spread onto cover slides coated with electrically conducting
cence recovery after photobleaching (FRAP)-apparatus was described prigdiumtinoxide. After 12 h of desiccation in a vacuum chamber, vesicles
viously (Merkel et al., 1989). Bleaching occurred with a laser beam ofwere swollen in raffinose solution (10 mOsm) in the presence of an AC
circular cross section exhibiting a constant light intensity. The fluorescencelectric field of 10 Hz and 18 V/cm for 2 h. Swelling occurred at room
recovery after the bleaching pulse is analyzed as describedlyefetal.  temperature for DOPC and at 40°C in the case of DMPC. The vesicle
(1994). The supported bilayer was prepared as described below. The glagsrmation was monitored with phase contrast microscopy. Reconstitution
cover slides with the bilayer were mounted in a temperature-controllechf csA was performed after swelling by incubation of the vesicle suspen-
measuring chamber. All diffusion measurements were performed above thsion with isoosmolar protein solutions for 1-2 h. For the adhesion studies
transition temperature of the DMPC-bilayer (26°C). with the phase contrast microscope, the volume of the vesicle suspension
was adjusted to 4 mL with raffinose solution, and the protein concentration
was varied between 800 ng/mkpf, ~ 3 X 10°°) and 8ug/mL (rp, ~
Reflection interference contrast microscopy 3 X 107%). For the micropipette experiments, the protein-to-lipid molar

) ) ) ratio was much highemp, ~ 1.5 x 1073,
The contact zone and the shape of adhering vesicles (see Fig. 12) were £, 1o RICM experiments, the method of reconstitution had to be
analyzed by RICM as described previously @Ra and Sackmann, 1993). 1 qified because, at protein concentrations injtigeregime, the vesicles

A Zeiss Axiomat equipped with a Neofluar (821.25) oil immersion ;e suspension aggregated. After formation of the vesicles by swelling,
objective was used. lllumination occurred with an HBO 100 halogen lampy,, suspension was diluted with 10 mM raffinose solution to a lipid

(Osram, Berlin-Munich, Germany). The size of the vesicles was EStimate%ncentration of 0.5 mg/mL. Aliquots of 500 and &l of this vesicle

by observation of the .cgntour vyith bri‘ght‘field microscopy using again asuspension were each incubated foh with 100 and 200 ng of csA,
Neofluar (63</1.25) oil immersion objective. A CCD-camera (HR-480, respectively, resulting in four different protein-to-lipid ratios denoted as

Aqua TV, Kempten, Germany) and an S-VHS-recorder AG7355 (Panaso-><1 x2, X10, x20 (Table 1)
nic) was used to take images of the interference patterns. The surface” ' '
profile of the vesicles near the substrate (up to distanceswoh)lland the

contour of the contact line was analyzed as described tjleRat al.
(1995) and Albersdder et al. (1997). EXPERIMENTAL RESULTS

After csA-reconstitution, giant vesicles were diluted with isoosmolar 10 h . . - .
> racterization of th lubiliz A-protein
mOsm HEPES-buffer. Due to the density difference between buffer anch a aﬁ el atio ? e solubilized csA-prote
sugar solution they sink to the bottom of the measuring chamber, and th@ ter the last purification step

interaction of the vesicle with the functionalized supported bilayer can b _ : ; :

observed with the RIGM. °SDS-page shpws a single 'proteln band with an apparent
molecular weight of 80 (Fig. 4) after the last step of
purification. The application of the antibodies mAb 294 and

Preparation of functionalized supported membranes mAb 71 to dot blots of the protein solution (not shown)

The solid supported lipid bilayers were prepared by Langmuir—BIodgettId.entm?d the csA propem definitely and showed that it is

and Langmuir-ScHar technique with a film balance. To optimize the Still native after the elution procedure. The _detergent content

intensity contrast of the RICM, the glass cover slides (the solid supportof 0CtylPOE was below 0.01% w/v, determined as described

were coated with a 95-nm MgFand a 25-nm Si@layer. Both films were  in the Methods section.

deposited under vacuum at 10atm, 380°C and a rate of deposition of 3

nm/s (Raller and Sackmann, 1993). The optimal thickness of the MgF

and the SiQ-layer was determined by a simulation procedure developed byQaSielastiC light scattering

Wiegand et al. (1997). For the electron microscopy experiménggade

mica sheets (Ted Pella Inc., Redding, CA) were used as solid supports. The QELS-technique was applied to check the dispersity of

The bilayer was deposited on the glass or mica support by successi\ﬁ]e csA-protein in solution and to estimate the hydrody-
transfer of monolayers from the film balance as described previously. The . dii of tei icell ft | of octvIPOE
first monolayer consisted of pure DMPC, which was transferred from anamIC radi or protein micelles aiter removai ot octy :

subphase of pure millipore water at a lateral pressure28.5 mN/m. The Accord.ing t(? Fi.g- 4b: we find a clearly defined .homOQG' .
second monolayer consisted of DMPC, fluorescent probe (0.1 mol% TRNous size distribution of protein aggregates with a maxi-
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FIGURE 3 @) Schematic view of
csA according to Faix et al. (1992). It
exhibits a weak analogy to N-CAM.
The outside domain is composed of
three 1gG-like domains to which N-
linked oligosaccharides are coupled. o
O-linked sugars are coupled to threo- b) Il
nin-prolin rich peptide domain near NH— C—protein
the GPl-anchor.H) Molecular struc-
ture of a ceramide-based GPl-anchor CHz
with  glycosylphosphatidylinositol CIHz
headgroup of PsA, a membrane an- |
chored protein oDictyostelium dis- O
coideumwith sequence analogy to N _' -0
csA (Hynes et al., 1992). The GPI- o IID—
anchor of csA is thought to be similar o)
(Stadler et al., 1989). |
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mum at a hydrodynamic diameter 660 nm by assuming the scattering intensity than small ones, and second, the

a value of the viscosity of the buffer of 1.002 mPagc. distribution is rather broad.

This result strongly suggests that the protein forms stable

micelles after removal of the detergent within the last step

of pur|f|_cat|on. The micelle forma_non ofglycosylphc_;sphan— Functionalization of solid supported

dylinositol (GPl)-anchored proteins has been studied previ: . .
. bilayers with csA

ously and aggregation numbers of about 16 and 8 monomers

are reported by Kuchel et al. (1978) and Dustin et al. (1989)In order to prepare solid supported lipid bilayers with the

The size measured by QELS is considered as an upper limisA-protein reconstituted in the outer monolayer several

because, first, larger aggregates contribute much stronger freliminary film balance experiments were necessary. Ow-
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TABLE 1 Summary of csA-to-lipid molar ratios rp,_at which lateral pressure of 24 mN/m. Saturated lipid monolayers

suspensions of giant vesicles prepared by electroswelling with longer chain lengths than DMPC formed crystalline

were incubated for 2 h phases at 20°C and 24 mN/m. For these reasons, the exper-
Protein-to-Lipid  jments were finally performed with DMPC monolayers. To

. Lipid Mass Protein Mass Molar Ratio minimize protein aggregation before our adhesion experi-
Solution (mg) Added (ng) (re) . .
ment, the monolayer was deposited on a solid support
—6 L .. . . .
X1 0.25 100 410 within %2 to 2 h after injection of the protein into the
X2 0.25 200 8< 107° subphase
%10 0.025 100 410 phase. . .
%20 0.025 200 8 105 The adhesion experiments were performed within 3 h

after preparation. By monitoring the saturation of the pres-
sure increase, it was possible to determine the time of
completion of the adsorption process (Fig. 5). Moreover, it

ing to the great length of the GPI-lipid-anchor composed ofVas established by microfluorescepce that the_: n"!onolay_er
18—22 carbon atoms (cf., Fig. 3 and Hynes, 1992), csAdoes not show any phase se_paratlon_after this time (Fig.
reconstitutes readily into lipid mono- and bilayers due to theb @). The monolayer homogenity on this scale was further
large hydrophobic effect. As described below, the interacverified by the reconstitution of fluorescence-labeled csA
tion of the contact site A protein with phospholipid mono- into the monolayer. As demonstrated in Figh,6he protein
layers at the air-water interface was observed under differthat is adsorbed to an unlabeled monolayer is homoge-

ent conditions. All experiments were performed at a trough€ously distributed on the length scale of the optical reso-
temperature of 20°C. lution (=1 wm). However, according to EM observations of

the supported bilayers presented below (see Fig), &
cannot be excluded that the protein distribution is heterog-
enous on a submicrometer scale. On the other side, the
Optimal composition of the lipid monolayeBecause the formation of the microdomains could well have been caused
protein insertion into lipid membranes is expected to beby the bivalent antibodies, and the receptor distribution is
mainly determined by the hydrophobic effect, monolayersactually more homogenous.

of different zwitterionic lipids (phosphatidylcholines) were ~ Optimal initial monolayer pressure<CsA is a surface-
tested. First, the phospholipid DMPC was tried, which isactive protein. After injection of 1@g of the protein into a
fluid up to a lateral pressure of 40 mN/m, but has a chairsubphase containing 4 ml buffer (but no lipid monolayer),
length up to 8 carbon atoms shorter than the anchor of thesA enriched at the surface and generated a lateral pressure
csA protein. The protein readily incorporated into theincrease of about 15 mN/m, which thus corresponds to the
monolayer, but it aggregated into domains exhibiting diam-spreading pressure of the protein, at a concentration of 2.5
eters in thewm range after 5 h. This shows that the receptorug/mL, 40 times higher than the csA concentration used in
is mobile in the monolayer. To slow down the demixing, we our experiments. When csA was injected into the subphase
also tested the unsaturated phospholipid DOPC exhibiting & the presence of a DMPC lipid monolayer of 18 mN/m, the
chain length difference of no more than 4 carbon atomslateral diffusion of the lipids in the monolayer was strongly
Unfortunately the lipid monolayer is unstable at the desirededuced. In contrast, the diffusion constant of monolayers

*rp-values correspond to maximum csA-content of the vesicles.

Monolayer experiments

a) SDS-PAGE/coomassie

FIGURE 4 @) SDS-PAGE of the cell ad-

hesion protein csA after the purification pro- 200
cedure. SDS-PAGE was performed within

10% gels after denaturation of the protein in 116
Laemmli buffer. The protein was visualized 97
by staining with coomassie blue and shows

an apparent molecular weight of 80. A high  gg
molecular weight standard (BioRad, Munich,
Germany) was used for controb)(Charac-
terization of size of solubilized csA by QELS

after removal of the nonionic detergent octyl- 45
POE. Protein concentrationl uM (58 ng/

mL). The size distribution of the particles is
obtained by analysis of the dynamic structure 0.2
factor using the CONTIN program. An aver-
age radius of 26t 10 nm is observed.

‘b)

s ] 80 kDa distribution of the
0.8] hydrodynamic

radius

‘i " {“

0.6

0.4

amplitude (a.u.)

0.0 10 100

radius (nm)



Kloboucek et al. Model of Adhesion-Induced Receptor Segregation 2317

27.0 "]pMPC (TR-labeled) + csA-protein 4
26.5
T 26.0
FIGURE 5 Increase of the lateral pressure of a % ]
DMPC monolayer after subsequent injection of 5 255
25 pM csA-protein at times marked by numbers 5 =
1 and 2. Note that the pressure increase after each ﬁ i
injection is nearly the same. This leads to the § 250 -
conclus_|on that_th_e same amount of receptors is ] subphase: 10 mM HEPES, 150 mM NaCl,
reconstituted within each step. b pH 7.2, 34 ml
245 o
] 2 ;.  1.25 pmol => 0.2% csA
- * — )
24-0 I T T T L) I T T T T I T L T T I T L} I2. lsolprpol _I> ol'4 I/° ?Sé T T I
0.0 0.5 1.0 1.5 20 25 3.0

kept at 24 mN/m did not change remarkably after reconsti- Variation of the protein concentration in the subphase:
tution of csA. This provides evidence that, at 18 mN/m, theFor the reconstitution of the csA-protein into the lipid
protein partially penetrates into the monolayer and perturbesionolayer, the following procedure was applied. After sta-
it remarkably, whereas at 24 mN/m, the protein penetratebilization of the lipid monolayer, the csA-protein was sub-
into the monolayer without altering its structure. The lattermitted to the last gel filtration step (which was performed
finding is also confirmed in a more quantitative way by without detergent) and injected into the subphase of the film
FRAP measurements performed with a supported bilayer ibalance (10 mM HEPES, 150 mM NaCl, pH 7.2, 34 mL)
a separate experiment (Fig. 7). Therefore, all film balancemmediately after the elution step. The variation of the
experiments were performed at lateral pressures abovateral pressurer was measured at constant area as a func-
24 mN/m. tion of the injected amount of csA. The protein concentra-
Effect of NaCl-concentrationThe salt concentration of tion in the subphase was increased in stepwise manner by
the subphase was changed from zero to 150 mM NacCl. Filnadding aliquots of 2ug = 25 pM of csA-solution to the
balance experiments were performed with csA, which wasubphase. As shown in Fig. 5, the pressure increased almost
fluorescent-labeled with Cy2 as described earlier. At dinearly with the amount of protein added. As will be
buffer concentration of 150 mM NacCl, csA injection leads pointed out in the next subsection, a substantial fraction of
to an increase of the monolayer pressure demonstrating th#ie pressure increase is, most likely, due to insertion of the
the protein is incorporated. This is verified by the increasesurfactant. Therefore, only the relative amount of protein in
in fluorescence intensity at the surface. In contrast, ndghe lipid monolayer before deposition to the solid support
insertion of the protein takes place at zero salt concentracould be determined through the pressure increase.
tion. All reconstitution experiments were therefore per- It should be pointed out that, although only very small
formed at 150 mM NacCl. amounts of protein in the picomolar range were injected into

FIGURE 6 Microfluorescence im-
ages of a DMPC-monolayer taken 2 h
after injection of &) 50 pM or () 25
pM csA-protein into the subphase.
Saturation of the pressure increase in-
dicated the completion of the satura-
tion process.d) Fluorescence micro-
graph of a texas-red labeled lipid
monolayer containing nonlabeled
csA-protein. There is no phase sepa-
ration detectable because the mono-
layer appears homogenous$) Fluo-
rescence micrograph of a nonlabeled
lipid monolayer containing Cy2-la-
beled csA-protein. Again the protein
distribution appears homogeneous on
micrometer scales.
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30 —
FIGURE 7 Measurement of the lateral diffusion 25 et v e
of fluorescent lipid (NBD-DPPE) in a supported N T . e - *
functionalized membrane by FRAP technique. ©s 20 - ’
The outer monolayer was prepared with 95 pM %
csA in the subphase (34 mL). The FRAP is plotted 73_‘ 15
as a function of time. A diffusion coefficientvalue £
of D = 3.0 + 0.1 um?s for lateral diffusion and 2
a fluorescence recovery & = 100% is obtained £ 10
by analysis of the fluorescence recovery curves
following Kuhner et al. (1994). The complete re- 5 — ) .
covery R = 100%) provides further evidence that relative fluorescence recovery: 1.00 + 0.02 ’
the csA distribution is homogenous on micrometer o | difoSiION consta?t: I 3.02 2 |0-09 Pm/sl
scales.

0 20 40 60 s 80 100 120
time (ms) x10

the subphase, it cannot be excluded that they still exist ipphase as
micellar form. It has been pointed out by one of the review- du = kT-dl 5
ers that other GPI-anchored proteins of similar structure o = ke n Xp. (2)

such as lymphocyte function associated antigen (LFA)-3 off the protein solution is near the critical micelle concentra-
Iymphocytes form micelles at pM concentrations (Dustin ettion’ Xp can be assumed to be approximate|y equa] to the
al., 1989). However, it is most likely that only monomers molar ratio of protein to water. For an increase of the csA
reconstitute into the monolayer membrane to allow peneconcentration of 25 pM (correspondingXg = 1 X 101,
tration of the ceramide anchor. It could occur by decay ofthe surface tension decreases dy ~ —1.2 mN/m for
the micelles or by penetration of single CsA mO|eCU|eS,preparation 1 andj’y ~ —0.25 mN/m for preparation 2
which are always present at the critical micelle concentraTable 2) yieldingl', ~ 12 x 10° for preparation 1 and
tion due to the equilibrium between micelles and mono-T ~ 2.5 x 10° for preparation 2. The maximum lateral
mers. Some evidence for this decomposition of the proteiprotein density expected (if all protein was reconstituted)
aggregates is provided below by the analysis of the pressukgrresponding to 25 pM would be about310° per um?.
increase of the monolayer in terms of the Gibbs equationn the case of preparation 1, the calculated protein density
(Egs. 1 and 2). exceeds the amount added by a factor of four. There are two
Effect of detergentThe concentration of detergent in the explanations for this discrepancy. The most likely is that
protein solution differed from one series of experiments toresidual detergent is transferred into the monolayer together
the other. It should be mentioned that fresh protein wasyith the protein, and the residual detergent could have been
isolated and purified up to the last column step for eachigher for preparation 1. Another possibility is that the
series of experiments lasting 3—4 weeks. It was kept on icghemical potential difference I, is larger than the value
in solution of 10 mM piperazine, 50 mM NaCl at pH 5.5 in assumed, which corresponds to a solution of monomeric
the presence of 1% w/v detergent. For each individuaksA. This later assumption is expected to hold only near the

reconstitution experiment, the protein was submitted to theyritical micelle concentration. In view of the uncertainties
Superose6 column without detergent and was used as fresh

as possible, as noted above. The detergent content in the

prOtein solution was aIways0.0l% wWiv. TABLE 2 Measurement of incremental increase of pressure
By analyzing the increase in monolayer pressure at COncaused by injection of csA into the subphase of the film

stant area after stepwise addition of protein in terms of théalance

Gibb’s equation of molecular adsorption (Adamson, 1990), Preparation*

it is possible to estimate the maximum lateral protein den-

sity in the monolayer as follows.
Gibbs law predicts that the amount of solute adsorbed at 0 pM 24.20= 0.1mN/m  24.30+ 0.1 mN/m

Amount of Protein 1 2

. - . . 25 pM 25.35+ 0.1 mN/m 24.55+ 0.1 mN/m
the mFerfacer (measured in units of mol_ecules per unit 50 pM 2670+ 0.1 mN/m  24.80* 0.1 mN/m
area) is related to the change of the chemical potedtigl
of the solute (the protein) in the solvent (water) and the'”Czrgm'f\*A”Ea' ,\Cuha;‘ge per 12 0.25

- . pM (mN/m
change in the measured tensitp by Surface area (in foum?  43.65+ 1.6 46.29+ 1.7
_ Proteins pejum? 12x 10° 25X 10°
dy = —TI},-du,. (@H)] pe

. . . *Measurements are shown for two different csA-preparations. By analysis
If the interface is free of solutelu, may be expressed in  of the pressure increase in terms of the Gibbs equation, it is possible to
terms of the molar fractiorX, of the protein in the bulk  estimate the number of proteins pem® reconstituted into the monolayer.
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involved, the absolute estimation appears to be acceptabtd# two provided both monolayers of the supported mem-
and leads to the conclusion that a large fraction of csAbrane are fluid, which is the case in our system. The above
added to the subphase is reconstituted into the monolayewalue of the csA diffusivity agrees rather well with the
Fluorescence labeled lectins as a probe for reconstitutediiffusion coefficient ofD = 10°° cn?/s of the GPl-an-
csA: Fluorescein-labeled lectins exhibiting a high affinity chored LFA-3 receptor (Chan et al., 1991).
for specific sugar residues of the glycoproteins (Mang,
1995) were used to detect csA after incorporation into the
lipid monolayer (cf., the section Materials and Methods). =~ = )
For that purpose, we injected lectins at a molar ratio of//Sualization of receptors in supported membranes by
csA-to-lectin of 21 into the subphase. Fluorescence at thémmunogo,d labeling
air-water interface is observed, demonstrating the incorpoFigure 8 shows electron micrographs of two supported
ration of the csA-protein. Neither wheat germ agglutinin norimmunogold-labeled membranes containing different con-
ConA showed any nonspecific interaction with the purecentrations of csA. Clearly, the native receptor can be
DMPC monolayer at the used concentrations and a lateralisualized by the technique, demonstrating also the func-
pressure of 24 mN/m. tionality of the reconstituted receptors. The images reflect
the relative particle densities. Onuan scale, the receptors
can be considered as homogeneously distributed, whereas
on a nm scale clustering occurs. This clustering could be
caused by aggregation caused by the bivalent antibodies,
To evaluate the effect of csA on the fluidity in the lipid and the receptor distribution might be even more homoge-
leaflets, the lateral diffusion of fluorescent lipid (NBD- neous. Analysis of the lateral particle densityof an area
labeled DPPE) in the outer monolayer of supported memef about 1um? yields a value op. ~ 40.6 particlegkm? for
branes was measured by the FRAP technique. Two sampléise monolayer prepared in the presence of 50 pM csA and
were compared: one was prepared with reconstituted csA ia value of p. ~ 98.3 particlegkm? for the monolayer
the outer monolayer, the other one was pure DMPC. Cshrepared in the presence of 125 pM csA in the subphase. It
was reconstituted by adding 95 pM protein to the subphasés interesting to compare the values @f with the csA-
From the fluorescence recovery curves (Fig. 7), we obtainedensity expected if all protein injected into the subphase
a diffusion coefficient ofD = 3.0 + 0.1 um?s and a was reconstituted into the monolayer. For the 50 pM of csA
fluorescence recovery @t = 100%, not depending on the injected, one would expect a density pf ~ 6.5 X 10°
csA content in the outer monolayer. These results show thakceptorgim?. The measured particle density and this esti-
the supported bilayer is fluid. The diffusion constant of themated value differ by a factor of 100. There are two expla-
outer monolayer is only, by about a factor of two, smallerpations for this discrepancy: not all receptors reconstitute in
than the value found in different experiments for supportedne monolayer or reconstituted receptors are only partly
DMPC bilayers D = 6 um?/s [Merkel et al., 1989]). labeled by the antibody-staining technique. In contrast, by
Unfortunately, the diffusion of the csA could not be 555uming that the fraction of csA reconstituted in the mono-
measured directly by the photobleaching experiment, a”?iayer on the film balance is determined by the Nernst
the above experiment does not necessarily provide evidenqggyribytion law, one expects that the ratio of the particle

for the mobility of the protein (McConnell et al., 1986). yensities is equal to the ratio of the amounts of protein

However, the formation of protein aggregates in the monoy e to the subphase. This condition is rather well fulfilled

Iﬁye;'?ffte.S h C'ei‘ff'Y shows th;t the'recepgor 'anFIOb'Ie indfor the above example because the ratio of the observed
t ed.' utsmtrrl] coe 'C'ﬁnt may be estt;mate t.as ?tﬁws' C'particle density is 2.6 whereas the ratio of the injected
cording to the microtiuorescence observation of the mono'protein concentrations is 2.5. In each case, the unspecific

layer doped with fluorescent lipid probes (Fig. 6), the mono—adsorption of 3.5 particlesn? was subtracted. We thus

layer is homogenous after reconstitution of the receptor . .
(lasting about 1 h, cf., Fig. 5). Aftear= 5 h barely visible assume that both effects mentioned above contribute to the

small dark domains attributed to segregated protein appeag’lscrepancy mentioned.

which grow into small patches with diameters in then
range separated by distances of the orded of 100 um.
Because the lateral phase separation is a diffusion-limitefunctionalization of giant vesicles with csA
process, one estimates a protein diffusion coefficient of

On the lateral diffusion of lipids and csA in monolayers and
supported membranes

The success of the reconstitution of csA into the vesicles
2 was verified with fluorescence microscopy after incubation
D~ .5~ 10" cmsec. (3)  with fluorescent-labeled csA-receptors. The functionality of
the reconstituted receptor was checked qualitatively by ob-
Numerous systematic comparative measurements of lipidervation of vesicle adhesion in suspension using phase
and protein diffusion coefficients in free and supportedcontrast microscopy and, more quantitatively, by the mi-
membranes show that the diffusivities agree within a factorcropipette technique (Evans and Yeung, 1994).
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nanogold anti-antibody
goat-anti-mouse

I E Ilk AI A csA antibody mAb 71

1 csA-protein

=10

FIGURE 8 @) Schematic illustration of the immuno-
staining of csA-receptors reconstituted into supported
membranes by immunogold-labeled secondary antibod-
ies. For receptor detection, mAb 71 was used as the
primary antibody. If) Electron micrographs of nano-
gold-labeled csA receptors reconstituted in supported
membranes. Samples were rotatory shadowed. Arrows
mark single nanogold spheres with a diameter of 10 nm.
The left image shows a supported membrane prepared
with 125 pM of csA in the subphase of the film balance, b) e ; i 200 nm o
and the right image shows the situation for a sample ho : 3T : ————
prepared with 25 nM csA in the subphase. The ratio of S bl
the average lateral densities of the two preparations i . St
nearly reflects the injected amount of protein. Recep- . i3 A
tors are partially clustering, which might be due to the RES ;

preparation technique for EM or to aggregation by htaris / g AN e
bivalent antibody. The average distance between the .. > e / =

clusters is about 200 nm in the left micrograph and = / .

about 500 nm in the right micrograph. i

b a ‘ - il
2000 @ DMPC-bilayer

lipidbilayer (a), lipidbilayer (b)

Reconstitution of csA into giant vesicles demonstrating that csA reconstitutes spontaneously into
DOPC/DOPE-PEG)ygsVesicles (Fig. 9). However, even
Due to its GPI anchor, csA readily integrates into phosphoat high protein concentration (@g/mL), no adhesion of

lipid bilayers after adding nearly detergent free prOtEInveswles: in solution was detectable. This leads to the con-

solution to swollen vesicles. To check the success of csA
clusion that fluorescence labeling with Cy2 interferes with
reconstitution by microfluorescence, the receptor was la-

beled with the chromophore Cy2 as described in the sectlora}dhes'on

Material and Methods. Vesicles composed of DOPC/
DOPE-PEGg, were incubated in 10 mOsm raffinose so- Test of functionality of } ith
lution at a protein concentration of 200 ng/mL for 1 h, '8t of functionality of vesicles wi

. . . . reconstituted receptors
Fluorescence micrographs of a vesicle with reconstituted®
fluorescence-labeled csA show strong fluorescence of th&he functionality of reconstituted receptors was checked in
vesicle (Fig. 9). In contrast, vesicles incubated with the terms of the binding capacity by observing the mutual
chromophore did not show fluorescence at the surfaceadhesion of vesicles by phase contrast microscopy and

FIGURE 9 @) Fluorescence micrographs taken by
confocal microscopy of vesicles incubated with 200
ng/mL Cy2-labeled csA.b) Fluorescence micrographs
taken by fluorescence microscopy of vesicles incubated
with fluorescent chromophore Cy2. The vesicle sus-
pensions were diluted with an equal volume of a 10
mOsm raffinose solution and incubated foh atroom
temperature.
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micropipette technique. The results are shown in Fig. 10due to a higher packing density of the cholesterol-contain-
For the phase contrast microscopy, the following proteining phospholipid membranes (Sackmann, 1995). Similar
concentrations in the aqueous phase were examined: &Xperiments with cholesterol contents of 10 and 20 mol%
ng/mL, 800 ng/mL, and §g/mL. As shown in Fig. 1&,  showed the successful reconstitution of csA and vesicle
spontaneous vesicle adhesion occurs only at the highest csilhesion at least at the highest csA concentration of 8
content (8 ug/mL), whereas, at lower concentration, no ug/mL. To ensure a high csA-concentration, we used
adhesion is detectable at least for spherical vesicles. HMOPC/DOPE-PEGgVesicles without cholesterol in all
second functionality test was performed by the micropipetteadhesion experiments in spite of the advantages described
aspiration technique. DOPC/DOPE-PEG;vesicles (32 above.
nM/mL) were incubated with 4ug/mL csA for 45 min.
Vesicles are aspired at a fixed pressure by two micropipettes
and mutually approached as shown in Fig. blOAfter - . .
. L . : . ..., Homophilic adhesion of vesicles on

contact formation, the vesicle in one pipette is aspired W'thsuppo rted membranes
high pressure (5 Pa) to generate high lateral tension,
whereas, in the other pipette (on the left side in FighL,0 Adhesion experiments were performed with the four differ-
the pressure is just sufficient to fix the vesicle in space.ent receptor concentrations in the giant vesicles summarized
Adhesion leads to spreading of the latter vesicle over thén Table 1. As noted above, the protein-to-lipid molar ratios
former. However, no adhesion was found for csA concengiven in Table 1 would correspond to upper limits that
trations smaller than gg/mL, in contrast to the adhesion of would hold if all csA was reconstituted into the membranes.
giant vesicles on supported membranes. The upper monolayer of the supported membrane was in-

In separate experiments, vesicles containing cholesteraubated with 25 pM csA in the subphase. Because the total
were tested to increase the membrane bending stiffness aadea of the monolayer was 48 &iftorresponding to about
to increase the threshold for pulling tethers (Evans and.3 nM lipid), this would correspond to a protein-to-lipid
Yeung, 1994) for further quantitative studies of adhesionmolar ratio ofrp, ~ 2 X 10 3. Figure 11 shows RICM
strength. The reconstitution of csA into DOPC/DOPE-images of the giant vesicles adhering to the supported
PEG,gogVesicles with a cholesterol content of 30 mol% membrane (forrp, ~ 2 X 103) for the four different
were studied for csA concentrations of 80 ng/mL, 800receptor concentrations in the vesicles bilayer. One observes
ng/mL, and 8ug/mL in the incubation medium. Even in the well defined (nearly circular) contact zones, which are de-
case of the highest protein concentration oflmL, no  termined by the first Newtonian ring. The Newtonian
vesicle adhesion was observable. This is attributed to &inges correspond to lines of equal height of the membrane
reduction of the distribution of receptors in the membranesurface above the substrate (Fig. 12). These contour lines

FIGURE 10 Test of functionality of the reconstituted protein by observation of adhespr/eiicles were incubated with three different csA
concentrations, and adhesion was observed by phase contrast microscopy. Vesicles of DOPC/DQREreEGNncubated with 80 ng/mL (not shown),

800 ng/mL (op) and 8ug/mL (botton) for 1 h. Adhesion of vesicles in solution is only seen at the highest csA concentratiqrodf.. (b)) Demonstration

of reconstitution and functionality of csA in DOPC vesicles containing 5 mol% DOPE,RJs8y micropipette technique. The total lipid concentration

of the vesicle suspension was 32 nM/mL and the csA concentration wagmL. The incubation time was 45 min. Two vesicles were aspired by
micropipettes, that on the right was kept at a constant high tension of 2 mN/m, whereas that on the left (not shown) was maintained at a very low tension
by applying a constant suction pressure of 5 Pa. Differential interference contrast micrographs were taken at various times indicated. Higdatter ve
spreads over the former in a time interval of 160 s after contact formation (Maier, 1997).
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increasing csA-concentration in the vesicle

FIGURE 11 Growth of adhesion domains with increasing receptor concentration in the vesicle. The csA-concentration during incubation was
successively increased from the left to the right by a factor of 20 (Table 1). The areas marked by white contours define the tight adhesion domains that
are observed by time averaging of the intensity distribution to average out intensity fluctuations due to flickering.

can be observed up to a height ofufn, whereas fringes for Evaluation of adhesion strength in terms of
larger heights are smeared out due to the finite coherencspreading pressure
length of the light (Redler and Sackmann, 1993). , ) .

The most remarkable finding of the present paper is thaf ©!lowing a recently introduced method (Albersfiv et al.,
the contact area is not homogenous but decays into domair®27) the locally varying adhesion strength can be charac-
of tight adhesion (which are marked by white contours in€"zed in a quantitative way in terms of the spreading
Fig. 11) separated by regions of weak adhesion. The tighR'essure by a.nalyzmg. the gontour_of_ the adhering vesicles.
adhesion p|aques a|WayS appear dark because the ||gh-[he method is described in detail in Albeistis et al.
beam reflected from the membrane experiences a pha$é997) and only a brief summary is given here. As illus-
jump of 7 at the water-membrane interface. The weaklytrated in Fig. 13, the contoun(x) along a direction perpen-
adhering regions can be easily distinguished because théljcular to the contact line exhibits the following character-
exhibit pronounced intensity fluctuations due to the ther-istic shape: it consists of a straight regime determined by a
mally excited membrane undulations (flickering). The un-slope tanx and a curved regime characterized by a curva-
dulations lead to strong dynamic repulsion forces (Helfrich,tureR. (which is called the contact curvature), which results
1978). These are long-range forces, and the interplay ofi a smooth transition from the free to the adhering part of
these dynamic repulsion forces and the Van der Waalthe membrane. The straight line regime is a consequence of
attraction leads to typical distances between membranes attlle adhesion-induced tension It arises to fulfill the well
substrates of the order of several A (Raler et al., 1995).  known equilibrium condition of the surface tensions, which

a) Reflection Interference icl
Contrast Microscope (RICM) vesicle

FIGURE 12 @) Principle of RICM
image formation. Interference of
light reflected at the vesicle surface
with light reflected at the glass sub-
strate forms the image of the height
profile in terms of interference
fringes. Steps in the refractive index
n correspond to reflective surfaces.
(b) Characterization of the contour of
adhering vesicles in direction perpen-
dicular to the contact line L near a
solid support in terms of the slope
of the tangentf (tangent to the
straight slope regime of the free ves-
icle contour), the contact curvature
R. and the distance. between the
contact line L and the intersection of
the tangent to the straight regime
with the substrate surface.

objektive

benqing tension
dominated dominated



Kloboucek et al. Model of Adhesion-Induced Receptor Segregation 2323
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FIGURE 13 Local measurementof 2. 54976 nm 50 — * intensity profile] -
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adhering vesicles defined in Fig. b2 Derived physical 0 = .g+-+# —line fit = 0

and Egs. 4 and 6 by analysis of the parameters: R R T N O O T
vesicle contour near the contact zone 7 : 3.3086 x 107 N/m 00 05 10 15 20 25 30 35
in direction perpendicular to the con-  §: 1 3604 x 10 J/m? um

tact line. @) RICM image showing (with K: 10" J)

the section along which the contour

was analyzed.h) Left ordinate,in-

tensity distributionl(x) of the RICM H :
image given in arbitrary units of gray c) vesicle 1 csA-concentration: x1

scale along the section shown. The : 5| o lg__gaﬁ 75 10°
10 { Q j” \ 7
y U".‘-@I_1o'

contour h(x) is obtained by the in- ‘}’
verse cosine transformation &{x) ——

following the procedure described in g ?t <) 10
detail by Wiegand et al. (1997)c,(d, 10 4 f »n 9 "
and e), Summary of three measure- o 10
ments of local contact curvaturéy
and local spreading pressures for var-
ious concentrations of receptors in
the vesicle. The supported monolayer
was prepared with 50 pM csA in the
subphase (34 mL) corresponding to a
maximum receptor density g, ~
6.5 X 10° receptorgkm?® (or a pro-
tein-to-lipid molar ratio of 5, =~ 2 X
1073). The molar ratio of csA-to-
lipid used for the reconstitution of the
receptor in the giant vesicle was) (
re =~ 4 X 10°% (d) rp ~ 4 X
107° and €) rp, ~ 8 X 1075, re-
spectively. The contour analysis was
performed along the sections indi-
cated by white bars in the images
given on the left side. The numbers
on the bars correspond to the num-
bers on the abscissa in the plots®f
andR. on the right side.
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is determined by the Young equation, Sis the so-called spreading pressure, which is equal to the
gain of energy due to the adhesion of the vesicle. Note that
it is only a measure for the work per unit area required to

=1,.1= ~1y.42 : S
S=3v-(1-cosa)~zy o “) separate the membranes, provided the adhesion is not asso-
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ciated with phase separation and if the binding energy of the The above method allows local measurements of the
receptors is of the order of a fek4T to ensure thermody- contact curvatur®. and the spreading pressiBef vesicles
namic equilibrium. The curved regime is a consequence oéxhibiting strongly and weakly adhering regions. A typical
the finite membrane bending stiffness because the formatioaxample of the contour analysis is shown in Fig. 13. The
of a sharp edge by the lipid bilayer (as in the case of a fluidines of equal height<£ contour lines) are distorted in the
droplet) would be associated with an infinitely large elasticregions of strong adhesion, and it is clearly visible that the
energy. The contact curvature is determined by the balancgope of the vesicle contour (perpendicular to the contact
of the bending moments at the contact line. It is againine) is steeper than in regions of weak adhesion. The
related to the gain in free energy per unit a®a@uring  ontact angler and the contact curvatur, are obtained by
adhesion and to the bending modukisccording to Lip-  iing Eq. 6a to the observed shape of the surface profile.
owsky and Seifert (1990); Since the membrane is fluid, the lateral tension of the
K vesicle is assumed to be equal everywhere. It can be deter-
Szﬁ. (5)  mined with highest accuracy by analyzing the contour at
sites of weak adhesion where the slope of the straight
A very useful interpretation of the contact curvature hascontour is small. Figure 13;, d, and e show plots of the
been introduced by Bruinsma (1996), who pointed out thagontact curvature and the spreading pressure versus the
the curvature-induced deflection of the membrane from thé@ngular position of the contour for vesicles of increasing
surface is associated with a loss of free adhesion energgsA concentrations (Table 1) but the same receptor density
Therefore, the work per unit length of the contact line can bén the supported membrane. As shown in Fig.c13he
interpreted as a line tension. Inspection of Egs. 4 and §ontact curvatures change froRy ~ 5 X 10~ ' m at the
shows that the physical paramet&andy, characterizing region of very strong adhesion ®, ~ 5 X 107> m at
the adhesion strength of the adhering vesicle, can be deteiegions of weak adhesion. The gain of free energy increases
mined locally by measuring the two geometric parametersfrom S~ 5 X 107 J/nf to S~ 10°° J/n?. It is also
the contact curvatur®, and the contact angle, and the interesting to note that, apart from the pinning centers, the
membrane bending modulus The bending modulus of average spreading pressure increases monotonically with
vesicles is known from flicker spectroscopy (Duwe andthe csA concentration in the vesicle, a point discussed
Sackmann, 1990; Hl et al., 1997).« and R, can be below.
determined most accurately by application of the following The accuracy of the measurement of the contact amgle

equations for the contoun(x) (Bruinsma, 1996; Albersde  and contact curvaturi, critically depends on the quality of
fer et al., 1997): the RICM-images and the analysis of a sufficiently large

number of fringes. The quality of the RICM-images is
drastically improved by choosing the right thickness of the
MgF./SiO,-coating of the substrate to optimize the contrast.
Following Wiegand et al. (1997) the optimal thickness of

h(x) = a-x — a-A[l - exp{—:H forx>0, (6a)

h(x) =0 forx=0, (6b)  the MgR,/SiO,-coating for the observation of adhering ves-

icles is 95 nm Mgk and 25 nm SiQ. In a separate careful

A = \ﬁ (6¢) analysis of the variation ok and o with the number of

Y fringes analyzed, it was found that, to determianda to
and an accuracy above 30%, six or more fringes must be taken
into account.
A

Ro=". (6d) " o

Decomposition of the adhesion disc into two

A is the so-called capillary length and it is equal to theStates of adhesion

distance between the contact line and the intersection of thBomains of tight adhesion and domains of weak adhesion
tangent with the surface of the substrate (Fig.BRItisa  can be most clearly distinguished by analyzing the ampli-
measure of the distance (from the contact line) over whichudes of the thermally excited membrane bending undula-
the profile is determined by the bending energy. For theions (membrane flickering). Following Helfrich (1978) and
measurement ofr and R,, the following procedure was Lipowsky (1995) the root mean square amplitudé&s?) of
adopted. First the intensity distributidifx) of the RICM  these fluctuations are about equal to the average distahce
images along linear sections perpendicular to the contoupetween the membrane and the substrafé.can be mea-
line is determined. The surface profiéx) (and thush and  sured locally by statistical analysis of the time sequence of
«) is then obtained fronh(x) by inverse cosine transforma- the local intensity fluctuations of the RICM micrographs.
tion by application of a procedure developed previouslyThe displacement(t) is obtained from the intensity of the
(Radler et al., 1995; Wiegand et al., 1997). For this purposeinterferograms by inverse cosine transformation as de-
an algorithm has been developed which is adopted to thecribed in detail previously (Reéer and Sackmann, 1993;
IGOR Apple software. Albersdofer et al., 1997). Two examples are given in Fig.
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14, where time sequences aoft) are exhibited at two suppressed due to the strong coupling of the lipid/protein
positions. The amplitudes of the fluctuation$) are show- bilayer to the cytoskeleton. However, long-range repulsion
ing, by an order of magnitude larger at position 0 than atforces may be generated by electrostatic forces because cell
position 3, that the former corresponds to an area of weakurfaces are, in general, highly negatively charged due to
and the latter of tight adhesion. The heidh(k) of the the presence of numerous sialic acid residues in the glyco-
membrane above the substrate obtained by the above anahlix. Another possibility is the generation of long-range
ysis is plotted in Fig. 14 for the section through the repulsion forces by large protein filaments of the extracel-
adhesion disc marked by squares. It is, however, importariilar matrix such as hyaluronic acid and fibronectin, if they
to note, thatu(t) < 10 nm are dominated by noise of the adsorb weakly to cell surfaces (Toole, 1991:dRa and
CCD camera available and thus only intermembrane disSackmann, 1997). The most intriguing result of the present
tances>10 nm can be measured absolutely. study is that the competition between long-range repulsion
The adhesion-induced formation of small adhesionand short-range attraction forces leads to adhesion-induced
plagues is attributed to the local deformation of the memiateral segregation of the receptors. At small receptor den-
brane at the transition between regions of strong and weasities, this results in the formation of adhesion plagues,
adhesion as suggested theoretically by Bruinsma et alvhereas, at large densities, a homogeneous adhesion zone is
(1994). As can be clearly seen in Fig. 11, the area of th@bserved (Fig. 11).
tight adhesion plagques increases with increasing receptor It should be noted that the adhesion plaque formation is a
concentration. A quantitative analysis will be given in anucleation phenomena and that the coexistence of adhesion
forthcoming paper together with a theoretical model ofplaques and weak adhesion regions is a metastable state.
adhesion-induced receptor segregation relating the areBecause the merging of the adhesion plaques (the so-called
fraction of adhesion plaques to the receptor density. coarsening) is a very slow process, the heterogeneous con-
tact zone may persist for hours. The formation of adhesion
domains by nucleation can be understood as follows. The
GENERAL DISCUSSION state of weak adhesion is determined by the competition
A biologically relevant model system for systematic studiesbetween gravity-induced attraction and undulation forces.
of the control of cell adhesion by the interplay of receptor-For weak membrane tensiong € 10~ 7 N/m), this results
mediated short-range attraction forces and weak long-range an equilibrium distance ofh,) ~ 30 nm. (Raller et al.,
repulsion forces has been established. In the present casi995). Judged from the analysis of the flicker amplitudes
the long-range repulsion is provided by entropic undulation(Fig. 13), the distance between the strongly adhering mem-
forces. In most biological membranes (with the notablebranes is expected to be of the orderla)) ~ 10 nm. To
exception of erythrocytes), the membrane undulations aréorm homophilic bonds, work has to be performed against

€
=,
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erage distance between membrane and sub-
strate through analysis of thermally excited 30 — | o
bending undulations (membrane flicker- I T I I I pos’mon 0
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section through adhesion disc along which 9 i 20 ok 40 20
the height fluctuations were analyzast) time [1/25 sec]
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the undulation forces. The Helfrich (1978) model predicts a
force per unit area of the order of 10J/n¥ for distances of
10 nm (fork ~ 10 *°J). Single bonds are thus expected to
unbind rapidly and a minimum number of receptors have to
bind to form a stable adhesion domain. These nuclei grow
first by accumulation of free receptors in a diffusion-limited
process. As shown in Fig. 18,ande, at increasing receptor
concentrations, the single domains can fuse forming first a
percolated network of interconnected domains (cf. also Al-
bersdaofer et al., 1997) and finally a closed adhesion disc.
An interesting question is, what limits the size of the total
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can no longer be defined. The strong adhesion plaques
are most likely caused by dense clusters of receptors that
might exist before the vesicles adhere. A theory of these
sharp pinning centers has been presented previously (Al-
bersdufer et al., 1998) and it was shown that the inverse
of the opening angle of the triangular tip is a direct
measure for the tangential force exerted by the pinning
center on the vesicle. It should be noted that both types of
adhesion plaques are mainly observed when a slight
tangential force (e.g., due to local thermal convections)
acts on the vesicle.

area of tight adhesion? Two mechanisms are conceivable.
] ) . o An interesting finding is that the spreading pressure (in
o first, the cost in translational entropy, which is the dom-he case of intermediate adhesion strengths) sensitively de-

inant mechanism at small receptor concentrations and hends on the receptor concentration in the adhering vesicle.
e second, the membrane tension, which limits the size o s Sincreases frons~ 5 X 108 J/nEto S~ 5 X 107

the adhesion zone at large receptor concentrations (Seify,2 if the initial csA-to-lipid molar ratio in the vesicle

ert, 1995). (used for the csA-reconstitution) is increased by a factor of
o (fromrp, ~ 4 X 10 °torp, ~ 8 X 10 °, cf. Fig. 13,

gNand e).

There are two explanations for this finding. The first is

at the density of bound csA pairs within the adhesion disc

At very high receptor concentrations, the adhesion-induce
tension leads to the disrupture of the vesicles. This was, fo
instance, the case if the vesicles were incubated at recepta}r

concentrations above,, ~ 1.5 X 10>, . b th factor of two. A d |
A technique has been developed that allows characterizacr€ase€s Dy more than a factor of two. A second explana-
tion is that the gain in spreading pressure is also determined

tion of the adhesion strength in terms of the gain in freeb the mixi ¢ f th tors in th icle. C
energy per unit area: the so-called spreading presSure y the mixing entropy ot the receptors in the vesicle. t.on-

(Nardi et al., 1998). It is based on the analysis of the contac?.’idering the mixing entropy, the spreading pressure is given

curvatureR,; and the contact angkein terms of the balance y
of both the adhesion-induced lateral tension and the bending
moment at the contact line. The balance of tensions is

accounted for by the Young equation (Eq. 4), and therefore, . . ) )
the analysis requires that the system is in thermal equilib?/N€réAHs is the binding energy per unit area, al8y, is

fium. According to Fig. 13¢, d,andeand Fig. 110 we find the translational entropy of the receptors associated with the

that three states of adhesion can coexist. lateral receptor segregation. It is of the ord&,,;, = kgT *
Ac, whereAc is the concentration difference in the adhesion

e The first is a state of weak adhesion, which is associatedisc and the bulk of the vesicle. In the previous study (Nardi
with strong flickering (Fig. 13). No bonds between csA et al., 1998) on electrostatically induced adhesion of vesi-
pairs are found. The adhesion strength is determinedles, it was shown thaS may be reduced by orders of
essentially by the balance of gravitational attraction andnagnitude due to this entropic effect. Unfortunately, it is
Helfrich repulsion. We find a spreading pressureSct not possible yet to measufs,,;, quantitatively because the
10 °J/n? in good agreement with previous studiesdRa receptor densities cannot be measured independently and
ler et al., 1995). we cannot distinguish unambiguously yet between the two

e The second is a state of intermediate adhesion strengthossibilities.

(Fig. 13,d ande). A homogeneous (essentially circular)  The present model membrane studies show that vesicle
adhesion disc is formed and the undulations are essemdhesion is associated with a redistribution of the receptors
tially suppressed due to the formation of homophilic within both membranes. It is interesting to note that cell

bonds between the two membranes. The system is iadhesion is also regulated by reorganization of receptors
equilibrium and the contact curvatuRe and the spread- and thus depends sensitively on receptor mobility (Chan et
ing pressuré&are constant over the whole adhesion zoneal., 1991). Thus, studies of the adhesion of lymphocytes on

e Third, we find two types of strong adhesion plaquessupported membranes with reconstituted LFA-3 receptors
(Figs. 13c and 11b). Most of the adhesion plaques are showed that the adhesion strength is determined by the
extended, and one can clearly see the distortion of thenobility of the LFA-3 receptors and the counter-receptor
contour lines of equal height that allow us to measure the&€D2 (glycoprotein) on the cell (Chan et al., 1991). Inter-
local variation of the contact curvatuRe and the contact estingly, GPI-anchored isoforms of LFA-3 were found to be
anglea (Fig. 11b). Some of the adhesion plaques are,more potent in mediating cell adhesion than isoforms with
however, point-like, and the contact line exhibits a trian-transmembrane anchors (Dustin et al., 1996). The most
gular shape (Fig. 18). At the tip, the contour of the interesting aspect of these studies is that the strengthening
vesicle above the substrate is discontinuousRrehda  of cell adhesion does not necessarily depend on intracel-

S=AH,— T-AS,,, (7)
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lular signaling but can be achieved by a more physicaln Physics of Biomaterials. Fluctuations, Self Assembly, and Evolution. T.
mechanism Riste and D. Sherrington, editors. Nato ASI series, Applied Sciences,

CsA . . diati dhesi b s in th No. 322. Dordrecht, Boston, MA.
SA assists in mediating adhesion between cells in t %ruinsma, R., M. Goulian, and P. Pincus. 1994. Self assembly of mem-

aggregation stage. It accumulates at the ends of elongatecdhrane junctionsBiophys. J67:746—750.
aggregation-competemictyostelia cells,which then tend  chan, P.-Y., M. B. Lawrence, M. L. Dustin, L. M. Ferguson, D. E. Golan,

to assemble into chains of aggregated cells (Gerisch, 1986;33?] T. A Springﬁr- 199%)- Influence Ofbreceptor lateral mobility3 on g
: : . adhesion strengthening between membranes containing LFA-3 an
Siu and Kamboj, 1990). Moreover, the formation of adhe- ~ps 3 cell Biol. 115:245-255.

sion plaques by receptor aggregation is a general phenorﬁ'ustin, M. L., L. M. Ferguson, P.-Y. Chan, T. A. Springer, and D. E.
enon in cell adhesion mediated by integrins. Because the Golan. 1996. Visualization of CD2 interaction with LFA-3 and deter-

aggregated receptors couple to the cytoskeleton they Ca_nmination of the two-dimensional dissociation constant for adhesion

. . . . . receptors in a contact ared. Cell. Biol. 132:465-474.
act as nucleation sites for the formation of actin stress flbersDustin M. L, D. Olive, and T. A. Springer. 1989. Correlation of CD2

These can also limit the SiZ(_—Z‘ of the receptor clusters. binding and functional properties of multimeric and monomeric lym-
The present model experiments suggest another mecha-phocyte function associated antigeh.Exp. Med 169:503-517.
nism: receptor segregation by competition of short-rangéuwe, H. P., and E. Sackmann. 1990. Binding elasticity and thermal

: _ ; : : excitations of lipid bilayer vesicles: modulation by solutBéiysica A.
attraction and long-range repulsion. This mechanism can 163:410—428.

arise if the receptgrs are buried within the glycoca!n.(. In thlsEvans, E. and A. Yeung. 1994. Hidden dynamics in rapid changes of
case, the formation of receptor-mediated specific bonds bilayer shapeChem. Phys. Lipidsz3:39-56.
would require local lateral displacements of the macromol+aix, J. 1993. Gezielte Expression und Mutagenese des csA-Glycoproteins

ecules of the glycocalix to enable close enough approach of von Dictyostelium discoideunzur Untersuchung der strukturellen
Voraussetzungen seiner Funktion als Zellaibasmoleku Doctoral

the opposing receptor pairs. Simile}r_, to the situation in the §issertation. Universit:Regensburg, Regensburg, Germany.
present model system, the competition between short-rang&ix, ., G. Gerisch, and A. A. Noegel. 1992. Overexpression of the csA

attraction and the repulsion between the glycocalices would cell adhesion molecule under its own cAMP-regulated promoter impairs
require the formation of large enough clusters of tight bonds MerPhogenesis iictyostelium. J. Cell. Sci02:203-214.

: : : . iqGarewell, H. S. 1973. A procedure for the estimation of microgram
to form stable sites of attraction. Simultaneously, the lipid/ quantities of Triton X-100Anal. Biochem54:319-324,

protein blllayer membrane. would be locally defqrmed' II.’I aGerisch, G. 1986. Interrelation of cell adhesion and differentiation in
forthcoming paper, we will show that the elastic bending Dictyostelium discoideum. J. Cell. SE&. Suppl.):201-219.
energy associated with the local membrane deformationserisch, G., J. Faix, E. Wallraff, A. A. Noegel, A. Barth, R.tzalschwab,

plays an important role for the formation of adhesion M. Westphal, G. Langanger, and D. Francis. 1993. Mutational analysis
of carbohydrate and phospholipid modifications of a cell adhesion

plaques. protein.Collog. Ges. Biol. Chem. Mosbact4:131-144.
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