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ABSTRACT. Genetic studies in the yeaSaccharomyces cersiae have shown thaSST2promotes
pheromone desensitization in vivo. Sst2 is the founding member of the RGS (regulators of G protein
signaling) family of proteins, which in mammals act as GAPs (GTPase activating proteins) for several
subfamilies of G proteins in vitro. A similar activity for Sst2 has not been demonstrated, and it is not
self-evident from sequence homology arguments alone. Here we describe the purification of Sst2 and its
cognate @ protein (Gpal) in yeast, and demonstrate Sst2-stimulated Gpal GTPase activity. His-tagged
versions of Sst2 and Gpal were expressefl.inoli, and purified using Nir—agarose and ion exchange
chromatography. Time-course binding experiments reveal that Sst2 does not affect the binding or release
of guanine nucleotides. Similarly, steady-state GTPase assays reveal that Sst2 does not alter the overall
rate of hydrolysis, including the rate-limiting nucleotide exchange step. Single-turnover GTPase assays
reveal, however, that Sst2 is a potent stimulator of GTP hydrolysis. Sst2 also exhibits GAP activity for
mammalian Go, and the mammalian RGS protein GAIP exhibits GAP activity for Gpal. Finally, we
show that Sst2 binds with highest affinity to the transition state of Gpal (G&WP, -bound), and with

much lower affinity to the inactive (GDP-bound) and active (@GBFbound) conformations. These
experiments represent the first biochemical characterization of Gpal and Sst2, and provide a molecular
basis for their well-established biological roles in signaling and desensitization.

Many signaling molecules act via cell surface receptors in the past has focused on regulation at the level of the
coupled to guanine nucleotide binding regulatory proteins receptor, most notably the role of phosphorylation in
(G proteins) ). These receptors catalyze the exchange of promoting receptor inactivation and sequestration from the
GDF for GTP on the G proteim subunit, which in turn plasma membrane3). More recently, attention has turned
leads to dissociation of &from the G proteirfy subunits, to the regulation of G proteins, in particular regulation by
and the concomitant activation of downstream effector the newly identified family of RGS proteing,(5).
proteins @). Signaling persists until GTP is hydrolyzed to  The first RGS protein was identified in yeast, through a
GDP and the subunits reassociate, completing the cycle ofgenetic screen for mutants that block pheromone desensitiza-
activation. Thus, the strength of the G protein signal dependstjon. The affected gene, calle8ST2(for supersensitivity
on (i) the rate of nucleotide exchange, (ii) the rate of GTP o pheromone), was later cloned and found to encode a 698
hydrolysis, and (iii) the rate of subunit reassociation. residue polypeptide (Sst2) with no obvious sequence similar-

A ubiquitous property of G protein signaling systems is ity to other known signaling protein®{8). It was later
that they are subject to desensitizatidr). ( This process  realized that pheromone signaling in yeast involves a receptor
allows cells to adapt appropriately to changes in their and G protein very similar to those in higher eukaryotes.
environment, but can also have deleterious consequencesyrther genetic analysis, using activated alleleS$T29),
leading to drug tolerance or addiction. Considerable work revealed the G protein as the most likely target of RGS
action, a supposition that was confirmed through colocal-

T This work was carried out with research grants from the American ization and coprecipitation of the two proteins from yeast
Heart Association (CT-96-FW-32 to D.M.A.), the National Institutes  (10). However, neither Sst2 nor Gpal has previously been
Ony';r‘f:r'gi‘ d(gyfj(fng?c?D%.Gk%sg'i\gzazr?lz\ﬁl—fop:De'c?c}%t'z)’rglnt(rjaﬁ]rg:r(léamn purified, and no information about their enzymatic properties
5T32-GM07223). has been available. Thus, it has not been possible to

*Boyer Center for Molecular Medicine, Yale University School of determine how Sst2 modulates G protein activity.

Medicine. . . .
5The Howard Hughes Medical Institute, Yale University. Homologues of Sst2 have since been identified through

L Abbreviations: DTT, dithiothreitol; EDTA, ethylenediamine- ~ genetic screens in the filamentous fundispergillus nidu-
tetraacetic acid; GDP, guanosiné-diphosphate; GTP, guanosine |ans(FIbA) (11) and the nematod€haenorhabditis elegans

5'-triphosphate; GT$S, guanosine '80-(3-thiotriphosphate); GAP, _ ; i
GTPase activating protein; GAIP, oGinteracting protein; RGS, (EGL-10) @2). In mammals, Sst2 homologues were ident

regulator of G protein signaling; PCR, polymerase chain reaction-sDs fied in two-hybrid screens usingdsas “bait." (GAP and
PAGE, sodium dodecyl sulfatgpolyacylamide gel electrophoresis. RGS10) (3, 14), as well as through expression cloning, low
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stringency hybridization, PCR cloning, and systematic ge- digested withNdd and BarH| and ligated into the corre-
nomic sequencing effortd?, 15—20). Transfection of RGS  sponding sites of pET15b (Novagen) to yield pET15b-GPAL.
proteins into mammalian cultured cells was shown to A His-tagged version of Gp&3¥23- was constructed by
attenuate hormone signaling through &hd G, (15, 21— ligating the Ncd—HindIll GPA1 fragment from pET15b-
24). Expression of mammalian RGS proteins in yeast was GPA1, theHindlll —Hindlll fragment ofgpal?3?3-(10), and
shown to block pheromone signaling through Gp#3, (.8, the Ncd —Hindlll product of pET21d (Novagen) to yield
25). These studies suggest that RGS proteins have similarpET21d-gpa®323-.
biological roles in mammals and in yeast. A C-terminal hexahistidine-tagged version of Sst2 was
A number of mammalian RGS proteins have now been constructed by PCR amplification using a primer that encodes
purified and tested for their ability to regulate G protein anNcd site at the initiator ATG (5GGC GTG CGC GCC
catalytic function. These studies revealed that RGS proteinsATG GTG GAT AAA AAT AGG ACG TTG CAT-3) and
are potent GAPs for a wide variety of heterotrimeric G a second primer at the terminating TAA{&GC ATT CGC
proteins, including members of the, @1d G, subfamilies ~ GAA TTC TTA GCA CTT TTC TTG GAT TTC TAT
(14, 19, 20, 26—32). However, it is not clear which of these  TAA-3'). The resultingNcd —BstBI-digested PCR product
RGS-Go. pairs actually interact in vivo. Nevertheless, these was ligated, together withBsBI—BanHI digestion product
experiments provide a likely mechanism by which RGS of SST2[from pBS-SST2-GST 84) containing a mutant
proteins attenuate signaling in cells; specifically, by ac- BanHl site that replaces th8ST2termination codon] into
celerating G GTPase activity, RGS proteins would decrease the correspondindicd andBanH| sites of pQEG0 (Qiagen).
the lifetime of the active GTP-bound species and attenuate The resultingSST2-hexahistidine fusion was excised by
the cellular response. The biochemical properties of mam- Ncd andHindlll digestion, and ligated to the corresponding
malian RGS proteins are concordant with the known physi- sites in pET21d. A non-His-tagged version $6T2was
ological role of Sst2 in yeast. However, the hypothesis that constructed as described above, except that the PCR product
Sst2 is a GAP has never been tested, and such an activity igvas digested withNcd and EcoRIl and ligated to the
not obvious from sequence homology arguments alone. Mostcorresponding sites in pET21d.
notably, Sst2 is considerably larger (698 residues) than other An N-terminally truncated and heptahistidine-tagged ver-
RGS proteins that have been tested for GAP functie?00 sion of GAIP (American Tissue Type Collection, clone
residues). In addition, the core region of homology is larger 33393) was constructed by PCR amplification using one
in yeast (~400 residues) than in mammals125 residues),  primer that encodes an artifici@danH| site and initiator
and sequence identity within this region is only-227% ATG at codon 78 (5GCG AAG AAC CAT ATG CCA
(5, 12). AGT CCT GAG GAG CTG CAG AGC-3, and a second
The principal aim of this study was to determine if Sst2 Primer that encodes a terminating TGA and an artificial
is a GAP for Gpal. These experiments are important ECORISite (8 GGC ATT CGC GGA TCC TCA CAG CAG
because Sst2 is the only RGS for which the cognateisc =~ GGC ACG GTA GGT GGG AG-3. The PCR-amplified
known. Yeast is also the only system in which “knock out” Product was digested witBamrH| and EcoRI and ligated

mutations of the @ and RGS genes are available. The iNto the corresponding sites of a modified pET21d. The
ability to purify these proteins will now permit us to resulting construct contains the N-terminal artificial sequence

determine the biochemical basis for the large number of MGHHHHHHHGSLVPRGS preceding residues7206 of

pheromone-supersensitive and unresponsive allelé®éfl GA”D; o ] )
andSST2hat have been identified genetically in yeast. The  Purification of Recombinant Gpal and RGS Proteins.
ability to conduct in vitro biochemical experiments (such as Vectors encoding His-tagged Gpal, GAIP, or Sst2 were
those described here), in conjunction with sophisticated in fransformed into strain BL21(DE3) and grown at 30
vivo genetic experiments that are available in yeast, makes(Gpal and GAIP) or 24C (Sst2) in 12 L of enriched

this a unique and powerful system to study signal regulation. Medium as describe@§). At Ao nm= 0.5-0.6, IPTG was
added (1uM final) to the cultures, and allowed to grow

EXPERIMENTAL PROCEDURES for an additional 6 h. Cells were centrifuged and flash-frozen
in liquid nitrogen. All subsequent steps were carried out at
Strains and Plasmids. Escherichia cstrain DH10B was 4°C. Cells were thawed in TBP buffer (50 mM Tris-HClI,
used for the propagation and maintenance of plasmids. StrairpH 8.0, 10 mM 2-mercaptoethanol, 1M PMSF, 20uM
BL21(DE3) was used for expression of recombinant Gpal, GDP, 1 mM MgC}), and lysozyme (Boehringer Mannheim)
GAIP, and Sst2. Established methods were used for thewas added (0.2 mg/mL final) for 30 min to complete the
growth of bacteria and the manipulation of plasmi@8)( lysis. Samples were clarified by centrifugation at 20§00
All molecular biology reagents were purchased from New (11 000 rpm) for 60 min (Beckman JA 14 rotor, J2 series
England Biolabs, and used according to the manufacturer'scentrifuge) at 4°C, and the supernatant was applied (2.0
instructions. All PCR amplification products were verified m[/min) to a 5 mL Ni-NTA (Qiagen) column equilibrated
by DNA sequencing (Keck Biotechnology Facility, Yale with TBP. The column was then washed (2.0 mL/min) with
University). 100 mL of TBP, 250 mM NaCl, followed by a second wash
N-Terminal hexahistadine-tagged versions of Gpal were with TBP, 10 mM imidazole, and eluted with a 30 mL linear
constructed by PCR amplification using primers that encode imidazole gradient (16250 mM) in TBP. Eluted fractions
anNdd site at the initiator ATG (5GCG AAG AAC CAT were diluted with 3 volumes of HD buffer (20 mM Hepes,
ATG GCG TGT ACA GTG ACG CAA AC-3) and aBanHl pH 8.0, 2 mM DTT, 2uM GDP, 1 mM MgC}), and loaded
site just after the terminating TCA'(6GGC ATT CGC GGA (2 mL/min) onb a 5 mLMonoQ column (Pharmacia). The
TCC TCA TAT AAT-3'). The PCR-amplified products were column was then washed with 25 mL of HD, and eluted
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with a 100 mL linear NaCl gradient (200 mM for Gpa1l,;
0—700 mM for Sst2; 6-400 mM for GAIP) in HD buffer.
Peak column fractions were analyzed by SEPFAGE, and

e
M, juDa| G l.'.ﬂ'a"‘L 135%.‘ %‘é} t?.I"i‘I

protein staining (Bio-Rad Silver Stain Plus) or immunoblot- i

ting with specific polyclonal antibodies to Gpa}g] and -
Sst2 (0). Gpal was exchanged intax&torage buffer (50 i -_—  -—

mM Hepes, pH 7.6, 1 mM EDTA, 2 mM DTT, 1M GDP) s L —

and concentrated using a Millipore ultrafree 15 membrane
(10K NMWL). Sst2 and GAIP were exchanged into RGS
storage buffer (50 mM Hepes, pH 8.0, 1 mM EDTA, 2 mM
DTT) and concentrated using a Centriprep 30 or Centriprep
3 (Amicon) concentrator, respectively. Approximate protein
concentrations were determined by the method of Lowry (DC
protein assay, Bio-Rad) using bovine serum albumin as a

standarq. . . . Ficure 1: Purification of recombinant RGS andx@roteins. His-
Guanine Nucleotide Binding and Hydrolysis Assays. tagged Gpal, Gp&%23, GAIP, and Sst2 were expressedincoli
Recombinant purified Gpal (250 nM) in 30 of Ga storage and purified by Ni-NTA and Q Sepharose chromatography, as

buffer was mixed with an equal volume ok2GTP buffer detailed under Experimental Procedures. Pooled and concentrated

protein fractions (5ug) were subjected to 15% SB®AGE and
(50 mM Hepes, pH 8.0, 1 mM EDTA, 2 mM DTT, 2M stained with Coomassie blue. Lane 13,0338 kDa); lane 2, Gpal

GTP, 10 mM MgC}) containing P’SIGTRY'S (2500 cpm/ (54 kpa); lane 3, Gpa®?3- (54 kDay): lane 4, Sst2 (81 kDa); lane
pmol) (DuPont-NEN) at 30°C for 0—90 min. Bound and 5 GAIP (18 kDa). M, relative mobility of prestained protein
free nucleotides were separated by filtration using a Multi- standards.

screen HA (0.4 M) filtration system (Millipore) and rapidly ) ] .

rinsed 6 times with 0.30 mL of ice-cold wash buffer (100 Native (non-His-tagged) Sst2 were added toskbunits and

mM NaCl, 20 mM Tris-HCI, pH 8.0, 25 mM MgG). After Ni—NTA resin [10uL of a SQ% slurry (V/v), in buffer.A']

the filters were vacuum-dried, 3Q_ of scintillation cocktail for 60 min at 4°C, washed 3 times with buffer A containing

(Safescint, American Bioanalytical) was added to each well, NaCl (200 mM final concentration), and then eluted by

and radioactivity was measured by scintillation counting Poiling with 50 uL of SDS-PAGE sample bufferJ7).

(Wallac 1450 Micro Beta counter). Protein samples were resolv_ed on_8%_ SIPRAGE and
For measurement of steady-state GTP hydrolysis, recom-detected _by immunoblotting using antibodies to Sst2 or Gpal

binant purified Gpal or Gp&%#23- (250 nM) in 25ulL of as described1(, 36).

Ga storage buffer was mixed with an equal volume of 2 RESULTS

GTP buffer, supplemented with additional Mg@20 mM)

and [-3?2P]GTP 7500 cpm/pmol) (DuPortNEN) at 30 Expression of Sst2 and GpaTl.o determine if Sst2 acts

°C for 0—60 min. The reaction was stopped by mixing with as a GAP for Gpal, we constructed plasmids for the

750uL of a 5% (w/v) charcoal solution (Norit A, Aldrich)  expression and purification of both proteins fré@ncoli. A

in 50 mM NaHPQO,, and chilled on ice. Samples were full-length version of each protein was expressed with a His-

centrifuged 4 min at 100@0(14 000 rpm), and 20@L of tag at either the N-terminus (Gpal) or the C-terminus (Sst2).

the supernatant was mixed with scintillation cocktail and Both proteins were purified using sequential-WiTA—

L -

counted (Packard 1500 scintillation counter). agarose affinity and Q Sepharose ion exchange chromatog-
For measurement of single-turnover GTP hydrolysis, the raphy. The yield of Sst2-[Hig]and [Hisk-Gpal was 0.1
reaction was carried out as above except that theGIP and 1.5 mg/L of bacterial culture, respectively. As a negative

buffer was prepared with C12E10 detergent (0.05%) and control, a mutant predicted to lack GTPase activity, GF&41,
without MgChL. Gpal (250 nM) was incubated at 30 for was also expressed and purified. The Q323L mutation alters
15 min to allow nucleotide binding, and transferred to ice a GIn residue that is conserved in all heterotrimeric G
for 5 min. The GTP hydrolysis reaction was initiated with proteins, and is absolutely required for catalysi8-40).

the addition of MgC] (15 mM final concentration, to initiate  As positive controls, recombinant forms of GAIP-[Hisind
catalysis) in the presence or absence of Sst2 or GAIEin 2 [His]e-Goa. were purified in the same manner. All of the
GTP buffer supplemented with unlabeled GTP (150final Ga proteins were>95% pure, as judged by protein staining
concentration, to prevent further hydrolysis of radiolabeled after SDS-PAGE (Figure 1). Sst2 and GAIP were also
nucleotide). As a negative control, Sst2 and GAIP were heat- nearly devoid of contaminarf. coli proteins, but the Sst2

denatured by boiling for 10 min. The time-course 8P[- preparation contained two prominent bands (molecular mass

P, release was determined by scintillation counting as ~51 and 32 kDa) that appear to result from degradation of

described above. the full-length protein, as judged from immunoblot analysis
Sst2 Binding to Gpal.Sst2 binding assays were per- (see Experimental Procedures).

formed as describe®8). Briefly, His-tagged @& subunits Sst2 Does Not Affect Dissociation of GDP from Gpal.

(5 ug) were preincubated in buffer A (50 mM Tris-HCI, pH In principle, Sst2 could attenuate G protein signaling in either
8.0, 100 mM NacCl, 1 mM MgS@ 5 mM imidazole, 0.025%  of two ways, by accelerating GTP hydrolysis or by inhibiting
C12E10, 10 mM 2-mercaptoethanol, 10% glycerol), contain- guanine nucleotide exchange. Of the mammalian RGS
ing either GDP (1@&M), GTPyS (10uM), or GDP and AIC} proteins tested so far (including GAIP), all appear to affect
(30 uM) and NaF (10 mM) for 30 min at 20C. Clarified only the hydrolysis step. To rule out any effect of Sst2 on
lysates (50@.L in buffer A) from 10 mL ofE. coliexpressing guanine nucleotide exchange, two types of experiments were
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FIGURE 2: Sst2 does not affect the time-course of GBmbinding to Gpal. Gpal ord@ (250 nM), in the absence or presence of Sst2 or

GAIP (2 uM), was incubated with3fS]GTP/S (5uM) at 30 °C. At the indicated times, duplicate aliquots were withdrawn, filtered,
washed, and counted as described under Experimental Procedures. Data are plotted as a percentage of the mgx8rhour@Tdter

subtraction of nonspecific binding. Data shown are the average of duplicate measurements, and are representative of at least two independent
experiments.

performed. First, we measured the rate of pseudo-irreversiblethe rate of guanine nucleotide exchange, consistent with what
binding of F°S]GTP/S, which is typically limited by the has been reported for mammalian RGS proteins. However,
rate of GDP dissociatiort). As shown in Figure 2 3fS]- mammalian RGS proteins have been found to accelerate the
GTPyS binding to Gpal was unaffected by the presence of hydrolytic step of the @ GTPase cycle; we sought to make
a >8-fold molar excess of Sst2 (Figure 2A) or GAIP (Figure a similar determination for Sst2. Such experiments require
2B). The rate of binding to Gpal was comparable to that that exchange no longer be rate-limiting. In some cases, this
observed for Go, measured under the same conditions has been accomplished by accelerating the exchange step,
(Figure 2C,D). Sst2 and GAIP were devoid of any measur- by reconstitution with agonist-occupied receptors. An
able GTP binding activity (Figure 2AD). alternative approach, used here, is to allow 6 bind GTP
As a second measure of the guanine nucleotide exchangeand to initiate the reaction with the addition of kfg(an
step, we determined the steady-state rate of GTP hydrolysisessential cofactor), either in the presence or in the absence
by Gpal. GTP binding is limited by the rate of GDP release, of RGS protein.
so the overall rate of hydrolysis reflects the rate of guanine  Accordingly, we measured the release &P]|PR from
nucleotide exchangetf). Thus, we measured the rate of Gpal-bound }-3P]GTP, at various time points after the
[32P]R release fromy-*2P]JGTP. As shown in Figure 3, the addition of Mgt. As shown in Figure 4, the initict. of
rate of Gpal-catalyzed GTP hydrolysis wa6.037 min?, hydrolysis was estimated to be 0.006 miifior Gpal and
and was unaltered by a molar excess of Sst2 (panel A) or0.042 min! for Gea.. In either case, the rate of hydrolysis
GAIP (panel B). The rate of catalysis is comparable to that was greatly accelerated by the simultaneous addition of a
observed for Go. measured under the same conditions molar excess of Sst2 (Figure 4A,C) or GAIP (Figure 4B,D).
(Figure 3C,D), and is within the range reported previously Reactions in the presence of RGS proteins were essentially
for mammalian Gx and Ga (41). The Gpa®3?®- mutant complete at the earliest time points measured, precluding an
was devoid of GTPase activity (Figure 3A), as were our accurate determination of the changédnusing this method.
preparations of Sst2 and GAIP (Figure 3R). Thus, there Since all of the reactions were performed on ice (v§G0
is no evidence that Sst2 affects the guanine nucleotidein Figures 2 and 3), the rate of reaction could not be reduced
exchange step for Gpal. any further. Nevertheless, acceleration of Gpal GTPase
Sst2 Accelerates GTP Hydrolysis by Gpdlis evident activity by either Sst2 (Figure 4A) or GAIP (Figure 4B) is
from the experiments described above that Sst2 does not alteat least 20-fold. A similar degree of acceleration was
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FIGURE 3: Sst2 does not affect steady-state GTP hydrolysis by Gpal. Gpadog280 nM), in the absence or presence of Sst2 or GAIP

(2 uM), was incubated with)[-32P]GTP (5uM) at 30 °C. At the indicated times, duplicate aliquots were withdrawn, charcoal-extracted,

and counted as described under Experimental Procedures. Data shown are the average of duplicate measurements, and are representativ
of at least three independent experiments.

observed using mammalian.& (Figure 4C,D), and as poorly to GpalGDP and GpalGTPyS. These results are
reported previously using different RGS and. @ombina- in good agreement with similar experiments using mam-
tions (L4, 19, 20, 26—32). No acceleration was observed malian G and RGS proteins (see below)g 19, 27, 28,
using boiled RGS protein. Thus, Sst2 is a GTPase-activating31, 32). Thus, Sst2 binds preferentially to the transition state
protein for Gpal. of Gpal.
Sst2 Binds Preferentially to the Transition State of Gpal.
Several mammalian RGS proteins have been shown to bindDISCUSSION
preferentially to G complexed with GDP-AIF,~ (18, 19, .
27, 28, 31, 32), which is thought to mimic the trigonal Many cellular processes use GTPases to regulate Fhelr
bipyramidal structure of the-phosphate at the transition state activity. Further regulation is afforded by guanine nucleotide
of hydrolysis 89, 40). Indeed, the crystal structure of RGS4 €xchange stimulators, inhibitors, and GAPs. GAPs have long
complexed with Gx-GDP—AIF,~ (42) revealed extensive been_ known to exist for monomeric GT_Pase S|gr_1almg
contacts with two regions (switches | and 11) that undergo Proteins such as Ragd®). For heterotrimeric G proteins,
conformational change after GTP hydrolys&9,(40, 43— GAP activity has been ascribed to downstream effectors such
47). To determine if Sst2 recognizes a similar conformation @S Phospholipase 1 (for Gya) (49, 50) and a cellular
in Gpal, we examined the interaction of these proteins in complex_ that includes the retinal cGMP phosphodlest_erase
the presence of GDPAIF,~, GDP, or GTRS. y subunit (for Ga) (51, 52). More recently, RGS proteins
The [Hisk-tagged form of Gpal in the presence of either have been shown to act as GAPs for members of {renG
GDP, GTR'S, or GDP-AIF,~ (10 uM) was mixed with Gq subfarr_ulles 14, 19, 2.0, 26—32). Here we have shown
lysates fromE. coli expressing full-length (nontagged) Sst2, that Sst2 is a GAP for its cognateoGrotein, Gpal. Sst2
and immobilized on NFNTA—agarose. After extensive IS the only RGS protein known to regulate G protein
washing, the remaining protein was eluted with STRAGE slgnallng in vivo and to promote G protein GTPase activity
sample buffer, and resolved by immunoblotting with anti- N VItro.
bodies to Sst2 and Gpal. As shown in Figure 5, Sst2 bound The amino acid sequence of Sst2 is weakly related to the
specifically to the GpaTaDP—AIF,~ complex but bound  other RGS proteins. Among the mammalian RGS proteins,
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FIGURE 4: Sst2 accelerates GTP hydrolysis by Gpal: single-turnover GTPase activity. Gpsd @58 nM) was incubated withy[32P]-

GTP (1uM) at 30°C for 15 min. Samples were placed on ice for 5 min prior to the addition of MBI mM), in the absence or presence

of Sst2 (2uM) or GAIP (20uM), to initiate the reaction. At the indicated times, duplicate aliquots were withdrawn, charcoal-extracted, and
counted as described under Experimental Procedures. Data shown are the average of duplicate measurements, and are representative of &
least three independent experiments.

e SIS GO+ MFy limiting guanine nucleotide exchange step (Figures 2 and
— 3), but is a potent activator of the GTP hydrolytic step for
e o - . Gpal (Figure 4). This is consistent with similar studies using
mammalian @& and RGS proteins (Figures—2) (14, 19,

20, 26—32). We have also shown that Sst2 binds with
highest affinity to the presumed transition state mimic,
P — GpatGDP—AIF,~, and with much lower affinity to the
Gpal ’
- inactive (GDP-bound) and active (GF¥8-bound) conforma-
tions (Figure 5). This is consistent with the studies of
FIGURES: Sst2 binds preferentially to the transition state of Gpal. Berman et al., who found that RGS4 binds preferentially to

Gpal (5ug) was incubated at 20C for 30 min in the presence of - ;
either GDP (10:M), GTPy'S (10uM), or GDP (104M) and Al the GDP-AIF, -bound form of Ga (32). They inferred

(10 uM). Solubilized cell lysates containing non-His-tagged Sst2 from this result that RGS4 promotes GTP hydrolysis by
were then added; the complex was allowed to form for 30 min at Stabilizing the transition state of the reaction, rather than
4°C and then immobilized on NINTA—agarose for an additional  elevating the energy level of the enzyrsibstrate complex.
30 min. After extensive washing, the bound proteins were eluted g sypposition is supported by the recent crystal structure
in SDS-PAGE sample buffer and resolved by immunoblotting with det inati f Go-GDP—AIF .- | d with RGS4
Gpal and Sst2 antibodies, as detailed under Experimental Proced€termination of Go 4 complexed witl
dures. (42), as well as of Ra&SDP—AIF; complexed with Ras-
GAP (53). Ras and the GTPase domain of atk Gubunits
the highest sequence similarity is found within the 125 exhibit extensive sequence similarity, and have overlapping
residue “RGS core domain”, whereas in yeast the corre- three-dimensional structuresi4). Ras-GAP and RGS
sponding domain of Sst2 is much larger and bears only proteins are not homologous, are structurally distinct, and
modest sequence similarity to its mammalian counterpartsdo not act on one another’s substrates. Nevertheless, both
(5, 12). Despite limited sequence similarity, yeast and proteins are similar in that they form most of their contacts
mammalian RGS proteins share remarkable functional with the “switch” regions of their target GTPase. Both RGS
similarity. We have shown that Sst2 does not alter the rate- and Ras-GAP bind stably to the GBRIF,-complex of
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the target GTPas&2, 54), and both promote GTP hydrolysis
in part by stabilizing the transition state of the reactidg, (
53).

Preferential binding to the transition state ofi@ not a
universal property of all RGS proteins, however. RGS10
also binds well to @a and Ga in the active GTP-bound
state (4) while other RGS proteins can bind to certain G
subtypes in the inactive GDP-bound state; examples include
binding of GAIP to Gsa, RGS1 to Ga, RGS2 to Ga,
RGS5 to Go, RGS5 to Ga, and RGS16 to g (13, 18,

28). The ability of some RGS proteins to recognize multiple
conformational states of @&scould reflect some additional
functions besides GAP activity. For instance, RGS binding
to Go-GDP would block subunit reassociation, thereby
prolonging @y-mediated (but not @-mediated) signaling.
Binding of RGS to @-GTP could block coupling to
effectors, thereby attenuatingo@nediated (but not By-
mediated) signaling. Alternatively, some RGS proteins that
bind Go*GTP could act as effectors, just as phospholipase
Cp functions both as a GAP and as an effector fga.GDur
finding that Sst2 binds preferentially to Gp&DP—-AIF,~
suggests that its primary role is to promote GTP hydrolysis,
rather than to regulatedsprotein—protein interactions. This

is significant because these proteins represent the onlyRGS
Ga pair known to interact in vivo, as well as in vitro.

Although Sst2 does not exhibit the properties of an
effector, it almost certainly has additional functions besides
acting as a GAP for Gpal. Indeed, Sst2 is known to bind
Mpt5, a protein implicated in cell cycle regulatiof5). In
addition, several RGS proteins (e.g., Sst2, EGL-10, RGS3,
RET-RGS) have large N-terminal extensions that bear little
similarity to one another, or to any other known proteins. In
the case of Sst2, the N-terminal domain is clearly required
for in vivo function, since both activating and inactivating
mutations have been mapped to this regi®nlQ).

Yeast has long been recognized as a premier model system
for in vivo genetic analysis of signaling and regulation. The
ability to purify Sst2 and Gpal will now permit us to
determine how these proteins are regulated biochemically,
as well as genetically.
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