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ABSTRACT. Rhodopsin-transducin coupling was used as an assay to investigate a laterally patterned
membrane reconstituted with a receptor and its G protein. It served as a model system to show the
feasibility to immobilize G protein-coupled receptors on solid supports and investigate receptor activation
and interaction with G proteins by one-dimensional imaging surface plasmon resonance. Supported
membranes were formed by the self-assembly of lipids and rhodopsin from detergent solution onto
functionalized gold surfaces. They formed micrometer-sized alternating regions of pure fluid phospholipid
bilayers separated by bilayers composed of an outer phospholipid leaflet on a gold-attached inner thiolipid.
Rhodopsin was found to incorporate preferentially into the phospholipid bilayer regions, whereas transducin
was uniformly distributed over the entire outer surface of the supported patterned membrane. The influence
of rhodopsin on the dark binding of transducin to lipid membranes was described quantitatively and
compared with previously published data. Coupling reactions with transducin resembled closely the native
system, indicating that the native functionality of rhodopsin was preserved in the supported membranes.
The spatially varying properties of the membranes resulted in a pattern of rhodopsin activity on the surface.
This combination of techniques is very promising for the investigation of the lateral diffusion of transducin,
can be extended to include signalling proteins downstream of the G protein, and may be applied to functional
screening of other G protein-coupled receptors. In the future, it may also serve as a basis for constructing
biosensors based on receptor proteins.

Many central biological signal recognition and transduction the functional understanding of molecular recognition proc-
processes such as G protein-coupled receptor (GPCR) esses leading to activation of receptors as well as their use
amplification cascades occur at the level of cell membranesin screening for effector compounds are important aspects
(1). The biological function of the respective membrane in basic research and drug discovery. With the increasing
receptors is modulated by soluble active substances. Bothnumber of membrane receptor targets and the emergence of
combinatorial libraries of compounds, there is a strong need
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applied will be transferable to ligand-activated G protein- rhodopsin/G protein couple was reconstituted in artificial
coupled receptors. In the following, we present the general lipid bilayers supported on the sensor surface. For water-
strategy and concept of our development. soluble receptors, immobilization procedures on sensor
The Receptor SystemWWe have chosen rhodopsin as an surfaces are well-develope®3, 34 and references therein),
example of a GPCR, first because the visual signal cascaden contrast to only a few examples for membrane proteins,
is biochemically and biophysically well-characterized [for requiring supported membrane3b( 36.
reviews, see, e.9.3(5-7)], and second, because rhodopsin  General constraints on the functional reconstitution of a
and other components of the cascade are available in hightransmembrane protein are a fluid membrane environment
purity and in chemical amount8) Although triggered by =~ and aqueous phases on both sides of the membrane which
light, the visual cascade shares many properties with theare sufficiently large to accommodate the extramembranous
signal cascades of ligand-activated GPCRs, for example, theparts of the protein. On hydrophilic supports (e.g., $i0O
mechanism of receptor conformational changes following the fluid lipid bilayers can be formed by spontaneous fusion of
trigger, the role of the cytoplasmic surface of receptors in G lipid vesicles to the surface87, 38, although the success
protein coupling, and receptor shut-off mechanisms [re- of this process critically depends on the properties of both
viewed in (/)]. Rhodopsin itself has been studied using a the supporting surface and the lipid vesicles and is not yet
variety of biophysical techniques, giving information on its fully understood 89). The bilayers “float” on a water film
structure in the membran®)( on its rotational and transla-  a few tens of angstroms thick@). To link the membranes
tional diffusion 0—12), and on the influence of lipid  more stably to the support while preserving the advantages
environment on its function13—15). The activation of of “floating” membranes, novel concepts have been devel-
rhodopsin by light offers a unique opportunity to resolve fast oped recently to control the formation of supported lipid
reactions in the signal amplification cascade without the needbilayers and to mechanically stabilize them by anchoring
to consider ligand accessibility and orientational effeté them to the surface via hydrophilic spaceB2,(4J.
19). Knowledge of the major partial reactions and the = We have addressed this issue by synthesizing a new class
relative simplicity and linearity of the signal pathway make of lipid molecules, the thiolipids, which were created to form
an interpretation possible in terms of quantitative models stable supported lipid bilayers on gold. A typical thiolipid
(20—22). molecule consists of a glycerophospholipid moiety attached
Detection of the Interaction of G Protein with Its Aated via its polar headgroup to a hydrophilic spacer of variable
Receptor Any functional assay for GPCRs must rely on length.
detection of the signalling state(s) of the receptor itself [for ~ Micropatterned Arrays of Fluid Lipid BilayersHere we
example, by FTIRZ3) or by measurement of proton uptake use these anchored lipid membranes in a novel way to create
(24)], or at least one of the signal transmitter reactions micropatterned arrays of fluid lipid bilayers. We show that
following the activation of the receptor. Two different these bilayers are suitable for the functional reconstitution
strategies exist for such a functional assay: Either the GPCRof the membrane protein rhodopsin. The concept is depicted
is expressed in suitable cells and used in this form for the in Figure 1. The lipid membrane on the gold surface of the
investigations Z5), or it is isolated in natural membrane SPR transducer consists of micrometer-sized regions of fluid
fragments, and if necessary purified and reconstituted into phospholipid bilayers separated by fluid phospholipid mono-
artificial lipid bilayers (7, 19, 26, 27. layers (assembled on a rigid, gold-attached thiolipid mono-
Surface-sensitive optical techniques based on evanescenfayer). The fluid lipid bilayers should serve as a suitable
waves P8, 29 are ideally suited for the second strategy. matrix for reconstituting the transmembrane receptor protein
Here the receptor and/or the corresponding interactingin a functionally active form, whereas the fluid lipid
molecules (e.g., G proteins) are immobilized on a suitable monolayer regions should hinder the insertion of receptors.
sensor surface, and the binding of the complementary partnetn contrast, the G proteins simply partition to the membrane
is detected. Thanks to the surface immobilization of one of water interface and should therefore be distributed uniformly
the interacting partners, these methods can directly distin-over the entire outer surface of the supported lipid mono-
guish between free and receptor-bound ligands without and bilayers.
additional separation steps. Such techniques may be more In the case of functionally correct reconstitution, after
generally applicable than the biophysical methods already receptor activation, the G protein transducin will interact with
available for special cases [such as kinetic light scattering rhodopsin, dissociate, and release the active, GTP-bound
or stabilization assays, see, e.@0)(in case of rhodopsin].  a-subunit and the5y-subunit complex separately. Under
In the present work, we concentrate on surface plasmonin vitro conditions, the dissociated transducin subunits leave
resonance (SPR) as the detection technique because it offerthe membrane, due to a concentration-dependent equilibrium
several important advantages for investigating interactions (17, 42. The release of the transducin subunits from the
at membrane surfaces: (i) It measures directly the amountsupported membrane should be easily detectable by surface
of bound analyte molecules at the sensor surface withoutplasmon resonance. Since under the chosen experimental
additional labeling of the interacting molecules. (ii) The conditions reactions occur in a defined geometrical arrange-
chemical immobilization procedures are well developed ment, it might be also possible to investigate lateral diffusion
(covalent attachment of sulfur-bearing molecules to gold of G proteins at the membrane surface and its modulation
surfaces) 31, 39. (iii) All steps of the immobilization and by the density of receptors in the membrane.
reconstitution procedure can be observed individually. On SiG supports, lithographically patterned grids of
Reconstitution of GPCR into Supported Lipid Membranes photoresist, aluminum oxide, or gold have been used to
In order to dissect the complicated signal amplification confine micrometer-scale patches of fluid membramss. (
cascade of GPCR into individually controllable steps, the On gold, a pattern of sulfur-bearing molecules of contrasting
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Ficure 1: Schematic illustration of rhodopsitiransducin coupling on patterned supported membranes following a light flash. A gold
surface (Au) serves as support for the membranes. It is functionalized with a patterned organic monolayer, consisting of alternating regions
of carboxyl-exposing thiols (CTA, center) and regions of hydrocarbon-exposing thiolipids (left and right). Rhodopsin (R) and phospholipids
(egg-PC) are self-assembled onto this structured support, forming membranes which alternate between phospholipid bilayer domains (on
CTA) and monolayer domains (on thiolipids). Rhodopsin is preferentially present in the bilayer domains and active when incorporated in
a transmembrane form, while transducin heterotrimey$y) bind to the surface of both mono- and bilayer regions of the membrane.
lllumination of the membrane results in a pattern of rhodopsin activity, because rhodtpsisducin coupling occurs only in bilayer
domains. In addition, coupling requires a correct orientation of active rhodopsin (R*). It leads to nucleotide exchange (&P on

the transducim-subunit, dissociation of the-subunit from thedy-complex and their release from the membrane. Consequently, transducin

is depleted in bilayer regions, but not in monolayer regions, which results in a lateral gradient of membrane-bound transducin. Transducin
diffuses along this gradient from monolayer to bilayer domains. Such lateral displacement of protein mass and its release from defined
locations on the membrane can be observed by one-dimensional imaging SPR.

properties serves the same purpose. Several differentregions 82). The aim of this procedure is to create
techniques are reported for patterning thiol layers on gold continuous phospholipid membranes with alternating mono-

surfaces: Microcontact printing or micromachiningdy, and bilayer structures and, consequently, a laterally patterned
deep-UV photolithography 46), or Langmuir-Blodgett distribution of active membrane proteins. We could dem-
transfer of phase-separated thiolipid monolayé®).( For onstrate that for pure lipid membranes, such structures are

this work, we chose UV-lithography, because different indeed formed. Rhodopsin is readily incorporated in such
pattern geometries can be easily realized with micrometer membranes and remains fully functional. The surface pattern
resolution 47). leads to a pattern of rhodopsin activity in the supported
Molecularly patterned organic layers on gold and silver membranes, consistent with the idea that lipid bilayer
surfaces have been investigated by SPR microsctf)yand structures occur predominantly on the hydrophilic parts of
applied to antigerantibody @9) and biotin-streptavidin the surface. This combination of techniques is very promis-
binding 60). We have extended the “classical” SPR ing for the investigation of lateral diffusion of transducin
technique in a way similar to that of Hickel and Knofll) and can be extended to include signalling proteins down-
in order to simultaneously measure the activity of a 2D stream of the G protein.
pattern of rhodopsin in supported membranes with high We believe that an important application of our method
lateral and time resolution (one-dimensional imaging SPR, for the measurement of activated GPCRs in micropatterned
1D-SPR). Rhodopsin activity was monitored by imaging supported membranes is in the field of high-throughput
the dissociation of transducin subunits from the activated screening for new therapeutic substances using libraries of
rhodopsin-transducin complex. This was done on adjacent compounds obtained from combinatorial chemistry and
regions of a supported membrane with laterally varying biotechnology. The rapid development of synthetic combi-
rhodopsin density, which we intend to use for the observation natorial chemistry on solid supports has already lead to
of lateral transducin diffusion. promising novel concepts of spatially addressed synthesis
Each reaction step, starting from the creation of the 2D and analysis §3, 54. Our method opens the way for
patterns up to the photoactivated dissociation processes ofunctional screening of activated membrane-bound receptors,
the G protein, was monitored simultaneously in detail on in particular GPCRs.
different regions of the patterned surface: assembly of
rhodopsin membranes, and binding of transducin and its EXPERIMENTAL PROCEDURES
activation by photoexcited rhodopsin. For the formation of Materials
2D patterns of functionally active rhodopsin, the gold surface
was coated with a patterned monolayer of carboxy-func- Reagents Solvents were purchased from Fluka, Switzer-
tionalized thiols, forming hydrophilic, negatively charged land, in the best available quality. Octyl glucoside (OG)
regions 62), and thiolipids, forming tethered lipid monolayer was from Alexis Corp. Egg phosphatidylcholine (egg-PC)
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was obtained from Fluka, Switzerland, and dissolved in slides, covered Yo a 1 nm chromium adhesion layer.
chloroform and stored at20°C. Guanosine'Sriphosphate Immediately, the gilded slides were immersed in a 0.2 mg/
(GTP) was purchased from Boehringer, Germany, and mL (=0.9 mM) ethanolic solution of CTA (for experiments
dissolved in buffer G to a 20 mM stock solution and stored with pure CTA or structured CTA/thiolipid surfaces) or in a
at —20 °C. 0.1 mg/mL E0.1 mM) solution of thiolipid in 50 mM OG
Buffers Buffer R consisted of 150 mM NaCl, 1 mM (for experiments with pure thiolipid surfaces), respectively.
MgCl,, and 10 mM sodium-phosphate, pH 7.0; buffer G was Self-assembly of CTA was continued for at least 16 h, that
100 mM NaCl, 1 mM MgCJ, 1 mM DTT, 0.2 mM EDTA, of thiolipid for at least 24 h, to allow formation of a densely

and 10 mM HEPES, pH 7.4 (DTT and EDTA added packed monolayer on the gold surfacdi32. Directly
immediately before use). before mounting on the cuvette, substrates were cleaned by

Synthesis of Compounds for Gold Functionalization: 11- rinsing with solvents and sonification in a bath sonificator
Mercaptoundecanoic acid (CTAJas synthesized following ~ (Sonorex PK, Model 102p) to remove unbound molecules.
standard procedures by bromide substitution via the isothi- CTA surfaces were washed with ethanol (rinse, 1 min
uronium salt 65). sonification, rinse). Thiolipid surfaces were cleaned both

Thiolipid [N-(14-Mercapto-1,11-dioxo-3,6 ,9-trioxa-12- with detergent (rinse with water, 1 min sonification in 50
azatetradecyl)-2—oleoyl—1—pal,mitoyI—sn-g’ly(’:ero—B—phospha— m_M 0G solution,_r_inse_ Wit.h water) and with solvents [ri_nse
tidylethanolamine; See Figure 2BJICommercially available W!th ethanol, sonification in ethano_l/hexane 1.:1 (v/v), rinse
3,6,9-trioxaundecandioic acid was used to create the hydro-Wlth ethanol]. Substrgtes were dried In a nitrogen stream
philic spacer between the natural phosphatidylethanoIaminebemre further processing.

and the cysteamine. Desymmetrization was achieved by  Photolithographic Stréjgturati?/nl_ E rocess (Figrl;lr(ej 2A')I
anhydride formation [1.2 equiv of DCC, GHI,, .t. for 12 Structures were prepared by a UV lithography method similar

h, filtration and concentration56)] and coupling toS- to that of Tarlov et al.45). This method yields patterns of

dimethoxytrityl-protected cysteamine [0.8 equiv, 1 equiv of V€'Y Pure @5 and densely covered regiorsQy. A mask
TEA, CH,Cl,, r.t. for 24 h, followed by flash chromatogra- was placed directly on a dry CTA surface. The sample was

: : : ., illuminated fa 1 h in air at 3 cmdistance by a pen-ray
phy, 75% yield §7)]. The free acid was activated (1.2 equiv : .
of NHS, 1.2 equiv of DCC, CbCl, r.t., 5 h, filtered and mercury-argon lamp (Model 6035, Oriel Corp., Stratford,

concentrated) and coupled with POPE (0.7 equiv, 1.5 equiv CT), which h_as pronounced UV lines beI(_)w 200 nm. The
of DIEA, CHCL/iPrOH 4:1, rt., 20 h, then flash chroma- lamp was shielded in a homemade housing which reachgd
tography, 60% vield). Finally, the acidic deprotection was 40Wn to the substrate surface and was connected to a suction
accomplished with 5% TFA in CKCl, in the presence of ~PUMP, in order to prevent damaging the mask-protected
EtSIH (r.t, 2 h). The thiolipid was precipitated with €9ionS by the ozone produced. Photooxidation prod&&s (

acetonitrile, centrifuged, redissolved in CHCind washed ~ ©f CTA in illuminated regions were removed by 1 min

with Na-EDTA, pH 7.4. Drying and evaporation gave the sonification in water, followed by rinsing with water and
desired thiolipicj in 81% yield*H-NMR (CDCl/CD:0D 4:1, ethanol, which revealed a bare gold surface. These regions

200 MHz) & 7.83 (tm, 2H, NH), 5.32 (m, 2H, CH were fiIIed. by a thiolipid monolayer usingqself—assembly
CH=CH—CH)), 5.18 (m, 1H, H-C(2)), 4.33, 4.16 (2dd, and washing process as for pure thiolipid surfaces (see
= 12,35 and) = 12, 6.5, 2H, H-C(1)), 4.08, 4.06 (2s, 4H, 2POVe). _ _

H-C(2,10)), 3.95-3.70 (5, 4H, CHOPOCH), 3.70 (br s, Line masks of different spacing were t_Jsed to produce the
8H, H-C(4.5,7',8)), 3.5-3.4 (m, 4H, N-CH), 2.66 (,J = patterns: either Ia;er—cut steel masks'wnh A#Oor 70um

6.5, 2H, -S-CH), 2.29 (dt,J = 7.5, 2.5, 4H, CHCH,CO), wide lines, respectlvely, at 5Q0m spacing; or copper grids
1.99 (m, 4H,CH,—CH=CH—CH,), 1.58 (m, 4H,CH,CH,- for electron_mlcroscopy with 300 lines/inch (spam_ng@).
CO), 1.24 (br s, 32 H, Chiaty ac), 0.86 (t,J = 6.5, 6H, The quality of patterned surfaces from CTA/thiolipid was
CHstaty ac; ““C-NMR (CDCH/CD;0D 4:1, 50 MHz)d assessed by measurements of wetting, surface charge, and
174.0, 173.8, 171.2, 171.0, 129.8, 129.5, 70.3, 70.3, 70.2,Molecular composition (data not shown). CTA regions were
70.1,63.7, 63.7, 63.5, 63.5, 62.9, 42.3, 40.0, 34.5, 32.1, 29.9,ydrophilic (water contact angles $A0), remained covered

20.7,29.6,29.4, 27.0, 25.1, 24.1, 22.9, 14.0; MS (ESI) 982_0’byawater film when the sample was exposed briefly to air
(M*)’. ’ ' ’ ’ ' ’ ’ in 1D-SPR, and were negatively charged (as shown by

polylysine binding). Thiolipid regions were hydrophobic
(contact angles 90°) and broke the water film when exposed
to air. Information about the molecular composition of the
different regions was obtained from TOF-SIMS measure-
ments. It was found that the regions were homogeneously
covered and>95% pure (both CTA and thiolipid) in most
cases.

Formation of Supported MembranedMembranes were
formed on the monolayer-covered gold surface by the micelle
dilution technique§2). All manipulations were done in dim
red light (Schott RG 665 filter) to avoid rhodopsin excitation.
Methods Egg-PC was used as the membrane lipid mixture. Micellar

solutions were produced by dissolving a dried film of 1 mg

Preparation of Monolayer-Ceered Gold SubstratesGold of egg-PC in 1 mL of 50 mM OG in buffer R1.3 mM
films of 54 nm thickness were evaporated onto SF 10 glasslipid), adding solubilized rhodopsin, and diluting with 50

Protein Purification Rhodopsin was solubilized in OG
and purified over concanavalin-ASepharose following the
procedure of de Grip58). Purified rhodopsin was eluted
from the column with 200 mMu-methyl b-mannoside in
1.5% w/v OG, 10 mM BTP (pH 7.0), 130 mM NacCl, and 1
mM MgCl,. Transducin was prepared as descritig) &énd
stored in 10 mM BTP (pH 7.5), 100 mM NaCl, 0.5 mM
MgCl;, 0.2 mM EDTA, and 5 mM DTT. Rhodopsin stocks
were diluted, if necessary, with 50 mM OG in buffer R,
transducin stocks with buffer G.
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FiGure 2: Preparation of structured surfaces (A, B) and the principle of SPR measurement (C, D). (A) Structuration process. A surface
exposing a closed layer of carboxyl groups is prepared by self-assembly of CTA [see (B) for chemical structure] onto a fresh gold surface
on a glass support. This monolayer is exposed to short-wavelength ultraviolet light through a mask. In the unprotected regions, thiols
become photooxidized to sulfonates, which are removed by washing, revealing the gold surface. In a second self-assembly step, a monolayer
of thiolipids [see (B) for chemical structure] forms in these regions. The pattern of the mask is thus imprinted on the gold surface in the
form of a pattern of thiolipids and carboxythiols. (C) Optical configuration. A glass slide carrying the gold film with the patterned monolayer
is assembled on the base of & @F 10 prism via an index-matching oil. The CTA/thiolipid line pattern is oriented horizontally, i.e.,
parallel to the direction of the incoming lightbeam. This assembly is mounted on a stirred Teflon fluid cell, forming a cuvette:of 200
volume. The modified gold surface contacts the sample solution. On the opposite side of the cuvette, a glass window allows for flash
illumination of the surface. A cylindrical len$ € 40 mm) focuses collimated, p-polarized lightlof= 750 nm through the prism onto the

gold film, yielding a vertical focal line. The focal line is centered in #ez plane with respect to the surface pattern and defines the area
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mM OG in buffer R to final concentrations of 0.32 mM egg- taking into account cooperative binding0j:
PC, 3.3uM rhodopsin in 50 mM OG in buffer R (protein:

lipid ratio 1:100). For experiments without rhodopsin, lipid

concentrations of 0.32 or 1.3 mM egg-PC in 50 mM OG in 1-0
buffer R were employed.

The sample was assembled with the Teflon half-cuvette, where® = 6/0s4 is the fraction of occupied binding sites
and after optical adjustments and calibration the surface was(the ratio of angle shift caused by bound transducin and angle
washed with methanol and water. The 200cuvette was shift at complete saturationls is the Langmuir adsorption
completely filled with buffer R, and the base line was constantc the transducin concentration in solution, ghd
recorded. Then, buffer was exchanged with the 200 the cooperativity coefficient§ was determined experimen-
micellar solution. From then on, the area of observation on tally as a function ot; free parameters of the fit afka; K,
the gold surface was always kept immersed in solution; any and 3.
contact with air which might disrupt the membrane was  After transducin binding to the membrane was complete,
avoided. The system was allowed to equilibrate, while the experiment was continued by photoexcitation of rhodop-
continuously stirring the solution and measuring. For pure sin and transducin activation in the presence of GTP. A
lipid layers, a stable state was reached within minutes, photo flash with a 530 nm cutoff filter (Schott OG 530) was
whereas in the presence of rhodopsin slow adsorption to CTAused. GTP was added by injecting 20 of a GTP solution
occurred, taking 2660 min to completion. In some of 10 times the final sample concentration (final concentra-
experiments with rhodopsin, the solution in the cuvette was tions 1, 5, 10, or 200@M). In some experiments, a second
subsequently diluted with 3 cuvette volumes of 0.32 mM light flash was applied later to estimate the efficiency of
egg-PC in 50 mM OG in buffer R to remove rhodopsin from photobleaching. At the end of an experiment, 2 mM GTP
solution and thus prevent possible rhodopsin aggregation onwas injected, and the cuvette was extensively rinsed with
the surface during the following dilution step. Finally, buffer G (>10 cuvette volumes) to determine the amount of
membrane formation was initiated by slowly diluting the irreversibly bound transducin. Experiments were performed
micellar solution with buffer, which led to self-assembly of atT = 25°C.
lipids or lipids and rhodopsin on the surface. This dilution  Laterally and Time-Resogd Surface Plasmon Resonance
was done either manually, by stepwise injection of 0.5 or 1 Measurements (1D-SPR; Figure 2C,Dyleasurements were
cuvette volume of buffer R, respectively, using a syringe (4 performed on a homemade setup working in the Kretschmann
times dilution 1:1.5, then 8 times 1:2), or by a peristaltic configuration, using an extension of the technique developed
pump (initial flow rate 4QuL/min, after membrane formation  py Hickel and Knoll §1). Optical components were from
200 uL/min for 5 min). During dilution, the solution was  Spindler & Hoyer, Gttingen, Germany, and mechanical
continuously stirred. In some experiments, the freshly components from Physik Instrumente, Waldbronn, Germany,
formed membrane was subjected to pulses of 10 mM OG/1 and Newport, Zurich, Switzerland. The optical configuration
M NaCl in 10 mM phosphate buffer, pH 7, co & M urea s depicted in Figure 2C. A 150 W xenon arc lamp (Osram,
in buffer R to remove adsorbed vesicles. Miinchen, Germany; housing and power supply frorilgty

Transducin Binding and Rhodopsin Agttion. After Moosinning, Germany) served as light source. The beam
membrane formation, buffer R in the cuvette was exchangedwas collimated by a lerspinhole-lens arrangement (beam
with buffer G, which resulted in a minimal change in diameter 10 mm). An interference filter (Laser Components,
resonance angles. The cuvette was continuously stirred. FoiOlching, Germany; half-bandwidth 13 nm) selected the
determination of transducin membrane binding, 2D measuring wavelength of 750 nm, which was used instead
aliquots of transducin solutions of increasing concentration of the more common 633 nm in order to avoid any excitation
were injected consecutively into the cuvette. Between of rhodopsin. Beam homogeneity was checked by scans with
injections, binding was allowed to go to completion (at least s-polarized light. The CCD camera (Model C3077) was
5 min). For other experiments, 44 of a 13uM transducin from Hamamatsu, Hertfordshire, England. For experiments
solution was injected into the cuvette (final concentration on pure (unstructured) surfaces, the reflected light was
2.6 uM), unless specified otherwise. directly collected by a linear diode array detector (Hamamat-

The observed angle shifts directly reflect the amount of su C4350) instead of the camera.
membrane binding of transducin, since bulk refractive index At defined time intervals, a camera image was grabbed
changes due to transducin stay below the resolution limit. (frame grabber card Pulsar, Matrox Ltd., Quebec, Canada,
Binding data were fitted by a modified Langmuir model, with 10 bit A/D converter and adjustable gain) and processed

= Kc exp(®)

of observation. The reflected wedge-shaped light beam is passed through imaging and magnification optics made from two crossed cylindrical
lenses (not shown) and directed onto a CCD camera. Both prism and camera are mounted on turntables, usually set to aifgtesrof 51

tip) and 102 with respect to the incident light. The focal sector defines the range of incidence axyl®und the beam center at°51

The plasmon resonance is observed as a dark line in the reflected light at the resonance angle. At defined time intervals, a camera image
is grabbed and analyzed. (D) Image analysis. The recorded image (top) represents the intensity of the reflected light, given by gray values,
vs angle (corresponding to a conventional angle-scanning SPR resonance curve) vs position in the diagafilen. Within the range of
incidence anglead, the angle of plasmon resonance at a gizguosition is marked by a minimum in the reflected light intensity. This
resonance angle is calculated on-line for eagosition by a parabolic fit to the resonance curve (given by the horizontal camera line at

the respective-position). Combining the resonance anglesymsitions yields a single scan (middle). Thiolipid regions on a structured
surface exhibit a resonance angle shifted by DMiBh respect to CTA regions. From a time series of single scans, the evolution of the
resonance angles for selected regions of the surface is traced, represented in an “Angle shift” vs “Time” graph (“Kinetics”, bottom). Angle
shifts are relative to resonance angles at tim® (displayed here for two selecteepositions vs time).
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on-line with software developed in our laboratory (Figure resonance angle was shifted by 0.148 0.016 (8 inde-

2D). Each image covered a vertical distance of ap- pendent preparations) with respect to CTA regions. Theo-
proximately 80um on the sample. The intensity values of retically, an angle difference of 0.1% expected between
each of the 480 horizontal camera lines correspond to adensely packed thiolipid and CTA monolayers. This is
resonance curve for the respectixosition. From these  calculated from the molecular area of 56 for thiolipid
values, the angular position of the respective resonancemeasured on the film balance (data not shown) and published
minimum was first estimated and then refined by a parabolic parameters for a hydroxythiol layer [molecular area 22 A

fit to that part of the resonance curve surrounding the layer thickness 13 A, refractive index= 1.5 62)].

estimated position. This time-consuming, but very reliable,  The borders between adjacent CTA and thiolipid regions
fitting procedure limited the time resolution to 3 scans per appeared blurred in 1D-SPR (Figure 3A): They looked like
second. The photo flash for rhodopsin activation was also continuous transitions from one region to the other. When
computer-controlled, so that frame-grabbing could be syn- Em-grids were used as masks, the width of this transition
chronized with it. region in SPR scans ranged from 13 to A@h. This

The lateral resolution was limited in thedirection by corresponds almost exactly to the lateral decay length of the
the width of the focal line (approximately 0.5 mm), neces- plasmons (15m) which indicates that the real transition
sitating the use of horizontally aligned line patterns (so as zone between regions might be much narrower. TOF-SIMS
not to integrate over two different surface regions). In the revealed that its width was actually less thapri.

z-direction, the limit of the resolution was given by the lateral Phospholipid Membrane Self-AssembExperiments with
decay length of surface plasmons, which isira for a pure lipid membranes (without rhodopsin) proved the
gold—water interface ai = 750 nm [calculated from ref  feagibility of forming a regular pattern of adjacent lipid

(61)]. The angular resolution given by camera and evaluation ,ono- and bilayers on a complementary patterned surface,
software was 2/1000 Fresnel calculations of the resonance \hich served as a template.

angle shift at = 750 nm caused by lipid membranes=
1.45) yielded a relation of 11.8 A average film thickness
per 0.F angle shift. This corresponds to a resolution limit
of 0.2 A for a lipid membrane.

To calculate the geometrical thicknegglf of an adsorbed
organic layer from the angle shift, the refractive index&,)
of the respective material must be used as an input paramete
For organic layers which are thin with respect to the light
wavelength, the angle shi&6 is proportional to the change
in optical thickness:An x Ad (AN = Niayer — Noutter)-  THIS
is also a measure of the adsorbed mass density on the gol
surface. Taking literature values, we usgge, = 1.5 for
densely packed thiol layers on gol62] and niyer = 1.45

The result of a typical experiment is shown in Figure
3A,B: A patterned CTArthiolipid surface was incubated
with a solution of mixed lipid/detergent micelles, which was
subsequently diluted below the CMC. By comparing the
SPR scans of the washed surface in buffer (“surface”, Figure
3A) and the surface after micelle injection and dilution
r(“membrane”, Figure 3A), it becomes clear that the phos-
pholipids fill up the surface structure. However, structure
boundaries can still be recognized. The high CMC of OG
acilitates its removal, so the extensively washed membranes

re essentially detergent-free. Mean angle shifts for egg-
PC membranes on structured surfaces were @;40002’

o ; n CTA regions, corr ndin hickn f47 A, an
for phosphoI!plq membrane82, 63 and proteins adsorbed 8.2(2: + 0?32%" Sor?Othﬁ)SliF?J?d dregi(t)%; tcc?rregzzr?ding to aad
at the organ|c.|nt.erfaceﬁ(l—66). thickness of 26 A (3 experiments each). The angle shifts

At the beginning of a measurement, the setup was gpiained did not depend on dilution speed, nor on dilution

calibrated by a scan first in water, and thenai 1 MNaCl — yrocedure. On a pure CTA surface, egg-PC bilayer forma-
solution. The “standard” angle shift caused by the refractive o was associated with an angle shift of (.46

index difference of the two liquids was used to convert . . .
. Figure 3B shows the kinetics of membrane formation at
camera pixel to angle scales. . o o :
: . different positions of the surface. Injection of the micellar
During each measurement, t_he quality of the (go_ated) solution caused angle shifts of 022@ 0.01° on CTA and
_surfac_e was checkgd by monitoring the valggs for MINIMUM g 5& 1 0.02 on thiolipid (3 experiments). Two effects
intensity and half-width (?f the scans. The minimum intensity ., yi te to these angle shifts: the increased refractive index
was always below 10/°.Of the maximal intensity O_f the of the solution and surface binding. The 50% bigger angle
reflepted .I|ght, the hal'f-W|dth was ;maller thaf, ?nd Its shift on thiolipid suggests that in detergent solution the
maximal increase during an experiment was 10%. hydrophobic surface is already covered by an adsorbed
RESULTS detergent/lipid layer. Upon dilution, the refractive index
dropped, causing a lowering of resonance angles; 180 s after
Structured Functionalized Gold Surfaceés a support  the onset of dilution, the resonance angles increased quickly,
for patterned membranes, surfaces with well-controlled, especially pronounced for CTA regions. At this point, the
laterally varying interfacial properties were constructed using OG concentration in the cuvette was 27 mM, close to the
thiol—gold chemistry 81), as described under Experimental critical micelle concentration (CMC) of pure OG (25 mM).
Procedures and in the legend of Figure 2. The structuredFinally, after extensive washing=(0 cuvette volumes),
support consisted of monolayers of CTA and thiolipid, each Stable membranes were established.
separately self-assembled on the gold film into laterally Rhodopsin-Containing Membranesembranes of egg-
patterned domains (Figure 2). PC and rhodopsin (“rhodopsin membranes”) were formed
In 1D-SPR, these structured surfaces revealed a regularsimply by including rhodopsin in the lipid/detergent mixed
pattern of resonance angles (Figure 3A,C, “surface”) and micelles. An example is shown in Figure 3C,D. The basic
consequently of mass density. For thiolipid regions, the surface structure was reproduced very clearly in the rhodop-
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Ficure 3: Formation of supported membranes on structured surfaces, without rhodopsin (A, B) and with rhodopsin (C, D) as observed by
imaging SPR. (A) SPR scans (resonance anglepssition) of a gold surface coated with a CTA/thiolipid patterned monolayep/(85

spaced stripes) at different stages of the experiment. Letters a to d denote the surface regions for which the reaction kinetics are evaluated
in (B). The experiment begins with the solvent-washed surface (“surface”). The scan shows angle maxima for the thiolipid regions (e.qg.,
b, d) and minima for the CTA regions (e.g., a, ¢) on the surface. A pure lipid membrane is formed on this surface by micelle dilution
(“membrane”). At this step, the surface is homogeneously covered (equal mass density far gfi@spholipid bilayer and for thiolipid

+ phospholipid monolayer). Transducin is then injected into the cuvette (final concentratidi) 8d binds homogeneously to the lipid
membrane (+-G¢”, angle shifts 0.22on CTA, 0.2F on thiolipid). 54M GTP and a flash applied to the system have no further effect. (B)
Kinetics of lipid membrane formation on CTA [filled circles correspond to region a in (A); thick line to region c] and thiolipid (open
diamonds, region b: line, region d) regions. The washed surface £tifeis the reference for angle shifts. Mixed lipid/detergent micelles

are injected into the cuvette (“micelles”, tirre 50 s), resulting in an increase in angles (0.2h CTA, 0.32 on thiolipid) due to the

different refractive index of the solution and to detergent binding to the thiolipid surface (note, that in the time interval between 50 and 200
s no intensities were measured due to manipulations at the cuvette). After equilibration, dilution of the micelles is begun (“dilution”, time
= 320 s). At time= 480 s, the concentration of detergent drops below the CMC. The jump in the signals indicates spontaneous lipid
membrane formation on the surface, more pronounced on CTA than on thiolipid. Finally, the detergent and lipid vesicles formed in the
process are completely removed from the cuvette (“rapid dilution”), the resonance angles stay constant, and a stable membrane has formed.
The final values of the angle shifts (040n CTA, 0.24 on thiolipid) are in accordance with a lipid bilayer on CTA regions and a
monolayer on thiolipid regions. Note the good agreement of the kinetics taken from different spots at the surface (comparing a and c, b and
d). (C) SPR scans from an experiment similar to (A), but with rhodopsin in the membrane. Although the same type of surface was employed
(“surface™), the rhodopsin/lipid membrane (“membrane”) is characterized by larger angle shifts than the pure lipid membrane in (A), especially
in the CTA regions (b, d, f). Transducin bindingG", 3 M) is now more pronounced to the membrane on thiolipid regions {Dthé&n

on CTA regions (0.29). A flash applied after addition of aM GTP (“GTP”) to the cuvette leads to transducin desorption from the
membrane due to the rhodopsin activity. (D) Kinetics of lipid/rhodopsin membrane formation on CTA (b, filled circles; d, f, thick lines)
and thiolipid (a, open diamonds; c, e, lines) regions. At tim&50 s, mixed lipid/rhodopsin/detergent micelles are injected into the cuvette
(“micelles”). Unlike in (B), slow adsorption kinetics can be observed on CTA, but not on thiolipid. Angle shifts due to micelle injection
and adsorption are 0.6n CTA, 0.38 on thiolipid, both higher than for pure lipid/detergent micelles in (B). At tind 430 s, dilution

is started (“dilution”). At time= 1800 s, a signal jump indicates the transition from detergent micelles to membrane assembly, passing the
detergent CMC. When the concentration of detergent is low, two pulses of mhfféveNaCl/10 mM octyl glucoside are applied (“pulse”)

to remove membrane-adsorbed vesicles. The final values of the angle shiftsd@.CZ A, 0.39 on thiolipid) are considerably higher than

for the pure lipid membrane in (B).

sin membrane: much more material adsorbed to CTA regionsSPR angle shift of 0.57+ 0.11° on CTA, corresponding to
than to thiolipid regions. 67 A average thickness (7 experiments).

(i) On CTA Rhodopsin membranes were generally thicker ~ An upper limit for the density of incorporated rhodopsin
than pure lipid membranes. They were associated with ancan be estimated by comparing this angle shift with that of
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pure lipid membranes (0.40 If the surplus in membrane

mass (0.17, which is 43% of a lipid bilayer) is attributed 025 1 (oot e o i ter oz

entirely to rhodopsin, this yields 1 rhodopsin/20 (80 o CTA B0 oz s 278

nmol/n?). This calculation is based on the respective _ 0% 7 [S-teafe 02 0% 2% 020

projection areas of rhodopsin [800249, 14)] and lipid =

molecules (60 A and their respective molecular masses. £ *'° 018
A lower limit for the rhodopsin density in the supported §,

membranes can be obtained from the amount of rhodopsin & ** o1

binding to the surface prior to dilution and membrane
assembly. The kinetics of layer formation (Figure 3D) reveal
slow adsorption of material to CTA directly after injection
of rhodopsin-containing micelles, in contrast to pure lipid/
detergent micelles (Figure 3B), which reached a stable state ' G, concentration ¢ {uM]
within S?Condg-_The angle shift due to 'n_CUbat'on with Ficure 4: Dark binding of transducin to different supported
rhodopsin-containing micelles on CTA regions was 0.54 membranes. The SPR angle shifts caused by transducin binding to
4+ 0.1C, which was 0.32 more than for micelles without = membranes at different concentrations in solution are shown. The
rhodopsin. In rhodopsin/OG micelles, the mass ratio of dat?were Tcr?mg_iledq frotm experti)ments WithtSﬁructurﬁddcmg;”pid

. H . : surraces. € pInding to mempranes containing rnoao
detergen_t.proteln is about 2.69. A gross estimate of the is indicated by filled c,gijrcles (CTA regions) and d?amonds (thiolipid
angle shift due to adsprbed rhodopsm.molecules would thenregions)‘ and that to pure lipid membranesRho) by open
be 0.1%, corresponding to 1 rhodopsin/30 Arf57 nmol/ symbols. Fits are indicated by solid lines for rhodopsin membranes
m?). Since the difference in angle shifts between rhodopsin and dotted lines for lipid membranes. The data could not be fitted

membranes and pure lipid membranes (€)1 higher than V‘?‘i? a:j§imple L?nkgmgirtisotheyén, s possible Coog,‘?,fa(;i‘lie effects
: . " of binding were taken into consideration using a modified Langmuir
t_h(_e value at_trlbuted from rhodopsin alone (0’.)111dd|t|onz_il_ model (see Methods). Parameters of the fits are given in the box:
lipid at the interface would then account for the remaining  satyration value of the angle shift,; transducin concentration at
mass difference. Assuming identical lipid packing, rhodopsin half-maximal bindingcy; cooperativity coefficiens. Saturation
membranes would have 15% additional effective bilayer area. values and_cqo_perativity (_:oefficients are similar for rr_lembranes on
Two experimental approaches to enhance the contrast inCTA and thiolipid. Pure lipid membranes and rhodopsin membranes

. - L . on thiolipid share the sane/,, but rhodopsin membranes on CTA
rhodopsin density between CTA and thiolipid regions were .5 markedly lower affinity for transducin. When fitting the

tried: (i) washing of the nascent membrane with a high salt gata with a constang of 1.5, qualitatively similar results were
solution containing detergent below the CMC, and (ii) obtained (not shown).

replacement of the rhodopsin/lipid/detergent micellar solution
with a lipid/detergent micellar solution before dilution. The calculation of a rhodopsin density from this value is
These experimental steps should remove loosely boundhindered by the unknown amount of stripping of detergent
rhodopsin from the membranes. The membranes turned oufrom the rhodopsin/OG micelles upon binding to the already
to be remarkably stable against washinghwitM NaCl/10 detergent-covered thiolipid surface. A lower limit for
mM OG (see Figure 3D: pulses have almost no effect), final rhodopsin density would be 1 rhodopsin/1742(@&0 nmol/
angle shifts for membranes being 5% 0.17 with m?, no stripping of OG), with 25% additional effective
washing, the same value as stated above for membranenembrane area in lipid bilayer form.
formation without washing. Washing witL M urea gave Neither washing wh 1 M NaCl/10 mM OG nor washing
the same result. In contrast, replacement of rhodopsinwith 1 M urea changed the membrane thickness significantly
micelles with egg-PC micelles before dilution yielded thinner (final angle shifts for the “washed” membranes on thio-
membranes (angle shift 0.5% 0.03). By stirring slowly lipid: 0.33° £+ 0.06°). Micelle replacement before dilution,
during the egg-PC “wash”, lateral gradients of rhodopsin however, yielded membranes of mass coverage similar to
membrane mass were obtained on the CTA regions of alipid monolayers (angle shifts 0.18: 0.02).
patterned sample (Figure 7). Transducin Binding to Supported Membrane®ark

(if) On Thiolipid. Rhodopsin membranes on thiolipid were  binding of transducin to patterned egg-PC membranes with
associated with angle shifts of 032 0.06, corresponding  and without rhodopsin was investigated for several reasons.
to an average thickness of 38 A (7 experiments). The®0.10 First, the saturation density of transducin on the supported
difference to pure lipid membranes gives the upper limit for membranes is an important parameter for evaluating trans-
the rhodopsin density on thiolipid as 1 rhodopsin/46°nm ducin binding and desorption kinetics. Second, dissociation
(36 nmol/n?). constants were obtained and compared to those for disk

On thiolipid regions, the angle shift caused by injection membranes, allowing conclusions about the influence of lipid
of the micellar solution (Figure 3D) was also higher than environment, structuration, and the presence of rhodopsin
with pure lipid/detergent micelles (Figure 3B), though no on transducin dark binding. Third, transducin binding was
kinetics of adsorption could be resolved. It amounted to exploited as a probe of membrane properties when comparing
0.37 £+ 0.02°, which is 0.08 more than without rhodopsin.  the different membrane types.
Binding isotherms of transducin to supported egg-PC

2|n Figure 3B, no intensities were measured in the time interval Monolayers and to bilayers were very similar (Figure 4). To
betweert = 50 s (time of injection of detergent micelles) ane 200 obtain a good fit to a Langmuir model, positive cooperativity

s however, we know from other measurements that detergent injection of i ding had to be included. This cooperativity was very
resulted in an immediate intensity change. Nevertheless, the time

courses in Figure 3B fot > 200 s are clearly different from the ~ Pronounced for binding to pure lipid membranes (distinctly
rhodopsin adsorption kinetics in Figure 3D on CTA. s-shaped plots). Transducin binding to egg-PC membranes

0.05 == 0.05

0.00
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Table 1: Transducin Binding to Rhodopsin Membranes and Its Light-Induced Release

surplus release rate
membrane mass (%) «@inding! (deg)  Gdesorptiof (%)  constantkoss(s™)
no. surface wash proé TL CTA [G{] (uM)  [GTP)(uM) TL CTA TL CTA TL CTA
1 CTA no - 61 1.6 10 - 0.139 - 67
2 TL OG/salt 29 - 2.6 10 0.237 - 20 -
3 CTA/TL no 66 39 15 1 0.161 0.106 23 34 0.120 0.245
4 CTA/TL  no 59 52 2.6 10 0.227 0.176 37 47 0.193 2.416
5 CTA/TL  OG/salt 16 32 25 10 0.236 0.170 3 26 - 2.245
6 CTA/TL EPC -11 18 2.6 5 0.242 0.136 17 30 0.162 1.386

aCTA pure CTA surfaceTL, pure thiolipid surfaceCTATL, stripes of thiolipid in CTA surface’ no, membrane formation by simple dilution;
OG/salt, pulse of buffered 10 mM octyl glucoside/1 M NaCl during diluti®&PC, exchange of mixed rhodopsin/lipid/detergent micellar solution
by pure lipid/detergent micelles immediately before dilutibRelative to pure lipid membranes (without rhodopsin): on CTA, 8.41 thiolipid,
0.22. 4 Nonspecific Gbinding to pure lipid membrane on structured surface: CTA,Q®olipid, 0.04 ([G{] = 3 uM). ¢ Amount of G dissociated
from the membrane by activated rhodopsin relative to amount; &foGnd before! Cannot be fitted accurately due to small amplitude.

saturated at 0.220.23. This corresponds to 56% of a These signals can be readily interpreted by analogy to
densely packed transducin monolayer, for which one would light-scattering measurements on suspended rod outer seg-
expect an angle shift of 0.3%taking a transducin molecular ments (ROS) 16) or disk membranes reconstituted with
area of 4000 Afrom ref 68). Part of this saturation value  transducin 16, 17. First, addition of transducin leads to
corresponded to irreversibly bound transducin, which amountedmembrane binding 85), which can be described by a
to angle shifts of 0.06on CTA and 0.02 on thiolipid. The Langmuir adsorption isotherm (see last section). Addition
concentration at half-maximal binding (“dissociation con- of GTP in the dark had no effect. The flash-induced
stant”) is 0.6uM, in good agreement with the apparent dissociation results from the complete release of the G
dissociation constant of transducin measured in rod outersubunit and a partial release of thg,Gubunit from the
segment membranes [0/ (17)]. membrane 17, 69, 89, following rhodopsin-catalyzed dis-
The presence of rhodopsin increased the saturation valuegociation of transducin heterotrimers (holg-{&to subunits.
for transducin binding by about 25% on both surface types The conformational change of transducin which leads to
to A6 ~ 0.28-0.29, corresponding to 1 transducin binding dissociation of the heterotrimer into subunits is induced by
site per 56 i Transducin binding to rhodopsin membranes GDP — GTP exchange on ite-subunit when in contact
was little influenced by the mass of the membrane adsorbedwith correctly oriented rhodopsin in the active Meta Il state
to the support (Figure 7). For illuminated rhodopsin (R*) [see, for example, ref7].
membranes, the amount of irreversibly bound transducin  The following additional observations and control experi-
varied from 0.08to 0.17 on CTA and from 0.03to 0.16 ments confirm the above interpretation for the supported
on thiolipid, depending on the preparation. These values membranes: (1) Addition of GTP to the transducin-loaded
include any transducin which may stay bound to rhodopsin membrane did not change the signal, indicating an un-
directly. The dissociation constant of transducin on thiolipid measurably low rhodopsin activity in the membrane before
remained the same as for pure lipid membranes 405, the flash. (2) Resonance angles decreased after the flash
but was increased to 14M on CTA, when rhodopsin was  only when rhodopsin was incorporated in the membrane. A
incorporated in the membranes. At a concentration of 2.6 flash had no effect on a pure egg-PC membrane in the
uM transducin, average surface densities of transducin werepresence of transducin and GTP (negative control, Figure
1/87 nnr2 on CTA and 1/65 nn¥ on thiolipid. On pure  3A). (3) Resonance angles did not change upon illumination
surfaces, transducin binding to membranes was slightly of a rhodopsin membrane in the absence of transducin (data
increased with respect to that on structured surfaces (Tablenot shown). This confirms that the SPR dissociation signal
1, lines 1 vs 3 and 2 vs 4, respectively). corresponds exclusively to transducin release. (4) Transducin
Rhodopsin Actiation: Typical Experiment In the fol- binding and release are reversible. Rebinding occurred and
lowing, we describe a standard experiment for investigation was reversed with a second GTP injection, but not with a
of the light-induced coupling of rhodopsin and transducin second flash, which caused a small binding signal instead
on the supported membrane. Figure 5 shows the corre-(Figure 5). Consequently, rebinding was not a result of a
sponding transients, data are summarized in Table 1, line 4.fast decrease in the amount of R*, but a result of a dropping
Once the rhodopsin membrane had been formed on theGTP level due to GDPGTP exchange and hydrolysis of
structured surface, the experimental protocol followed the GTP bound too-subunits soon after the first flash. (5)
sequence: transducin injection{s) GTP addition— flash. Finally, in the absence of GTP, no release signals, but
After injection, transducin binding was observed by an additional small binding signals, were observed following
increase of SPR resonance angles. GTP addition had hardlythe flash (Figures 6 and 7). This has been observed also in
any effect, and the flash (at= 0) immediately lead to a  light-scattering experiments under GTP-deficiency and was
dissociation of transducin from the surface as reflected in ainterpreted as 1:1 stoichiometric binding of holg46 R*
decrease of SPR resonance angles. Since in the experimentdlL6, 17, which was not released because of lack of GTP. If
protocol the dissociation signal directly follows the flash, GTP was added subsequently, release signals were observed
its time course can be precisely resolved. After dissociation (Figure 6). This shows that rhodopsin, once exposed to light,
of transducin, SPR resonance angles remained stable foistays active in the supported membranes during the time of
some time, and then rebinding occurred. the experiment.
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0 40 80 120 [s] surfaces (trace a, open diamonds; trace b, small triangles) and one
L I on a CTA surface (trace c, filled circles) are shown. At time
FIGURE 5! (A) Activation of rhodopsin in supported structured  _10q g |ipid/rhodopsin membranes have formed on the surfaces,
membranes. The kinetics of transducin binding to a rhodopsin 44 transducin is bound to them (transducin concentrations in
membrane (thiolipid regions, open diamonds; CTA regions, filled gqution are 2.6:M for the experiments on thiolipid and 16V
circles) and its desorption upon flash photolysis of rhodopsin are for the one on CTA). Angle shifts are relative to the lipid/rhodopsin
shown. Two subsequent injections of transducip {ial concen- membrane as zero line, so values at timé correspond to the
trations 1.3 and Z.ﬁM)_ lead to angle shlfts_of_ 0.23on thiolipid amount of bound transducin. At time 0, a flash is applied,

and 0.18 on CTA. Attime= —100 s, GTP is injected. No angle  eqyiting in further transducin binding. This process is caused by
shift is observed, indicating no dark activity of rhodopsin. At time  p54opsin binding transducin directly, thereby freeing binding places
= 0, a flash is applied, leading to transducin desorption with an j, the membrane, which are in turn filled by transducin molecules
amplitude ofA§ = —0.08". After a certain time, rebinding occurs.  4m solution. Addition of GTP leads to transducin desorption from
This is due to GTP being used up and to the decay of activated i, types of membranes (traces a and c), but in one case rhodopsin
rhodopsin (see Results). A second flash applied at t#m830 s on a thiolipid surface was unable to activate transducin (trace b).
leads to slightly increased transducin binding, resulting from the amount of irreversible transducin binding is indicated by the
activation of more rhodopsin molecules and binding of transducin gympols on the right axis: it is highest for the membrane with the
directly to them. At this time, nucleotide exchange and desorption yonfnctional rhodopsin (trace b), and for the membranes with
are already reduced by the lack of GTP. This is changed by injection fnctional rhodopsin lower on a thiolipid support (trace a) than on
of GTP at high concentration (2 mM), followed by desorption of o1 (trace c). Due to technical reasons, no intensities were recorded

transducin. Rebinding on thiolipid is now much slower than after yirecti f TP iniection in t irectly aft TP
the first flash, but on CTA it proceeds quickly. This effect clearly icir:jr:é:tignbien ?:;CSS b Arlgjgccfon in trace a, and directly after G

does not result from lack of GTP. The symbols on the right axis

indicate the values after extensive washing with buffer, i.e., the /. . TS -
amount of irreversibly bound transducin. More transducin remains (Figure 6, sequence: transducin injectierflash— GTP).

adsorbed on the rhodopsin membranes on CTA than on thiolipid, Binding signals upon flashing in the absence of GTP reflect
and irreversible binding of transducin increased with time (more Stoichiometric binding of transducin to rhodopsin in the Ml
transducin can be desorbed by the first flash than by the final buffer state and in the correct orientation (R1g}. The amplitude
wash). A possible reason for this is rhodopsin decay, which may of this binding signal is proportional to the density of R*.

also be the reason for the lower dissociation signal following the . H
second flash as compared to the first flash, in spite of a 200-fold Three experiments of this kind on pure surfaces are shown

increased GTP level. (B) Kinetics of desorption following the first N Figure 61_ one on_CTA and two on thiolipid surfaces. On
flash. Data points were fitted (broken lines) by a single exponential CTA, the binding signal amounted 8 ~ 0.027, corre-

(thiolipid region) and a double exponential (CTA region). In the sponding to 1 R* per 600 ntn(trace c). Generally, the
latter case, the fast kinetics accounted for about 80% of the jengity of active rhodopsin was remarkably independent of
amplitude. The fast rate constants are given. Transducin des(_)rptlonthe mass of the membrane adsorbed on CTA. For example
is 12 times faster in the CTA regions than in the thiolipid regions. ™ ) : pie,
in Figure 7 aA@ of approximately 0.025was measured as

In the experiment depicted in Figure 5, the kinetics of the amplitude of the binding signal for all CTA regions in
desorption following the first flash differed by an order of spite of 50% variation in the mass of the membrane. On
magnitude between CTA and thiolipid regions. This is an thiolipid, the amplitudes of the binding signals in Figure 6
indication of a higher density of active rhodopsin, R*, in wereAf ~ 0.016 (1 R* per 1000 nrj trace a) and 0.0T0
membranes on CTA regions than on thiolipid regions. The (1 R* per 1500 nrf, trace b). However, there were also
absolute amplitudes of desorption following the first flash experiments where no binding signal was seen on thiolipid
were the same on the whole surface (0)0But the relative regions, the R* density being too low to be detected.
desorption amplitudes were 37% of the amount of transducin  Subsequent addition of GTP always led to transducin
bound before the flash on thiolipid and 47% on CTA. The desorption from CTA regions (e.g., trace c). In Figure 6,
dissociation amplitudes represent saturation levels becauseirtually all reversibly bound transducin was released (two-
they are generally correlated neither with R* density nor with thirds of the total bound transducin), indicating that (1) a
GTP concentration; therefore, they monitor the fraction of saturating density of R* was present after the flash, and (2)
the total pool of transducin that interacts with R*, undergoes all the dissociated transducin subunits left the membrane
GDP/GTP exchange, and is finally released. readily and completely.

Rhodopsin Actiation: Detailed Analysis The activation On thiolipid regions, GTP-induced desorption was also
of rhodopsin and transducin by a flash was also investigatedobserved in most cases (e.g., Figure 6, trace a). Sometimes,
by first applying the flash and injecting GTP afterward however, no such desorption signal could be seen (e.g.,
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surface membrane of GTP (024 st at 1,L£M, 14 stat 5,uM, 24 stat 10

; ; R uM, lines 3, 4, 6). At GTP concentrations in the millimolar
range, transducin release occurred much faster. On thiolipid,
there was a trend to a slight increase of desorption rate with
GTP concentration, but far less pronounced, suggesting rate
limitation by another step, presumably R&; interaction.
(6) During flash-induced transducin desorption, pattern
boundaries stayed as sharp as before, and desorption
proceeded in parallel at all locations of the surface belonging
to the same surface type (either thiolipid or CTA). No lateral
gradients of transducin at the membrane were observed.
0 : e L : There was no effect of different surface patterns on desorp-
50.4 50.6 50.8 51.0 51.2 tion rates.

R le [°] . . .
FIGURE 7: Spatial gradien:s;;a::(:;goepsin mass in a supported In summary, the rhodopsin/transducin system in supported
membrane. Overlayed scans (resonance angle-pasition) at membranes reproduces characteristic features of its natural

different steps in an experiment following the sequence: formation counterpart: (i) membrane binding of transducin with a
of a rhodopsin membrane- transducin binding— flash. The binding constant in the micromolar range; (ii) light- and GTP-
solvent-washed surface (“surface”) shows a regular, homogeneousdependent transducin release by rhodopsin; (i) linear
pattern of thiolipid lines (resonance at 50’pand CTA lines  gapendence of rhodopsin activity on GTP concentration in

(resonance 50.4% A rhodopsin membrane was assembled on this . . e .
surface by mixed micelle dilution, preceded by a wash step with the micromolar range; (iv) reversibility of transducin release.

pure egg-PC/OG micelles. Stirring the cuvette slowly during this Finally, it is important to note that the type of surface
step led to a vertical gradient of rhodopsin-containing micelles in employed clearly controls the rhodopsin activity: on thiolipid

the cuvette, leading to a gradient in the mass of the finally the activity was always lower than on CTA.
established membrane (“membrane”) on the CTA lines, but not on

the thiolipid lines (compare dashed envelopes around the peaks of

the structure). On CTA, the associated angle shifts range from 0.45 DISCUSSION

at z-position 80um to 0.60 at z-position 770um. On thiolipid

lines, the variation in angle shifts is much smaller, ranging from . . . .
0.15 atz=40umto 0.17 atz= 40um. Subsequent dark binding Rhodopsin has been reconstituted into planar phospholipid
of transducin (*+G") shows no dependence on membrane mass, membranes, self-assembled onto functionalized gold surfaces,
but only on surface type (mean angle shifts are 0£8.008 on  gnq served as a model for the investigation of G protein-

CTA, 0.25 + 0.005 on thiolipid). A flash (“flash”) leads to binding . ] . . .
signals mainly on CTA regions (0.025 0.004 on CTA, 0.004 coupled receptors with surface-sensitive optical techniques.

+ 0.002 on thiolipid), which again are independent of membrane Rhodopsin activity was assessed by its coupling to the G
mass. The dashed envelopes are horizontally shifted with respectprotein, transducin, following photoexcitation. Patterning of
to each other, but not changed in shape. the supporting surface yielded membranes with spatially
varying properties, resulting in a pattern of rhodopsin activity
Figure 6, trace b), so the incorporated rhodopsin seemed toon the surface. All reaction steps, from membrane formation
be nonfunctional with respect to nucleotide exchange ca- to transducin binding and release, were monitored in situ by
talysis. Consequently, the binding signals on thiolipid one-dimensional imaging surface plasmon resonance. This
surfaces must be interpreted with care: not all R* may be technique is more precise than SPR microscddy, (which
participating in the catalysis of transducin dissociation and has been used before to investigate biological recognition
desorption. lIrreversible transducin binding was always low reactions on patterned surface49( 50, 70. To our
on thiolipid regions. knowledge, this is the first application of 1D-SPR to
Transducin binding and desorption data from different biological membrane receptor systems.
experiments on pure and structured surfaces are summarized CTA/Thiolipid Surfaces Are Well-Suited Supports for Self-
in Table 1. Lines 1 and 2 refer to the experiments shown Assembly of Phospholipid Bilayer and Monolayer Structures
also in Figure 6 (traces a and c); all other entries were Phospholipids are known to form either monolayers on
obtained from structured samples. The following conclusions densely-packed alkylthiol surface31( 79 and thiolipid
can be drawn from these and other experiments: (1) Thesurfaces32) or bilayers on hydroxy- and carboxy-terminated
mass of the prepared membranes was very variable. How-thiol surfaces49, 73, 74, analogously to oxide surface3%(
ever, on thiolipid there was always less adsorbed material40, 75. For supported phospholipid bilayers, reported
than on CTA. In spite of this variation, transducin binding thickness values range from 42 Af) POPC on hydroxy-
to the membranes varied by only 20% (compare lines 2 andthiols], to 43 A [@0) DMPC on quartz], to 48 A [{4) egg-
4—6). (2) The relative transducin desorption amplitudes on PC on diethyleneglycol-functionalized gold surface]. For
CTA were always bigger than those on thiolipid, where no fully hydrated multilayers of DOPC, Wiener and Whif#g[
desorption at all was sometimes observed. (3) Transducinmeasured a bilayer thickness of 44 A. A supported POPC
was released faster (in most cases much faster) from CTAmonolayer on a pure thiolipid surface was reported with 24
than from thiolipid regions. (4) Release kinetics (in the A thickness 82). In this study, self-assembly of egg-PC on
presence of GTP) and the amplitudes of binding signals (in patterned CTA/thiolipid surfaces yielded stable membranes
the absence of GTP) indicated similar densities of functional, with a thickness of 47 A on CTA and 26 A on thiolipid.
correctly oriented rhodopsin in membranes on CTA, inde- Given the cited literature values, we conclude from our
pendent of the mass of the membrane. (5) Release rates omesults that a bilayer is routinely formed on CTA regions
CTA regions depended almost linearly on the concentration and a monolayer on thiolipid regions. Further support comes
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from the observations that membranes resisted washing with Transducin Binds Cooperagly and Similarly on Phos-

1 M salt, urea, or low detergent concentrations and that the pholipid Monolayer and Bilayer RegionsTransducin af-
membrane formation kinetics obtained from different spots finity is the same for pure lipid membranes on both surface
on the surface agree perfectly. Thus, formation of pure egg-types and for rhodopsin membranes on thiolipid. This
PC membranes by micelle dilution on CTA/thiolipid surfaces indicates a similar lipid packing in these three cas¥.(

is quite a robust process, leading to very reproducibly stable The G protein does not distinguish between a pure phos-
and regular lipid mono- and bilayers. pholipid bilayer and a bilayer composed of an outer phos-

The Density of Rhodopsin in Supported Membranes Is pholipid leaflet on a gold-attached thiolipid monolayer. The
Comparable to Disk Membranes on CTA, but Distinctly concentration at half-maximal binding (6:6.7 uM) is in
Lower on Thiolipid The procedure for rhodopsin reconstitu- the same range as that measured for pure disk membranes
tion in supported membranes in this work was designed to [0.3 M (17)]. The same affinity is observed when rhodop-
fulfill the following criteria: (i) to avoid loss of rhodopsin  Sin is present in membranes on thiolipid, but the cooperativity
functionality by always keeping the protein in contact either Of binding appears to be somewhat lower. Although the
with detergent or with lipids; this is a profound difference rhodopsin membrane on CTA contains-@ times more
to the method of Salamon et a‘BaL (||) re|ying on a defined rhodopsin than that on tth'lpld, this does not seem to Change
System Composed of a few, pure CompoundS’ so that Spﬁhe overall blndlng capacity of the membrane for transducin,
data can be readily interpreted; (iii) exploiting the self- although it reduces its affinity 2.5-fold.
organizing properties of lipids to direct rhodopsin activity =~ Positive cooperativity has been observed for binding of
to certain surface areas. The latter point is unique in this transducin to light-adapted ROS membran@s);( our
work; published techniques for binding proteins or DNA to €xperiments show that this cooperativity occurs to an even
defined locations on a photopatterned surface relied, e.g.,higher degree in pure lipid membranes and also in dark-

on coupling of photobiotin and streptavidifQ, 77, 78 or adapted rhodopsin membranes. This cooperativity may be
the use of photolabile silaneg9). caused either by direct mutual interactions of transducin

molecules or by a change in the properties of the lipid

4nembrane on transducin binding, or by both of these effects.
We did not pursue transducin titrations on light-adapted

membranes because of the observed MIl degradation with
A time.

Rhodopsin membranes are thicker than pure lipid mem-
branes on both surface types. Interestingly, the SPR spectr
hardly broaden on membrane adsorption, which indicates,
according to Rotherihaler et al. 80), a very regular structure
of the membranes. The rhodopsin densities on CT , , .
calculated from this increase in membrane mas®dopsin RhodopsirTransducin Interaction on Supported Mem-
per 20-30 nn?—are comparable to the rhodopsin density br_anes Exhibits the S_am_e Basic Re_actlons As Qieseon
in native disk membranes [1 rhodopsin/33%(81)]. They Disk Membranes As in I|ght-scatter|ng measurements on
are similar to those obtained by Salamon et &6) (for rod outer segments and disk membrants, (17, 84, we
rhodopsin in solvent-containing egg-PC membranes on silver, 0PServed binding signals upon illuminating rhodopsin mem-

i . . )
although their membranes are by far thickein our system, ~ Pranes in the absence of GTP. The density of R* (defined
the measured thickness of the membranes and the shar@S active rhodopsin in the correct orientation to interact with
minima in all SPR spectra indicate ordered bilayer structures. ©) in the membranes was determined from the arrlplltudes
On thiolipid, the rhodopsin density is a factor of 26 lower of these binding signals. On CTA, the density of R* was 1

than on CTA, depending on the assumptions made for thePer 600 nr; this value did not depend on membrane mass.
membrane structure. In our experiments, addition of GTP led to dissociation

signals, which have been also observed in light scattering
experiments on disk membrand$(17. This dissociation
was reversible; eventually rebinding occurred, an effect also
observed for disk membranes reconstituted with transducin
(84). In rod cells, R* is deactivated within seconds by
phosphorylation and arrestin binding, (), whereas in the

effective membrane area must be assumed. This is in . . .
. S reconstituted system (as in our case) bleached rhodopsin
agreement with transducin binding data (see below). Ex- . ive f : It slowlv d MIll and
lanations of this phenomenon would be either the presencerem.alns active for minutes. [t slowly decays to an
gf singly adsorbed vesicles on the planar membranes, P> & Process with a half-time of 15 mi&, (89 faster
gly ¢ . ) P : 'transducin rebinding is due to GTP being used &4).(
attached via proteinprotein contacts, since this does not . N o . .
: . Continuous R* activity after a light flash, transducin
occur in protein-free membranes, or the presence of a

g : . "
membrane with ripples on the molecular scale to accom- rebinding as a function of GTP depletion, and slow R* decay

. . have been demonstrated on supported membranes in this
modate extramembranous portions of rhodopsin between o :
.~ work. The application of GTP pulses of low concentration
membrane and support, or both. The latter explanation is

favored by the fact that rhodopsin membranes are very s'[ableled to transducin desorptienebinding cycles, the amplitude

. i ) ; of which decreased with time. By demonstrating these three
against washing with concentrated salt or urea and diluted basic reactions of the rhodopsin/transducin systbinding
detergent solutions. X

dissociation, rebindingthe current study goes beyond
published SPR work30).
3 Salamon et al. measured 87 A with a refractive inder ef 1.62, The Kinetics of Transducin Release from Supported

which would correspond to 213 A at= 1.45, as opposed to 67 A in Bilayers Resemble Those Obasenl in Retinal Rods An
this work. A refractive index of around 1.62 has been measured only

for a few highly halogenated organic compounds, and it is therefore @dvantage of our measuring technique is that dissociation
very unlikely that such a value can be attributed to lipid membranes. kinetics can be followed precisely without compromising

Membrane Formation and Transducin Binding Data
Indicate an Increase in the Effecd Membrane Area upon
Incorporation of Rhodopsinlf the excess mass of rhodopsin
membranes compared to lipid membranes is not solely
attributed to rhodopsin itself, an increase of-%% in
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spatial resolution. In this section, we discuss the kinetics rhodopsin membranes on negatively and positively charged
of transducin release on CTA surfaces. Homogeneoussurface$showed similar activity, the oriented immobilization
distribution of rhodopsin in the supported membranes is of rhodopsin due to electrostatic effects can be ruled out.
assumed and cooperative binding of transducin neglected forAnother reason might be glycosylation of rhodopsin at the
the moment. For transducin release to occur, the systemextracytoplasmic side8(), which imposes steric constraints
must traverse a sequence of steps, formulated in the classicaind might favor an orientation of rhodopsin with its
reaction scheme2(), which neglects substate multiplicity —cytoplasmic (transducin-binding) face toward the support,
(7). The steps following flash and fast photoprocesses areand thus inaccessible to the transducin.

as follows: (1) transition of rhodopsin from the MI to the Patterned Surfaces Induce a Pattern of Rhodopsirvyti
active Ml state (here termed R*, when correctly oriented in the Supported Membraneslllumination of patterned

in the supported membrane), which expresses the signallingsupported rhodopsin membranes in the presence of GTP
state for G (2) Diffusion of transducin toward MIl; (3)  resulted in dissociation signals across the whole surface. But
binding of transducin to MIl and GDP release; (4) GTP the kinetics were different between CTA and thiolipid
binding, dissociation of the subunits, release from MIl; (5) regions: transducin dissociation was up to 12 times faster
release of the transducin subunits from the membrane. on CTA than on thiolipid. The observed residual transducin

Our observation is that the rate constant of the releasedissociation on thiolipid regions of structured surfaces may
kinetics (around 0.24M~! s™) is proportional to GTP be due either to rhodopsin activity in these regions of the
concentration in the range-1L04M. This strongly indicates membrane or to lateral diffusion of transducin toward CTA
that nucleotide exchange catalysis and subsequent dissocid£91ons where active rhodopsin molecules rapidly deplete
tion of transducin into its subunits (step 4) are rate-limiting the memb.ral.’lg of bound transducin, or b_Oth' Experl_ments
in this case. Transducin diffusion (step 2) is indeed expectedOn pure thiolipid surfaqeg suggest that active rhodopsin also
to be much faster{10 000 s) at the equilibrium transducin ~ ™aY be present on thiolipid regions of structured surfaces,
density on the supported membrane, according to data fromalthough toa variable degree (see Figure 6). Nevertheless,
refs 22 and87). Also the release of dissociated subunits !0\(;\/_ reacﬂon r:ates alr_1d thfeRl/ery weak3 _GTI;-depen_dence
from egg-PC bilayers (step 5) is considerably faster than thendicate that the coupling o to@step 3 In the reaction
measured overall release rates in this stully).( Steps 1 scheme, see I?‘St sect_|on) becomes I|m|t|_n_g. for the overall
and 3 are more critical (see below). Immediately after the rgte C.)f activation. Th|s opens the'p035|b|l|ty that lateral
flash, the transducin density on the membrane is still close diffusion of transducin is responsible for the observed

to equilibrium. Under these conditions, and if all the other déssouatcljop Fr’]'t'ocest? fr_om thiolipid reglotns. Bruckert g.tl.al‘d
reactions are fast, the change in average transducin densit 7) used light scattering measurements on permeabilize

on the membrane (SPR signal) is determined by OS, where rhodopsin was activated by a pattern of
interference fringes, to get information on the diffusion of

50 1 transdu_cin._ With this complex system an_d with intrinsically
i _kcal[GTP]N small diffusion distances, it was only possible to give a lower
limit of 0.8 um? s~ for the diffusion constant of transducin
in the disk membrane. With this diffusion constant, trans-
ducin gradients should be observable on the supported
membranes within seconds. However, no such gradients
have been observed in our case. This does not exclude
diffusion from one membrane region to another, but implies
that the transition zone between membrane regions functions
as a barrier. Present work in our laboratory concentrates on
eliminating all possible rhodopsin activity from thiolipid
regions; under such conditions of ideal contrast, the occur-
rence of dissociation signals in thiolipid regions would be a
measure of transducin lateral diffusion.

with ® being the fraction of occupied transducin binding
sites, [GTP] the GTP concentration, ahdthe number of
transducin binding sites on the membrane per R%: is

the catalytic rate constant of R* (step 4). In equilibriuxh,

= 10.8 transducin binding sites per activated rhodopsin (1
R* per 600 nmM and 1 transducin site per 56 Am The
experimentally determined overall release rate of @ugi!

s ! then yields an intrinsic rate constakg; of 2.6 uM~1

s L Literature values for the dissociation rate of the R*G
complex (in most cases extrapolated from low temperatures
to room temperature) are in the same range-1®uM ™
s1(88), 12 uM™t s (20), and 2006-8000 s? (22) at CONCLUSION
saturating concentrations of GTP [6:5 mM (20, 69].

However, ke is probably a lower limit, since the MiMII Rhodopsin has been successfully reconstituted into planar
equilibrium is likely to be on the MI side under our Patterned phospholipid membranes self-assembled onto gold
conditions {5). surfaces. Coupling reactions with transducin were found to

closely resemble those of the native system, indicating that
the native functionality of rhodopsin was restored in the
supported membranes. An influence of rhodopsin on the
dark binding of transducin to lipid membranes could be
demonstrated. Patterning of the supporting surface yielded
membranes with spatially varying properties, resulting in a

In membranes on CTA, the binding signals allow us to
estimate that only 310% of the incorporated rhodopsin can
be activated by a light flash. Denaturation of rhodopsin by
contact with the CTA surface is unlikely, because (i) pure
hydroxyl surfaces, which are similar apart from the charge,
effectively resist protein adsorptioB89) and (ii) the rhodop-
sin activity was very similar on negatively charged CTA and

on positively charged aminothiol surfacesin explanation 4 Positively charged hydrophilic surfaces were produced in the same
way as CTA surfaces, but using mercaptoalkylamines. Membrane

for the low fraction of active rhodopsin might be that its  assembly, transducin binding, and release kinetics were found to closely
orientation in the membrane is not random. Again, since resemble those of CTA surfaces.
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pattern of rhodopsin activity on the surface. The advantage 27.Feder, D., Im, M.-J., Klein, H. W., Hekman, M., HolZeg

of our combination of molecularly structured surfaces with '_?-1(?99893)’ §M$8V3t22'67?-,1';8£;‘;'$21 E.J. M., and Pfeuffer,
o?e—d|mensut)nal Imzritgggmsrzlt:\:r Iﬁ that ns%auarllly K/aré/mg 28, Knoll, W. (1991)MRS Bull 16(7), 29-39.

processes at supporied membranes can be resolved, €.9.,9 Garjang, P. B. (1996). Rev. Biophys. 291), 91-117.
lateral diffusion gradients of meml:_)rf_:me—assomafted proteins. 30 Hofmann, K. P. (1993) iGTPases in Biology I(Dickey, B.,
Addressable zones of receptor activity and density gradients, and Birnbaumer, L., Eds.) pp 26290, Springer, Berlin.
e.g., of antigenic peptides, can be created and binding and 31. Bain, C. D., Troughton, E. B, Tao, Y.-T., Evall, J., Whitesides,
release reactions on different spots at the surface monitored gssM and Nuzzo, R. G. (1989) Am. Chem. Soc. 11321~

in parallel and in real time. Future work will pursue the ' . .
effort to enhance the contrast in receptor activity between 2"2?89’ H., Duschl, C., and Vogel, H. (1934ngmuir 10 197

different surface regions, and to extend the technique to 33 jonhnsson, B., Ifas, S., and Lindquist, G. (1998)nal. Chem.

w

include other components of the signal cascade. 198 268-277.
34. Malmaqvist, M. (1993)Curr. Opin. Immunol. 5282—286.
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