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Introduction

Various mcdel membranc sysiems have been used

m the past to sludy lhe physncal propemes and the

of b them,

single phospholipid bilayers which are supported on

flat solid substrates have become increasingly popular
in recent years [1]. The ad of these P

brane systems is that they are unilameilar and geomet-
rically well defined. Originally, SPBs have been devel-
oped for modeling cell-cell and cell-membrane inter-
actions in the immune system (for reviews, see Refs. 2
and 3). In more recent years, they have also proven to
be vcry useful in studlﬁ of the lateral diffusion of
af-

botohleachi

planar bilayers (SPBs) over many other model mem-
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ter [4,5], the specific binding of pro-
teins to well- defincd membrane receptors by total in-
ternal refl i i [6-9), the
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croscopy [10,111, and the onemauon of a-helices of
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by total re-
flection infrared spectroscopy [12].

Since in general many memby~ne proteins and re-
ceptors are laterally mobile in biological membranes
(and often change their lateral mobilities upon ligand
binding and signal transduction (see e.g. Refs. 13 and
14), it would be desirable to be able to reconstitute
integral membrane proteins into SPBs in a functional,
laterally mobile form. Unfortunately, this has proved to
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be difficult with two common techniques that have
been used to prepare SPBs. The problems with the
Langmuir-Blodgett technique [1} are that many pro-
teins do not tolerate to be transfered into monolayers
where some of their domains may become directly
exposed 1o air, and that relatively large quantities of
protein are required on the Langmuir trough. The
direct fusion technique [15] which utilizes the fusion of
small unilamellar vesicies on | philic surfaces can
be performed with small quantities of reconstituted
protein-lipid vesicles and produces SPBs in which at
least a fraction of the protein retains ns physmloglcal
binding specificity. However, the p

by this method are generally not Imerally mobile. The
reasons for their immobilization could be that signifi-
cant ions of their st may pi de from the
outer surface of the vesicles and may interact irre-
versibly with the hydrophilic surface of the solid sub-
strate in the course of vesicle fusion,

These difficulties motivated us to investigate an
alternative technigue to prepare supported planar bi-
layers and to deveiop methods which will permit us to
follow the reconstitution process in real time. The
technique which we call the monolayer-fuslon tech-
nique, uses a L holipid mono-
layer on a hydrophilic support as the substrate for
vesicle fusion. Therefore, the vesicles to be fused will
encounter the hydrophobic fatty acyl chains of the
supported amphiphilic monolayer rather than the hy-
drophilic quartz support, i.. a situation which may
better preserve some protein structures. The adsorp-
tion, fusion and desorption kinetics of fluorescent-
labeled vesicles of different compositions and concen-
trations are followed by total internal reflection fluo-
rescence microscopy (TIRFM), and the lateral lipid
diffusion coefficients in the resulting planar bilayers
are determined by total internal reflection interference
fringe pattern photobleaching (TIR /FRAP) at various

0P VIEW

Fig. 1. Schematic diagram of the laser fluorescence microscope for tota! internal reflection fluorescence microscopy (TIRFM) and fluorescence
recovery after photobleaching (FRAP). An argon ion laser (Innov: 70-4, Cohcrcnl, Palo Alto, CA, USA) is used as the light source. The
intensity of the laser beam is regulated with a put (ACM, 40, Corp., Bellwood, IL, USA). A
removable mirror (M *) is used to swilch the instrument between TIR And i-illumination. For TIR- ion the beam is split with a
non-polarizing beam splitter cube {(BS, Newpor: Corp., Fountain Valley, CA, USA) and the two beams are focused with two lenses (L, f =150
mm) and intersected at the quartz/buffer interface in the image plane of an inverted microscope (IM35, Carl Zeiss, Oberkochen, Germany). A
trapezoidal quartz prism (P) with one side normal to the incoming beam is optically coupled with i ion oil to the quartz mi stide
(QS). The illuminating laser beam is split in a plane (see wp vicw) which is inclined at an angle of 72" from the vertical microscope axis. The
quartz slide (40X 25 x1 mm) fits tightly into the sample cell (SC) with 2 glass coverslip bottom which is approximately 1.5 mm below 1he lower
surface of the quanz slide. Two access holes (not shown) in the frame of the cell allow the perfusion of buffer and other materials through the
cell. The contents of the cell are stirred with a little magnetic stirres (MS) and the temperature can be controlled with a Peltier element (PE).
The interference pattern is only uscd for measurements of lateral diffusion by TIR /FRAP and as a focussing aid. Fluorescence intensities in the
TIR mode are measured with only one beam and the other beam is blocked with shutter 3 (Sh3). In epi-illumination FRAP. a Ronchi ruling
(RR) is imaged at the quartz/buffer interface through the dichroic mirror (DM) and the microscope objective (MO; 40X water immiersion,
NA =0.75, Carl Zeiss). An image plane diaphragm (IPM} in the optical path of the microscope is used to select for areas of interest and the
fluorescence intensities in these aress are measured by a photomultiplier tube (PMT, Thorn EMI, Type 9658A, Ruislip, Great Britain) with an
analog noise reduction system (designed and built by Dr. G. Haenisch). This signal is digitized and fed into an IBM-AT computer. In FRAP
experiments, shutter 1 (Sht) is closed during the bleach pulses to avoid over-exposure of the PMT. Shutter 2 (Sh2) is closed between individual
fluorescence intensily measurements in kinetic TIRFM experiments to avoid excess photobleaching.




stages of bilayer completion, ic. in the presence of
large amounts of vesicles in solution. First results on
the reconstitution of a t protein, h

b;, with the monolayer-fusion technique are reported
elsewhere [16).

Materials and Metheds

Materials

PDPC, POPG, NBD-eggPE w:re from Avanti Polar
Lipids (Alabaster, nL, USA) and all other chemicals
were from Merck (Darmstadt, Germany) and of the
highest available purity grade. lon-exchanged (‘nano-
pure’) water was used for the preparation of an buffers.

Total internal r ion fli
Fluorescence mtensmes of membranes which con-
tained NBD-eggPE and which were located at the
quartz/buffer interface weie measured by TIRFM as
described previously {6). By this method, only the fluo-
rescent molecules which were very close (within ap-
prox. 100 nm) of the quartz/buffer interface were
excited by the evanescent wave of a total internally
reflected Iaser beam on the stage of an inverted fluo-
Fluo! ion was mea-
sured wr!h a phoromulupher whose output current was
d for sensitivity and

maximum signal /noise.

A number of significant modifications were made to
the previously described instrument and a scllemanc
diagi of the imp d is d in Fig.
1

Data were ired through an A/D
(Metrabyte, Taumon. MA, USA) into an IBM-AT
computer and calculations were performed with a pro-
gram written in ASYST (Asyst Tech R
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tern in TIR-illumination was produced by the interfer-
ence of two laser beams at the quartz/buffer interface
{18]. The TIR/FRAP data were analysed following
Davoust et al. {19] and the mobile fractions are ex-
pressed as the percentage of the theoretical fluores-
cence recovery at each given depth of photobleaching.
It should be noted that the determination of the mo-
bile fraction by the TIR/FRAP method is sensitive to
the relative intensities of the two beams which produce
the interference patiern. Fven though a good precision
cube beam splitter (Newport, model 0SBCI6NP.2,
Fountain Vallcy, CA, USA) was used in our experi-
ments, the relative intensities of the two intersecting
beams were 54:46 on the sample. As a consequence,
the mobile fractions determined by U'iR/FRAP were
only about 80% of those which were determined by
conventional epi-FRAP on the same test sariples. In
order to account for this effect, all TIR/FRAP mobile
fractions werc multiplied by a correction factor of 1.2.
The lateral diffusion coefficients determined by
TIR/FRAP and epi-FRAP were the same within an
error limit of 20% and were not corrected. Although
technically more difficult, the advantage of TIR/FRAP
over epi-FRAP is that surface diffusion can be mea-
sured even in the bresence of relatively high fluo-
in soluti Control experi-
ments without the dic pattern were inely per-
formed in the TIR- and epl modes in order fo assure
that neither nor
bulk diffusion contributed to the measured fluores-
cence recoveries.

Lipid vesicles
Unilamellar vesicles were prepared by the extrusion
melhod accordmg to Hope et al [20]. Briefly, a lipid

ter, NY, USA). Typically, Buorescence intensities were
determined by averaging the measured values of 12
different spots. The standard deviation of these aver-
aged mlcnsmes was used as a measure for the quality
(k

in CHCI; was dried in a glass tube by a stream
of nitrogen, followed by a hlgh vacuum for at least 1 h
The lipids were
the desired buffer solution. After five fweze/thaw
cycles, the lipid dispersion was extruded eight times
rhrough two 100 nm pore size polycarbonate filters
(

ity) of the prepared AII experi-
ments (except those whrch d the i of
salt ions on the fa of SPBs) were

performed in 10 mM Tris-HCI, 150 mM NaCl (pH 7.4).
The sample :ell was kept at 22°C, and the cell

CA, USA). The mean diame-
ter of these vesrcles was determined by negative stain
electzon microscopy to be 80 to 90 nm. This is in good

were stirred continuously.

Fluorescence recovery after photobleaching

The lateral diffusion of the lipids in the bilayer was
determined by pattern photobleaching, either with epl-
or TIR-illumination. In epi-illumination, the

with iously published values [21].

Preparatici: of planar bilayers

Quartz slides were cleaned with a 10% solution of
Contrad 90 (Technosa S.A., Lausanne. Switzerland) in
delomzed water by boiling for 20 min, followed by hot

stripe pattern was produced by focusing a Ronchi
ruling in the back-focal image plane according to Smith
and McCoanell [17). Usually, a Ronchi ruling of 50
lines per inch was used which resulted in a repeat
distance of 12.7 pm on the sample. The periodic pat-

in a bath sonicator for 30 min. Subse-
quently, they wers rinsed with deionized water, washed
with methanol and dried for 1 h at 150°C. Immediately
before use, the quartz slides were further cleaned in an
argon plasma cleaner (Harrick Corp. Ossining, NY,
USA) for 10 min. Each slidc was re-used about five
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times. To test for the influence of the detergent on the
properties of bilayers formed by the fusion method,
some of the slides were cleaned with Linbro 7 X (Flow
Laboratories AG, Allwhwd Switzerland) or Conlrad

90 with or without as il

(c) Fusion of vesicles to supported phospholipid mono-
layers. A method to produce a single planar bilayer by
fusion of vesicles to a supported monolayer has been
prekusly described [22] A monolayer of dlpalml-

idic acid was d on a ger

{a) Langmuir-Blodgett technique. SPBs were pre-
pared as previously described [1]. The first monolayer
was transferred vertically from an air/buffer (10 mM
Tris-acetic acid (pH 5.0)) interface onto a clean quartz
slide at a surface pressure of 32 mN/m. The seco:-d
monolayer was transferred horizontally in a 10 mM
Tris-HCI, 150 mM NaCl, pH 7.5 buffer at 32 mN/m.
The use of the pH 5.0 buffer for the first coating
provided for a better coupling of this monolayer to the
solid substrate and consistently resulted in high quality
SPBs. When ion-exchanged or glass destilled water was
used in the first trough, SPBs with defects were pro-
duced quite frequently, whereas a pH 7.5 buffer in the
first trough resulted most of the times in a loss of the
lipid during the deposition of the coated slide onto the
second monolayer.

(b) Direct fusion of lipid vesicles on quartz. This
procedure follows the one previously descibed by Brian
and McConnell {15). A clean quartz slide was assem-
bled in the TIRFM cell which was then filled with
buffer and mounted on the stage of the laser fluores-
cence microscope. A suspension of vesicles was in-
jected and the changes in fluorescence intensity at the
quartz/buffer interface were followed with TIRFM.
After a constant valuc had been reached (after about
1-2 h), the sample cell was washed with buffer at a
flow rate 20 ml/h or more. Lateral diffusion coeffi-
cients were measured before and after the wash proce-
dure.

plate and the second monolayer was «.unpleted by
adsorption (and fusion) of sonicated vesicles of POPC.
This results in a completely immobilized bilayer. A
refined protocol is described in the following. A single
monolayer of POPC was transferred vertically from the
surface of a 10 mM Tris-acetic acid, pH 5.0 buffer in a
Langmuir-trough onto a clean quartz slide at 32 mN/m.
This monolayer coated slide was assembled in the
TIRFM ccll which had been filled with the fusion
buffer (10 mM Tris-HCI, 150 mM NaCl (pH 7.4)), or
with another buffer as indicated. The cell was mounted
on the stage of the laser fluorescence microscope and
the fusion was started with the mjullon of the vesicles.
The i of the fl ity at the
quartz-buffer interface was followed by TIRFM for 1
to 3 h. Sub: ly, the fi ity was
measured at different spots and the lateral diffusion of
the lipids was measured by FRAP. The resulting mem-
branes were then washed with at least 20 volumes of
buffer. The fluorescence intensities and the lateral
diffusion coefficients were again measured at the final
plateau levels.

Results

Formation of supported phospholipid bilayers

A new method to prepare SPBs consists of (a) the
deposition of a single phospholipid monolayer on the
hydrophilic surface of a quartz slide and (b) the fusion
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Fig. 2. Formation of supported planar bitayers by fusion of POPC vesicles to ipi {A) intensity

increases, measured by TIRFM. at the interfuce of a quartz supported planar monotaver and a 10 mM Tris-HCI, 150 mM NaCl. pH 7.5 buffer
after the addition ol ditierent concentrations of small unimellar vesicles composed of POPC and 0.2 mol% NBD-cggPE. (B) Time courses of the
decreases in fluorescence intensity dering removal of excess adsorbed vesicles by washing of the SPBs with buffer at a continuous flow of 20

mi/h. The lipid of the vesicle

are 35 uM (), 50 uM (Q). 75 uM (0), 100 £ M (0), 200 pM ().



of small unilamellar vesicles to the hydrophobic face of

3

the supported monolayer which is exposed to a buffer
soluticn. The adsorption and the fusion of the vesicles
which -ontain a small percentage of the fluorescent
lipid NBD-eggPE can be followed by measuring the
i of the i ity with TIRFM.
Several time courses of the adsorption of vesicles at
different concentrations and composed of POPC and
0.2 mol% NBD-eggPE are shown in Fig. 2A.

The substrate was always a single monolayer of
POPC on quartz. At all concentrations, two phases of
adsorption were observed; i.e.. an initial fast linear
phase followed by a sudden transition to a slower
phase. Both phases were dependent on the vesicle
concentration. The initial rate of adsorption increased
by roughly a factor of four when the vesicle concentra-
tion was increased from 35 to 200 uM. However, the
bend occurred rather indcpendent of the vesicle con-
centration always at about 1300-1500 of the arbitrary
fluorescence units defined by our experimental setup.
The adsorption process was probably diffusion-limited,
because a change in the stirring speed had a dramatic
influence on the adsorption kinetics. Without stirring,
fusion was very slow. Fig. 2B shows the desorption
kinetics of excess vesicles during washing the cell with
a continuous flow of 10 mM Tris-HCI1, 150 mM NaCl,
pH 7.4 buffer. The fluorescence intensities of all curves
returned to about 1400-1600 flucrescence urits withil
the first 15 min.

Homogeneously fluorescent surfaces were observed
on the quartz slides at this stage. The fluorescence

were about the same as those observed
when the SPBs were prepared by the LB technique in
which only the second monolayer (distal to the sub-
strate) was labeled with 0.2 mol% NBD-eggPE (Table

The average lateral diffusion coefficient of the lipids,
measured on a large number of adsorbed membranes
was (4.0 +0.5)- 10~* cm?/s, i.c. very ciosc to the diffu-
sion coefficient which was obscrved in the LB bilayers
(3.4 £ 03)- 107* cm?/s). Most significantly, high frac-
tions of mobile lipid (80-90%) were obscrved with
both preparation techniques (Table 1). Taken together,
the microscopic observations, the fluorescence inten-
sity and the diffusion measurements support the con-
clusion that single bilayers were formed on the quarnz
slides and that the labeled vesicles had disintegrated
and fused on the supported monolayer to form farge
continuous bilayers which exhibited long range (i.e.
over tens of um) diffusive lateral lipid transport. It can
be further concluded from these data that the sharp
bend in the adsorption crrve always occurred when
single bilayers were completed and that the second
slow phase 1 the ible ad: ion of
further vesicles. When still higher concentrations of
lipid vesicles (such as | mM) were used, multiple bends
were observed, suggesting that multiple biiayers had
been formed. However, these addition:i layers could
be washed away with an excess of bulfe;.

In addition to the here described monlayer-fusion
technique and the LB technique [1], the direct fusion
technique on plain quartz siides, fisst described by

TABLE 1
Final fluorescence intensities, mobile fractions, and lateral diffusion coefficients in supported plunar phospholipid biiayers prepared by three different
methods
Preparatior. Vesicle Fluorescence Mobile Diffusion
technique compasition intensity fraction coefficient
(rel. units) (%) (10-*em? /)

Neutral vesicles
Ves. fusion on POPC,

SPM 0.2% NBD-PE 155080 8317 40105
Ves. fusion on POPC,

plain quanz 0.2% NBD-PE 2800440 - <10}

2800420 ¢ B045° 35305

Ves. fusion on POPC

labeled SPM 1350160 x4 36305
Langmuir/Blodgett 1426430 9014 34103
Negatively charged vesicles
Ves. fusion on 80% PC/20% PG,

SPM 0.2% NBD-PE 640+ 80 89+8 40105
Ves. fusion on 80% PC/20% PG,

plain quartz 0.2% NBD-PE 147040 - <107*
Langmuir/Blodgett 610+ 70 95 x4 35103

“ Quartz slides washed with Linbro 7 with or without methanol treatment, or washed with Contrad 90 without methanol treatment. All ather
quartz slides were washed with Contrad and then treated with methanol. SPM, supported phospholipid monolayer.
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Brian and McConnell {15}, is very popular to prepare
5PBs. The monclayer and the direct fusion techniques
are compared in 3.

At the same lipid concentration of 100 uM, sup-
ported bilayers were formed within similar time ranges
with both methods. A sharp bend in the adsorption
and fusion time course was also observed with the
direct fusion method. However, the fluorescence inten-
sity at the bend was about twice as high in bilaycrs
which were formed by direct fusion, because in this
case, both Icaflets of the SPB contained labeled lipids.

Negatively charged lipids
Most biological membranes contain  negatively
charged lipids and in many applications of SPBs, the
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S
he kinetics of fluorescence intepsity

use of ncgatively charged lipids is desited. Therefore,
we tested the effect of such lipids on the formation of
SPBs by vesicle fusion to supported monolayers. Pure
POPC was again used for the first monolayer coating.
When the vesicles which were used for the fusion step
were composed of 80% POPC and 20% POPG, the
adsorption/fusion kinctics were different to those ob-
served wnh pure POPC vesicles (Fig. 4). A nonlmcar,

of the fl intensity was
observed which saturated when one bilayer was I'ormcd‘
This kinetic behavior was most likely duce to increasing
electrostatic repulsion forces between the supported
bilayer and the vesicles as the supported bilayer ap-
proacitcd compiciion. Presumably, repulsive cfectro-
static and hydrduon forees also prevented the adsorp-
tion of further . The same forces are known to
determine the high lamellar repeat di in multi-

changes on quartz slides whlch have been coated with a POPC
monolayer

e shown after the addition of 200 M (4 ) and 900 pM
composed vl' K7 POPC, 206 POPG and 0.2%
150 mM NaCl (plt 7.5).
of 204 mM vesicles of lhb
composition on plain quartz slides.

fluorescence intensity could be detected which pro-
vided further proof that only the lipids which were
needed for the completion of the second leaflet of the
bilayer had adsorbed to the surface.

The lateral diffusion coefficients and the mobile
fractions of 0.2 mol% NBD-eggPE in the negatively
charged bilayers were as high «s those obscrved in
§PBs which werc composed of POPC only (Table 1),
These observations further confirmed the formation of

layered structures of negatively charged lipids [23}.
When these bilayers were washed, no decrease of the
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NBD-cggPE) vesi in 10 mM Tris-HCl, 150 mM N;
The open symbols indicate the fluorescence inten:
membranes have beea washed with buffer,

s after the

plete supported bilayers also for the case of nega-
tively charged phospi s. However, the fluores-
cence intensities of the negatively charged bilayers
were about half of the intensitics that were observed
when no negatively charged lipids were present. We
attribuie this to a change in the quantum yield of the
fluorophore in the electrostatically different environ-
ments on the surfaces of POPC and POPC/POPG
(4:1) bilayers, respectively, The same effect was ob-
served when negatively charged SPBs were prepared by
the direct fusion or the LB techniques (Table 1),

Fig. 4 also shows a comparison of the monolayer-fu-
sion kinctics with the direct fusion kinetics. As it was
the case with purc POPC, the final fluorescence inten-
sity after direct fusion was about twice the intensity
after monolayer fusion or when the LB technique with
only the second leaflet labeled was used to prepare
SPBs.

Influence of Na* and Ce?* om the fusion of vesicles ro
supported monolayers

The fusion of POPC vesicles to supported monolay-
ers depends on the ionic strength of the buffer. Fig. 5
shows the fusion and wash kinetics at various concen-
trations of NaCl. No fusion occurred in 10 mM Tris-HCl



and in the absence of NaCl. Very slow adsorption and
fusion was obscrved with 20 mM added NaCl. In the
presence of 50 mM and 150 mM NaCl the
adsorption /fusion was fust and the curves exhibited
the sharp bend after completion of the SPE. The
Kinetic behavior in the presence of 1 M NaCl was
different. A bend and saturation m.currcd only when
one it plus the fl of one
additional bilayer were adsorbed lo the supported
monolayer. Also, the wash kinctics extended over a
much longer time than at the lower salt concentrations
and about 3 h elapsed before the fluorescence intensity
returned to the level of a single bilayer (Fig. 5B). In the
presence of 150 mM NaCl and 2 mM CaCl,, a mixed
behavior was obscrved. The adsorption /fusion kinetics
followed those of 5u and 150 mM NaCl (without added
Ca?*), whereas the desorption process paralleled the
one in the presence of 1 M NaCl. Also, after washing.
the SPBs which were formed in the presence of | M
NaCl or 150 mM NaCl and 2 mM CaCl, showed some
brighter areas by fluorescence microscopy which prob-
ably represented patches of adsorbed lipid vesicles
which were difficult to remove by the 3-h wash proce-
dure. When the lateral diftusion coefficients were mea-
sured in these areas, they were unchanged compared
to those measured in the areas with a single bilayer.
However, the mobile fraction was reduced roughly by a
factor which was inversely proportional to the fluores-
cence intensity. This observation suggests that the
membranes in these adsorbed patches Jid not fuse to
form extended sheets of bilayers and did not permit
long range lateral lipid diffusion.

Lateral diffusion of lipids during the fusion process
TIR/FRAP was used to measure the lateral diffu-
sion of NBD-¢ggPE in the vicinity of the quartz-buffer
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interface. POPC vesicles were allowed to adsorb and
fuse with the supported monolayer as described above,
but instead of measuring the increase of the fluores-
cence intensity as a function of time, the fusion process
was followed by measuring lateral diffusion in 1
time intervals. Although the fluorescence inte
which were mcasurt.d prior to cach bleach pulse

TIRFM experiments, no measurable lateral lipid diffu-
sion could be detected (D < 107" cm*/s and /or mo-
bile fractions < 5%) during this period. At about 15
min after the addition of the vesicles, the lipids sud-
denly started to diffuse with a diffusion cocfficicnt of

about 4 - 10~% cm?/s which was identical to the aver-
age diffusion coefficient which was measured after
washing (Table 1). The i ion of long-range lateral
diffusion occurred at the same time point as the sharp
bend in the fluorescence intensity kinetics. Also begin-
ning at this time, the amount of mobile lipid always
corresponded to the cquivalent of 1 lipid monolayer.
These data indicate that during the first phase of lipid
binding, the vesicles either adsorbed without fusion or
fused with the l; as distinct i ] cntities.
Only when a criticai surface concentration was achieved
(at about 15 min), these individual units or patches
became connected very suddenly znd perhaps, cooper-
atively to form the extended sapported phospholipid
bilayer.

Pretreatment of the quaniz slides

When the lateral diffusion of lipids was measured in
SPBs which were prepared by direct fusion to the
quartz slides, the values obtained for the mobile frac-
tions depended strongly on how the quartz slides were
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Fig. 5. Influence of salt concentrations on the fusion of POPC vesicles to supported monolayers. (A) Kinetics of vesicle fusion and adsorption to

POPC-coated quartz slides at different concentrations of NaCl and CaCl,. (B) Kinetics of the desorption of excess lipid during continuous

washing with buffer at 20 mil/h. The buffer compositions are: 10 mM Tris-HCI (pH 7.5) and no salt (@), 20 mM NaC! (& ). 50 mM NaCl (D), 150
mM NaCl (a), 150 mM NaCl and 2 mM CaCl, (W), and 1 M NaCl (0) added. The vesicle concentration in all experiments is 50 uM.
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cleaned. If the original protocol [15) was used and the
slides were washed with Linbro 7 X and destilled water
prict to drying and argon plasma cleaning, the ad-
sorbed vesicles fused and high mobile fractions were
measured. The same results were obtained when Con-
trad 90 was used as the detergent. However, when the
Contrad 90 trcated slides were washed with methanol
and then dried, the mobile fraction dropped to zero.
This did not happen when Linbro 7 X was used as a
detergent and subsequently treated with hanol. A

Discussion

The present work demonstrates the feasibility and
defines the experimental conditions for the formation
of planar supporlcd phosphohpld bllayers by vesicle
fusion to Thi offers
an alternative to the existing techniques for fulure

to rec i mtcgral
mto SPBs. Specifically, it the fellowing two

pp: is

posstblc cxplananon for thesc obscrvations is that some

les which ined on the surface
were required for the fusion of vesicles on ‘clean’
quartz slides and that methanol was able to completely
remove residual Contrad 90, but not Linbro 7 % from
the surface.

Properties of the first leaflet
The propenics of the first (quartz-cxposcd) feaflet
of the d bilayer were ined by labeling mc
monolayer which was transferred from the 1

y small of lipid vesicles
can be used for bllayer formation, and (ii) the vesicles
face a lipid monolayer during fusion rather than a
plain quartz surface, i.e. an mterface which _may help
to preserve the of during
fusion. Also, the sensitivity and clectronic control of
our TIRFM/FRAP apparatus has been considerably
improoved and a TIR interference fringe pattern
photobleaching option [18,24,25] has been installed.
This latter method permits us to measure the lateral
diffusion cocfficicnts and mobile fractions in the ad-
sorbed layers, even in the presence of relatively large

of fl dye in solution. We believe that

trough with NBD-cggPE and by a subsequent fusion of
unlabeled POPC vesicles. The LB deposition of the
POPC monolayer was routinely carried out under
mildly acidic buffer conditions (pH 5.0), which assurcd
good ling of this I to the Once
deposited, this monolayer was veiy stable, even when
transferred to the Lcual fusmn buffer of pH 7.5. The
ion in this t
was very homogeneous as judged from fluorescence
microscopy. After completion of the bilayer, the lateral
diffusion coefficient of thc lipids in the quartz-cxposed
leaflet of the bilayer was (3.6 £ 0.5) - 107% cm?/s and
the mobile fraction was 78 + 4%. Both of these values
were close to the corresponding values when the leaflet
distal to the quartz surface was labeled (Table 1).
Beforc the addmon of unlabeled POPC vesicles, the
ity of the supp: i monolayer was
about 1800 of our relative fluorescence units. As a
resull of the fusmn wnh plain POPC vesicles, the
d by abou\ 10%, and a
further 10% d of the fl ity was
observed after washing the completed SPB with buffer.
The final fluorescence intensity was roughly the same
as when only the second leaflet of the bilayer was
labeled (Table 1). The origin of the cbserved fluores-
cence intensity decreases could be a small reordering
of the lipids in the first leaflet upon bilayer completion,
and/or the expulsion of some excess lipid from this
Ieaﬂcl. A few bright spots which probably represenled
vesicles ined after 2
the SPBs which had been labeled in the first leaflet.
This suggests that a limited (roughly 10%) lipid ex-
change could occur between the first monolayer and
the adsorbed vesicles.

with these improovements, we have all the necessary
tools at hand to rapidly screen and find the optimal
condmons for the reconsmuuon of proteins into planar

ina 1 and | ily mobile form.
In fact, we have already been able to reconstitute
cytechrome b; in a partially mobile form into SPBs by
the monolayer-fusion and the direct fusion techniques
[16].

The present work also introduces TIRFM as a
method to monitor lhe kmetlcs of monolayer self-as-
sembly. Self- bl on hydrophilic and
hydrophobic suppuﬂl' havc been produced wnth several

hilic [26-28]. E:

different 1
when used in conjunction with
on electrodes and when doped with ion-selective am-
phiphilic chelators, such monolayers show great
promise for the fabrication of bi and other
devnoes It has been pomted out [27] that under certain
are more stable
than built-up LB films. The supported monolayer pro-
vides a reactive surface for hydrophobic or amphiphilic
molecules in solution. Most likely, the fusion of the
vesncles |o lhe supported monolayers is driven by hy-
the hpld fatty acyl
chalns A plausibie, but certainly nct unique pathway
for vesicle fusion to a supported monolayer is sug-
gested in Fig. 6. When, in this model, the vesicles
h the ; a defect occurs in
the vesicle outer monolayer to permit hydrophobic
contact between the ves|c|e inner monolayer and the

supported g then causes
the rupture and dlsmtegralmn of the vesncle on the
supported | Ti:e hydropt ling be-

tween the two leaflets of the bllayer is strong and not
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. Possible palhway for vesicle disintegration und fusion with a

A vesicle the sup-
ported monolayer (A) and a defect in the vesicle outer monolayer
leads to close contact between the vesicle inner monolayer and the
supported monolayer (B). The second monolayer spreads out on the
tydrophobic surface of the first (supported) monolayer and causes
vesicle rupture at some point in solution (C). Further spreading leads
<0 the completed supported planar bilayer (D). In this model, strong.
avdiuphobic interactions are believed to provide the major driving

force for vesicle disintegration and fusion,

Ry 4,

d wash di A predi
of this model is that proteins which are oriented
‘right-side out’ or ‘inside out’ in the vesicle would end
up "right-side out’ in the planar bilayer.

Our results show that durmg or after bilayer t'orma-
tion, vesicles of the zwi ic lipid
choline become adsorbed in a reversible fashion to the
supported bilayer. No vesicles adsorb when negatively
charged vesncles are used, probably because of electm-
static the h d sur-
faces of the planar bilayer and the vesicles. The ad-
sorbed vesicles can be washed off easily from the
planar bilayer at low to intermediate salt concentra-
tions and in the absence of calcium. It is well known

that el ic, hyd van der Waals, steric and
entropic fluctuation forces govern the equilibsium dis-
tance between closely apposed lipid bilayers {23.29-31).
Our adsorption and desorption kinetic results are in
qualitative agrecment with these concepts.

Acknowledgements

We thank Dr. G. Hacnisch for his help with the
¢lectronic hardware and Prof. J. Engel for his contin-
ued support of this project. Supported by Swiss Na-
tional Science Foundation Grant 31-26849.89.

References

1 Tamm. L.K. and McConnell, H.M. (1985) Biophys. 1, 47, 105-113.

2 McConnell, H.M., Watts, TH., Weis, RM. and Brian. AA.
(1986) Biochim. Biophys. Acta 864, 95-106.

3 Thompson, N.L. and Palmer, A.G. (1983) Commun. Moi. Cell.
Biophys. 5, 39-56.

4 Tamm, L.K. (1988) Biochemistry 27, 1450-1457.

§ Wright, L.L., Palmer, A.G. and Thompson, N.L. (1968) Biophys.
1. 54, 463-470.

6 Katb. E.. Engel, J. and Tamm, LK. (1990) Biochemistry 29,
1607-1613.

7 Poglitsch, C.L. aud Thompson, N.L. (1990) Biochemistsy 29,
248-254.

8 Pisarchick, M.L and Thompson, N.L. (1990) Biophys. J. 58,
1235-1249.

9 Kalb, E and Engel, J. (1991) J. Biol. Chem. 267, 19047-19052

10 Egger, M., Ohnesorge, F., Weisenhorn, A.L.. Heyn, S.P., Drake,
B., Prater, C.B., Gould, S.A.C., Hansma, PK. and Gaub, HE
(1990) 3. Struct. Biol. 103, 89-94.

11 Zasadzinski, J.AN., Helm, C.A., Longo. M.L., Weisenhom, A.L..
Gould, S.A.C. and Hansma, P.K. {1991) Biuphys. J. 59, 755-760.

12 Frey, S. and Tamm, LK. (1991) Biophys. J. 60, 922-930.

13 Metzger, H.,, Alcoraz. G. Hohman, R., Kinet, J.¥., Pribluda, V.
and Quarto, R. (1986) Annu. Rev. Immunol. 4, 419-470.

14 Schlessinger. J. (1988) Biochemistry 27, 3119-3123.

15 Brian, A.A. and McConnell, H.M. (1984) Proc. Natl. Acad. Sci.
USA 81, 6159-6163.

16 Kalb, E. and Tamm, L.K. (1992) Thin Solid Films, in press.

17 Smith, B.A. and McConneli. H.M. (1978) Proc. Natl. Acad. Sci.
USA 75, 2759-2763.

18 Weis, R.M.. Balakrishnan. N., Smith, B.A. and McConnell, HM.
1982) J. Biol. Chem. 257, 6440-6445.

19 Davoust, J., Devaux, P.F. and Leger, L. (1982) EMBO J. 1,
1233-1238.

20 Hope, M.J., Bally, M.B. Webb, G. and Cullis, P.R. (1985)
Biochim. Biophys. Acta 812, 55-65.

21 Mayer, L.D., Hope, MJ. and Cullis, P.R. (1986) Biochim. Bio-
phys. Acta 858, 161-168.

22 Fringeli, A.P. (1989) in Biologically Active Moleccules
{Schiuncgger, U.P, ed.), pp. 241-252, Springer-Verlag, Berlin.

23 Rand, R.P. and Parsegian, V.A. (1989) Biochim. Biophys. Acta
988, 351-376.

24 Tilton, R.D., Gast, A.P. and Roberison, C.R. (1990} Biophys. J.
58, 1321-1326.

25 Tilion, R.D., Robertson, C.R. and Gast, A.P. (1990) J. Colloid
Interface Sci. 137, 192-203,

26 Sagiv, J. (1980) J. Am. Chem. Soc. 102, 92-948,




316

27 Netzer, L., Iscovici, R. and Sagiv. J. (1983) Thin Solid Films 99,
235-241.

28 Rubinstein, 1., Steinberg, S., Tor, ¥., Shanzer, A. and Sagiv, J.
(198R) Nature 32, 426-429.

29 Israelachvili, J.N. and McGuiggan, P.M. (1988) Science 241, 795-
800.

30 Helm, C.A., Israelachvili, J.N. and McGuiggan, P.M. (1989) Sci-

ence 246, 915-922.
31 Rand, R.P., Fuller, N., Parsegian, V.A. and Rau, D.C. (1988)

Biochemistry 27, 7711-7722.



