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ABSTRACT. Cell signaling proteins may form functional complexes that are capable of rapid signal turnover.
These contacts may be stabilized by either scaffolding proteins or multiple interactions between members
of the complex. In this study, we have determined the affinities between a regulator of G protein signaling
protein, RGS4, and three members of the G proetpimospholipase £(PLC-3) signaling cascade which

may allow for rapid deactivation of intracellular €aelease and activation of protein kinase C. Specifically,
using fluorescence methods, we have determined the interaction energies between the RGS4, PLC-
G-fy, and both deactivated (GDP-bound) and activated (@&FPound) G, We find that RGS4 not

only binds to activated @, as predicted, but also tofp and PL@3:. These interactions occur through
protein—protein contacts since the intrinsic membrane affinity of RGS4 was found to be very weak in the
absence of the protein partner P&r a lipid regulator, phosphatidylinositol-3,4,5 trisphosphate. Ternary
complexes between da, Gy and phospholipase £z will form, but only at relatively high protein
concentrations. We propose that these interactions allow RGS4 to remain anchored to the signaling complex
even in the quiescent state and allow rapid transfer to activatgdd3shut down the signal. Comparison

of the relative affinities between these interacting proteins will ultimately allow us to determine whether
certain complexes can form and where signals will be directed.

Heterotrimeric G proteins are membrane-bound proteins the rate of deactivation ofi; and in turn the rate of
consisting ofa, #, andy subunits (for reviews, see refs deactivation of the PL@(14). By deactivating its G protein
and 2). Upon activation, GTP-bound subunits lose their  activator, PLCAs are able to turn off their own signal.
affinity for Gy subunits but increase their affinity for protein Adding to the list of players in the inositol-signal trans-

effectors 8, 4). This subsequent interaction alters effector
activity and ultimately causes cellular changes. Additionally,
Gpy subunits change the activity of a specific set of effectors
(5). There are four families of & proteins, and the main
effector of the G, family is mammalian inositide-specific
phospholipase @-(PLC+3). PLC{ catalyzes the hydrolysis
of phosphatidyloinositol 4,5-bisphosphate (B1® produce
two second messengers, 1,4,5-inositol trisphosphatg, (IP
which causes the release of Zdrom intracellular stores,
and diacylglycerol (DAG), which promotes the activation
of protein kinase C (see ré&for recent review).

PLCs have a modular structurd)(consisting of an
N-terminal pleckstrin homology domain, which has been
shown to confer binding and activation by subunits 8,

9), four elongation factor (EF) hands, a catalytic domain with

duction is a newly discovered class of proteins called
regulators of G protein signaling (RGSL5). Thus far, the
RGS proteins are known to bind to the subunits of G
proteins and increase the rate of GTP hydrolysis by stabiliz-
ing the transition state of the comple®)( For example,
RGS4, which specifically acts on dz and Gxg family
members, increases the GTPase activity of, GO00-fold
(16). There are many members of the RGS family, and each
family member has arr130 residue homologous core region
that is responsible for GAP activity. This core, termed the
RGS domain, binds strongly tocdn the GDP-AIF,~ bound
state (7), and the structure of the RGS&a,;(GDP)-AIF,~
suggests that the core stabilizes the GTP to GDP transition
state lowering the energetic requirement for hydroly4)s (
This stabilization allows RGSs to turn off the effector signal

a long insertion loop, a C2 domain which has been shown without diminishing the signal strength.

to specifically bind Gy subunits {0), and a 400 residue
tail which is needed for activation by dz (11—13).

On each side of the RGS core are flanking regions which
presumably dictate the specificity of RGS family members

Interestingly, residues in this tail have been shown to alsoto Ga families or other binding targets. These flanking

accelerate the rate of GTP hydrolysisogfthereby increasing
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regions were unresolved in the crystal structure, and the rolebeen describedLQ). Large, unilamellar vesicles (LUVs), 100
that they play in RGS function is unclear. The N-terminus nm in diameter, were prepared by extrusion. All lipids were
of RGS4, which contains several basic and hydrophobic purchased from Avanti Polar Lipids (Alabaster, AL) except
residues, appears to be responsible for targeting to the plasméor dipalmitoyl PI-3,4,5-trisphosphate, which was synthesized
membrane since removal of the first 33 residues significantly using the method of Reddy et aBQ). The bacterial cell
reduces the membrane localization in yeds).( Another strain pPREP4/His-RGS4 in BL21/DE3 cells was a generous
study suggests that the N-terminus targets RGS4 to particulargift from A. G. Gilman and was prepared as describi28) (
G protein coupled receptors occupying a position that canin pure form as determined by western blot analysis using
prevent coupling betweendz and PL@3; (19). Although it an RGS4 antibody (Santa Cruz Biochemicals) and MALDI-
is clear that RGS4 must be localized near membrane MS analysis. Since it does not affect the GAP activity of
receptors, it is not clear whether it is localized by an intrinsic the protein, the N-terminal was not removed in these studies.
affinity for membranes or by interactions with receptors, G Labeling of the proteins with amine-reactive probes has also
protein subunits, or effectors. Evidence of membrane local- been described3]. GAP activity of labeled and unlabeled
ization of RGS4 comes from a recent study showing that RGS4 was checked using bacterially expressed recombinant
phosphatidylinositol 3,4,5-trisphosphate inhibits the GAP Gai; a single turnover assay as previously described.
activity of RGS4 presumably by directly interacting with the Protein Labeling and ReconstitutiorAll probes were
positively charged residues on the surfaces of helices 4 andpurchased from Molecular Probes, Inc. (Eugene, ORY), G
5 (20). This inhibition may be overcome by displacement and @By subunits were covalently labeled with amine-
of RGS4 from the membrane by €#calmodulin, thereby  reactive probes which do not affect their ability to activate
allowing RGS4 to bind and deactivatex@ubunits 20). PLCB; or PLCH,, respectively. RGS4 and Plgg were

The idea that RGS4 and other components in the inositol- similarly labeled as describe@7). The protein:probe label-
signaling pathway are localized in protein complexes is ing ratio was determined by BCA analysis and absorption
intriguing since this would allow for rapid signal flov2{— spectroscopy using the extinction coefficients provided by
24). There is precedent for these complexes. Associationthe probe manufacturer and wasl:1 (mol/mol) for all
between seven transmembrane receptors angh@s been preparations. Labeled @q was reconstituted into lipid
observed in cells25). Notably, in Drosophilaa signaling vesicles by adding the detergent-solubilized protein to a large
complex involving receptor, PLB-and protein kinase C and ~ excess of preformed extruded vesicles.
a scaffold protein has been identifie2f}. In a reconstituted Fluorescence Measurements and Data Analysiisores-
in vitro system, we have found thato@SDP) will bind to cence measurements were performed on an ISS spectrofluor-
the activated PL@,—Gfy complex and rapidly turn offthe ~ ometer (Champaign, IL) usina 3 mm cwette with magnetic
activation without physically disrupting the compleX7j. stirrer. Adequate stirring was assessed at the beginning of
In studies of PL@ activation, Ross and co-workers have the study by ensuring that upon addition of a dilutant, the
presented kinetic data to argue that{@nust remain bound emission spectrum was identical after inversion. Also, at the
to receptor during turnovell). Taken together, these studies beginning of each study, we verified that the sample was at
point to a model in which receptor, the G protein hetero- thermal equilibrium by showing that the initial scan was
trimer, effector, and RGS4 can be colocalized in signaling stable over several scans. Coumarin-labeled proteins were
complexes. However, not all studies support this model. For excited at 380 nm and scanned from 420 to 560 nm. Lauro-
example, the presence of RGS4 interferes with Ectivation dan probes were excited at 350 nm and scanned from 380
of PLCB, leading the authors of those studies to speculate to 560 nm. CoumarirnDabcyl SE resonance energy transfer
that the interaction sites between these proteins are sharedvas determined by the loss of coumarin fluorescence caused
(28). Thus, it is possible that protein complexes will form by addition of the nonfluorescent Dabcyl-labeled acceptor

under some circumstances but not others. protein. Signals were corrected for dilution and compared
In this study, we begin to define the biophysical conditions t0 loss of fluorescence caused by addition of buffer alone.
under which RGS4, PLg;, and Gyjy will associate on To determine the affinities of the protein complexes,

membrane surfaces using fluorescence methods. As men€&nergy transfer data were analyzed as binding isotherms
tioned, we have previously defined the interaction energies 85suming that the maximum loss of fluorescence represents
between G, GBy and PLGB;_s on membrane surface8)( the maximum extent of complex formation and that the
From these studies, we know the local concentrations atStoichiometry of this complex is 1:1 (mol/mol). Titration
which association between the individual species occur. Here,curves were the fit to a bimolecular association constant.
we extend this work to include the conditions for association —Membrane binding was determined using a variety of
of RGS4 to components of this pathway. We find that RGS4 fluorescence based methods (see 28f. To obtain the

not only associates with activatedoGsubunits, but has ~ Partition coefficient K) for membrane, we used the large
secondary interaction with the other components of the decrease ¥20%) in the intrinsic fluorescence of RGS4
signaling system as well. The results of these studies leadPreésumably due to quenching of internal Trp/Try residues
to a model in which RGS4 is corralled in the complexes by PY the ionic groups on the membrane surface. We note that
weaker secondary interactions that allow for rapid transfer the Ky values reported here correspond to apparent partition

of RGS4 contacts to &, upon activation. coefficients since we assume that RGS4 partitions on

membranes through nonspecific, electrostatic interactions

MATERIALS AND METHODS rather than forming a chemical complex between a particular
Sample Preparatiorlntagged, recombinant Pl Gay, lipid(s) or nucleotide base(s).

and His-Gpy subunits were prepared in Sf9 cells as pre- ]
viously described3, 29). Preparation of RGS4{A33) has K, (i.e., Kapp)= ([P]/[L])/[P];
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K, is defined as the mole fraction of substrate-bound protein,
([PI/[L]), divided by the concentration of free protein [P]

[P]» is the concentration of substrate-bound protein and [L]
is the concentration of substrate. Each trial as well as the
average, was fit to a hyperbola using SigmaPlot (Jandel Inc.).

RESULTS

Binding of RGS4 to Actated and Deactiated Guq
Subunits Although it has been well established that RGS4
binds strongly to @y we needed to characterize the
conditions of this interaction for this study. We thus measured
the association energy between RGS4 and; @ its
activated (i.e., GTPS-bound) and deactivated (i.e., GDP-
bound) forms using fluorescence resonance energy transfer
In this method, @4 was labeled on a primary amine with a
fluorescent probe that is capable of transferring its excited-

state energy to an acceptor when the probes are within close

proximity. Although many energy transfer probe pairs are
known, we used coumarin-SE (abbreviated C-) as the donor
because of its high quantum yield and dabsyl-SE-{[as
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Association of D-RGS4 to C-Gaq(GTPyS) and C-Gaq(GDP)
on 75 uM PC:PS:PE Bilayers
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Ficure 1. Fraction of complex formed between RGS4 and activated
(®) (n = 11) and deactivated) Gog (n = 6) reconstituted on
lipid surfaces as measured by fluorescence resonance energy transfer

the acceptor because this probe is not fluorescent and itssee method). The fraction formed was determined by~th8%

use eliminates the need for correcting for acceptor contribu-
tion to the donor emission spectrum. Experimentally, as the
two labeled proteins associate, the emission intensity of the
coumarin probe decreases due to transfer to dabcyl. By
monitoring the loss in €Gayq fluorescence as a function of
D—RGS4 concentration, an apparent bimolecular dissociation
constant can be determined.

Recombinant @4 subunits were prepared from Sf9 cells,
labeled with coumarin, activated with non-hydrodrolyzable
GTPyS, and reconstituted on large, unilamellar vesicles of
PC:PS:PE (1:1:1) as describe).(\We have previously found
that labeling C-Goq at a 1:1 probe:protein does not affect
GTPase activity or its ability to activate P|p¢ Titrations
were then conducted by adding incremental amounts of
D—RGS4 in buffer to a solution of membrane-boungdz-
(GTPyS) and recording the spectrum. These data were then
corrected using data from titrations where buffer was added
instead of D-RGS4. At 10 nM C-G(GTPyS) complete
binding was observed when a stoichimetric increment of
D—RGS4 was added. Reducing the concentration-eGa,-
(GTPyS) tol nM gave identical behavior which indicates

that we were operating at concentrations above the dissocia-

tion constant and were observing stoichiometric binding
rather than true equilibrium binding. These results show that
the Kq for this complex is below 1 nM and out of range of
accurate determination using this method.

The crystal structure of the RGS4 complex with activated
Go,; shows that the major interaction sites are in the G
switch regions 4). Most likely, this is also the case for
interaction for G(GTPyS). Therefore, deactivation of
C—Gayq should weaken its interaction with RGS4, and this
idea is supported by fluorescence data (Figure 1). Although
the association is weakened as comparedt&Qy(GTPyS),
it is still close to the detectable limit by fluorescence methods

loss in coumarin (C-) fluorescence as its emission energy is
transferred to nonfluorescent dabcyl<Dprobes. The line through
the Gog(GTPyS) data shows the curve for protein interactions that
are too strong to be accurately quantified by this method. The curve
through the @4(GDP) data is the fitted binding isotherm which
gives aKqg = 0.2+ 0.1 nM.

Association of D-RGS4 to C-GBy Subunits Bound to
75 uM PC:PS:PE Bilayers
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Ficure 2: Plot showing the concentration dependence of the
fraction of complex formed, as determined by th@&8% loss in
coumarin fluorescence due to resonance energy transfer, between
RGS4 and membrane-boung@Gsubunits at a higher (10 n\@)
and lower (2 nMO) wheren = 3. The lines are the fitted binding
isotherms, that both give similar values for Kd within error (see
text).

secondary interaction sites for other proteins in the inositol-
signaling network. Therefore, we tested the possibility that
RGS4 has multiple protein partners by measuring its ability

and the apparent dissociation constant is estimated to be 0.20 bind to recombinant €Gf1y.. Binding studies were again

+ 0.1 nM. To determine whether we were viewing equilib-
rium binding, we repeated the study at a 10-fold higher
C—Goy(GDP) which shifted the curve appropriately but did
not allow better resolution of the appardtg

Binding of RGS4 to Other Protein Partnei®he idea that
RGS4 is part of a signaling complex implies that it has

done by titrating B-RGS4 into a solution of €Gfy
reconstituted on lipid membranes and substituting dialysis
buffer as a control. The results, shown in Figure 2, indicate
a much weaker binding to these G protein subunits, i.e., a
10-fold higher range of BRGS4 was needed to achieve
binding. The titration curves in Figure 2 shows an appropriate



Binding of RGS4 to G Proteins and Effectors

Binding of D-RGS4 to C-PLCB, or C-PLCB,AC
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Ficure 3: Plot showing the association, as determined by
fluorescence resonance energy transfer that results-it6&6 loss

in donor fluorescence, of RGS4 to PEC(O) (n = 6) and a
C-terminal truncated mutan®] (n = 3). Identical results were
obtained in the presence of #M POPC:POPE:POPS (1:1:1) (data
not shown).

shift when the initial G-Gfy concentration is changed from
10 to 2 nM. If the data in Figure 2 reflect equilibrium
binding, then theilKy values should be similar whereas if
the data in Figure 2 reflect stoichiometric binding, then the
apparenK values would identical to the initial concentrations
of C—Gpy (i.e., 10 and 2 nM). We find that the dissociation
constants are the same within error (5:3L.7 and 11.5+

4.5 nM, for 10 and 2 nM, respectively), indicating that we
are viewing equilibrium binding.
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Concentration Dependence of the Interaction between
RGS4 (1-33) and PLC-B;
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Ficure 4: Concentration dependence of the interaction between
the N-terminus of RGS4 and Plggas seen in the plot of the loss
in donor fluorescence at two different RGS4@33) (n = 3)
concentrations, 10 nM&) and 80 nM Q) relative to 80 nM of
scrambled peptidea). The weak interaction between RGS16(1
33), @) (n = 3) and PL@, is also shown.

Table 1: Summary of the AppareKs of RGS4 to Protein Partners

RGS4
Go(GTPYS) <0.1nM
Goo(GDP) 0.2nM
Ghy 8.4nM
PLCB: 27 nM
PLCS.AC no binding
{PLCB1- Gagy(GTPyS)} 300

We then measured the association of RGS4 to membrane-

bound PL@; by fluorescence energy transfer (Figure 3)
using either buffer of trypsin-treated-BRGS4 as controls
We find that RGS4 binds to PL&Z with an apparent binding
constant of 2% 10 nM. Although PL@; binds very strongly

to membranes, it is soluble in aqueous solution. Thus, we

13 nM for the 80 nM trials. Despite strong sequence
homology 82), a peptide consisting of residues-33 of
RGS16 showed a much weaker interaction with BLC
(Figure 4).

Formation of Ternary ComplexegVe explored the pos-

were able to compare the effect of lipid on protein associa- sibility that ternary complexes between RGS4, BlL.Gnd
tion. No changes in the apparent dissociation constant wasGog(GTPyS) can form. First, we formed complexes between
observed indicating that the site of interaction is not the C—RGS4 and @4(GTPyS) on membrane surfaces at

membrane binding face of Plgz

concentrations well above the estimated dissociation constant

Identification of the Interaction Region between RGS4 and (i.e., 10 nM of each) and titrated in-BPLCf;. Although

PLCB.. Gayg interacts with PL@; on the regions immediately
following the catalytic domain in the linear sequen8gl(Q0).
To determine whether the RGS4 binding site of BLG

D—PLGC31 bound to the complex, the binding was far weaker
than the binding of PLG; to Goy(GTPyS) or for RGS4 (see
Table 1). An example of the titration data, shown in Figure

also localized on the C-terminal region, we measured the 5, shows that saturation is not reached even at highg?LC

binding of RGS4 to a catalytically active, C-terminal deletion

concentrations. From these data, we estimate the apparent

mutant of PL@;. No interactions can be seen between these dissociation to be 308 80 nM.

proteins (Figure 3). Thus, either RGS4 bhinds to the C-

terminal tail or removal of this tail results in misfolding of
the interaction site.

The data in Figure 5 could correspond to formation of a
weak ternary complex as well as to the binary association
between B-PLCS; and C-RGS4 in the presence of com-

Since receptor specificity of RGS proteins have been peting Gr,(GTPyS). Thus, we conducted several follow-up

linked to its N-terminal domain, we measured the BLC
binding of a synthetic peptide consisting of residues33

studies to determine which is the predominant case. In one
series of studies we labeled each protein with Oregon Green

of RGS4 in the absence of lipid membranes. In this series and assessed the amount of fluorescence homotransfer that
of experiments, the peptide was labeled with coumarin and occurs when all three proteins are in the solution (see refs

dabsyl-PL@; was the titration partner. Control studies using

33and3 for background and methodology) at 14210 nM

a coumarin-labeled synthetic peptide with a scrambled total protein. The formation of binary complexes results in
sequence showed no changes in fluorescence intensity. Thea reduction in fluorescence anisotropy of-1156% for this
results, presented in Figure 4, show that the peptides bindprobe. The addition of the third component caused a further

with affinities of 544 13 nM for the 10 nM trials and 7%

(i.e., 7%) reduction in anisotropy, indicating that some of
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Binding of D-PLCB, to a 10 nM Complex of Binding of RGS4 to PC:PI(3,4,5)P, (2:1) or PC:PS (2:1) Bilayers
C-RGS84 - Go,(GTPYS) on 75 uM PC:PS:PE
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[D-PLC-B,1 nM Ficure 6: Comparison of the membrane association, monitored

FisuRe 5 Binding of D-PLG, and the & RGS4-Gu(GTRYS) gﬁ’(gﬁfs)zgéfjscgffg"D”C':”FE”(;‘% ‘Eggge\fv‘;l‘;’:;i 9FRGS410 POPC:
plex 6 = 5).

the proteins are aggregating into a ternary complex. In a
second series of studies, we added a large excess (400 nM
of unlabeled RGS4ota 1 nMsolution of C-Ga(GTPyS)—
D—PLCp;. If R654 contributed to disparate heterodimes at
this RGS4 concentration, we would expect displacement of
C—Ga(GTPyS) from D—PLCB; by RGS4 and reversal of
the 16% decrease indg(GTPyS) fluorescence due to energy
transfer. However, no significant changes in fluorescence

Eellar vesicles composed of PC:PS:PE (1:1:1) was wiégk (

1 mM). However, membrane affinity could be increased
at least three ways. First, since the binding of RGS4 to
membranes has a strong electrical compon&dj,we found

that the partition coefficient changeskg ~ 300uM if we

used membranes composed entirely of negatively charged
lipids (i.e., POPS). This increase from a weak binding affinity

. . ) due to negatively charged lipids is supported by sedimenta-
were observed. In a third series of studies, we measured thg;q, o1dies using sucrose-loaded vesicles (A. Arbouzova and

ability of unlabeled PL(, to dissociate €Goq—-D—-RGS4 S. McLaughlin, unpublished results). Second, the presence
both at 1 nM concentration reconstituted on lipid bilayers. of 33% PI(3,4,5) with 67% PC increases the binding

Addition of 100 nM PL@ increased the donor intensity it ; L :

. . y to K, 30 £ 10 uM (Figure 6). Third, incorporation
_by 40.% and ad(.j't".)n pf 250 nM PI,[Q' llncre'ased the o PLCB, increased the affinity to PC:PS:PE (1:1:1) bilayers
intensity 10-fold indicating that PLE; is inducing some K, = 50 = 18 «M indicating that RGS4 can also bind to

changes_m_the local environment around the coumarin probe. embranes through proteiprotein contacts in addition to
Since this increase is far greater than the change one woul rotein-lipid

expect by a simple displacement of the energy transfer pair.
This result indicates that PL&z is interacting with the G- DISCUSSION
(GTPyS)-RGS4 complex. However, the nature and extent } ] o
of this complex formation is not clear. In this study, we have dete_rmlned the apparent aff|n|t|e_s
RGS4 Binds Weakly to Membranes, But Can Be Recruited?&tween RGS4 and G protein subunits and the G protein
by PI(3,4,5)R and PLG3.. To analyze the protein interactions effector, PL@?. Before gnalyzmg theler_wer.g|es associated with
observed in the above studies, we needed to know whethetN€se proteifrrprotein interactions, it is important to know
RGS4 is soluble in the agueous phase or whether it is Whether RGS4 is concentrated on the membrane surface or
membrane bound and laterally associates with AL&hd freely diffusing in solution. Thus, we measured the affinity
Gag under our conditions (see discussion). We thus measured®’ RGS4 to model membranes and found that RGS4 bound
the membrane partition coefficient of RGS4 alone and in ©Nly weakly to bilayers containing physiological concentra-
the presence of two membrane-localized partners. tions of negatively charged lipids (s88). Therefore, at the
Membrane binding was assessed by several types oflOW lipid concentrations used in this study, we will treat our
fluorescence methods: changes in intrinsic fluorescence ag’rotéin association data assuming that RGS4 is soluble and
the protein associates to the membrane surface, changes iff€ely diffusing in solution (see belov). . _
the fluorescence of coumarin-labeled RGS4, energy transfer ©Our membrane-binding results are in accord with Berstein
between RGS4 Trp donors and membranes doped with a@nd co-workers34), who worked at higher (i.e., 1 mM) lipid
fluorescent probe, and membranes doped with a detergent€oncentrations to show that RGS4 binds to membranes
like fluorescent probe (Laurdan) that is sensitive to changes through an N-terminal amphipathic helix which contributes
in the polarity of the membrane surface. We found that the [0 its preference for negatively charged lipids. We have found
method that was most sensitive to membrane binding washere that the membrane affinity of RGS4 is greatly increased
the~20% decrease in Trp/Try fluorescence upon membrane

binding probably due to quenching of these fluorophores by ~ *RGS4 has a higher GAP activity in a vesicle system rather than a
the ionic headgroups of the lipid. detergent (see réfl). While the cause of this may be the concentrating
. LT effects of the membrane, it is possible that membrane association of
By following the change in intrinsic fluorescence upon G, may allow for more productive binding of RGS4. Alternately, GAP
membrane binding, we found that binding to large, unila- activity may be sensitive to detergents.
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by the presence of PI(3,4,5)#® an extent greater than would partner for RGS4 (Figure 2 and Table 1). The RGS4 affinity
be expected by charge alone. Specific interactions betweenfor Gfy is much weaker than for &, but this secondary
RGS4 and PI(3,4,5have been previously reporteglQj, interaction may serve to keep RGS4 localized in the signaling
and these interactions have the effect of inhibiting the RGS4 complex and possibly in a optimal orientation fora(
GAP activity possibly by occluding RGS4 residues that also rebinding. It may also allow productive palmitoylation on
interact with Gx subunits. This PI(3,4,5)P RGS4 associa-  the N-terminus but inhibit palmitoylation at sites in the RGS
tion has been proposed to be part of a feedback mechanisndomain which eliminate its GAP activity38). It is note-
that initially keeps RGS4 sequestered after PI-3-kinase stim-worthy that some RGS families have/&dike domains that
ulation at the early phasef @ G protein signal that pro- allow for strong interaction with & subunits (see re3l).
duces a high local concentration of PI(3,45)Rs Ca&" We also found that RGS4 will interact with thexgprotein
levels in the cell increase, RGS4 can be displaced from theeffector PLQ3; which also has GAP activity. This interaction
membrane by Ca/calmodulin to deactivate @subunits (see  may offer another site which localizes RGS4 in the signaling
ref 34). complex. Unlike RGS4, PL£; binds strongly to membranes
We also found that RGS4 can be recruited to the (29) and will interact laterally with @q subunits, but not
membrane by the incorporation of a protein-binding partner with GBy subunits. Comparing the RGS& oy affinities
due to strong protein interactions (see below). This result obtained here to previously determined PLEGa affini-
implies that if PIP(3,4,5)Pwas also present, then recruitment ties @), we find that the primary PLE; interaction will be
would be multiplicative unless the two sites on RGS4 were expected to be competitive with RGS4 interaction to
the same. Unfortunately, this idea was not directly testable activated and deactivatedogat local lipid concentrations
due to the strong background contribution of F.Go the below 100uM.
fluorescence assay. Localization of RGS4 by a protein partner  Our results suggest that RGS4qaBGTPyS), and PL@;
has been suggested by studies showing that most of themay form weakly associating ternary complexes. We find a
cytosolic RGS4 can be recruited to the membrane surfacel0-fold decrease in the affinity of RGS4 to PECin the
by overexpression of a GTPase-deficient; by a region presence of @Gy(GTPyS). Since the RGS4 interaction with
outside the RGS domair36). PLCp3; appears to be mediated by the C-terminal tail (Figure
The protein partners of RGS4 studied here are all 3), which also partially binds &, then the reduction in
membrane bound. Since we conducted studies under condiaffinity may be due to occlusion in this region or binding-
tions where soluble RGS4 bound to proteins that were dilute induced conformational changes. The suggestion that ternary
on the membrane surface, we can analyze the dissociatiorcomplexes form at higher concentrations of protein is in
constants assuming a biomolecular association without theaccord with previous studies by Helper and co-workers, who
need to invoke models that account for membrane associa-worked at lower protein concentrations and found that RGS4
tion. These are listed in Table 1. Note that our estimated blocks PL@, activation by G,(GTPyS) (39). It is possible
picomolar affinity between RGS4 and activated{Gre in that at high local concentrations of proteins, the close
accord with the subnamolar affinity determined for RGS4 proximity of the two GAPs allows them to rapidly switch
and activated @j; by surface plasma resonance techniques off and on Gx and greatly increase the rate in which the
(17). We find that the affinity between RGS4 and activated signal is turned over.
Gaq was too strong to be quantified by fluorescence energy  The inherently weak membrane affinity in the absence of
transfer, but deactivation ofdg put it in a detectable range.  PI(3,4,5)RB and protein partners raises the possibility that
Even so, the association between RGS4 ang(GDP) is RGS4 can be cytosolic and diffuse between different
remarkably strong and this strong residual interaction may signaling complexes on the plasma membrane depending on
keep RGS4 colocalized to the protein complex in the basal the availability of interaction sites, and regulation of RGS4
state. However, it is expected that other proteins, most action may occur by its membrane recruitment. However,
notably G3y and Gxg-specific receptors, would compete with  the strong interaction of RGS4 with G protein subunits, with
RGS4 for deactivated &;. A comparison of the crystal G protein effectors, coupled with previous kinetic studies
structure of the Gi; (GDP-AFR,)—RGS4 @) complex with suggesting RGS4 localization with G protein receptd) (
the structure of @i (GDP)-Gpy (37) shows that both RGS4  leads to the idea that these proteins maybe complexed in a
and Gy interact with Gx switch regions and the complexes  signaling domain through contact of secondary sites. Moreso,
formed will be dictated by their relative interaction energies. the strength of these association suggests that scaffolding
A direct comparison of the affinities betweern@GGDP)— proteins may not be required. Evidence for the localization
RGS4 and @4(GDP)-py derived from fluorescence studies of RGS4 to a signaling complex comes from studies showing
is not possible since the G protein subunits are confined to that RGS4 selectively inhibitsds responses from particular
the membrane surface whereas RGS4 is not. Thus, dependin@-protein receptors indicating that RGS4 is localized to
on the available area in which the G protein subunits can particular receptor types and that localization occurs through
laterally associate, their effective concentration is expectedthe first 33 residuesl@). These studies are in accord with
to be much higher than the freely diffusing RGS4. From our our data indicating that, although RGS4 has weak membrane
previous studies that translated the apparent dissociationbinding ability, it has many partners besides activated G
constant between membrane-boure,(&DP) and @y into that can keep it localized to particular areas in cells. In
aKq that was independent of lipi@7), we find that, at local addition, the suggestion that the N-terminus of RGS4 plays
lipid concentrations of-20 uM, Gy should compete with  a role in PLQ3; effector association, along with the sugges-
RGS4 for deactivated &(GDP). tion that this region plays a key role in receptor interaction
Interestingly, we find that although £ may displace implies that this region of RGS4 can transfer its protein
RGS4 from deactivated &, it could also serve as a binding partner depending on the local conditions.
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Ficure 7: Model of possible RGS4 interactions with PB{£and G protein subunits that may accompany stimulation (see text for details).

The results obtained here can be summarized in the cartoorREFERENCES

shown in Figure 7. In the unstimulated state(&DP) will 1. Bourne, H. R., Sanders, D., and McCormick, F. (199ajure
be associated with £ at local lipid concentrations of 20 349 117-127.

uM. Compared to By, PLCS; has a much weaker affinity 2. Hepler, J. R., and Gilman, A. G. (199R)ends Biochem. Sci.
for Gag(GDP), and the binding of PLS; to the deactivated 17, 383-387.

heterotrimer and to @y is very weak. Thus, unless the local Runnels, L. W., and Scarlata, S. (19%8jpchemistry 38

protein concentrations are high, PBQOwould be expected
to either be dissociated from the G protein heterotimer or Cell 89, 251-261.
only loosely associated. Also, RGS4, which can diffuse Neer, E. J. (1995Fell 80, 249-57.

3.
1488-1496.

4.

5. _ _ _
through the cytoplasm, can associate with membrane-bound g- Rebecchi, M., and Pentylana, S. (20Bysiol. Re. (in press).

8.

9.

0.

Tesmer, J., Berman, D., Gilman, A., and Sprang, S. (1997)

_PI__Cﬁl which ir_1 turn facilitates its pa_lmit_oylation and keeps wgr']zrr'.?’_,%el‘ﬁiyﬂ;g’ ?}?é&'c(clh??ﬁir:ﬁtg'gciﬁggl 3.4(1999)
it in close proximity to G, Upon activation of @4, PLC3: Biochemistry 381517-1527.

can displace By to become activated, but since the effector- Wang, T., Dowal, L., Rebecchi, M., and Scarlata, S. (2000)
bound RGS4 may be situated very close to,Git can »\1/-VBi0|- %herg. 2t75|746g—74é€|3|9.tt 1. Dowal L. Gubta E
compete with PLB; for the full interaction site. It is possible ang, 1., Fentyaa, >., Eliot, .., Yowal, L., Lupla, &.,
that RGS4 competes with P|3g for the initial binding to D ot Tai e g e, S- (1998pc. Natl. Acad. Sci.
Go, which would diminish the strength of the signal. Kinetic 11, wu, D., Jiang, H., Katz, A., and Simon, M. 1. (199B)Biol.
studies by Ross and co-workers in a reconstituted system  Chem. 2683704-3709.

show that RGS4 affects the signal duration rather than 12.Park, D., Hhon, D.-Y., Lee, C.-W,, Ryu, S. H., and Rhee, S.

; G. (1993)J. Biol. Chem. 2683710-3714.
amplitude (). _ o 13. Lee, S. B., Shin, S. H., Hepler, J. R., Gilman, A. G., and Rhee,
The cartoon in Figure 7 is a greatly simplified model of S. G. (1993)J. Biol. Chem. 26825952-7.

the interactions that may occur in a signaling complex, but 14. Biddlecome, G. H., Berstein, G., and Ross, E. M. (19R6)
it may be used as a basis to better define the factors that _ Biol. Chem. 2717999-8007. _

enhance or antagonize these associations. While it is tempting 1°- Eze;g’a”‘ D., and Gilman, A. (1998)Biol. Chem. 2731269~
to define these interactions in terms of qomposites of free 14 Chidi.ac, P., and Ross, E. M. (1999) Biol. Chem. 274
energies as derived from the dissociation constants, the 19639-19643.

observation that the same interaction sites can be partially 17. Popov, S., Yu, K., Kozasa, T., and Wilkie, T. (19%#pc.
occluded from other protein partners means that the energies _ Natl. Acad. Sci. U.S.A. 94216-7220.

; . ; 8. Srinivasa, S. P., Bernstein, L. S., Blumer, K. J., and Linder,
are not simply additive, and this adds another level of M. E. (1998)Proc. Natl. Acad. Sci. 95584-5589.

complexity to understanding the interactions in signaling 19 Zeng, W., Xu, X., Popov, S., Mukhopadhyay, S., Chidiac, P.,

domains. Swistok, J., Danho, W., Yagaloff, K., Fisher, S., Ross, E. M.,
Muallem, S., and Wilkie, T. (1998). Biol. Chem. 273
34687-34690.

ACKNOWLEDGMENT 20. Okamoto, T., Schlegel, A., Scherer, P. E., and Lisanti, M. P.

(1998)J. Biol. Chem. 2735419-5422.
The authors are grateful to Dr. A. G. Gilman for the 21.Schlegel, A, Volonte, D., Engelman, J. A., Galbiata, F., Mehta,
providing the BL21/DE3 cells containing HiRGS4/pREP4, gi' ﬁg‘la'l%e‘vl é(filzéss»Cherer’ P., and Lisanti, M. P. (1908}
to Anna Arbouzova and Stuart McLaughlin for sharing their 5, Ar?defson, R G (1998§nnu. Re. Biochem. 67199-225.
sedimentation results with us, and to Paxton Provitera for 23, Xiao, z., and Devreotes, P. N. (199pl. Biol. Cell § 855—

drawing Figure 7. 869.



Binding of RGS4 to G Proteins and Effectors

24. de Weerd, W., and Leeb-Lundberg, L. (1997Biol. Chem.
272 17858-17866.

25. Tsunoda, S., Sierralta, J., Sun, Y., Bodner, R., Suzuki, E.,
Becker, A., Socolich, M., and Zucker, C. (199¥ature 388
243-249.

26. Runnels, L. W., and Scarlata, S. F. (198%)chemistry 37
15563-15574.

27.Berman, D., Kozasa, T., and Gilman, A. G. (1996Biol.
Chem. 27127209-27212.

28. Runnels, L. W., Jenco, J., Morris, A., and Scarlata, S. (1996)
Biochemistry 3516824-32.

29. Reddy, K., Saady, M., and Falck, J. (1995Drg. Chem. 60
3385-3390.

30. Stein, D., Wu, J., Fuqua, S. A., Roonprapunt, C., Yajnik, V.,
P, D. E., Moskow, J. J., Buchberg, A. M., Osborne, C. K.,
and Margolis, B. (1994EMBO J. 13 1331-40.

31. Ross, E. M., and Wilke, T. M. (200@3nnu. Re. Biochem.

69, 1-33.

Biochemistry, Vol. 40, No. 2, 2001421

32. Berstein, L. S., Grillo, A. A., Loranger, S. S., and Linder, M.
E. (2000)J. Biol. Chem. 27518520-18526.

33. Gennis, R. B. (198®iomembranes: Molecular Structure and
Function Springer-Verlag, New York.

34. Popov, S., Krishna, U., Falck, J., and Wilke, T. (200(iol.
Chem. 27518962-18968.

35. Druey, K., Sullivan, B., Brown, D., Fischer, E., Watson, N.,
Blumer, K., Gerfen, C., Scheschonka, A., and Kerl, J. (1998)
J. Biol. Chem. 27318405-18410.

36. Wall, M. A., Coleman, D. E., Lee, E., Iniguez-Lluhi, J. A,
Posner, B. A., Gilman, A. G., Sprang, S. R. (19€%)ll 83
1047-1058.

37.Tu, Y., Popov, S., Slaughter, C., and Ross, E. M. (1999)
Biol. Chem. 27438260-382667.

38. Hepler, J. R., Berman, D. M., Gilman, A. G., and Kozasa.
(1997)Proc. Natl. Acad. Sci. U.S.A. 9428-432.

B1001923+



