1488 Biochemistry1999, 38, 1488-1496

Determination of the Affinities between Heterotrimeric G Protein Subunits and
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ABSTRACT. Phosphatidylinositide-specific phospholipasg<play a key role in C& signaling and are
specifically activated by theq family of heterotrimeric G proteins and as well @g subunits. We have
determined the affinity betweendp subunits and GT#S and GDP-liganded &, subunits on membrane
surfaces, and their respective affinities to PBC-f3- and {3 effectors by fluorescence spectroscopy. We
find that activation of &4 by GTPyS decreases its affinity for £ subunits at least 36-fold compared
to the GDP-liganded form, but increases its affinity for PB€at least 46-200-fold depending on the
PLC isoform. The affinity of Giq(GTPyS) is similar for PLCB; and 3 and 10-fold stronger for PLC-
B2, which corresponds to the reported relationship between the concentratien@1?yS) and PLCS
activation on lipid bilayers. We find that a large portion of the PB<Ga association energy lies within
the 400 residue C-terminal region of PlAz-since truncating this region reduces iteGaffinity. In
contrast, the isolated N-terminal region does not interact witly. Gy subunits interact with all three
PLC isotypes, but only showed strong binding to P& -and activation of the three PLGs by G3y
subunits parallels this behavior. We also tested the possibility that bafla@ Gy can simultaneously
bind PLC#,. Our data argue against simultaneous binding and show thga@d Gy independently
regulate this effector.

Phosphatidylinoside-specific phospholipase C (Pldaja- The mammalian PL@-family has four known members,
lyzes the hydrolysis of phosphatidylinositol 4,5-bisphosphate PLC5,;, PLC3,, PLC{33, and PLCp,,which are all activated
[PtsIns(4,5) to generate two second messengers, diacyl- by Gag. Here, we have focused on the first three of these,
glycerol (DAG) and inositol, 1,4,5-trisphosphate [Ins(1,4,5)- PLC+31, PLC+3,, and PLCpB3. These isozymes vary in their
Ps], which mediate the activation of protein kinase C and tissue distribution as well as their ability to be activated by
intracellular C&" ion release, respectivelyt,(2). There are 0q and By subunits. PLG3; and #. have been shown to
three known mammalian families of PLC, and one of these, bind strongly to membranes where they can laterally associ-
the PLCS family, is activated by the @, family of ate to membrane-bound G protein subunisy). PLC$;
heterotrimeric G proteins. The PLEsignaling pathway is  and PLCfs have been shown to be more strongly activated
initiated upon activation of a seven-transmembrane receptorby o4 subunits than PL@ in in vitro reconstitution assays
which acts as a guanine nucleotide exchanger, promoting(6—8), but reports differ on whether this difference is due
the exchange of GDP for GTP on thg, subunits of to the potency of activation or simply a difference in
membrane-resident heterotrimeric G proteins. The GTP- interaction energies. In contrastj{ activation appears to
ligandedog has reduced affinity for @y subunits, and itis  follow the order PLCS; > PLC3, > PLC; (8—11).
thought that the heterotrimer dissociates on the membrane Bjochemical and molecular biology studies of PJAC-

surface intoo,; monomers and @ heterodimers. Both &, isozymes indicate that & and G3y subunits may bind to
and @By subunits can independently activate various effector the PLCSs at separate sites. Deletion of~a00 residue
proteins, one of which is PL{B-(see3 for review). region on the C-terminus of PL@ abolishes its ability to

be activated by @q subunits, indicating that this region plays

" This work was supported by National Institutes of Health Grant @ role in G association12—14). On the other hand, &
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Ptsins(4,5)R phosphatidylinositol 4,5-bisphosphate; DAG, diacyl- neous regulation comes from twoﬁg_z'senS't'ye isoforms
glycerol; Ins(1,4,5)k inositol 1,4,5-trisphosphate; A, 6-acryloyl-2-  Of adenylyl cylase, AC Il and IV, which require concurrent
dimethylaminonaphthalene (acrylodan); C, 7-diethylamino‘3-(4 activation by Gis and G3y (for review, seel8). Simulta-
male|mldylphenyl)-4-methylcoum_ar|n or 7-diethylamino-3-@@bthio- neous binding th and By subunits to PLG8 cannot be
cyanatophenyl)-4-methylcoumarin; DAB, (maleimide), 4-dimethyl- . . . L .
aminophenylazophenyl~dnaleimide or (succinimidyl ester) 4-(4-((4- easily assessed by standard radiometric-based activity studies

(dimethylamino)phenylazophenyl)azo)benzoic acid, succinimidyl ester. because these assays are sensitive to the concentration and
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type of divalent cations, the presence of detergent which thewas diluted to 150 mL with buffer A1 and applied to 9 mL
G protein subunits are solubilized in, the nature of the column of Source 15Q resin (Pharmacia, Uppsala, Sweden).
substrates used, and the linearity of assay conditions (seeBound proteins were eluted with a 160 mL gradient 6006

19). Simultaneous binding is also difficult to detect by M NaCl and a 40 mL gradient of 0:61.0 M NaCl. Four
physical methods since there are few techniques availablemilliliter fractions were collected, and their PLC activity was
to view the formation of complexes on membrane surfaces. determined using exogenously added substrdjeBiactions

One technique that allows direct measurement of protein containing PLC activity were pooled, diluted to a NaCl
associations on membrane surfaces is fluorescence resonand@ncentration of 0.1 M with buffer A1, and applied to a 4
energy transfer (FRET). In this method, two proteins are ML column of heparir-Sepharose CL4B (Pharmacia) and
individually labeled with either a donor or an acceptor eluted in 1 mL fractions with a 40 mL gradient of-Q M
fluorescent probe. Transfer of energy from the donor to the NaCl in buffer A1. Fractions containing PLC activity were
acceptor will only occur when the two proteins come within Pooled and exchanged into buffer A2 (10 mM K#0,, pH
a certain distance, typically between 10 and 50 A @@e 7.5, 1 mM DTT) and appliedot a 3 mL Biogel HPHT
Thus, when two proteins labeled with an energy transfer pair (BioRad, Hercules, CA) column, eluted with a 40 mL

laterally associate on a membrane surface, energy transfe@radient of 16-650 mM KH,PQ, in buffer A2, collecting 1
will be observed. mL fractions. Active fractions were pooled, diluted 3-fold

into buffer A1, and appliedota 2 mL Q2column (Biorad).
Bound protein was eluted with a 25 mL gradient efD0
M NacCl in buffer A3 (25 mM Hepes, pH 7.5, 5 mM EDTA,

Although the regulation of PLC activity by G proteins has
been extensively studied biochemically, the relationship
between G protein activation and the physical interaction ; .
between these proteins is unknown, and this relationship is5 mM E_GTA_’ 1 mM D.TT)’ collecting 05 mL fractions.
necessary to understand the mechanism through which G The final yield is typically 1 mg of purified PLGs from_
protein—effector activation occurs. The purpose of this study 50(.) .mL of Sf9 cell cultur_e. SDSPAGE and Coomassie
is 2-fold. The first is to measure the affinities of activated stamm_g_showed t_he prote!’] to be pure. Glycerol was added
and deactivated, subunits for @y and for PLCAs. These o purified protein to 1Q/° '(v/y), gnd the protein was
values will enable us to evaluate the possible interactions a"q“ﬁ’tedv flash-frozen with liquid nitrogen, and stored at
that may be involved in PL@- activation by G proteins, —80 °C. If PLC+35 was to be labeled using thiol-reactive
the level of local G protein subunits needed for productive reagents, DTT was not Included in the final butfer for the
interactions with PLQ3 isozymes, the PLG isotypes that Q2 column. After the enzyme was labeled (see labeling
are likely to be the best G protein effectors, and whether procgdure below), DTT was added to 1 mM, and the labeled
inactive a subunits could remain bound to PL&Zand be protein was then fIa_sh-frozen. .
poised for activation. The second purpose of this study is to G proteingy sybumts were purified from _cholate detergent
evaluate the hypothesis that P38-can be regulated hy, extracts.of bovine _bram membral_"nes_ using the method of
andfy subunits simultaneously. If both G protein activators Sternwels_ and Rob|sha\622), SUbS.t'tUt'ng octyl-_Sg pharose
bind simultaneously to PL@; then it would suggest that (Pharmama) for the final step, W'th _further purificatian,
PLC-3s can be synergistically regulated by both G protein subunits were gxpressed qnd purlfled using the ”.‘e‘h"d of
subunits released from one or several types of G protein K0Zasa and Gilman2g) which involves coexpressing,
coupled receptors. Also, it would keep the G protein subunits With viruses for 8, and His-Gy in Sf9 cells, batch-loading
in close proximity to each other and promote their reasso- onto a Ni-NTA column, washing, and eluting at 3 after

ciation. Our results strongly argue thaf and 8y subunits activation with aluminum fluorideo,q subunits were identi-
indepe.ndently regulate PLGS fied by Western blotting, and we estimated our preparations

to be >90% pure as judged by silver staining.

METHODS _The.ra_tes describing the.kinetics of GDP and @$R
dissociation andxy denaturation have been recently delin-
Proteins.The purification of recombinant PLBr and $, eated 24). Specifically, Ross and co-workers demonstrated

and PLCS;AC from Sf9 cells has been described b). that the presence of (NJ3SO; allowed activation ofx, to
PLC3; was expressed in Sf9 cells using a baculovirus vector occur in a short incubation time and give high levels of
provided by Dr. Sue Goo Rhee (NHLBI, NIH, Bethesda, GTPyS binding. Based on this studg, was activated by
MD). The recombinant baculovirus was selected and ampli- incubating the protein fol h at 30°C in 50 mM Hepes,
fied by standard method®1). Suspension cultures of Sf9  100uM GTPyS, 100 mM (NH),S0O,, 150 mM MgSQ, 100
cells (0.5-1L, 1 x 1Cf cells/mL) grown in complete Grace’s mM EDTA, and 0.7% CHAPS. These conditions are reported
medium containing 10% fetal calf serum were infected with to give a level of 8Gt 24% of activeoq with the remainder
PLC+3; recombinant baculovirus at a multiplicity of 10. Cells being primarily denatured proteir24), and our estimates
were harvested after 48 h, washed in phosphate-bufferedfall in this range. The activated protein was able to increase
saline (PBS), pH 6.2, resuspended, and subjected to nitrogerthe activity of PLCS; at least 5-fold above control on
cavitation (Parr cell disruption bomb,500 psi for 30 min sonicated bilayers composed of PC:PE:PS 1:1:1 with 2%
with intermittent agitation). All buffers were degassed, and PtsIns(4,5)R

the pH was adjusted with KOH or phosphoric acid. Cells  Preparation of Lipid Vesicles and Protein Reconstitution.
were discharged into 100 mL of ice-cold buffer A1 (25 mM 1-Palmitoyl-2-oleoylsnglycero-3-phosphocholine (PC),
Tris, pH 7.5, 5 mM EDTA, 5 mM EGTA, 1 mM DTT with 1-palmitoyl-2-oleoylsnglycero-3-phosphoethanolamine (PE),
10ug/mL PMSF, Sug/mL pepstatin A, 1Q«g/mL leupeptin, and 1-palmitoyl-2-oleoysnglycero-3-[phospha-serine] (PS)
and 5 ug/mL aprotinin), and the soluble fraction was were purchased from Avanti Polar Lipid, Inc. (Alabaster,
recovered after ultracentrifugation at 10090This material AL). [3H]PtdIns(4,5)R from [*H]-myoinositol-labeled turkey
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erythrocytes and Ptdins(4,5)Rom Type I:Folch Fraction nitrogen, and stored at70 °C until further use. Labeled,
source (Sigma, St. Louis, MO) were a generous gift from and PLCSs were stable, as determined by activity and
Dr. Andrew Morris (SUNY Stony Brook, Stony Brook, NY).  spectral characteristics;-3 days after thawing whereag§
Lipid bilayers were prepared by extrusioP5| to produce samples were stable for at least 7 days.
uniform large unilamellar vesicles (LUVS) of 100 nm To verify that labeling of the proteins is not affecting the
diameter. Lipid concentrations were determined by phosphateactivity of the PLCS enzymes, or their ability to be activated
analysis. by G protein subunits, two types of studies were done. We
G proteins were reconstituted into bilayers either by adding first verified that the activities of the amine- or thiol-modified
a concentrated lipid solution {5 mM) to the detergent- PLC+3s were the same within error as their unlabeled
solubilized G protein subunits and removing the detergent counterparts. We also verified that they were activated to
by dialysis, or by the direct addition of the proteins to the same extent at three concentrations of G protein subunits.
preformed vesicles. This latter method was used only at totalIn these latter studies we substituted labeled G protein for
lipid concentrations above 78V, which is well above the  unlabeled and observed the same level of activation.
partition coefficient of the proteins as determined by The second series were fluorescence-based where we
fluorescence methods (data not shown). The surfaces usedound that the emission intensity and center of spectral mass
in this study [POPC:POPS:POPE 1:1:1 for fluorescence of acrylodan-@y are sensitive to the association of unlabeled
studies and with 2% PtdIns(4,5)fr activity studies] were PLC5 as well as dabcyl-labeled. Measurements of the
chosen as substrates because their surface charge and PBésociation of the three unlabeled PBdsozymes gave
PC concentrations are similar to the plasma membrane fromidentical results as the FRET studies, indicating that labeling
rat liver (see26). the PLC#s does not interfere with 8 association. Similar
Fluorescent Labeling of PhospholipaseidsozymesAll studies were attempted with &; and we found that the
probes were purchased from Molecular Probes, Eugene, ORemission intensity of the coumarin probe increasd9©%
Thiol-reactive coumarin, 7-diethylamino-3-@haleimidylphen- with association although this increase was more variable
yl)-4-methylcoumarin, and amine-reactive coumarin, 4-di- than the acrylodan-@ studies. Nevertheless, unlabeled
methylaminophenylazophenyl-maleimide, are abbreviated PLC, and PLCB; gave identical binding @, affinities,
as C. Thiol-reactive phenylazophenyl probe, 4-dimethylami- within error, as dabcyl-labeled protein, indicating thatis
nophenylazophenyl*4naleimide, and amine-reactive phen- not affected by the dabcyl label (PL&-was not done due
ylazophenyl probes, 4(4-((4-(dimethylamino)phenylazophen- to lack of material).
yl)azo)benzoic acid, succinimidyl ester, are abbreviated as Fluorescence Measuremeng&teady-state measurements
DAB. 6-Acryloyl-2-dimethylaminonaphthalene is referred to  were taken on an |.S.S. K2 (Champaign, IL) time-resolved
as acrylodan, and fluorescein isothiocyanate as fluorescein.spectrofluorometer usgna 3 mmx 3 mm x 40 mm quartz
Phospholipase @-isozymes were labeled with the thiol-  micro cell (NSG Precision Cells Inc., Farmingdale, NY). For
reactive probes by adding the probe from a concentratedacrylodan, where the scattering contribution sometimes
DMF solution at a 4:1 to 3:1 probe:protein ratio on ice for exceeded 1% of the initial signal, emission data were
1 h in the final column buffer from its purification (25 mM  corrected for background using a solution of vesicles at
Hepes, pH 7.5, 5 mM EDTA, 5 mM EGTA). Excess probe identical concentrations.
was removed by dialysis using Slide-A-Lyzer 10 000 MWCO,  Affinities of Protein Complexes on Membrane Surfaces.
0.1-0.5 mL Cassette (Pierce Chemical Co., Rockford, IL) The associations that we are monitoring in this study all occur
at 4°C in a 1000-fold excess of buffer for two-3 h dialysis between proteins confined to membrane surfaces. Thus, each
steps and then overnight (2 h) using buffer supplemented affinity is highly dependent on the concentration of lipids
with 1 mM DTT. Phospholipase Bisozymes were typically ~ used in each experiment. To compare affinities that were
modified by this reaction with a labeling ratio of-3 mol measured at different lipid concentrations, we wished to
of probes/mol of enzyme. normalize the data for the amount of lipid used and to keep
G protein Sy subunits were labeled with thiol-reactive the affinities in familiar terms that are comparable to other
probes at a 2:1 probe:protein ratior f2 h onice. Excess =~ nonmembrane associations. We thus adapted a simple model
probe was removed by three dialysis changes using a 1000where we assume that the membrane-bound proteins associ-
fold excess of 20 mM Hepes, pH 7.0, 160 mM KCI, 1% ate in a given surface volume and translate the membrane-
octyl glucoside, 40 mM3-mercaptoethanol at 4C. bound concentrations to their three-dimensional counterparts
aq subunits were labeled with amine-reactive reagents in [see @9)].
the presence of reducing agents by first increasing the pH Here, protein association curves are obtained by fluores-
through the addition of a 50-fold molar excess of phosphate cence resonance energy transfer in which we follow the
buffer, pH 8.5, adding a 45-fold molar excess of probe decrease in donor emission (coumarin or acrylodan) as a
from a concentrated stock in DMF, and allowing the material nonfluorescent energy transfer acceptor (DAB) is added.
to react on ice for 2630 min. Afterward, the sample was From the titration data, the degree of associatia) i$
subjected to extensive dialysis with buffer (50 mM Hepes, calculated using
100 mM ammonium sulfate, 150 mM magnesium sulfate,
and 100 mM EDTA) at pH 7.0. For deactivateg the buffer a(x) = FI(X) — Fl(x=initial) ()
included 100uM GDP. For activatedr,, 100uM GTPyS Fl(x=final) — FI(x=initial)
was added after dialysis.
After labeling, the concentrations of all proteins were Fl(x=initial) is the initial fluorescence intensity before the
determined by BCA (Pierce) analysis. The proteins were then addition of species x. Fx&final) is the final fluorescence
mixed with 10% glycerol, aliquoted, flash-frozen with liquid intensity once saturating concentrations of spegi¢mve
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been addeda(x) may then be fit to a simple bimolecular 11
association curve for two proteins interacting in the bulk
solution. 2 401
To analyze the affinity of the protein complexes on §
membrane surfacesve assume that the proteins interact 3 boiled DAB-Gy
within a surface phase of volumewhich is equal to the ‘Zé 051
surface area of the bilayer with an outer radiusultiplied @
by the thickness of the membrane/solvent interideéere 2 o081
d is chosen to reflect the diameter of the proteirbD nm < Native DAB-Gpy
for the proteins used here; se®0(31)]. The relationship 2
) ; £ 07
between the bulk phase concentration of the protein to the §
membrane surface concentration,[Hs simply the ratio to
the volume of the bulk phase solutiolW,f to the surface 06 ; i ' ‘ ,
phase volume3?), i.e., [R)] = (Vi/v) = €. Thus, the apparent 0 s0 100 150 200 250
dissociation constanKg-ap) can be translated to a corre- [DAB-GPBy ] nM
sponding three-dimensional of “bulk” valu&y) by FiGURe 1: Lateral association ofi,(GDP) andfBy subunits on
membrane surfaces as seen by energy transfer. Decrease in the
(x—a)(1—a) normalized emission intensity of 28 nM Ch{GDP) reconstituted
K, = G[GJT; Ky = €Kg—app 2 on 75uM PC/PS/PE membranes as DAB-subunits are added

(®) under conditions of complete membrane binding, relative to
DAB-py that was boiled for 20 min). The decrease in emission

where [G] is the initial concentration of G protein. intensity is interpreted to be due to fluorescence resonance energy
For proteins reconstituted into large, unilamellar vesicles, transfer from the coumarin donor attachead¢§GDP) to the DAB
¢ can be calculated from the amount of lipid used: acceptor on By as the two subunits associate on the membrane

surface. Sample-to-sample errors are shown.

2 % 1024 The apparent dissociation constant for the studies presented
€= linid /L) N.d P ) here will depend on the concentration of the proteins on the
[lipid](mol/L) Nxd(nm)o(nn) membrane surface and thus the concentration of lipid used.
To compare two sets of data taken at different lipid

whereN, is Avogadro’s numbery is the average surface  concentrations, we relate these apparent dissociation con-
area of a lipid headgroup, antiis the width of the surface  giants to a three-dimensional or bulk vallie, (see eq 2 in

phase which is arbitrarily chosen to match the dimensions Methods). Values oK, will always be higher than the

of the protein. If we letd = 50 nm, then for a lipid  55narent dissociation constant since the membrane-bound
concentration of 350« 10°° M, p = 0.75 nnt [see @6)], proteins are more concentrated on the two-dimensional
ande = 632. surface volume of the bilayer. For example, varying the lipid
RESULTS concentration_ from_ ZQ to 112M lipid caused the apparent
04(GDP)fy dissociation constant to change from 0.2 to 1.2

Affinities betweenog and Sy Subunits on Membrane nM but left the transformed, three-dimensional dissociation
Surfaces. (A)og(GDP)By ComplexesWe observed the  constantKp,, unchanged.
lateral association between GDP-ligandedqsGnd @y Identical dissociation constants were obtained by labeling
subunits using fluorescence resonance energy transfer. Iy subunits with coumarin, reconstituting them on bilayers,
these studies, one of the subunits was labeled with a donorand following energy transfer as DA&«GDP) was added.
probe (coumarin or C) and reconstituted into bilayers. The From the five separate studies using three different labeled
other was labeled with an acceptor probe (DAB) and titrated preparations of Gy and two differento. preparations, an
into the donot-lipid solution at high enough lipid concentra- average value of 3.2 0.8 uM was obtained.
tions (i.e., above 20M PC:PE:PS 1:1:1) to ensure complete  (B) o4(GTPyS)py ComplexesTo determine the change
membrane binding2® and data not shown). Since the DAB in affinity betweenay and 8y subunits that occurs upamn
is not fluorescent, energy transfer is monitored by the loss activation, we repeated the above the studies using activated
of the integrated fluorescence intensity of courmarin as the o4(GTPyS) (see Methods). In Figure 2 we show an example
two proteins interact on the membrane surface. Control of the association of DABx(GTPyS) to membrane-bound
studies consisted of monitoring the emission intensity of the C-8y. In several studies such as the one shown here, we
coumarin-labeled protein when dialysis buffer, the unlabeled find a high-affinity association at low concentrationsogf
protein partner, or the denatured DAB-labeled protein partner (GTPyS) which varied from 0 to 15% of the total change,
was added. The overlap spectra for these two types of probedollowed by a low-affinity association at higher concentra-
have been reporte@9). tions. The large decrease in £~ emission at higheny

In Figure 1, we show the change in dilution-corrected concentrations (Figure 2) was always seen in each prepara-
emission intensity of @x(GDP) reconstituted on lipid  tion and is interpreted to be due to thg(GTPyS)—py
bilayers when DAB-@y in a 0.7% CHAPS solution is  association. We interpret the low-affinity association as
added, relative to DAB-@y that had been boiled for20 corresponding to interaction betweefyGando(GDP) due
min. We find a consistent and reproducible-ZD% decrease  to incomplete exchange of GJB for GDP. This behavior
in fluorescence intensity. From the change in integrated is in accord with previous studies showing incomplete
emission intensity of @x,(GDP) with increasing DAB-By, activation of oy (24). While these latter studies and ours
we can calculate the molecular association curve (eq 1). indicate that only~80% of aq becomes activated, in the
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Table 1: Bulk Value Dissociation Constanig\)®
| 3
1.0 - a(GDP)

- By K(b)=1.0+0.4 n==6
S 08 PLC8; K(b)=17+8 n=3
§ PLC3 Kb)y=11+2 n=2

& 061 a(GTPyS)
< By K(b) ~ 36+ 10 n=2
o 04 PLC1 K(b) = 0.04+ 0.02 n=4
o PLC, K(b)=0.440.2 n=3
& 02| PLCH3 K(b) = 0.06+ 0.02 n=4
' PLCHIAC K(b)=1.0+£0.6 n=2
00 PH-PLC$; K(b) > 300 n=2

By

; ; ; : : . . PLCH: K(b) > 300 n=3
1] 100 200 300 400 500 600 700 PLC-ﬂz K(b) =32+0.8 n=3
[DAB-a, (GTPyS] nM PLCHs K(b) ~ 60 n=1

aBulk value dissociation constants were calculated fridgg, as

Ficure 2: Lateral association aiq(GTPyS) andfy subunits on X X .
membrane surfaces as seen by e(r‘l(erg?t/ra)nsfer.ﬁKssociation betweeﬂe“':‘rmlned by FRET (see text) and are independent of lipid concentra-
ion. Here,n = number of experiments, and the sample-to-sample errors

activatedoq(GTPyS) andgy subunits was followed by measuring . : o
: : : ; _ are reported. Values were determined for at least two different lipid
the change in the normalized fluorescence intensity of 4 nM CM concentrations, ranging from 50 to 3501, Values for Gx(GTPyS)

fg{g}fg;‘ f'st'gﬁggdognﬁwezgffé?g;ﬁdﬂzrgte)rgargiso\f”;ssnogﬁ%{n wagdssume 100% concentration and did not take into account that our
method only activates-80% of the material.

determined (see eq 1). The initial association is interpreted to be
due to nonactivated, (see text an@4). Sample-to-sample errors

are shown. apparent affinities followed the hierarchy Pliz<~ PLC-
12 Bs > PLC,. Changing the initial concentration afy-
(GTPyS) from 3 to 75 nM while keeping the lipid concen-
1.0 4 tration constant gave the same bulk dissociation constant.
5 The data in Figure 3 were fit to an apparent bimolecular
g 081 association constantq—app and then translated to bulk
S values Ky, which are given in Table 1. These data represent
£ 067 ] results for two differenti(GTPyS) preparations and three
"g ol 4 different lipid preparations.
e Deletion of the C-terminus of PL@; has been shown to
a 02 4 : abolish activation by (GTPyS), implying that this region
) may play a key role i (GTPyS) association1(2, 13, 33).
ool To test this idea, we first expressed and purified the
: : : , : C-terminal truncated protein, PLE&AC. In accord with
0 10 20 30 40 50 60 these previous studies, the protein product has a high basal
[PLC-B] "M activity that was completely unchanged by the addition of

R . . . . 1-100 nMay(GTPyS) in contrast to the-8-fold activation
Ficure 3: Differential association of PL@- isotypes with L . .
Guy(GTPyS) on membrane surfaces. Degree of association, as"W€ observed for the full-length protein in this concentration

determined by the normalized change in fluorescence intensity (eqfange (data not shown). Previous sedimentation studies
1), for DAB-PLCs binding to reconstituted 1.2 nM Chlg- indicated that the truncated protein does not bind strongly

(GTPyS) reconstituted on 206M PC/PS/PE; DAB-PLGB; (V), to lipid bilayers 6). However, when we labeled the protein

DAB-PLC-$, (@), DAB-PLC-3; (), and DAB-PH-PLC3, which ; ; ; P
consists of residues—1177 @). The K(0.5) values for activation with acrylodan and measured its Change n emISSIO.n W.hen
are estimated at1 nM for PLC3; and PLCB5 and~10 nM for PC/PS/PE bilayers are added, we find that the protein binds

PLC-3,. Sample-to-sample errors are shown strongly to membrane&(< 100uM, seed). We speculate
that the difference in membrane binding affinities seen in
results presented here we have calcul#tedlues assuming  the two techniques may be due to technical difficulties in

100% activation. achieving complete pelleting of the bilayers in the sedimen-
Interaction of PLCB4, -2, and £33 with aq SubunitsThe tation studies¥).
affinities of three PLGS isotypes for activatedy(GTPyS) We then measured the affinity between DAB-PBAC

were determined by monitoring fluorescence energy transferfor C-a(GTPyS) reconstituted on 258M bilayers using
from coumarin-labeledy, subunits (Ce,) on membrane  fluorescence resonance energy transfer. We found a 25-fold
surfaces as DAB-labeled PLEisozymes were added. These reduction in affinity relative to the full-length enzyme.
studies were performed at lipid concentrations where PLC- However, this residual affinity is still strong and on the order
ps are completely membrane-bound which enables us to viewof that obtained for PLG5 (Table 1). Thus, the residual
lateral associations of the proteins on the membrane surfacebinding of the truncated mutant indicates that other regions
without contributions from PLG* membrane binding. in PLC+3; are involved in association, but that the contribu-
All three PLC isozymes bound tightly tog,(GTPyS) tion of the C-terminal region is necessary for activation by
subunits (see Figure 3) as seen by the decreasedg C- 04(GTPyS). This idea is supported by the observation that
(GTPyS) fluorescence as DAB-PL@Bs were added, but not  no increase in PLZHAC activity was seen even when the
when dialysis buffer or boiled DAB-PL@-was added. The o4 concentration was increased more than 25-fold (i.e., 100
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][:'GURE 4 Dif[)ere_ntiaé associa:‘ion of PL@-isotypes Wi}_h (bEV FiIGURE 5: Activation of PLC# isozymes with @y purified from
o lodanaboled B and DABH %Sslog'at'on (see eq 1) between hoyine prain. Activation of PLGS: (a) (150 M), PLCA, (M) (100
acrylodan-labeled B and DAB-labeled PLG5. (a), PLC3, (W), nM), and PLCB; (®) (150 nM) as @y is added. Since the basal

and PLCs (@) on 350uM PC/PS/PE surfaces as determined from 5 qtivity of PLC, is much lower than PLG: and f,, we increased
the decrease in donor (acylodan)-integrated fluorescence intensityi,o assay time for PL@5 ~10-fold. Substrate vesicles are extruded

as acceptor (DAB-) is added. large unilamellar vesicles (LUVs) composed of 1:1:1 PC/PS/PE
with 2 mol % PtdIns(4,5)F and were used at a concentration of 1

nM) above the threshold needed to observe activation. mM. Sampling errors are shown.

To further localize the interaction region between PLC-
Bs anda,(GTPyS), we measured the affinity of the isolated that PLCA activation byfy subunits parallels the strength
N-terminal pleckstrin homology domain (residues177) of their By interaction with PLC8, > PLC$;3 > PLCH..
of PLC8, (PH3,) for a4(GTPyS). This region has been Simultaneous Binding af and 8y Subunits to PLG3..
shown to strongly associate tg3% subunits 89). We found Sinceoq andpy appear to bind to different regions of PLC-
that the addition of up to 200 nM DAB-labeled RH-did S, we tested the idea of simultaneous binding of the two G
not result in measurable energy transfer from¢s TPy S) protein subunits to PL@- since this isoform shows signifi-
(Figure 3). This result supports the idea that the N-terminus cant binding to @y subunits at relatively low By concen-
of PLC4 isozymes does not interact with(GTPyS) (see trations. Two types of fluorescence methods were used. The
3). first, fluorescence homotransfer, is a specialized type of

A final series of studies were done to characterize the energy transfer that occurs between identical probes. Transfer
ability of PLC to interact with nonactivatedy(GDP). This in this case is detected by the loss in polarization or
characterization will not only help determine the importance anisotropy of the emitted light as the light is transferred
of GTP hydrolysis in the dissociation of tle(GTPyS)— between the probe molecules in the complex. As the number
PLC- complexes and subsequent reassociatian,(@&DP) of probes that can participate in homotransfer increases, the
to Sy subunits, but will also help determine whetlog(GDP) anisotropy decreases (s2e for background).
remains bound to PL@-and poised for reactivation. We e carried out the homotransfer studies by first labeling
find that deactivatedi,(GDP) has a~50—100 fold weaker  the three proteinsy,(GTPS), By, and PLCB,, with fluo-

affinity for PLC; and £33 thanoy(GTPyS) (Table 1). rescein isothiocynate at a 1:1 stoichiometry. We used
Association of PLGB,, -3z, and $5 to Gy SubunitsThe fluorescein for these studies because its absorption and
affinities between the three PLE-sozymes andy on emission spectra have substantial overlap which greatly

membrane surfaces were determined by modifying BsC-  increases the probability of homotransfer. The results (Table
with DAB and GBy with acrylodan (Afy). Acrylodan has  2) show that transfer between F-Pldzand F-@y was low
similar emission properties as coumarin, and energy transferbut measurable~10%) while transfer between PLg-and
to DAB reduces its integrated intensity -105%. aq(GTPS) was~28%. When the F-PL@,—F-GBy pair was
The lateral association between A3 and DAB-PLC- mixed with unlabeledyy or when F-PLCB,—F-04(GTPS)
Bs is shown in Figure 4. The data compiled in Table 1 show was mixed with unlabeled £, the values for homotransfer
that the affinity of PLCB, for GBy is at least 30-fold greater  did not significantly change, indicating that the addition of
than that of PLG3; for GBy, and at least 200-fold greater an unlabeled component did not change the interaction
than that of PLC8; for Gfy. between the transferring species. When the three labeled
The results in Figure 4 are in contrast to previous components were mixed at equimolar concentrations on
biochemical studies reporting that PLl3gis more responsive  bilayers, we found that no further transfer occurs, and the
to stimulation byBy subunits than PLG- or -5,. However, resulting anisotropy corresponded to the value of the PLC-
these previous studies were done at different concentrations?y complex, arguing against the formation of a ternary
of each enzyme and used micelles rather than bilayer complex (Table 2). Supporting this idea, we could not detect
substrates. To determine whether the activation of the threetransfer between By and Fe,(GTPyS) at 75 nM in the
PLC isoforms bypy reflects their strength of interaction, presence of excess PL: We note that these results
we measured activation under identical conditions as theindicate that, under our conditions, F-Plgz-appears to
fluorescence study. The results, presented in Figure 5, showprefer Ffy subunits over Fxy(GTPyS). This preference of
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Table 2: % Fluorescence Homotransfer between BL@nd G
Protein Subunits
complex % transfer = "
w
F-PLC8,—F-Gpy 10+ 6 n=>5 € .5l
U-PLC,—F-Gfy 0+2 n=2 P
F-PLC8,—U-Gpy 0+2 n=2 @
F-PLCH>—F-aq(GTPYS) 28+9 n=4 © os- _
U-PLC2—F-0(GTPYS) 0+2 n=2 S 0 nm PLC-fi2
F-PLC>—U-04(GTPyS) 0+2 n=2 a
F-a4(GTPyS)-U-GBy 0+1 n=4 T + 98 nM PLC-f>
F-0(GTPyS)—F-GBy 0+1 n=4 N
U-04(GTPyS)—F-Gpy 0+1 n=4 g 02 1
F-GBy-F-PLCB,—F-04(GTPYS) 5+ 4 n=2 £
F-Gfy- F-PLC,—U-04(GTPyS) 10+ 6 n=2 z°
U-Gfy- F-PLCH>—F-04(GTPyS) 25+ 9 n=2 0.0 - +292 nM PLC-B7
F-Gfy- U-PLC,—F-04(GTPyS) 0+1 n=>5
2The percent homotransfer was calculated by comparing the 0.2 T T T i i T T
measured anisotropy of the fluorescein-labeled proteins using exciting 0 100 200 300 400 00 600 700 800
and emitting wavelengths of 480 and 525 nm, respectively, to their [DAB-GBy] nM

theoretical values for the complefi(o) Where{ Aneor= LN compiexy 1A*1i} - . o

F- refers to the fluorescein-labeled proteid: refers to unlabeled ~ FIGURE6: Shiftin the association of CMy(GTPyS) and DABMI-
protein. All the concentrations of all of the proteins were identical at GBy at varying concentrations of PLG, DAB-fy was reconsti-
75 nM reconstituted on 16ZM PC/PS (2:1). The value of refers to tuted on PC/PS/PS (1:200 protein:lipid ratio) anq added to a soluplon
the number of sets of samples, and the reported error refers to theof 24 nM CM-a,(GTPyS), and the normalized decrease in

sampling error. Each sample was measured 4 times each, consisting ofluorescence emission due to energy transfer was follov@gd (
20-50 anisotropy measurements. Titration curves were repeated at 98)@nd 292 nM &) unlabeled

PLC-3,, resulting in a shift in the approximate midpoint. Sample-
to-sample errors are shown.

PLC-5, affinity for Sy may be due to incomplete activation

of F-a, or a change in the properties of one of the proteins DISCUSSION

by the fluorescein label since the affinity of DAB-PL&Z- In this study we have characterized the relative affinities
for C-By relative to Ce(GTPyS) is~8-fold weaker. Similar between G protein subunits and their PB@ffectors which
affinity measurements were not possible using fluorescein- may allow us to predict the probable interactions and
labeled proteins due to the 70% light loss from the polarizers activation pathways that occur in the cell. Our results show
and the low protein concentrations necessary to observethat the G protein effector affinities directly reflect effector
association. Nevertheless, it is clear from the homotransferactivation. This finding indicates that activation of the

studies that under our experimental conditions, F-F.€- effector proceeds through simple association of the BLC-

F-a4(GTPyS) complexes form. effector with the G protein subunit and more complicated
We also assessed the possibility of simultaneous bindingmodels do not need to be invoked.

of 04(GTPyS) andpy subunits to PLG3, by determining The affinities that we report have three caveats that should

whether the presence of PLg&-would shift the association  be considered. None of these are expected to greatly change
curve between @(GTPyS) and DAB#y subunits. If both the values listed in Table 1 or their interrelationships. First,
G protein subunits bind to PL@,, then the addition of = we measured the affinities using proteins with covalently
unlabeled PLG3, to membrane-bound G protein subunits attached fluorescent probes, and while control studies show
labeled with an energy transfer pair could increase the that these probes do not affect PlCactivities, or their
amount of energy transfer occurring in them. If PB&shifts ability to be activated by G protein subunits (see Methods),

the concentration at whiclfy associates tax,(GTPyS) the resolution of the activation data may not detect small,
subunits to lower values, then this would be indicative of subtle changes in affinity. Second, activatiorogby GTR/S
simultaneous binding. is only 80+ 20% @4), and oura(GTPyS) affinities may

In Figure 6 we present the association of 24 nMxg&- be underestimated. Third, the apparent affinities that we

(GTPyS) to DAB-G3y. Without PLC#, these proteins  measure for these membrane-bound proteins depend on the
associate with an approximate midpoint of 350 nM DAB- lipid concentration, and we have translated them into lipid-
By. When this study was repeated in the presence of 72 nMindependent bulk values which enable us to compare the
PLC3,, the midpoint shifts to 500 nM DABy. Thus, PLC- affinities measured at different lipid concentrations. While
B2 shifts the curve by an amount expected if it bound free there are several methods to convert apparent dissociation
G-y, and more @y is required to overcome PLB,—a- constants of membrane-bound proteins to ones that are
(GTPyS) association. Addition of higher amounts of PLC- independent of lipid concentration, we chose a method that
B2 (292 nM) shifts the midpoint out of the experimental range relates the volume in which the proteins can interact on the
and essentially prevenis,(GTPyS)—py association. It is membrane surface to the bulk volume. In this method, we
also possible that a ternary complex forms but that the two must define the distance from the membrane surface in which
G protein subunits are out of energy transfer range. In this the proteins interact. The value we have used, 50 nm, is based
case, the curves in Figure 6 represent the association of DAB-on the dimensions of the protein38Q( 31). This distance

By to the PLCB,—C-04(GTPyS) complex which is incon-  causes the translatég values to be~630-fold greater than
sistent with the homotransfer results. Taken together, thesethe apparent dissociation constants. If we choose a 10-fold
results argue that PL@B; binds G protein subunits individu-  larger dimension of (i.e5;~500 nm), then thé&, values in

ally. Table 1 will be reduced 10-fold. We are presently trying to
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better define the value chosen for the surface volume by The idea that PLQ},, whose expression in various cell
comparing the association of model proteins in solution and types is more limited than PL@s, is a strong effector of
anchored to the membrane surface. Gpy indicates that this relatively nonspecific pathway to
This study is the first direct measurement of the association increase intracellular levels of €amay only occur in a few
between G protein subunits on membrane surfaces. Inspecific cell lines, or under particular circumstances (see
general, our measured apparent affinities fall in the same below). The amount of PL@s in the cell is thought to be
range as other types ofd8GDP) subunits an@y subunits much lower than heterotrimeric G proteins (1), and barring
in detergent solutions3@, 35 or reconstituted on an alterations in the relative protein concentrations due to
immobilized phase3g). Also, the 40-fold decrease in affinity ~ formation of protein domains, we can speculate about the
that we observe upom, activation is in accord with previous  activation pathways that may occur. Plagis expected to
solution studies and with crystallographic studies showing only be activated by members of thg family of G proteins
a dramatic decrease ;—/y subunit contacts that occurs  and not8y subunits. Given PLQs's strong affinity for Gig
upona. activation 0). It is important to note that activation — and its relatively weak affinity for @y, PLC{3; is more
of a4 is not always complete and thus the affinity between likely to be regulated throughy, rather thangy subunits,
a4(GTPyS) andBy and also betweeny(GTPyS) and the  although if a sufficient amount ¢y is released by various
PLCs represents an upper and lower estimation, respec-o. subunits, then PL@; could be stimulated. A similar

tively. argument can be extended to Pj3&-whose affinity for3y
This study also presents the first direct measurementis also weaker than fax,(GTPyS). Of course, thesa vitro
between these G protein subunits and their PL€ffectors.  studies have been done usijfig subunits that were purified

We find that all three PLC isoforms bind strongly to activated from bovine brain and are composed of a distributior8 of
a(GTPyS) with PLCS1~ PLC3; and PLCS; being 10-  andy isotypes. It is possible that differefi dimers interact
fold lower. This result agrees with the concentration depen- differently with a. family members and PL@s.

dence of PLGCB activation bya(GTPyS) on lipid bilayers
seen by Harden and co-workeB&¥), who showed that PLC-

1 was maximally activated at a 10-fold lower concentration subunits (se&). Our observation that deletion of the 400

of aq; than PLCPB,. However, studies using micelle sub- : . i .
strates do not detect differences in the concentration depen_re3|dues on the C terminus of Plf-results in a large

S reduction ino,(GTPyS) affinity and loss of activation by
dence ofu,(GTPyS) activation between PLB: and £, but . . . . e ;
rather fin qujiﬁean:es in the extent of activ%i (ﬁq'()ﬂZSince 04 Is consistent with previous activation studies that have
the presence of detergents affects the basal’ac.tivity of thealso shown that these deletion mutants can still be activated
PLC3s, as well as their extent of G protein activation, we by By (12, .13’ 33)'. Other mutatlpna_l studies suggest tha.‘t
suggest that detergents affect the conformation of thethe N-terminal region and a region in the catalytic domain

activated PLG3—Gpy complex, its interaction with sub- of PLC; are the major sites of @ association and
strate, or both. activation (see3). We have found that the N-terminal

> : - leckstrin homology domain of PLB: and $, serve as
Activation of o, decreases its affinity fg8y at least~40- pleck . : .
fold and increas?es its affinity for PLfgs thyleast 46-100- docking sites for By subunlts 89) but nqtaq subunits as
fold. The extent of these changes in affinities should ensure shovv_n here (F'gl.”e. 3). S_mce_the G proteiandfy subunits .
a complete shift in interaction to the stronger complex. Once may interact at distinct sites, it has been suggested by activity

the activatediq(GTPyS)—effector complex forms, the GTP- StUd'eS. that they.may bind simultaneously to PECto
ase activity of thex subunit, along with the GAP activity of synergistically activate these effectors. However, our homo-

- - 4 d heterotransfer studies argue against the formation of a
PLC (38), will increase the deactivation rate af and in an .
turn increase the rate at which the transferaosubunits €@y ao(GTPYS)=PLC,~fy complex and show inde-
from PLCS to 8y occurs. pendent binding. It is possible that even thowghand 5y

Although the affinities betweeng subunits and PL@s subunits bind to different .regions .Of PL’@T’ there may t.’e
fit well with previous biochemical studies, our results of the some overlap of these binding sites which may sterically

PLC-5—py affinities were unexpected because previous in preven_t multiple binding, perhaps in the vicinity of the
vitro studies report the hierarchy 8§ activation to be PLC-  catalytic core.

B3> PLC8, > PLC1 (7, 8). However, the strong activation The studies done here show which complexes will form
of PLC+33 in vitro is not observed whefy subunits are  in vitro, and would only reflect the situation vivo if the
cotransfected into COS7 cells or when receptors such as C5#roteins were freely diffusing on the plasma membrane.
and fMet-Leu-Phe are activateBdj. The stronger activation =~ However, it is possible that these proteins are localized in
of PLC-3; relative to 8; and {3 in sitro was observed in ~ domains. Even in protein aggregates, the relative affinities
studies where the activation profiles were made at identical listed in Table 1 would still dictate the prevalent interactions.
activity levels of the three isozymes. Since the basal activity However, the formation of protein domains would promote
of PLC3; is much lower than PL@, or PLC#;, these the interactions of weakly association species, and it is likely
studies used higher PLBs concentrations, shifting the that higher order complexes between two strongly associating
equilibrium toward PLCB8s—Gpy complex formation. We  species, such as(GDP) andfy, and a weakly associating
find that when studies were done at the same concentrationspecies, such as PLE; may occur if the subunit association
of PLC3, the activation profile matches the affinity profile sites are not entirely occluded. These higher order aggregates
well (see Figure 5). The results presented here resolve thewould allow for rapid switching of association depending
conundrum between the apparent differences seen imthe on the activation state of. Studies directed at defining these
vivo andin vitro studies. complexes are underway.

Deletion and mutational studies all suggest that FAsC-
contain physically separate interaction sites dgrand 5y
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