LIPID-PROTEIN INTERACTIONS AT INTERFACES

“

* Many functions crucial to life are carried out by membrane proteins
bound to or embedded in lipid bilayers

* A wide variety of diseases results from deficient or abnormal
lipid-protein interactions

Interface between and sciences

elucidate the normal functions of these proteins
mechanism by which toxicity is introduced in disease

Physical Biological

Sciences Sciences

uncover and understand new physical phenomena
basis for new materials



LOSS OF MEMBRANE STRUCTURAL INTEGRITY

Electrically shocked cells suffer a loss of structural integrity.

Electrically shocked cell



COPOLYMER SURFACTANT AS MEMBRANE SEALANT

Lee, R.C.; River, L.P.; Pan, F.; Ji, L.; Wollmann, R. L. Proc. Natl. Acad. Sci. USA May 1992,
89, 4524-4528.




QUESTIONS TO BE ADDRESSED

» How does P188 interact with the cell membrane?

* Does P188 insertion affect membrane morphology?
* Is the sealing effect localized?

» What happens to the polymer as the cell heals?

» Effective treatment strategies? Designer polymers?

* How membrane packing regulates P188 insertion
* How lipid electrostatics influence P188 insertion

* Morphological changes using FM
» High resolution imaging using AFM

Lipid monolayers as models for outer leaflet of bilayer

S




TRIBLOCK COPOLYMER P188

Poly Poly Poly
Ethylene Propylene Ethylene
Oxide Oxide Oxide

Hydrophilic ~ Hydrophobic Hydrophilic



INJECTION EXPERIMENTS —
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P188 INSERTION INTO DPPG MONOLAYERS

Pure DPPG at 30 mN/m DPPG + P188 at 20 mN/m2 DPPG + P188 at 20 mN/m2
before P188 injection Area/ PG molecule = 78 A Area/ PG molecule=120 A



PRETREATMENT EXPERIMENTS WITH DPPG MONOLAYERS

P188 is added before the lipid monolayer is compressed
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EFFECT OF INCREASED MOLECULAR WEIGHT

Poloxamer 238 (P238)

Same Hydrophobic (20% PPO): Hydrophilic (80% PEO) weight ratio as P188

A W
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PRETREATMENT EXPERIMENTS WITH DPPC MONOLAYERS

P188 is added before the lipid monolayer is compressed

DPPC Pretreatment

80
: — DPPC
g 704 — — DPPC +50 uL P188
"zé 60 | _ X | DPPC +200 uL P188,
= | T
go| ]\
1\\
g 40 "\\'
¢ \
o 30
8 | \\
20 |
© N
@ 10| g |
0 : ; T P - R T S T (S Ty S S S
0 20 40 60 80 100 120 140

Area per molecule (A¥molecule)



Poloxamer 338 (P338)
Same Hydrophobic (20% PPO): Hydrophilic (80% PEO) weight ratio as P188

["M'\g MW (P338) = 14,100 g/mol [at MW (P188) = 8400 g/mol
(
']

P338 INJECTED INTO DPPC AND DPPG MONOLAYERS AT 30 mN/m
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Poloxamer 217 (P217)

EFFECT OF INCREASED HYDROPHOBICITY

P217 weight percentages versus P188 weight percentages
30 % PPO (hydrophobic) 20 % PPO (hydrophobic)
70 % PEO (hydrophilic) 80 % PEO (hydrophilic)
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DEPOSITION OF MONOLAYERS ONTO SOLID SUBSTRATES
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AFM HEIGHT IMAGES - SUPPORTED DPPC FILM AT 24 mN/m
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AFM HEIGHT IMAGES - SUPPORTED DPPC FILM AT 22 and 20 mN/m
“
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AFM HEIGHT IMAGES OF SUPPORTED P188
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PHASE MODE OF AFM
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A,: the amplitude of freely oscillating cantilever
A,,: the set amplitude used for feedback control

Light tapping -, :'_ —==
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(A, large) S— Tip-sample interaction Tip-sample interaction




AFM DEMONSTRATES TWO SPECIES PRESENT ON SUPPORT

Light tapping
(Asp =14 nm
Ao =18 nm)
0 2.00 pm O 2.00 pm
Data type Height Phase
Zran~e5000nu ............................................................................. ......................
Hard tapping
(Asp =40 nm
Ao = 53 nm)
DPPC+P188 0 2.00 pm O 2.00 pm

Data type Height Phase
@ 20 mN/m, 30°C 2 range 5.000 nm 180.0 °



CONCLUSIONS

P188 will only adsorb into damaged regions of cells

P188 insertion insensitive to headgroup charge

P188 is “squeezed out” when cell heals

AFM can identify to location of the polymer

Insertion of P188 results in interesting morphology



ALZHEIMER'’S DISEASE (AD)

-

. Clinical dementia consistent with AD has long been known

. Bavarian psychiatrist Alois Alzheimer (1906) called attention to

-> neurofibrillary tanglements
(altered form of the neuronal microtubule protein, tau)

-> senile plaques
(spherical deposits of extracellular amyloid B-protein)

-> vascular deposits

(AB)

« Sequence

Glenner & Wong, Biochem. Biophys. Res. Comm. (1984) 120: 885-890
Masters et al., Proc. Nat'l. Acad. Sci. USA (1985) 82: 4245-4249

. Gene encoding the amyloid precursor protein (BAPP)

Kang et al., Nature (1987) 325: 733-736



AMYLOID-BETA (AB) PROTEIN
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Self-Perpetuating Change in Protein Conformation

* A mechanism of disease
Alzheimer’s Disease A[3,

Huntington’s Disease, Parkinson’s Disease,
Systemic Amyloidoses, Prion Diseases (Mad Cows)?

* A mechanism of inheritance
Yeast ||/ Element, [URE3], Het-S, etc.

altered

conformation t z ) \ | —
normal | D > 2_)_)_)

conformation



AMYLOID-BETA (AB) PROTEIN

Formed by proteolytic processing
BAPP -> AB

39 — 43 amino acid residues
AB 1-42 -> major component in senile plaques
ApB 1-40 -> major component in vascular deposits

Neurotoxicity studies in vitro
AB -> causal agent for cell death
Yankner et al., Science (1989) 245: 417-420

For neurotoxic response
AB specimens need to be aged or aggregated

Aggregation structures and kinetics depend on
->
-> jonic strength
-> peptide concentration
-> temperature
-> mixing protocol
Synder et al., Biophys. J. (1994) 67: 1216-1228



LIPID-INDUCED CONFORMATIONAL CHANGE

Absence of lipid

low peptide concentration -> random coil

high peptide concentration -> p-sheet
Presence of negatively charged lipid vesicles

low peptide concentration

random coil -> p-sheet

Presence of neutral lipid vesicles

-> no change in conformation detected at low peptide concentration
Presence of 0.1 M NaCl and negatively charged lipid vesicles

-> no change in conformation detected at low peptide concentration

Terzi et al., Biochemistry 33 (1994) 7434-7441
Terzi et al., J. Mol. Biol. 252 (1995) 633-642
Yanagisawa et al., Nature Medicine 1 (1995) 1062-1066
Choo-Smith & Surewicz, Febs Letters 402 (1997) 95-98



INSERTION OF A DISSOLVED IN PURE WATER INTO DPPG FILMS

AB1-40 injection into 25 mN/m DPPG on a pure The fluorescence micrographs below

water subphase T=30° shows the change in domain
morphology of a DPPG monolayer at
25 mN/m after AB40 is injected into
the subphase. The images were
taken just before injection, and 15,
45 and 90 minutes after injection of
the peptide (in alphabetical order).
The corresponding locations are
marked on the lower graph.
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ISOTHERM RESULTS

Pure Water | Buffer+Salt

D 15 mN/m 30 |
P 20 mN/m 25 82
= 23 mN/m <3 29
C 25 mN/m 0 14

30 mN/m <2
D 15 mN/m 130+ 50
M 20 mN/m 50+ 20
P 23 mN/m 12
E 25 mN/m 9

Pure Water | Buffer + Salt

D |20 mN/m 200+ 52

P (23 mN/m 23

P |25 mN/m 115 10

G (30 mN/m 30

D (20 mN/m 25 82

P |23 mN/m <3 29

P |25 mN/m 0 14
| C |30 mN/m 2

D

p |20 mN/m 88

I 25 mN/m 80 35

P |30 mN/m 54 10

The numbers here are the total percentage
change in the area per phospholipid
molecule after AB40 was injected and the
system equilibrated. AB40 was dissolved in
H,O prior to injection. The temperature

in all the experiments shown here are 30 °C. The subphase is pH=7.4 phosphate buffer with
120mM NaCl where indicated. The peptide concentration in the total subphase volume is 250 nM.




dA/A

ApB DISSOLVED IN DMSO: INSERTION RESULTS

DPPG, pure water subphase, T=30°C
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COMPARISON OF DIFFERENT LIPIDS

AB40 (dissolved in H,0) insertion at 30°C, pH=7.4/120mM
NaCl PBS subphase. Surface pressure IT =25 mN/m

0 5 10 15 20 25 30 35 40 45 50

time (minutes)




DPTAP-AB40 interaction in WATER
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SURFACTANT-LIKE BEHAVIOR

N-terminus 1-28

-> polar extracellular domain
C-terminus 29-(39 to 42)

-> hydrophobic transmembrane region
Amphipathic in nature
Behaves like a surfactant

-> |owers surface tension

-> "critical micelle concentration" exists

Soreghan et al., J. Biol. Chem. (1994) 269: 28551-28554
33 residues or shorter |

-> no surface response

-> transmemebrane portion is necessary



DPTAP-AB40 interaction in PBS

DPTAP, T=30 C, I1=30 mN/m DPTAP + AB40, T=30 C, I1=30 mN/m
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GIXD RESULTS
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Is the lipid bilayer structured or not?

il 3
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Fluid mosaic model of Nicolson and Singer
Science 1972, 175, 720; the bilayer is homogenous

Lateral heterogeneity can be:

e Density fluctuations in a one
component bilayer

e Compositional fluctuations in
a two component bilayer

e Gel-fluid phase separation
pattern

bhzier lateral
heterogeneity

homogenous bilayer




Model membrane composed of a binary mixture

gel phase--low temperatures
hydrocarbons are tightly packed
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Phase diagram of a DSPC/DMPC mixed bilayer




Previous work on

BPJ cover july 2000 DLPC/DPPC (A),
DLPC/DSEC (B), DLPC/DAPC (C). Fluid
phase top, fluid-gel coexistence bottom.
Fluorescence, Micron seale

lateral

e -
T e

BPJ cover march 200] Brush border
membrane with (a&b) and wio (c&d)
cholesterol.

Fluorescence, Micron scale

hase separation 1n lipid bilayers

Langmuir 2000, 16, 1473
DPPC/DOPS deposited at room
temperature, scan size 2.8 pm.
Atomic force microscopy (AFM)
Micron/Manometer scale

JPC cover dec 14: 2000: Monte Carlo

simulations of a DEPC/DMPC bilayer time
evolution after quenching. Image size
55nm. Simulations, Nanometer scale

BPJ cover july 2001 DPPC/DLPC/Chol
mixture in GUY. Horizontal: DPPC
mereases Vertical: cholesterol increases

Fluorescence, Micron seale

Langmuir, 2001,17, 1653
DPPC/DOPCin PBS quenched to room
temperatere. Scan size 10 pm AFM
Micron scale




Observation of Individual Vesicle

Fusion

Egg-PC bilayer domains imaged in fluid using Tapping Mode. The
concentration of the vesicle suspension is .3pg/ml diluted in 30mM
MgCl..

.00
2.0

1.00 Z.00 2.00

1] 1,00 Z.00 .00
[

time: 0 minutes 7 minutes 13 minutes

Individual vesicle fuses overlapping with an already adsorbed
vesicle (red arrow). The resulting domain decreases perimeter.




Intermediated Fusion Between

Bilayer Domains.
Egg-PC bilayer domains imaged in fluid using Tapping Mode. The
concentration of the vesicle suspension is Sug/ml diluted in 30mM

Z.00 Z2.00

Z.00

1.0 1.00

o
Z.00 1] 1.0 Z.00

E= [

o 1]
0 1.00 2,00
i

i.00

time: 0 minutes 4 minutes 9 minutes
Example of two initially separated bilayer domains that are fused
together by a vesicle adsorbing in between (red arrow). The line tension
transforms the final bilayer domain shape into a quasi-circular one.



... TO COMPLETE BILAYER COVERAGE

Healing of holes observed at the final stage
of the formation of a continuous lipid bilayer

Muresan and Lee, J. Phys. Chem. B 105 (2001) 852-855




Nanoscale Phase Separation in Supported Bilayers

3:7 DSEPC:DMPC
results in
compact domains

1:1 DSEPC:DMPC
results in
branched domains

Growth of aggregates
in 1:1 mixture

;g t =1 hour

A.S. Muresan, H. Diamant and K.Y.C. Lee, JACS 122 (2001) 6951-6952 Scale bar: 500nm




Formation of Fluid Nanoscale Compartments

b . .

T = 33 minutes
T = 46 minutes ' t = 74 minutes

A.S. Muresan, H. Diamant and K.Y.C. Lee, JACS 122 (2001) 6951-6952 Scale bar: 500nm



Results

Tapping Mode in air shows bead-like structure for the AP fibrils

while Tapping Mode in air resolves the helical structure of the
fibrils.
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Aged AB1-40 imaged in air in TM.
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Digital Instruments HanoScope
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AP10-35 fibrils imaged using Tapping Mode in fluid.



PEG does not inhibit fibril formation
but inhibits fibril-fibril association

40.0 nm
Z0.0 nm

0.0 nx

AB-PEG fibrils imaged in solution on a graphite surface
Unlike AB10-35 fibrils, these fibrils neither overlap nor entangle with one another
No axial periodicity is observed
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FIGURE 1: Schematic diagram of the bacterial photosynthetic
reaction center in a bilayer membrane. The three protein subunits
(L. M, andH)anddl:rclemtfuncﬂmalmpments,ﬂnspeaal
pair primary electron donor, P, and the primary quinone accepior,
Qa, are indicated. The RC is depicted in an orientation that is
consistent with the results presented and a mechanism in which

the vesicles fuse to the glass suppaort by opening out.

membranes (Sui et al., 1988; Plant et al., 1995; Sackmann,
1996), though most of this work does not involve membranes
which contain pioiein.

The RC is the smailest isolatable unit which performs the
initial photoindiced charge separation steps in photosynthe-
sis. The three-dimensional structures of RCs from two
species of photosynthetic bacteria are known to atomic
resolution (Deisenhofer et al., 1995). It is comprised of three
subunits, termed L, M, and H, whose tatal molecular mass
is approximately 100 kDa (see Figuze 1). ks physiological
role is to transduce light energy into & cheepe separation
acroas the metive membrane, which im swm leads to a
msmﬁmbmm electrochemica! potentia! used W the organ-

10rgy. The B accomplishes this charge

EXPERIMENTAL PROCE

Materials. The dye—lipid
1,2-dihexadecanoyl-sn-glycer
ethylammonium salt (Texas R
1,3-diazol-4-yl)-1,2-dihexa
phoethanolamine, triethylam;
purchased from Molecular Pr
thiol reductant, tris(carboxyetl
RC conjugate, rhodamine X
also purchased from Molect
biotin, 4-hydroxyazobenzene
and avidin (Immunopure avid:
Chemical Co. Horse heart cy
Chemical Co.

Reaction Centers. RCs we
sphaeroides wild-type or the |
methods that are described in
1986). The RCs isolated by t!
only the primary quinone, Q
five cysteine residues at posi
and H234. From an examir
the cysteine residue at H156 .
and the other four are buried
from the surface). Rhodol
isolated as described in Tag.
have cysteine residues at pos
and 1247, all of which are b
the same three-dimensional s
gous Rb. sphaeroides RCs (K
surface cysteine residae was i
Rb. capsulatus RC by repl
position M189 (o create the :
in detail in Boxer et al. (199:

RC—Biotin and RC—Rhc
sphaeroides RCs. The surfac
be modified using scagents v
gmiiﬁs; this was used to «

wl{lﬁm@sud., 198¢
in 10 M Teis, pH £.0, and 0.(
to ahomt 75 s« weing a Centr.
9.0, and 0.025% 1L DAO buffc
changes of baller containing C
A 10-fold molar excess of the
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HYDROPHOBIC
SUBSTRATE

AIR

YT L L VT CT TP

LANGMUIR TROUGH

Fig. 1. Transfer of a phospholipid monolayer from the air-water
interface to a solid support. The support, which has been
alkylated to render it hydrophobic, is lowered vertically through
the phospholipid monolayer at the air-water interface in a
Langmuir trough. Supported monolayers can also be prepared
by lowering the substrate horizontally through the air-water
interface (for example, see Ref. 24).

hydrophilic solid supports; again, these can be
glass, quartz or single crystal silicon. Fig. 1 shows
the transfer of phospholipid monolayers onto an
alkylated support. The alkylated support is lowered
through the monolayer at the air-water interface
in a Langmuir-Blodgett trough. Sometimes the
support is kept in a vertical orientation during
immersion (as in Fig. 1) and sometimes a ‘face-
down’ (horizontal) immersion is used.

There are at least two methods of preparing
supported bilayers. In Fig. 2, a supported bilayer
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Fig. 2. Preparation of supported |
transfer of two monolayers from t!
layers are spread at the air-wat
trough. The clean hydrophilic silic
immersed verticatly through the m
significant change in surface pres.
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permit water to destn from the sur
surface pressure observed is then ¢
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The Size of Lipid Rafts: An Atamic Farae Microscopy Study of
Meﬁmgﬂo_sld. QM1 Domains In Sphingomyein/DOPC/Cholesterol
mbranes

Chunbo Yusn, Jennider Fusiong, Plerme Burgos, and Linda JJ. Johnmon
Sasacis Inetituts fo Moiarsder Snisnnas, Nelional Fsssamh Caundll of Canars. Otewa. Oniaria K1A ORS. Canade

Surface pressure (mN/m)

FIGURE | Surface pressure-area isotherms for SPM (@), DOPC (),
SPM/DOPC (1:1) (V¥), SPM/DOPC (1:1) mixtures with 10% (A), 20%
(D)), and 33% (O) cholesterol, and a SPM/DOPC/cholesterol (1:1:1) mix-
ture with 5% GM1 (A).
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CONCLUSIONS

f

- Ap40 inserts into lipid membranes under physiologically relevant conditions,
and the amount of insertion decreases with increasing surface pressure,

. Monolayer morphology changes drastically after Ap40 injection even under
conditions with no observable trough expansion (apparent insertion).

- Lipid membranes need not be acidic for Af insertion: positively charged
DPTAP and negatively charged DPPG show similar insertion profiles.
Therefore. electrostatics may not be the driving force for peptide insertion.

» Aging the peptide promotes insertion.

- Dissolving Ap40 in the solvent DMSO causes up to a 40 minute delay in

Insertion in pure water at high pressures (>=25 mN/m) and changes the insertion
profile,

+ Supported bilayers retains their fluidity and can be imaged by AFM.
» Lateral phase separation in bilayers can be detected.
+ Ap fibril shows helicity; modified with PEG do not form cross-mesh.

+ Incubation with lipid vesicles leads to formation of protofilament on membrane
surface.

- GIXD results confirms the disruption of condensed phase in lipid layer.



INSERTION PROFILE OF AGED Ap40 INTO A DPPG MONOLAYER

% 40

© ¢ dissolved in DMSO
=

o 30

5 = &

£ 5 &

o 2 I

§8 0 . g —=
£ 3

o= Y Y

L

o | 10

n <

£

©

& 0 . . . .

E 0 5 10 15 20 25
E‘ time aged (days)

T=30 °C. Peptide concentration while aging was 12 uM (just below the CMC). Peptide
concentration in the subphase after injection is 250 nM. Subphase is pure water.
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Fig. 17.7. {(a) Mixture of two different lipids packing together within a planar membrane.
The shaded lipids are cone-shaped (v/ayl. < 1); the white lipids are wedge-shaped
(v/agl. > 1). (b) Packing constraints induced in the hydrocarbon chain regions of lipids
around a protein molecule, which may be relaxed when proteins aggregate, as shown in{c).
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a  INTERMIXING b PHASE-SEPARATION e POR:

d INTEGRAL PROTEIN ¢ PERIPHERAL PROTEIN

cytochrome ¢

Fig. 17.9. Mean packing conformations of mixed lipid and lipid-protein membranes, showing
how local packing stresses may cause clustering of specific lipids and, or non-bilayer shapes
tshaded lipid regions). All the figures have heen drawn to scale. Note the relatively large size
of the cytachrome oxidase protein molecule which protrudes greatly from the bilayer. (from
tsraelachvili et a/. 1980a.)
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Reaction Centers in Supported Lipid Bilayers

FIGURE 6: (A) Photograph of fluorescence fram supported bilayers
mniﬁngk&mm.mwuﬁodkc:ﬁpidhmesampk
shown is about 1:700. One mole perceat of Texas Red DHPE was
used as the fluorescent lipid. The sharp dark lines are scrasches in
the lipid hilayer surface that create physical boundaries to lateral
diﬁnshndkﬁpid&ﬁia‘bhﬁgmheiﬁnsmw
homogeneous. A circilar region oﬁhlip‘ulwasshadowedonhtby
the microscope aperture and photoblcached with the excitation ight.
(B)ThemneﬁeldcfviewZOnﬁnaﬂerphotobleqchh:g.m
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EVANESCENT
FIELD
SUFFORYED 0.08um
PLANAR 1
MU ¥
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1

Fig. 5. Evanescent illumination of supported planar mem-
beanes. (SA) Apparatus for producing an evanescent radiation
field 50 as to stimulate fluorescence of molecules that are
within 100 nm of the lipid monolayer coating the lower surface
of the quarte microscope slide (QS). The prisms P1 and P2 are
used to introduce and remove the vertically polarized laser
heam. Cells are hound to the monolayer on the lower surface
of the quartz slide, and are bathed in cell buffer localized
between the monolayer and a coverslip (CS). A spacer (S)
maintains w fixed distance, 24 microns, between the quartz
slide and the coverslip. An objective lens with immersion oil
(10) is weed w0 view cells bound to the monotayer. The top
view shows the sivp employed to produce wn interference
patiern n the evantscemt wave field; the beam splitter (BS)
divides the beam into two beams of equal intensity, and the
mirror (M) directs one beam 5o as to produce an interference
patiern over the objective lens of the microscope. Taken from

1]

Fig. 6. Rat basophil leukemia cells bound to dipalmitoylphosphatidyicholine monolayets containing two mol% dinitrophenyl

lipid-hapten. The scale bars are 25 pmt. Before binding to the monolayer membranes, cells were incubated with either fluorescein-
labelled monoclonal anti~dinitrophenyl-IgE (6A) or 1:1 anti-dinitrophenyl-IgE : Muorescein-labelled rat myeloma IgE {6B). Cells were
illuminated by total internal reflection as described in Fig. 5. Monoclonal anti-dinitrophenyl-IgE (clone 26.82, [41}) was obtained
from F.T. Liu and D.H. Katz, Scripps Clinic and Research Foundation, La Jolla, CA. Rat myeloma IgE was obtained from Henry
Metzger, National Institutes of Health, Bethesda, MD. The rat basophil feukemia cells were incubated with the monolayers in
complete cell buffer: 135 mM NaCl/5 mM KCl/1 mM MgCl, /1.8 mM CaCi, /5.6 mM glucose /0.5 mg per ml gelatin/10 mM

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid at pH 7.2

would have been very difficult to reach using
conventional cell culture technigues.

Supported planar membranes containing H-
2K*, prepared by the method shown in Fig. 3,
were more effective in inducing secondary cyto-
toxic responses in vitro, than the small unilamellar
vesicles from which the supported planar mem-
branes were prepared [18). In addition, through
the use of supported planar membranes, in this
case made from vesicles containing H-2k* spread
at an air-water interface, it has been possible to
show that cloned cytotoxic T cells bind specifi-
cally to target membranes containing only purified
allo-antigen [37]. The T cell cione used in these
Studies was derived from conventional mixed
lymphocyte culture, and selected on the basis of
its cytotoxicity for H-2K*-bearing target cells.

The phenomenon of recognition of allo-antigen

the generality of this model for allo-recognition
follows from the fact that T cells, which were
selected only on the basis of their cytotoxicity for
target cells bearing the usual assortment of cell-
surface proteins, bind planar membranes contain-
ing only the allo-antigen.

In general, it has been difficult to stimulate
helper T cell responses with small unilamellar
vesicles. Curman et al. [16] were able to stimulate
a secondary mixed lymphocyte reaction using par-
tially purified I-A in phospholipid vesicles. The
only report of an antigen-induced class Il re-
stricted T cell response to purified major histo-
compatibility complex molecules in liposomes is
by Walden et al. [17]. In these experiments, anti-
gen was covalently linked at high concentrations
to the target liposomes. We have used affinity
purified 1-AY and pentide cetieee o  ae o
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{ii) as a matrix for the incorporation of re-
ceptors (such as lipid-coupled antigens or
antibodies), and (iii) for the suppression of
nonspecific ligand binding. For elecerical
monitoring of ligand binding, the supports
can consist of gold-covered or SnO,/InO,-
covered supports or metal-oxide-semicon-
ductor (field-effect transistors; MOSFETs),
and ligand binding can be recorded by ca-
pacitance or current measurements.

The capacitance C., of {supported) lipid-
protein bilayers depends in a complex way
on the dielectric constant and thickness d_
of the layer, the surface charge of the lipid
bilayer and integrated proteins, and the dis-
tance between bilayer and support. The re-
ceptor surface may be characterized in terms
of an effective (dielectric) thickness dse Li-
gand binding leads to a change in dielectric
thickness of 8d¢; = 8C/C..?% indicating
that very thin insulating layers are required
to achieve high sensitivities.

Fortunately, the different contributions
to the membrane impedance can be deter-
mined by analyzing the frequency depen-
dence of the complex impedance Z,, of the
membrane over a large range of frequencies
(Fig. 5A). One convenient way is to mea-
sure the absolute value of Z,, and the phase
shift ® (Fig. 5B) and to simulate these so
called “Bode plots” by assuming various
equivalent circuits to decide which contri.
butions C, and R, contribute and to deter-

Fig. 4. Velocities and frictiona coupling between
0pPOsINg monolayers of membrane and between
the inner monolayer and a rigid wall: v, instanta-
Naous velocity of the diffusing particle; v..@2). the
Z-dependent velocity induced within the bilayer by
the diffusant {changing from v, to v, (upper to
lowen)); and d,, thickness of the lubricating film.
The velocity gracient in the lubricating fim be-
twaen the inner monolayer and the wall is v/d,,.
Su'!aoeandbtmvbcosiﬁesofpoiymerﬁlmscan
be measwed by comparison of the diffusion of
probes of different head-group structure (2, 4.
SCIENCE

VOL. 271« 5]JANUARY 1996

B > VY70 (13). The sensitivity achicved by
electrical detection with such high—quality
integrated membranes corresponds to 10!}
receptors per square centimeter or to a min-
imum detectable mass of 10~ gfcm?

The sensitivity could be improved in
various ways. With FET transistors as mea-
suring devices, the active sensor area could
be reduced. More-sensitive devices could be
used, such as the heterogeneous Si-Ge tran-
sistors (16), because the conductivity of
these 2D electron conductors is extremely
sensitive to changes in the surface charge.
Another promising strategy is to use inter-
digitated arrays of microelectrodes with sub-
micrometer electrode distances (17). To
achieve sensitiviries similar to enzyme-
linked immunosorbent assays, one would
have to develop enzymatic amplification

Fig. 5. Supported membranes as biosensors. (A)
Detection of binding of ligand H to receptor R by
complex capacitance (C*) measurements {imped-
ance spectroscopy). The capacitance C,, of the
receptive layer is determined by its average thick-
ness d,, and its dielectric constant €., which de-
pends on the electric dipofe moment of receptor R
(M., electric dipole moment of the head group of
R). An effective electric thickness may be defined
as dv/e,, = € A/C,. (A = area of sensitive layer).
(B) Evaluation of impedance spectra by equivalent
circuits. Bode plots (data points} of frequancy de-
pendencies of absolute values of complax impad-
anceZ‘aMofthephaseshiﬂda(«){m.m
frequency} over a large frequency regime are sim-
ulated by equivalent circuits (sokd line}. Dashad
line shows large effect on Zlw) if defect capaci-
tance is ignored., R,. resistance of the glectrotyte.



Polguan- Lipiat
e ona JL Cougor
q i B




by increasing the tension, a transition from
a weakly to a strongly bound state may
occur and one may therefore speak of ten-
sion-induced adhesion (33). Transitions be-
tween free and bound states may arise if
swelling is induced in vesicles or cells, lead-
ing to an increase of the lateral tension.
The remarkable strength of undulation
forces is demonstrated in Fig. 7C. Vesicles
containing ~1 mol % biotinylated lipid (as
model “receptors”) adhere to substrates
covered with streptavidin to form tight
binding sites. Although the specific attrac-
tion is very strong, only adhesive plagues
v Ty I v

by 2D electrophoresis (isoelectric focusing),
(ii) fundamental studies of the mobility of
membrane proteins coupled to macromo-
lecular networks, and (iii) the deposition of
self-healing (defect free) membranes to in-
crease the electric resistivity and suppress
nonspecific binding (Fig. 5). Composite
monolayer-polymer films are also versatile
model systems for studies of fluid-fluid wet-
ting by viscous fingering or solitary waves
(14) as well as dewetting ptocesses. To
mimick the physical properties of cytoskel-
etons beneath cell plasma membranes (such
as the spectrin-actin network of erythro-
Al ] t T . -

T LTI e Slane
/////“WW/ monlayer

Fig. 8. (A) Separation of a bilayer from substrate
by stealths formed by (clusters of) palymer brush-
es (or mushrooms) of hydrophilic polymers {tor
example, polyethyleneoxide grafted to long-chain
lipids). Also shown is the formation of artificial gly-
cocalix on the outer monolayer by the mixing of
phospholipids, lpid-coupled receptors, and Ji-
Popolymers. (B} Membrane deposition on ultra-
thin layers of hairy rods prepared by the LB tech-

-Nique from hydrophobic hziry rods (cellulose-de-

rivatives), which are hydrophilized by shaving of
hydrophobic hairs in HC} vapor.

varied by means of the lateral pressure be-
cause the polymer can be switched between
the stretched (brush-like) and more ex.
panded (mushroom-like) conformations
(36). Lipopolymers in the outer monolayer
allow one to synthesize artificial glycocal-
ices to study the influence of steric repul-
5ion on cell-substrare imeaenoni . Lo




