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ABSTRACT. The crystal structure of the complex betweg G proteina subunit (Gy1) and its GTPase-
activating protein (RGS4) demonstrated that RGS4 acts predominantly by stabilization of the transition
state for GTP hydrolysis [Tesmer, J. J., et al. (1968}l 89, 251]. However, attention was called to a
conserved Asn residue (ASf) that could play a catalytic role by interacting, directly or indirectly, with

the hydrolytic water molecule. We have analyzed the effects of several disparate substitutions#r Asn
on the GAP activity of RGS4 toward four,Gsubstrates (& Gi, Gy, and G) using two assay formats.

The results substantiate the importance of this residue but indicate that it is largely involved in substrate
binding and that its function may vary with different, @&rgets. Various mutations decreased the apparent
affinity of RGS4 for substrate Gproteins by several orders of magnitude, but had variable and modest
effects on maximal rates of GTP hydrolysis when tested with differens@units. One mutation, N128F,

that differentially decreased the GAP activity towargi Gompared with that toward {gcould be partially
suppressed by mutation of the nearby residue int& that found in Gq (K180P). Detection of GAP
activities of the mutants was enhanced in sensitivity up to 100-fold by assay at steady state in
proteoliposomes that contain heterotrimeric G protein and receptor.

Heterotrimeric guanine nucleotide-binding proteins (G guanine nucleotide (GDP or GTR))( Although no residue
proteins) are transducers in many cellular transmembranefrom RGS4 contacts the GTP substrate directly, A%n
signaling systems. In brief, liganded cell surface receptors appears to play a particularly critical role via interactions
catalyze exchange of GDP for GTP on G proteisubunits, with the hydrolytic water molecule itself and/or with G
which activates Gand drives its dissociation from a stable and GI#% of G,,;. GIn?®* polarizes and orients the hydrolytic
dimer of By subunits. Both GGTP and G, modulate the ~ water molecule in the transition state, while &luis a
activities of downstream effector proteins. Hydrolysis of GTP strongly conserved feature in the RGS protein interaction
bound to G terminates signaling and allows rebinding of footprint. Lys®from G, is also involved in a van der Waals
Gg,. Members of a recently discovered family of RGS interaction with Asf?® of RGS4. Asi?8is strongly conserved
proteins act as GTPase-activating proteins (GARsyard among most RGS proteins. However, several RGS proteins
G proteina subunits, accelerating the rate of inactivation of that act as high-affinity, G-selective GAPs have naturally
the signaling complexi( 2). More than 20 mammalian RGS  replaced Ast#éwith a Ser residues-7), indicating that the
proteins have been described, generally by reference to aequirement for this Asn residue is not absolute.
conserved domain of about 115 amino acid residues known v groups have examined the effects of mutation of

as the RGS box. B Asn'28but came to different conclusions. Srinivasa et8). (
The crystal structure of RGS4 bound t5DP-AIF4 suggested that the side chain interactions mentioned above

demonstrates that the active core of the RGS box forms A(including Asri?9) are important for the ability of RGS4 to

four-helix bundile ). This bundle stabilizes the transition g ang stabilize the transition state of the Gubunit. They

state for hydrolysis of Gbound GTP by interacting with ¢ nq that RGS4 N128A could not detectably bing,G

the three_flex_|ble switch regions of oG regions whose GDP-AIF,~ and that consequently the N128A mutant

conformation is dependent on the identity of the bound ,oiqineq only 4% of the GAP activity of the wild-type protein
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Interactions between RGS protein and. @re most sensi-
tively probed during steady-state GTP hydrolysis in proteo-
liposomes that contain receptor and heterotrimeric G protein.

EXPERIMENTAL PROCEDURES

Materials.[y-3*S]GTP/S and |-?P]GTP were purchased
from NEN. [y-*?P]GTP was purified as described previously
(10). Sources of other materials have been described previ-
ously 10—12).

Mutagenesis.The following oligonucleotides and the
Biorad Mutagene kit were utilized to introduce mutations at
position 128 of RGS4, CA AAA GAG GTG NNN CTG
GAT TCT TG, where NNN was GCG, AGT, TTG, GTG,
or GGT for encoding N128A, N128S, N128F, N128V, or
N128G RGS4, respectively. L8 of Gj,; was mutated to
Pro using the Stratagene Quick Change kit and the oligo-
nucleotide CTC AGA ACT AGA GTG CCA ACG ACG
GGA ATT A. An internally hexahistidine-tagged construct
of Gi,1 was used as the template for mutagenesis to facilitate
protein purification {3).

Protein Purification.Mutant and wild-type hexahistidine-
tagged RGS proteins were synthesizedstherichia coli
and purified as described previously2f. All of these
proteins migrated through a Superdex G75 column (Phar-
macia) as monomeric species with identical retention times
and were homogeneous as determined by Sp&yacry-
lamide gel electrophoresis. Hexahistidine-tagged GAIP was
synthesized in Sf9 cells infected with the appropriate
recombinant baculovirus and purified usingNiNTA resin
(Qiagen). The fractional activities of purified wild-type
RGS4, wild-type GAIP, and RGS4 N128S were determined
by titration with G,,-GDP—AIF,~ under conditions where
prebound G, blocks GAP activity. The RGS protein (130
nM RGS4, 1M RGS4 N128S, and AM GAIP) was first
incubated with G,-GDP, 30uM AICl5, 10 MM MgCb, and — ,\y rgs4 (), or with 4 uM RGS4 N128A ). These data are
10 mM NaF for 5 min at 30°C and then placed on ice. representative of three identical experiments with these proteins.
Each sample was subsequently diluted 13-fold into GTPase(B) Active site titration of N128S RGSA4. Initial rates of hydrolysis
assay buffer that contained,&y-32P]GTP, and the rate of 0‘;\/|4?\101£‘g/'sGﬁégEZZL%T;gVifng?ﬁ;{ggsi”Og{% BYF?E/GA?EG_ of 1
hydrO.IyS'S of the bound )'{'32P]GTP was determln?d as ghown on the abscissa. The data were fit to two straight Iin‘:as. The
desc_rll_)_ed k_’elow- The concentration ofBDP-AIF,™ in concentration of active RGS4 is equal to the concentrationgf G
the initial incubation was varied above and below the GDP-AIF,~ at the intersection of the lines.
concentration of the RGS protein, and the concentrations of
both proteins were several times higher thanKhéor the
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Ficure 1: Effects of RGS proteins on the hydrolysis of,&TP.
(A) Hydrolysis of 250 nM G,-[y-*P]GTP was assessed af@
as described in Experimental Procedures either alogewith 10

Gos and Gq1 were used when reconstituted withg,Gand

RGS-Gy-GDP—AIF,~ complex. Plots of residual GAP
activity versus the concentration of,&DP—AIF,~ in the
preincubation yield two straight lines that intersect at the
concentration of @GDP—AIF,~ equal to the concentration
of the active RGS protein (Figure 1B)4). The concentration

of the G, used in the blocking reaction was determined using
a [*S|GTP/S binding assayl). The active site titrations

receptors in phospholipid vesicles. In contrast to previous
studies with G,, however, myristoylation of (g or G, had
no effect on the GAP activities of the RGS4 proteins used
here (data not shown).

Hydrolysis of Bound GTPHydrolysis of Gg-bound
[y-®2P]GTP in solution was monitored at’€ essentially as
described by Berman et alL%). To prepare G-[y-*P]GTP,

revealed that more than 80% of each preparation of theseG,, was incubated with 3aM [y-*2P]GTP (706-2000 cpm/
RGS proteins was active. RGS mutants with activities too pmol), 50 mM NaHepes (pH 8.0), 5 mM EDTA, 3 mM
low to be standardized by this procedure were quantitated dithiothreitol, and 0.05% GE;o for 20 min at 20°C prior

by measurement of total protein concentratiob) (

Procedures for the purification of N-terminally hexahis-
tidine-tagged G, (17), internally hexahistidine-tagged
myristoylated G and G, (18), wild-type and R183C ¢
(10), Ggy2 (10), and ml and m2 muscarinic cholinergic
receptors19) have been described previously. N-Terminally
hexabhistidine tagged &was routinely used as the substrate

to passage through a gel filtration spin column (G-50
Sephadex, Pharmacia) at@ to remove excesy{?P]GTP
and 3P. Assays were initiated by addition of excess
unlabeled GTP, MgSg and RGS protein to &GTP
substrate at 4C. The final concentrations of components
were 50 mM NaHepes (pH 8.0), 5 mM EDTA, 3 mM
dithiothreitol, 200uM GTP, 10 mM MgSQ, and 0.05%

for GAP assays unless otherwise indicated. Myristoylated C;.E;0. Reactions were quenched with neutral charcoal (Norit
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Scheme 1
k
Ga-GTP —™ o Go-GDP + Pi
k4 k_1

k 3|
GAP-Ga-GTP —=—» GAP + Gu-GDP + Pi

A) at time intervals of 3-6 s. At each concentration of,&
GTP, the basal rate of hydrolysi&nfs, Scheme 1) was
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Table 1: Michaelis Parameters for thg,&AP Activity of RGS4
and GAIP

RGS4 GAIP
K (M) 0.6+0.1 0.05+ 0.015
Kgap (Min~2) 130+ 10 3.2+ 0.4

KgadKm (Min~t M~1) (22+£04)x 1 (6.4+ 2.0)x 107

aValues were derived from nonlinear least-squares fits to Scheme
1 of the data shown in Figure 2 and one other similar experiment. Error
estimates are standard errors of the kityq for G under these
conditions is 0.10 mint.

determined in the absence of RGS protein and was subtracte&y for G,-GTP—Mg?" binding to the RGS protein, as

from the rates observed in the presence of RGS protein.

Values of Vmax and Ky, were determined by fitting the

predicted by the relationships of the individual kinetic
constants Z0). The available data do not implicate a more

concentration dependence of the corrected initial rates to thecomplex scheme. Observed valuekgfare generally more

Michaelis-Menten equation. Hydrolysis ofiG[y-3?P]GTP
was assessed similarly (except at® 7 mM Md*, and 5
mM GTP), but rate constants were calculated by fitting

than 100-fold greater thak,q for the same G and values
of Kpy vary from nanomolar to several micromoldrl( 12).
RGS proteins do not directly influence nucleotide exchange

complete hydrolysis time courses to first-order rate equations(12, 22, 23; data not shown for the mutants used here) or

(20) (Marquardt-Levenberg algorithm in the SigmaPlot
program package). While somewhat less accurate for wild-
type Gq1, this approach gave more reliable data for the slow
hydrolysis rates of the K180P;& mutant. To measure GAP
activity with Gy,-GTP as the substrate, the R183C mutant
was used to slow hydrolysis and thereby allow loading with
[y-32P]GTP @1). Assays with R183C  were performed

at 20°C as described previousl21), with the same order
of addition of reactants described above. GAP activity with
G,«-GTP as the substrate was assayed &tC1&s described
by Wang et al. 11). Quantitative evaluation of GAP assay
data has been discussed elsewhef®. (

Steady-State GTPase Assays with RecefioiProtein
VesiclesPurified m1 or m2 muscarinic cholinergic receptors
and heterotrimeric G proteins were reconstituted into phos-
pholipid vesicles (phosphatidylethanolamine/phosphati-
dylserine/cholesteryl hemisuccinate, 165:98:18) by gel fil-
tration as described previousiyLd). Each assay (4@L)
contained 16-20 fmol of receptor and 5670 fmol of G,

[as a trimer, with a slight molar excess of;G(10)] as
determined in ligand binding assays5|. GTPase assays
were performed at 30C for Gy and G or at 20°C for G,
exactly as described previousfij. Assays contained either

1 mM carbachol or 1M atropine, with or without added
RGS proteins. Assays were initiated by addition of vesicles
to the reaction mixture. For assays using @&ta are reported
only as the increment in activity caused by carbachol; basal
activities were negligiblel(0). For G and G, activity in the
absence of agonist was significant, and we report total
GTPase activity.

RESULTS

Activities of Mutant and Wild-Type RGS Proteins with, G
and R183C &.. RGS proteins act catalytically to accelerate
the conversion of GGTP to G-GDP (Scheme 1). Their
activity at steady state is most readily described by an
analogy to enzyme kinetics, with a maximal turnover number
(kgap and Michaelis constantK(,) that are obtained by
measuring the rate of GTP hydrolysis as a function of
substrate concentration (& TP—-Mg?") (11, 20). The kgap
is the intrinsic rate of hydrolysis of GTP in the RG6&,-
GTP—Mg?" complex. TheK,, appears to approximate the

bind G,-GDP with high affinity (L2, 22, 24, 25).

The GAP activities of Ast® mutants of RGS4 toward
soluble G,-GTP—Mg?" varied widely. Wild-type RGS4 has
a modestKy, of 0.6 uM and akgap 0f 130 min? for Geg-
GTP—Mg?" at 4 °C under our standard assay conditions
(Figures 1A and 2A and Table 1). RGS4 thus increases the
hydrolytic rate of G, more than 1000-fold. RGS4 N128S
retained activity, but the data of Figure 2B do not indicate
saturation at the highest concentration of-GTP tested.
TheK, of RGS4 N128S for -GTP—Mg?" is thus clearly
elevated (probably about 100-fold), akgh, may also be
diminished. GAIP, which naturally has a Ser residue at the
position corresponding to A8, provides a contrast (Figure
2C and Table 1). Although GAIP exhibitedkgs, of only
3.2 min?, its Ky was 50 nM, about 12-fold lower than that
of RGS4. RGSZ1, which also has a Ser residue at this
position, also binds (g-class substrates with high affinity
[Kqfor Goo-GTPYS ~ 5 nM (11)]. RGS4 proteins with other
mutations at position 128 were less active ag-GTP than
was RGS4 N128S. High concentrations of RGS4 N128A (4
uM) were required to observe any effect on the GTPase
activity of Gy, (Figure 1A), and Phe, Val, and Gly mutants
(at 4, 8, and M) had no detectable activity ongswhen
assayed in solution.

Because a subgroup of RGS proteins that are selective for
G, have a Ser residue at the position homologous to'&sn
in RGS4 (), we tested the GAP activities of the RGS4
mutants with G,-GTP as the substrate (Table 2). Although
RGS4 N128S was the most active mutant as, &@P, its
activity was only 0.1% of that of wild-type RGS4. This
decrease in activity primarily reflected an increas&jnto
about 7uM (data not shown), which is much higher than
that of wild-type RGS4 {10 nM)? Although we could
measure the GGAP activities of the other mutants, they
displayed as little as 1% of the activity of the Ser mutant
(105 times the value of the wild type). A Ser residue at this
position does not therefore independently provide either high
activity or selectivity toward G..

To determine whether effects of mutations at X8mre
selective for G substrates of the Gr G class, we also
measured the GAP activities of wild-type and mutant RGS4

2J. Wang, personal communication.
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FicurRe 2: RGS-stimulated GTP hydrolysis at increasing-GTP
concentrations. Initial rates of hydrolysis of&y-32P]GTP at the

Posner et al.

Table 2: G, GAP Activities of RGS4 Asi?® Mutant$

wild-type RGS4 (3.7 0.4) x 107 min"t M1
N128S (3.4+ 0.6) x 10* min1 M1
N128A (7.9+ 1.7)x 1 min 1M1
N128F (2.5+ 0.1) x 1 min"* M1
N128V (1.1 0.2) x 1 min1 M1
N128G (4.8£2.1) x 1@ min"1 M1

a Hydrolysis rate constants for, GG TP (2 or 3.7 nM) in the presence
of appropriate concentrations of each RGS4 protein were determined
from complete hydrolysis time course®d. The increment over the
intrinsic rate constant (0.014 mit (11) was divided by the concentra-
tion of RGS4 protein to yield a second-order catalytic constant. Data
shown are means{one-half the range) from two to five determinations
at different GAP concentrations. Expressed similarly, theGAP
activity of GAIP or RGSZ1 is~2 x 10° min™t M~ (7).

Table 3: Gu GAP Activities of RGS4 Ast® Mutants and GAIP

RGS Kss (Min™1) RGS kss (Min=1)
wild-type  1.1+0.2 N128A  (3.0+0.2)x 10°*
N128S (3.0£03)x 103 GAIP  (4.6+0.3)x 103
N128F (3.0 0.3) x 10°2

alnitial rates of hydrolysis of R183C &GTP (~30 pM) were
measured as described in Experimental Procedures in the presence of
appropriate concentrations of wild-type GAIP), wild-type RGS4
(20 nM), and the Ast¥® mutants of RGS4 that are listed 4M N128S
and N128F and 4M N128A). ks represents the RGS-promoted
increments in the initial rates of hydrolysis (moles of GTP per minute)
divided by the amount of RGS protein. These data are from one of
two experiments that yielded similar results. RGS4 N128G and N128V
were not assayed.

RGS4 and GAIP were about 36@00-fold less active as
Gq GAPs than wild-type RGS4, and RGS4 N128A was
substantially worse. Effects of the Adhmutations on G
GAP activity were thus significant, as was the case with G
although the effects of individual mutations varied. Most
notably, RGS4 N128F was much more active than N128A,
the reverse of the order determined with, G5, GAP activity
was not assayed for N128G and N128V RGS4.

GAP Actiities of Mutant and Wild-Type RGS Proteins
during Receptor-Stimulated, Steady-State GTP Hydrolysis
The GAP activity of RGS4 is greater and more easily
observed in a steady-state GTPase assay using proteolipo-
somes that contain heterotrimeric G protein and a suitable
receptor 21, 26). GAP activity of an RGS protein with a
specific G protein substrate may be undetectable in solution-
based assays and still detected readily in the vesicle-based
assay 21). In such an assay, agonist-bound receptor stimu-
lates nucleotide exchange on.@\t low concentrations of
a GAP, nucleotide exchange is relatively rapid and the
observed steady-state rate of productiori?Bf reflects the
rate-limiting hydrolytic step. We therefore assayed the mutant

concentrations shown were determined in the presence of 10 nMRGS proteins in the receptor-coupled system.

wild-type RGS4 (A), 500 nM RGS4 N128S (B), or 20 nM GAIP

(C). These data are representative of two such complete data setsdi splayed by the Asie

proteins with G, in solution. Because of the slow rate of
dissociation of GDP from &, we used a mutant (R183C)
Gqo protein, for which GTPase activity is slower than
nucleotide exchange. This permits preparation of the G
GTP—Mg?" substrateZ1). We could not determine Michae-

In contrast to the marked losses of,GGAP activity
mutants in the solution assay, each
of the mutants markedly stimulated the steady-state GTPase
activity of the G heterotrimer that was reconstituted with
m2 muscarinic cholinergic receptors (Figure 3). RGS4 N128S
actually produced maximum activity that was higher than
that of the wild-type protein, even though it did not saturate.

lis parameters for these reactions because of the high valueShe maximal effects of the other mutant RGS4 proteins were

of Km, and therefore report only initial rates of GAP-

comparable to the maximum attained by wild-type RGS4.

stimulated GTP hydrolysis corrected for the concentration In each case, the major effect of the mutations was to
of the RGS protein (Table 3). The Ser and Phe mutants of decrease potency, about a 20-fold increase ig,ECthe
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receptor-stimulated GTP hydrolysis. The carbachol-stimulated,
steady-state GTPase activity of m1 muscarinic receg@givesicles

9 -8 -4

RGS4 and varying concentrations of RGS4 N1284),(RGS4
N128G @), RGS4 N128V 4), or RGS4 N128F ). The GAP
activity of RGS4 N128A in the absence of the wild-type protein
was also assayedlj. The GTPase activity of the vesicles in the
absence of a GAP is shown at the lower righ).(Similar data
were obtained in two other experiments.

maximal activities that were roughly 3®0% of the wild-
type value. Wild-type GAIP was only slightly active as a
Gy GAP in the vesicle system (Figure 4).

Competitve Inhibition of GAP Actiity by Mutant RGS4.
Because several of the RGS4 mutants produced moderately
diminished maxima in the vesicle-based, GAP assay
(Figure 4), we tested their ability to bind,@ an abortive
complex and thereby competitively block the GAP activity
of the wild-type RGS4. As shown in Figure 5, RGS4 N128A
inhibited the GAP activity of wild-type RGS4 to a level near
that of its own maximum GAP activity. Its Kgin this assay,
~ 1.5uM, was near its E€ as a GAP, consistent with the
idea that RGS4 N128A can bind,@ith only a slight GAP
effect, but thereby inhibit competitively the binding of other
more active GAPs. There was also a suggestion of competi-
tive inhibition by the Val and Gly mutants, although it was

was assayed as described in Experimental Procedures in thesmall and we did not try to quantitate its affinity. We found

presence of increasing concentrations of wild-type RGH4RGS4

N128S @), RGS4 N128A f), RGS4 N128V 4), RGS4 N128G
(m), RGS4 N128F ¢), or wild-type GAIP @®). Data are repre-
sentative of four other similar complete experiments.

no competitive inhibition of wild-type RGS4 by any of the
mutants using the m2 recepte, vesicles (not shown), as
would be predicted from the observation that all displayed
appreciable G, GAP activities (Figure 3).

case of N128S and as much as 2000-fold for N128G and The K180P Mutation in ¢, Partially Suppresses the

N128F. For each mutant, however, the rank order of activity
was qualitatively similar in the two assay formats.
Reconstitution of heterotrimeric Gvith m1 muscarinic

N128F Mutation in RGS4n the steady-state assay, RGS4
N128F was the most active mutant fog Bt the least active
for G, (Figures 3 and 4), and it had no detectablg GAP

receptors and phospholipids also amplified the assayaple G activity in solution. Models of the structures of the.&

GAP activities of the RGS4 mutants and allowed more
detailed study of their activities (Figure 4). In this assay,
RGS4 N128F was only slightly less potent as @ @GAP

RGS4 N128F and —RGS4 N128F complexes based on
the known structure of @—RGS4 @) predict steric
hindrance between L¥®in G,, and Ph&8in RGS4. Asf?8

than was wild-type RGS4 and displayed almost the samein RGS4 also forms a van der Waals contact with '£Ys

maximal activity. The high activity of the N128F mutant
with G4 contrasts with its poor activity with Gand confirms
its activity in the assay with soluble R183CGJGThe other

that would be lost in the N128F mutar8)( The residue in
Gq« that corresponds to LY¥ in Go, and Gy is a proline.
We therefore made the K180P mutant gf:&nd examined

Asn'?8 mutants all were active in the vesicle-based assay, its sensitivity to the GAP activity of RGS4 N128F. Although
although several saturated at somewhat lower maximal K180P G, hydrolyzes bound GTP about 10-fold more

activities and displayed values of EGwell above that of

slowly than does wild-type i, soluble K180P G, was at

wild-type RGS4. RGS4 N128S and the other mutants had least 10-fold more sensitive to RGS4 N128F than was the
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(3), and AsiA?® in RGS4 might be central to either. The
c importance of Asi?® in RGS4 to the function of RGS
/ proteins is suggested by its almost complete conservation
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within the family (Ser is the only natural substitution), its
location at the G—RGS binding interface, and its interaction
; i there with three residues at thg &ctive site (GIA®, GILw?Y’,
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and Lys%%in Giy) (3). This importance is reinforced by the
finding that its substitution by Ala in RGS4 or by several
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otzaas e T 5 2 7 % 4 = residues other than Ser in RGS-r markedly reduced GAP
[RGS4) Goa activity (8, 9). This led to speculation that A& orients
these residues within the active site and thus either facilitates

ngw catalysis directly or, more generally, forces,Gnto its
2 oD transition-state conformation.
%Ef 80 The data presented here suggest thatZss primarily a
- determinant of RGS4 binding to Gsubunits and that its
£ 50 specific interactions with active site residues are less
2 : ZA important. Thus, RGS binding primarily stabilizes the
2 2 normally flexible catalytic switch regions of the,Gubunit
] f; 1g:t to favor interaction with the GGTP transition state3j. This
A e e conclusion is supported by data obtained using diverse

mutations of As#?® (Ser, Gly, Phe, Ala, and Val), four G

FiGurRe 6: K180P Gy; is more sensitive to RGS4 N128F than is : ‘ot
wild-type Gei. (A and B). GAP activity was measured in solution targets (Gu, G, an,8and Go), and .tWO dISthF ass_ay
using [r-22P]GTP bound to either wild-type;G (A) or the K180P formats. Although Ast® may not be an important biological

mutant (B). Assays contained either no RGS proté), 6 nM determinant of target selectivity, the rank order of activity
wild-type RGS4[Q) 1.5 or 3uM RGS4 N128F ¢), or 3uM RGS4 among the mutants differed for eacluGfor G,, WT >
N128A (»). Solid lines represent fits to first-order rate equations Ga|lp > S> A G > F, V: for Gy, WT > F>S> A G,

constrained to yield the same total release3%®i. Fitted rate .

constants (increments over basal) from this and a similar experimentV’ (fs,g\IP, and for G, GAIP > WT > S>A > F,V>G.
were divided by the concentrations of RGS4 to give the following LYS™ of Gia1 and the corresponding Pro ing&are also
specific activities in units of mint M~ (n = 2 for the wild type involved in RGS-G, binding, as indicated by the improved
and N128A;n = 3 for N128F; “+” indicates one-half the range of interaction of K180P G; with N128F RGS4. The varied
the determinations). Fitted rate constants for RGS4 N128F and wild- gansitivities of the individual GGTP targets to the different

type Go1 were not significantly different from the basal rate constant e e
(0.54 r%irrl). The basal rate for K180P,G was 0.045 mint: (2.4 RGS4 mutants also suggest that G protein binding is more

+ 1.2) x 108 for wild-type Goq and RGS4, (0.4: 2.9) x 108 for important than specific reorientation of catalytically important
wild-type Gy and N128F, (6.5 1.7) x 10° for wild-type RGS4 residues, which are generally conserved among the G
and N128A, (2.3t 0.1) x 10 for K180P Gu; and RGS4, (5.6 proteins. For m1 recepteiG, vesicles, several mutations in

0.6) x 10 for K180P Gy, and N128F, and (1. 0.1) x 10 for RGS4 also decreased maximal GTPase rates (Figure 4), and

K180P G, and N128A. (C and D) Carbachol-stimulated steady- . )
state GTPase activity was measured in vesicles that contained m3\128A RGS4 apparently lost about 70% of its GAP activity

muscarinic receptors and either the wild type (C) or K180P  (Figure 5). This decrease in the maximum may reflect a
(D). Assays contained wild-type RGSalY, RGS4 N128F ), or decrease irkgap but may also point to other functions of

RGS4 N128A £). RGS proteins in the GTPase cycle that are also altered by
mutation of AsA%.
wild type (Figure 6A,B). This is an underestimate because  Thjs study also points out the sensitivity of the steady-
we were unable to measure any reproducible stimulation of sate, reconstitutive assay for GAP function relative to the
wild-type Ga1 by N128F RGS4 (Figure 6A and its legend).  single-turnover assay using solublg €ubunits. Although
In receptor-G; vesicles, the K180P mutant was less sensitive geveral of the mutants exhibited no detectable GAP activity
than.\./wlld—type Gu to wild-type RGS4, but its relative  toward G, or Gy in solution (at 4-8 M), all displayed
sensitivity to N128F RGS4 was enhanced when comparedsignificant activity in the vesicle-based assay. Further, steady-
to its response to either wild-type or N128A RGS4 (Figure state GAP activity could be quantitated reproducibly with
6C,D). The effect of the K180P mutation ini/s on its respect to maximum efficacy and affinity over the 3 nM to
sensitivity to RGS4 N128A was much smaller, consistent 3q uM range of RGS concentrations. Results of the two
with the idea that substituting a small side chain for that of assays agree qualitatively insofar as the rank order of
Asn'?® would not cause steric crowding at the binding site. activities of mutant and wild-type proteins were the same in
both assays whenever activity in solution could be measured.
DISCUSSION This was true for both G and Gy,. One reason for the
GAPs can potentially function via three distinct mecha- increased sensitivity of the vesicle-based assay may be the
nisms. They may directly contribute to active site chemistry, local concentration (or physical orientation) of the RGS
as is true for GAPs for small monomeric GTP-binding protein at the vesicle surface; RGS4 binds relatively tightly
proteins R7—29). Alternatively, they can bind near the active to phospholipid vesiclesGAPs also accelerate GBETP
site and reorient specific catalytic residues or, even more exchange indirectly by favoring permanent association of the
indirectly, alter the overall configuration of the GTPase receptor with G proteinl(0), and RGS4 may thus amplify
protein to favor faster catalysis. GAPs for heterotrimeric G
proteins operate by one or both of the latter two mechanisms 23Y. Tu and E. M. Ross, unpublished.
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its net effect on steady-state GTPase activity. Alternatively,
RGS4 may interact in an important way with the receptor
or Gg, to enhance its activity26, 30—32). Regardless, the
steady-state assay is operationally more sensitive and intu-
itively approximates the action of an RGS protein in a cell,

and the potencies of RGS4 in the steady-state assay are closer 2,

to the very high-affinity interactions described for RGS4 in
microinjected cells Z6). A weakness of the vesicle-based
assay is that the maximal steady-state velocity is, in most
cases, limited by the receptor-catalyzed GIZDP exchange

rate, and simple mechanistic inferences from observed rates 15

are therefore limited.

The effects of the mutant RGS4 proteins on the steady-
state GTPase activity of {&Figure 4) support the possibility
of developing useful dominant negative RGS proteins that
could bind G, without GAP activity and thus block the GAP
activity of other endogenous RGS proteins. Most of the
mutants exhibited decreased maximal activities towagd G
(Figure 4), and N128A RGS4 competitively inhibited the
GAP activity of the wild-type protein (Figure 5). Similar
effects were not seen with;Gvhere the only effect of the
mutations was to diminish binding. These results thus hold
out hope for modifying RGS protein function in cells through
the use of mutation, but point out that the appropriately
matched RGS G, pair will need to be used in the develop-
ment of such approaches.

ACKNOWLEDGMENT

R183C G, was provided by Andrejs Krumins, /£ by
Jun Wang, a recombinant baculovirus encoding GAIP by
John Hepler, cDNA encoding RGS4 by David Berman, and
cDNA encoding Hig-Gjq1 by Christiane Kleuss. We thank

Stephen Sprang for discussion and suggestions on the choiceog.

of mutations and Marian Stanzel and Karen Chapman for
excellent technical assistance.

REFERENCES

1. Berman, D. M., and Gilman, A. G. (1998) Biol. Chem. 273
1269-1272.

. Zerangue, N., and Jan, L. Y. (1998yrr. Biol. 8, 313-316.

. Tesmer, J. J. G., Berman, D. M., Gilman, A. G., and Sprang,
S. R. (1997)Cell 89, 251—-261.

. Sprang, S. R. (199Annu. Re. Biochem. 66639-678.

. De Vries, L., Mousli, M., Wurmser, A., and Farquhar, M. G.
(1995) Proc. Natl. Acad. Sci. U.S.A. 921916-11920.

. Faurobert, E., and Hurley, J. B. (19%oc. Natl. Acad. Sci.
U.S.A. 94 2945-2950.

Wang, J., Ducret, A, Tu, Y., Kozasa, T., Aebersold, R., and
Ross, E. M. (1998). Biol. Chem. 27326014-26025.
Srinivasa, S. P., Watson, N., Overton, M. C., and Blumer, K.
J. (1998)J. Biol. Chem. 2731529-1533.

(o2} g b w N

7.
8.

9.

Biochemistry, Vol. 38, No. 24, 1999779

Natochin, M., McEntaffer, R. L., and Artemyev, N. O. (1998)
J. Biol. Chem. 2736731-6735.

10. Biddlecome, G. H., Berstein, G., and Ross, E. M. (19B6)

Biol. Chem. 2717999-8007.

11. Wang, J., Tu, Y., Woodson, J., Song, X., and Ross, E. M.

13.

14.

16.

[EEN

18.

19.

20.

21.

22.

23.

24.

25.

27.

28.

29.

7.

(1997)J. Biol. Chem. 2725732-5740.

Berman, D. M., Wilkie, T. M., and Gilman, A. G. (1996¢l|

86, 445-452.

Kleuss, C., and Gilman, A. G. (199P)oc. Natl. Acad. Sci.
U.S.A. 946116-6120.

Fersht, A. (1977) ifEnzyme Structure and Mechaniskv.

H. Freeman and Co., New York.

Brandt, D. R., and Ross, E. M. (198&) Biol. Chem. 261
1656-1664.

Schaffner, W., and Weissmann, C. (19A8pal. Biochem. 56
502-514.

Lee, E., Linder, M. E., and Gilman, A. G. (199%ethods
Enzymol. 237146-164.

Mumby, S. M., and Linder, M. E. (1994jethods Enzymol.
237, 254-268.

Parker, E. M., Kameyama, K., Higashijima, T., and Ross, E.
M. (1991)J. Biol. Chem. 266519-527.

Wang, J., Tu, Y., Mukhopadhyay, S., Chidiac, P., Biddlecome,
G. H., and Ross, E. M. (1999) i@ Proteins: Techniques of
Analysis(Manning, D. R., Ed.) pp 123151, CRC Press, Boca
Raton, FL.

Ingi, T., Krumins, A. M., Chidiac, P., Brothers, G. M., Chung,
S., Snow, B. E., Barnes, C. A., Lanahan, A. A., Siderovski,
D. P., Ross, E. M., Gilman, A. G., and Worley, P. F. (1998)
J. Neurosci. 187178-7188.

Watson, N., Linder, M. E., Druey, K. M., Kehrl, J. H., and
Blumer, K. J. (1996Nature 383 172-175.

Chen, C.-K., Wieland, T., and Simon, M. I. (19%8pc. Natl.
Acad. Sci. U.S.A. 9312885-12889.

Tu, Y., Wang, J., and Ross, E. M. (19%8ience 2781132
1135.

Chen, C., Zheng, B., Han, J., and Lin, S.-C. (1987Biol.
Chem. 2728679-8685.

Zeng, W., Xu, X., Popov, S., Mukhopadhyay, S., Chidiac, P.,
Swistok, J., Danho, W., Yagaloff, K. A., Fisher, S. L., Ross,
E. M., Muallem, S., and Wilkie, T. M. (1998). Biol. Chem.
273 34687-34690.

Scheffzek, K., Ahmadian, M. R., Kabsch, W., Wiedleny

L., Lautwein, A., Schmitz, F., and Wittinghofer, A. (1998)
Science 27,7333—338.

Rittinger, K., Walker, P. A., Eccleston, J. F., Nurmahomed,
K., Owen, D., Laue, E., Gamblin, S. J., and Smerdon, S. J.
(1999) Nature 388 693-697.

Ahmadian, M. R., Stege, P., Scheffzek, K., and Wittinghofer,
A. (1997) Nat. Struct. Biol. 4686-689.

. Doupnik, C. A., Davidson, N., Lester, H. A., and Kofuji, P.

(1997)Proc. Natl. Acad. Sci. U.S.A. 94046110466.

. Blnemann, M., and Hosey, M. M. (1998) Biol. Chem. 273

31186-31190.

. Chuang, H.-H., Yu, M., Jan, Y. N., and Jan, L. Y. (19P&)c.

Natl. Acad. Sci. U.S.A. 99172711732.
BI9906367



