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ABSTRACT:. One function of membrane domains of liquid-ordered lipids or “rafts” may be to stabilize
complexes of signaling proteins, thereby playing a role in the transduction of cellular signals. Here, we
have used fluorescence methods to directly test this idea by assessing the ability of phosphglipase C
(PLCB,) to associate with G protein subunits on model membranes in the fluid phase and on membranes
that contain domains of lipids in the liquid-ordered phase (rafts). We find that the apparent dissociation
constant for the equilibrium between PB£and Gu,(GTPyS) was identical on both types of membrane
surfaces. However, the degree of association betweerpPaiiti G3y subunits was significantly reduced

on the surfaces containing rafts. Time studies indicate that this phenomenon is a dynamic process.
Incorporating the lipid substrate of Pjgginto membranes that forms rafts, we find that its basal activity

is unaffected. However, its activation byg§ subunits is inhibited, supporting a reduced degree of
interaction between these two proteins when rafts are present. Since lipid rafts affectgg—85Q
association and not PIA&5—Goq(GTPyS) association, we explored the possibility that the membrane
interaction of @y differed when rafts are present. We find that although the membrane partition coefficient
of GBy is not significantly changed in the presence of rafts, proteolysisff & trypsin increases and

the ability of G3y Tyr/Trp fluorescence to be quenched by iodide ions decreases when rafts are present.
These results suggest a model in which lipid rafts occlude thefRli@eraction site on By subunits by
localizing these subunits at the domain interface.

The activation of phosphoinositide-specific phospholipase Both PLG3 and G protein subunits can be considered
CB (PLCH)! by the o or 5y subunits of heterotrimeric G peripheral membrane proteins that laterally associate to
proteins is initiated by the binding of an agonist to its cognate produce activated complexes. PE@ soluble in aqueous
seven-transmembrane receptor which catalyzes the exchanggolution and binds strongly and largely nonspecifically to
of GDP for GTP on @ subunits. The GTP-boundoc ~ membrane surfaces) Go, and @By subunits also bind
subunit has a weakened affinity fop@ subunits and allows ~ Strongly to membranes, and this binding may be stabilized
the two to interact with intercellular effectors, one of which Py attachment of two saturated acyl groups omy@nd a
is PLGB. PLCB isoenzymes are a family of four known geranylgeranyl group on /8y (4_, 5). The lateral association
species, PLB1_4, that differ in their tissue distribution and  ©f PLCB2and G protein subunits on membrane surfaces can

their ability to be activated by G protein subunits (for recent t)e as}sesf':?:\?é-? reglhtlme ;Js!ngtfluor?(s;(r:]ence resor]atr)ce energy
reviews, see ref¢ and?2). The isoform used here, P3G ransfer ( ). Characterization of these association ener-

. . . gies has been reported using uniform model membranes
IS acﬂ_vated by both GTP-bound og su_,lbunlts a_nd 67/ . where the proteins can freely diffusé, (7). However, in
subunits. PL@s catalyze the hydrolysis of a minor lipid :

: S . recent years, it has become clear that natural membranes
component in membranes, phosphatidylinositol 4,5-bisphos-

h PI(45)8. Thi ) | d contain specialized domains, the most notable of which are
phate [ ( ,5)B. This reaction re_eases.tvvo SEcoNnd MeS- +he domains that remain after disruption of cell membranes
sengers in the cell that result in an increased level of

; . , ) . ~~' by detergents8—10). These detergent-insoluble domains

intracellular calcium and a host of mitogenic and proliferative have been found to be aggregates of glycosphingolipids/
changes. sphingomylein (SPM) and cholesterol (CH) that exist in the
liquid-ordered phase ¢ rather than the fluid, liquid-
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1 Abbreviations: PLC, mammalian phosphoinositide-specific phos- regions of "D'QS In .the b phase, te,rmed rafts”, can be
pholipase C; PI(4,5YPphosphatidylinositol 4,5-bisphosphate; Laurdan, formed by using high concentrations of cholesterol or
6-lauroyl-2-(dimethylamino)naphthalene; Dabcyl SE, 4-(dimethylami- cholesterol/sphingomylein, and lipids that contain at least
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Several studies have shown that some membrane-associtnreacted probe was removed by extensive dialysis in 20
ated proteins will preferentially localize to lipid rafts, whereas mM Hepes, 0.16 M KCI, 1 mM EGTA, and 1 mM DTT
others prefer the more fluid phase lipids. This partitioning (pH 7.0) for PL@, and GBy. Ga. subunits were dialyzed
may be determined by the nature of the acyl modification against 150 mM Hepes, 40 mAmercaptoethanol, 100 mM
(14), as well as interactions with other surface-associated (NH,).SO,, 150 mM MgSQ, and 100 mM EDTA. GTRS
proteins {5). Saturated hydrocarbon chains such as myristoyl (100u4M) was added immediately after dialysis. The protein:
and palmitoyl will pack well in gel-like rafts. Alternatively,  probe labeling ratio was determined by absorption spectro-
kinked, unsaturated chains such as geranylgeranyl would bescopy using the calculated extinction coefficients for the
more soluble in fluid phase regions. This picture agrees with protein and the coefficients provided by the probe manu-
model system studies suggesting thai,Gubunits will facturer and was-1:1 (moles per mole) for all preparations.
partition into rafts whereas £ subunits remain in fluid Methyl$-cyclodextrin TreatmentPartial cholesterol re-
phases 14), although cellular studies indicate that in the moval by treatment with methy-cyclodextrin was ac-
absence of caveolin bothdg and @y segregate into rafts ~ complished by adding 1L of a 1 mM methyl$-

(16). cyclodextrin solution to 15@L of 200xM lipids, incubating

While the physical properties of lipid rafts have been at 37°C for 1 h, and spinning at 24K rpm to remove any
characterized, their role in cell function is not clear. These precipitated material.
domains may serve to localize particular protein isoforms  Fluorescence Measurements and AnalyBisiorescence
(17), organize the actin cytoskeletorid], or serve as  measurements were performed on an ISS (Champaign, IL)
nucleation sites for the assembly of signaling proteins through spectrofluorometer using 3 mm cuvettes. Coumarin-labeled
the immobilization of one or more key proteirkd. Indeed,  proteins were excited at 340 nm and scanned from 380 to
there are several lines of evidence that suggest that the500 nm. Laurodan probes were excited at 350 nm and
components involved in the inositol signaling pathway exist scanned from 380 to 560 nm. The intrinsic fluorescence was
in signaling complexest( 20—23). measured using 280 nm excitation and scanning from 300

In this study, we address the question of whether lipid to 420 nm. The emission intensity was taken from the
rafts may promote the formation of these complexes, and integrated area of the spectrum. In the lipid titration curves,
stabilize them once they have formed. Using a cellular background spectra of lipid alone were subtracted from each
system, it has been found that disruption of rafts through spectrum along the titration curve. Protein association spectra
depletion of cholesterol or sphingomylein did not alter were corrected for lipid background by subtracting a control
signaling by G (20). Since many factors contribute to protein  spectrum using all components except labeled proteins from
localization in cells, we took a minimalist approach to the titration spectra. In all cases, the control spectra gave
investigating the role that lipid rafts may play in cell intensity values of less than 5% of the sample. All spectra
signaling. Specifically, we measured the effect that lipid rafts were corrected for the 2012% dilution that occurred during
may have on the lateral association of G protein subunits the titration.
and PL@,. We conducted these studies using purified  |njtial measurements of the degree of lateral association
proteins reconstituted on model membranes that eitherof PLCB, and @3y on membrane surfaces were accomplished
contain |Ip|d rafts or have uniform surfaces. We find that by fluorescence resonance energy transfer from coumarin-
the presence of lipid rafts greatly inhibits PBE-Gfy labeled G protein subunits to dabcyl-labeled PrGas
association and activation, but not P8£-Gay association previously described 7). However, we found that the
and activation. Our data suggest that inhibition of the emission intensity of coumarin-labeled Gq(@'ﬂa and G’)’y
PLCB.—Gpy interaction is due to changes in the membrane showed a substantial and reproducible decrease 28%)
orientation of @y in the presence of raft domains. upon addition of unlabeled PL5 and gave apparerity

values identical to those using FRET. Therefore, in these
MATERIALS AND METHODS studies, we determined the degree of lateral association by

Lipids. All lipids were from Avanti Polar Lipids, Inc. The this Igtter method which minimizes the handling of these
sphingomyelin was a natural product from egg extract and Proteins.
had entirely saturated acyl chains of 83.9% 16:0, 6.3% 18: We analyzed the titration curves assuming that all proteins
0, and other minor, longer chains. Lipid bilayers were canform complexes and that they do so at a 1:1 stoichiom-
prepared by extrusion through a Qufin filter. etry. Fitting the curves to a bim_olecular association gives

Proteins. Expression and purification of recombinant aPParenkq values in moles per liter that are dependent on
PLCB,, Gag, and GByy» through baculovirus infection of Sf9 the total available membrane surface area. Wg have previ-
cells and the radiometric procedures for determining PLC OUSly translated the appareky that we experimentally

activity and its activation by G protein subunits have been ©bserve, which depends on the lipid concentration, to the
described previousya( 7). dissociation constant that would be observed if the proteins

were not bound to membraned.(However, since all studies
here were done at an identical lipid concentration, this
analysis is not required. We have only reported the experi-
mental values oKy to be used for comparative purposes.

Fluorescent ProbesAll probes were purchased from
Molecular Probes, Inc. Concentrated stocks of the probes
were made in DMF and stored a0 °C under nitrogen in
bottles wrapped with aluminum foil.

Proteins were labeled with the amine-reactive probe dabcyl pegy TS
SE or coumarin SE by initially increasing the pH of the
protein solution to 8.0 and adding a small aliquot of probe  Effect of Rafts on Membrane Bindingefore monitoring
dissolved in DMF at a 4:1 probe:protein molar ratio. the association of the proteins on membrane surfaces, we
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Ficure 1: Binding of 50 nM PL@, to membranes composed of FIGURE 2: Bindin ; .
. : g of 80 nM @y subunits to PC/PS (2:18{ or
PC and PS®) or PC, SM, and ChY() as determined by the 10%  pc/swv/ch O) bilayers doped with 0.1% Laurdan as determined

decrease in intrinsic fluorescence measured by exciting at 280 NMy,y, +ha 1204 increase in Laurdan emission intensity as scanned from
and scanning from 300 to 420 nm. 380 to 580 nm using 4. of 340 nm. Data for the buffer control

are shown witha and v for PC/PS and PC/SM/Ch bilayers,
characterized the ability of these proteins to bind to respectively.

membranes containing lipid rafts. The membrane binding

properties for the partitioning of PLA& and @By subunits of the membrane probe Laurdan (see r&fand 26). The

to model membranes have been previously determined usingluorescent headgroup of Laurdan is very sensitive to the
fluorescence techniques, and here, we have extended thiocal dielectric environment, and replacement of the protein
study to compare the binding of these proteins to uniform for water upon binding causes the emission intensity of
and rafted membranes. To best mimic the surface charge ofLaurdan to increase and the energy of its spectra to shift to
the plasma membrane, we used POPC/POPS (2:1) memhigher energies. Using membranes doped with 0.1% Laurdan,
branes for the uniform membrane surfaces. This negativewe followed the 1.5-fold increase in Laurdan intensity when
surface allows for strong £ binding 1). Since lipid rafts Gpy, solubilized in octyl glucoside, was added to uniform
will form in the presence of a high (33 mol %) level of bilayers and those containing rafts. The results depicted in
cholesterol, and this formation may be promoted by sphin- Figure 2 show that @y binds to both uniform and rafted
gomylelin, we used POPS/SM/Ch (1:1:1) membranes for the bilayers with comparable affinities.

rafted lipid membranes. While this composition is similar ~ PLCS,—Gfy Association on Membrane Surfaced/e

to those that have been shown to form rafts, we verified that directly measured the binding of Pj3&to G3y on membrane
rafts form in these bilayers by solubilizing 2 MM membranes surfaces using fluorescence methods. For these studies, we
with 5% (v/v) Triton X-100 and measuring the loss in the labeled @y at a 1:1 molar ratio with the highly fluorescent
percent optical density (% OD) relative to nondetergent amine-reactive coumarin probe (see Materials and Methods).
controls, based on the method described by Xu and LondonAs noted in Materials and Methods, we found that the
(22). We find that while light scattering from the PC/PS emission intensity of all our preparations of coumarin-labeled
membranes shows complete solublity by Triton giving a % Go and Gy showed a consistent (i.e., 228%) decrease
OD value close to 1% (0.9% 0.04%) (see re5), the PS/ upon addition of unlabeled PL4. Titration curves based

[Lipid] uM

SM/Ch membranes gé&va % ODvalue of 50.5+ 0.3%, on this increase gave dissociation constants identical to those
indicating that Triton can only solubilize half of the material. obtained by fluorescence resonance energy transfer and
This behavior is consistent with lipid raft formation. showed an appropriate concentration shift when the initial

We initially measured the membrane binding of ,C G protein concentration was changed. The studies presented
to lipids by the decrease in intrinsic fluorescence of the here use this method.
enzyme when it binds to the membrane surface. This Titrations were conducted by labelings§with coumarin,
guenching has been suggested to be due to quenching ofeconstituting it into bilayers by simple addition, and titrating
interfacial Tyr or Trp residues by the ionic groups on the PLCS; into the solution at lipid concentrations such that all
membrane surface. Previous studies using this method showof the PLQ3, will be membrane-bound. Since the apparent
that PLC isoenzymes bind strongly and nonspecifically [i.e., affinities in this system are directly dependent on lipid
K(p) ~ 5—50 uM] to lipid bilayers with only a minor concentration, we have compared the affinities at identical
dependence on lipid compositioB)(In Figure 1, we show  amounts of lipid, but we note that these affinities can be
a comparison of the binding of Plgzto large, unilamellar  easily translated to values independent of membrane con-
vesicles composed of PC and PS (2:1), which form uniform centration 7). In Figure 3a, we show a comparison of the
surfaces to PS, SM, and Ch (1:1:1) which contain lipid rafts. lateral association between the two proteins on freshly
As can be seen, PLA3 binds to each surface with a similar  prepared uniform bilayers and ones containing lipid rafts.
affinity within experimental error. We find that the apparent affinity of the two proteins is

To assess the relative binding of & subunits to greatly inhibited on rafted bilayers.
membranes, we found that the most reliable results were In reproducing these studies, we found an interesting time
those that monitored the changes in the emission propertiesdependence in the Pl&z—Gpy association over 3 days
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1.2 Table 1: Changes in Anisotropy of 2- and 12-AS in Uniform and
o 10] ° Rafted Bilayers upon Treatment with Methydeyclodextrirt
2 05 | ° o , e - ratio
° v probe PC/PS (2:1) PS/SMI/Ch (1:1:1(rafts/uniform)
2 061 a-Day 1 2-AS, control  0.12@: 0.003  0.208: 0.005 1.733
5 04 2-AS, npcyclo  0.108+ 0.003  0.175t 0.003 1.62
g Rafts 12-AS, control  0.076-0.003  0.180 0.004 2.37
r ° 5 12-AS, nfcyclo 0.0744+0.003  0.137% 0.003 1.85
0{ oo e ° aWhere control samples were given the identical treatment as the
02 . . . . samples containing methglcyclodextrin (ncyclo). Anisotropy values
0 20 40 60 80 were measured using an excitation wavelength of 380 nm and an
[PLCB2] nM emission wavelength of 460 nm, and averaged 25 times for two samples.
Anisotropy is calculated from the difference between light emitted
parallel vs perpendicular to the exciting light over the total light. The
anisotropy is related to the microviscosity by the Periiieber
081 PC:PS equation AJA — 1 = RTi/nV whereA, is the anisotropy in the absence
o of rotational motio_nR_the gas constant, the ab_solute temperature,
% 067 b b_Day 2 the fluorescence lifetime, angithe local viscosity). Values for all of
§ oa these parameters using these probes have been reported pre\adsly (
w 4
< Rafts
2 021 Alternatively, the increase in affinity on the bilayers contain-
= ing lipid rafts may be attributed to aggregation of lipids which
001 is visibly seen by the settling of the isolated PS/SM/Ch
‘ ‘ . . membranes within 24 h after preparation, although the extent
0 20 40 60 80 of this process decreased in the presence®f.GVe note
[PLCB2] nM that visible aggregation of PC/PS (2:1) membranes is only
seen at least 10 days after preparation. If the raft domains
12 aggregated and their surfaces were no longer available for
10 PC:PS protein interaction, then the effective concentration of the
- A A proteins on the remaining surfaces would be higher and give
5 081 / a higher appareniy. The distinct aging processes of the
] Rafts . .. . . N .
S 064 c-Day 3 protein and the lipid and their relative importance result in
% . very different titration behaviors on the two types of surfaces
£ 1 N as seen in Figure 3. Thus, only freshly prepared samples
£ o2, n were used for further studies.
0.0 1 The lipid rafts used here are formed by high concentrations
of cholesterol and sphingomylein. If rafts are causing the
o 20 40 0 50 decreased level of association of P8 Cand @By on
[PLCB2] nM membrane surfaces, then removal of cholesterol should

reverse this effect. To test this idea, we treated both sets of

FiGure 3: Fraction of the PLB,—Gpy complex formed on 120 membranes with a cholesterol chelator, metfydyclodex-

uM PC/PS (2:1) @) or 120uM PC/SM/Ch Q) bilayer surfaces. . . .
Fraction associated was determined by the 25% loss of donormn‘ The effectiveness of methyi-cyclodextrin treatment

(coumarin-Gfy) fluorescence due to the addition of PBC was assessed by doping the bilayers with a small amount of
Fluorescence was determined by the integrated area of the pealeither 2- or 12-anthroyloxystearic acid (AS). These probes
scanned from 380 to 500 nm by exciting at 340 nm. (a, day 1) are incorporated into lipid bilayers either close to the surface

Titration curves obtained using freshly labeled proteins and freshly (o_ ; : . ;
extruded membranes. (b, day 2) Titration curves obtained 24 h after(2 AS) or at deeper locations n the membr_ane .(12 AS). _Thelr
values of fluorescence anisotropy, which is a unitless

preparation. (c, day 3) Titration curves obtained 48 h after - o 4
preparation. guantity, report on the local fluidity of the membranes in

which they are embedde@7). Incorporation of cholesterol
(Figure 3a-c). When freshly prepared lipids and labeled into membranes causes a large reduction in membrane
proteins were used, the affinity between the two proteins on fluidity which can be assessed by an increase in the
PC/PS (2:1) surfaces was too strong to be quantified underfluorescence anisotropy of 2-AS and 12-AS due to the
these conditions, whereas the associations on the surfacelecrease in the extent of rotational moti@s), Doping PC/
containing rafts were too weak. Storing the proteins and PS membranes with either 2-AS or 12-AS and treating them
membranes separately at@ and repeating the experiment with methyl3-cyclodextrin had only minor effects on the
over the next 3 days resulted in a dramatic change in thefluorescence anisotropy (Table 1). The anisotropy values of
titration behavior. We found that differences in affinities on PS/SM/Ch (1:1:1) samples were initially 451 and 59+
these two types of surfaces diminished until the third day in 1% higher than the PC/PS samples for 2-AS and 12-AS
which the two became indistinguishable. The decreasedprobes, respectively. These higher values are due to the
affinity on the membranes with uniform surfaces can be decrease in membrane fluidity due to cholesterol. When these
attributed to aging of the proteins and is seen in both activity rafted membranes were treated with metpydyclodextrin,
and physical measurements even when using freshly preparedhese values decreased to-811 and 45+ 1% higher than
lipids (L. W. Runnels and S. Scarlata, unpublished results). the PC/PS values for 2-AS and 12-AS, respectively. Thus,
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Ficure 5: Comparison of the activation of 10 nM Pgby Gy
when 5% substrate, PI(4,5)Rs incorporated into sonicated PC/
[PLCB,] nv PS (2:1) ®) or PC/SM/Ch Q) membrane suspensions. Phas
the same basal activity on either PC/PS (2@) 6r PC/SM/Ch

Ficure 4: Effect of methylg-cyclodextrin treatment on £/ — (O) bilayers (inset)

PLCS, association with PC/PS (2:1) or PS/SM/Ch (1:1:1) mem-
branes. Treatment of PC/PS (2:1) membranes wijrafid without

(m) methyl-cyclodextrin. Treatment of PC/SM/Ch (1:1:1) mem- Inhibition of PLG3,—GpBy Association Due to Lipid Rafts
branes with ©) and without ®) methyl-cyclodextrin. Titration Is Not Due to Differential Partitioning of the Proteiné
where buffer was substituted for P& (v). Coumarin Gy simple explanation for the results in Figures B is that

subunits were reconstituted by simple addition onto reated " : : :

lipid immediately prior to fluo):escepnce measuremffgg PLCS, and @y partition differently into the fluid and rafted
regions of the membranes. SincgGhas been shown to

favor fluid phase membrane$4), then for this explanation

to be valid, PL@, must partition into lipid rafts. We con-

ducted two series of experiments where we studied the inter-

In Figure 4, we show the effect of methgicyclodextrin action of PL@, with a membrane component that partitions

treatment on PLG,—Gfy associations. Larger amounts of into the fluid phase [i.e., PI(4,5)Pand one that partitions

lipids were used for these studies to decrease the effectiveNt© lipid rafts (i.e., Gug) to test this hypothesis. We note
protein concentration on the membrane surface and allow @t the size of lipid rafts has been estimated to be 300

quantification of the dissociation constant. The apparent "M (7), which is large enough to sequester both protein
affinities [Kq(app)] for the protein association on control @nd lipid components into domains. If the actual sizes of
membranes containing lipid rafts were 10-fold weaker than rafts under our conditions are 1 order of magnitude smaller,
on PC/PS membraneK(app)= 80.8+ 15.5 vs 8.4+ 2.4 then PI(4,5)Rbut not Gxg would be adequately sequestered.
nM]_ After methy|.ﬁ_cyc|odextrin treatment, the apparent At first, we monitored the effect of rafted surfaces on the
affinity between these proteins on membranes containing€nzymatic activity of PL{B.. The PI(4,5)R used in these
rafts became closer to that measured for the PC/PS bilayersstudies was from brain extract, and the majority of acyl
[Ka(app)= 15.6+ 3.8 vs 8.8+ 2.2 nM]. These data show chains are unsaturated which cause them to be excluded from
that dissolution of a portion of lipid rafts from the membrane rafts and reside only in the fluid regions of model membranes
through partial removal of cholesterol reverses the diminutive (A. Gambhir and S. McLaughlin, manuscript in preparation).
effect on PL@,—Gpy associations. Thus, if PLG3, preferentially partitioned into rafts as opposed
The decrease in the level of lateral association betweento the fluid regions where its substrate resides, we would
PLCB, and @y as seen by fluorescence methods was €xpect a decrease in basal activity relative to uniform
verified functionally by the stimulation of PL& enzymatic =~ membranes. However, we find that the specific activity is
activity by G3y subunits. We reasoned that if the association identical when substrate is incorporated into either type of
between PL@B, and G3y was unchanged in the presence of membrane (Figure 5 inset), suggesting that pi.@oes not
rafts but could not be detected by fluorescence, then thepreferentially partition into rafts.
stimulation of PL(; activity by Gy should be similar in The ability of PLG3; to partition similarly onto fluid phase
both types of membranes. We tested th#/Gtimulation of domains and lipid rafts was also assessed by measuring its
PLCS, hydrolysis using 5% PI(4,5)Pincorporated into association with a protein that will localize primarily in rafts
membrane suspensions containing either PC/PS (2:1) or PS(i.e., Goq—GTPyS subunits). @4 subunits will sequester into
SM/Ch (1:1:1) membranes that were sonicated briefly at low ordered phases due to favorable packing interactions between
power. The data in Figure 5 show that larger amounts of its saturated acyl chain modifications and the gel-like rafted
Gpy subunits are required for PlAz stimulation when its lipids (14, 16). We thus carried out a series of studies
substrate, PI(4,5)Ris embedded in membranes containing designed to assess the association betweergPaad G
lipid rafts. Although the membranes used in these studieson rafted and uniform surfaces similar to those conducted
differed somewhat from the ones used in the fluorescenceusing Gy. Unlike G3y studies, we find that the lateral
studies, the data support a diminished affinity between theseassociations between Pgand G are identical on both
proteins due to rafts. types of surfaces (Figure 6). If PIgz preferentialy parti-

treatment with methypB-cyclodextrin results in removal of
a significant amount of cholesterol from membranes, con-
sistent with other report226).



Association of PL@ and G Proteins on Membrane Rafts Biochemistry, Vol. 41, No. 22, 200Z097

a
1.2 A ° 3.0 [
o )
1.0 A [}
o PC:PS (2:1) °
S 08 ? .
o]
2 06 0 .
< ? — 204 ° . PS:SM:Ch
c = .
S 04 % = o *
[&] [ ]
g .
w 0.2 % 1.5 4 o
[ ]
00{ ©
T T ‘ T i 1.0 1 o
0 10 20 30 40 50
[PLCB,] nM 0.0 02 04 06 08
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and 10 nM C-@,(GTPyS) on 400uM PC/PS (2:1) bilayers®)
and 40QuM PS/SM/Ch bilayers@) as determined by fluorescence
methods. b

tioned onto the surfaces of rafts, then we would expect its
apparent affinity with @4 to be greater on the PS/SM/Ch

surfaces than on the PC/PS surfaces due to a higher effective -GBy
concentration of the two proteins corralled in the raft
domains. This is not the case. Rather, we find strong - trypsin

association occurs on the surfaces of both types of mem-
branes, indicating that PL&3 moves freely between fluid
and raft domains.

Regions of Gy Subunits Are Occluded on Rafted Sur- Ficure 7: (a) Quenching of 100 nM @& Tyr and Trp residues,
faces. Since the interaction between Pliand Gy is — LEb2 3 & o iion of KI as shown in Steniomar form
perturbed in the presence of rafts but %.G.Ga assoclation i.e.,%oll, Wgerelo is the_intensity bt_afore_ the addi_tion of q_u_encher.
is not, we explored the possibility that lipid rafts affect the (,)’Spg electrophoresis pattern visualized by silver staining: lane
membrane orientation or structure of boun@yGsubunits. 1, low-molecular mass markers; lane 2, trypsin; lane 8; @ne

We first assessed whether lipid rafts may promote ag- 4, GB reconstituted on PC/PS (2:1) bilayers after trypsin digestion
gregation of @y subunits. The basis for this idea is that for 5 min; lane 5, @ reconstituted on PS/SM/Ch (1:1:1) bilayers

: . . : : after trypsin digestion for 5 min; lane 6,/Geconstituted on PC/
since @y is excluded from rafts, its effective concentration PS (2:1) bilayers after trypsin digestion for 20 min; and lane/7. G

is higher in the nonraft domains, and this higher concentration reconstituted on PS/SM/Ch (1:1:1) bilayers after trypsin digestion
may promote self-association of the protein. To test this idea, for 5 min. Note that G, with a molecular mass of 7 kDa, is too

we monitored the fluorescence homotransfer 8f/Gubunits ~ small to be resolved in these gels.
labeled with the probe Oregon Green (Molecular Probes,
Inc.). Fluorescence homotransfer refers to fluorescence TO assess the possibility that the presence of rafts alters
resonance energy transfer between identical probes and ighe orientation of @y on the membrane surface so as to
detected by the amount of depolarization of the emitted light occlude PL@; interaction sites, we measured the ability of
due to the excited state transfer of energy from donors to the fluorescence emanating from seven Trp and five Tyr
acceptors30). Efficient homotransfer occurs when there is  residues of @y to be quenched by iodide ions. The most
a good overlap between the excitation and emission spectragccessible residues are quenched at low iodide concentra-
and probes such as fluorescein and Oregon Green have thi§ons, while high iodide concentrations are needed to quench
characteristic. The value is that at which 50% of the light is the more shielded residues. Curvature in the plots indicates
transferred (i.e.R, ~ 50 A). a transition from the more to less accessible residues. We
We labeled @y at a 1:1 probe:protein molar ratio with ~ find that when @y is bound to PS/SM/Ch membranes, its
amine reactive probes as described in Materials and Methods! TP and Tyr residues are less accessible to quenching by
and reconstituted it onto 138M PC/PS or PS/SM/Ch  iodide ions over a large concentration range than when it is
surfaces. The anisotropy of OR-labeley@emained fairly ~ bound to PC/PS membranes (Figure 7a) as seen by the lower
constant at 0.018 0.005 and 0.02% 0.006 on the uniform  ld/l values across the titration curve. Thus, the presence of
and rafted membranes, respectively, from 2.5to 110 iy G lipid rafts protects a portion of the Trp and Try population
which is close to its value in detergent (0.0£70.007). If ~ from anionic quenchers.
the protein tended to oligomerize, then a decrease in We also compared the trypsin digestion pattern giG
anisotropy would be seen due to homotransfer. These valuedound to rafts as opposed to uniform membranes. On both
remained the same within error ova 3 day period, membrane surfaces, trypsin cleaves fGom a band whose
suggesting that oligomerization does not occur. Thus, lipid electrophoretic migration corresponds to a 35 kDa band to
rafts do not inhibit PL@B,-GAy association by promoting one at 26 kDa, or-75 residues. However, when we find
Gpfy aggregation. that when @y is bound to PS/SM/Ch membranes, it is more
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susceptible to trypsin digestion (Figure 7b) than when itis  The G31y. subunits used in this study bind more strongly

bound to PC/PS membranes. to negatively charged lipids than electrically neutral lipids
(S. Scarlata and L. W. Runnels, unpublished results),
DISCUSSION consistent with other reports showing an electrostatic com-

ponent in GBy- membrane associatiord,(5). Recent
computational studies show a lobe of strong positive potential
in Gy that would favor binding to anionic lipids2().
Interestingly, above this positive surface is an anionic region
that could destabilize membrane binding if the surface
potential was too high. In these studies, we controlled for
overall membrane charge by using 33% negatively charged
POPS in both the uniform and rafted membranes. However,
in the uniform membranes, POPS is expected to be evenly
dispersed with POPC, whereas in the presence of electrically
neutral SM/Ch rafts, POPS will phase separate, creating fluid,

In this study, we have found that the presence of lipid
rafts inhibits the interactions betweens and PLQ..
Inhibition was observed in both the physical association of
these proteins (Figure 3) and the ability of P3Cto be
activated by @y (Figure 5). In contrast, the presence of
rafts did not alter the ability of PLE; to access its substrate
in the fluid phase (Figure 5 inset), or affect its association
with activated @ (Figure 6). Our studies indicate that
inhibition of PLG3,—Gpfy subunits was not due to dif-
ferential partitioning of the proteins into the fluid and raft

domains. Rather, inhibition appears to be caused by a Chang%ighly anionic regions with which @ can associate. This

n the membrang orientation offs when rafts are pres.er.lt. highly electronegative environment may cause the protein
Since @y binds strongly to membranes containing g favor the anionie-neutral raft domain interface. In their
negatively charged lipid2(), we performed our experiments analysis, Murray and co-workers note that the residues that

on model membranes with negative surfaces and used larggorm the basic patch in § are conserved in all mammalian
amounts of cholesterol to promote raft formatidd)(which  Gg subunits, and it is possible that other electrical charac-
was verified by the resistance to detergent solubilization. teristics are conserved as well. Thus, the electronegativity
Cholesterol is a planar, rigid molecule, and it packs well of the surface may modulate the membrane orientation of
with lipids which have saturated hydrocarbon chains. Also, GBy subunits.
cholesterol will form tightly packed stoichiometric complexes o studies indicate an increase in the level of trypsin
with sphingolipids 29), and sphingomylein may promote  ¢jeavage and a decrease in the level of Trp and Tyr
raft formation. These model systems correlate well to the quenching by iodide ions whenA is bound to PS/SM/Ch
composition of detergent-resistant membranes isolated fromg, faces. While the decreased level of fluorescence quenching
cells @). may be caused by the charged repulsion from the PS
Previous work has shown that the two G protein subunits headgroups in the fluid regions where3 resides, the
tested here, G and @3y, will preferentially partition into  trypsin digestion studies can only be rationalized by a
different lipid phasesld). The saturated acyl chains om&  difference in the disposition of €& on the surface of
would pack well into rafted domains allowing strong van membranes containing rafts. In recent work using peptides
der Waals interactions and kinetically trap the subunits into corresponding to variousf% regions, Buck and lyengaB2)
the domains. Alternatively, the unsaturated, kinked gera- show that @y has multiple PL@, binding regions and that
nylgeranyl chain of @y will sequester into fluid phases, other distinct regions confer Pldzactivation 82). The three
increasing the retention time of the subunit in these regions major binding regions span residues +135, 228-249, and
of the membrane. The observation that/&PLCS, associa-  321—340. Noting that the N-terminal region ofig» is rich
tion is the same in the presence or absence of rafts, and thain positively charged residues that are substrates for trypsin,
the PLQ3.-catalyzed hydrolysis of the fluid phase PI(4,6)P  whereas the C-terminal region contains more Trp and Tyr
is unchanged, indicates that PE{an diffuse freely between  residues, we speculate that the Pl.®inding domains in
the two phases. We note that since BLEG protein  the C-terminal regions of 8 are occluded by the interface
complexes are long-lived~{120 s, much longer than the region of the raft domains. Structure-based studies designed
lateral diffusion rate 7, 38)], then differences in the to confirm this hypothesis are currently underway.
retention time of PL@B, on uniform and raft surfaces may ~ We can only speculate about the biological relevance of
not be apparent. These kinetic studies are now being plannedthese observations. The acyl modifications on the G protein
The ordered nature of lipid rafts due to extended dispersion subunits may allow these proteins to localize in different
interactions confers topological features on the membranemembrane compartments for stable heterotrimers to form.
surface. It is this distinct surface structure that may be Saturated acyl groups are stable in rafts, but clearly may par-
responsible for the inhibition of PLE—Gpy association.  tition into fluid phase lipid regions. Also, recent studies show
Atomic force microscopy studies of POPC/SM mixtures that under conditions where all species are membrane-bound,
show SM domains that are substantially higher than POPCthe gerenylgerenyl group onfg is required for PLE;
(C. LeGrimellec, personal communicati@8). If a compar- association and activatiorB83), suggesting that the ger-
able situation exists in the membranes used here, then theenylgerenyl group is not deeply embedded in the lipid matrix
interface between PS and the SM/Ch-rich aggregates mayand may possibly be associated with the protein itself. Thus,
be a significant portion of the height of & (31). If Gy the localization of @y in rafts may be a dynamic process
localizes close to the raft domain interface, then some of its in which activation of an initial raft-bound heterotrimer
residues may be occluded by the domain interface. Sincereleases By to the fluid or to the interface of the raft domain
the interaction betweenfy and PLQ3; is inhibited by rafts, if the local surface charge was very high. As our data suggest,
we speculate that the region of§zthat localizes at the raft ~ the proposed association of3¢ with the domain interface
domain interface may be common with the FAZbinding would inhibit activation of PL{@,, but may leave other
site. binding sites available to alternate protein partners.
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