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ABSTRACT. Gy11is an unusual guanine nucleotide-binding regulatory protein (G protein) subunit. To study
the effect of different G-binding partners orr11 function, four recombinanty dimers,f1y2, fay2, f1y11,
andpay11, were characterized in a receptor reconstitution assay with ghimk&d M, muscarinic and the
Gii-linked A; adenosine receptors. Tfigy11 dimer was up to 30-fold less efficient th@ay» at promoting
agonist-dependent binding 6P§]GTP/S to either or ais. Using a competition assay to measure relative
affinities of purified 8y dimers fora, the S4y11 dimer had a 15-fold lower affinity for @ o than Saya.
Chromatographic characterization of thg/11 dimer revealed that thgy is stable in a heterotrimeric
complex with Gy o; however, upon activation ef with MgCl, and GTR'S under nondenaturing conditions,

the 54 and y11 subunits dissociate. Activation of

purifiediiGo:f4y11 With Mg™?/GTPyS following

reconstitution into lipid vesicles and incubation with phospholipase C (FL(&sulted in stimulation of
PLC3 activity; however, when this activation preceded reconstitution into vesicles,FPacivity was
markedly diminished. In a membrane coupling assay designed to measure the ability of G protein to
promote a high-affinity agonist-binding conformation of theaklenosine receptqgf,y11 was as effective
asf4y2 when coexpressed withi{Go. and receptor. However, 5o S4y11-induced high-affinity binding

was up to 20-fold more sensitive to GF® than G a:4y2-induced high-affinity binding. These results
suggest that the stability of th#yy11 dimer can modulate G protein activity at the receptor and effector.

Guanine nucleotide-binding regulatory proteins (G pro-
teins)! comprised of am, 3, andy subunit, represent a

may be influenced by specific interactions betwgesndy
(6); for example, the combination @& andy; is not known

principle mechanism utilized by cells to process extracellular to form a dimer 7). Thus, behavior of individugb andy

stimuli via cell-surface receptor4,(2). Alternative splicing

of 17 genes, followed by post-translational modification,
results in at least 23 G proteinsubunits, which have been
shown to play key roles in determining specific signaling
pathways from the receptor to effect@).(The 75 and 12

y isoforms @) result in a formidable number of potential
By combinations 4, 5). In addition to interactions with the
receptor and effector, the functional effects of thedimer
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isoforms may be derived from their binding partner. Func-
tionality of they isoforms is further distinguished by different
isoprenoid lipid moieties at the C terminus;, ys, andyi;
are covalently modified with the 15 carbon farnesyl group
(8, 9), while Y2y V3 Y4 V5 Y7y V9 V10, V12, and Vi3 are
modified with the 20 carbon geranylgeranyl grodg)( The
nature of this lipid modification has been shown to influence
interactions with the lipid membrandl, 12) as well as
activity at receptors1(3—15) and effectors 16, 17).

For example, in one study comparing coupling properties
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1 Abbreviations: G proteins, guanine nucleotide-binding regulatory
proteins; Sf9 cellsSpodoptera frugiperdaells; DTT, dithiothreitol;
CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate;
[®H]-CPX, tritiated 8-cyclopentyl-1,3-dipropylxanthine; NECA;§-
ethylcarboximide-adenosine!?fi]-ABA, N°-(4-amino-3t*5odo-ben-
zyl)adenosine; AMP-PNP, " &denylylimidodiphosphate; R-PIA, R-
phenylisopropyladenosine; PMSF, phenylmethylsulfonyl fluoride; EDTA,
ethylenediaminetetraacetic acid; HEPRS2-hydroxyethyl)piperazine-
N-2-ethane-sulfonic acid; BSA, bovine serum albumin; Genapol C-100,
polyoxyethylene (10) dodecyl ether; SDS, sodium dodecyl sulfate; RGS,
regulators of G protein signaling.

efficient thansyy, at stabilizing the high-affinity state of both
the A; adenosine and 5-HX receptors 15). This result
suggests that the identity of the isoprenoid lipid at the C
terminus of they subunit not only determines the hydro-
phobicity of thefy dimer but also influences the specificity
of receptor:G protein interactions. However, experiments at
effectors have concluded théty.; was much less effective
than 1y, at activating phospholipase C (PLB)-adenylyl
cyclase Il (6), or PtdIns 3-kinase p130(18). Furthermore,

a study characterizing T-type calcium-channel regulation
reported that th@zy2, 2710, f2y12, andfzy13 dimers were
able to inhibit calcium currents but th®y,; dimer was not

19).
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A study examining the role g8-subunit diversity in A, o subunits and thewisriac-A1 adenosine receptor has been
adenosine receptor coupling characterized each of the fivedescribed Z8—32). Baculoviruses encoding the;Nhusca-
f subunits purified with ther, subunit. Strikingly, the31y rinic receptor and theus-Gi; o subunit were kind gifts from
dimer was much less efficacious thAsy,, B3y2, andfay2 E. Ross (University of Texas, Southwestern Medical Center)
at stimulating agonist-dependent GAF binding to as and T. Kozasa (University of lllinois) via R. Neubig
reconstituted with membranes expressing thgaflenosine  (University of Michigan), respectively.
receptor 20). This result was corroborated by the demonstra-  Expression and Purification of Recombinght Dimers,

tion that fsy, was much more effective thafiy, at Heterotrimeric G Proteins, and. Subunits in Sf9 Cellso
stabilizing the high-affinity state of the,Aadenosine receptor  characterize their biochemical properties, spegficcom-
in intact membrane22(). At the physiological level, thg, binations were purified both as dimers and as a heterotrimer

subunit may be involved in the »A adenosine receptor-  with Gy a.. Recombinant baculoviruses encoding the desired
mediated regulation of inflammation, because several cy- combination ofsis-Gip o subunit and3y dimer were used
tokines have been shown to selectively upregulate both theto infect Sf9 cells at a multiplicity of infection (MOI) of 3,
Az adenosine receptor and tigsubunit in human dermal  which were harvested 480 h after infection20). Thef1y-,
microvascular endothelial cell2Z). Bay2 Pryi1, andBay11 dimers were purified using a modifica-
Both 8, and y;; subunits are widely distributed, and tion of the G, a-affinity chromatography procedure described
although expression g, in the brain 23) is not matched (33). Briefly, membranes were prepared from the Sf9 cell
by y11, these subunits are expressed together in the hearpellet, and heterotrimers containing thgs-Gi1 o subunit
and kidney and are especially abundant in the |urf) 24, were extracted with 0.1% Genapol. Extracts were then passed
25). High receptor coupling efficiency gB1y:11 has been  over a N#* column and washed with Ri base buffer (20
reported at two @Glinked receptors 15), and we have ~ mM Tris at pH 8.0, 150 mM NaCl, 5 angM GDP)
observed similar high coupling efficiency wiiByy1; in a containing 17«g/mL phenylmethylsulfonyl fluoride (PMSF),
reconstitution assay with @ and thes-adrenergic receptor 2 ug/mL pepstatin, leupeptin, and aprotinin, 5 mM imidazole,
(data not shown). Further, our data characterizing the high 0.1% Genapol, and 300 mM NaCl (total). A subsequent wash
coupling efficiency ofB4y, (20) was mirrored by a study  with Ni** base buffer containing 0.1% 3-[(3-cholamidopro-
using the Go-linked M, muscarinic receptor 26). An pyl)dimethylammonio]-1-propanesulfonate (CHAPS) was
intriguing possibility was that dimers composed of bgth performed before elution of the protein with®Nbase buffer
andy; would have synergistically high potency at coupling containing 50 mM MgGl, 10 mM NaF, 3QuM AICl 3, and
to the receptor. 1% cholate. The protein was concentrated using a Centricon
Thus, theB.y1: dimer was characterized both functionally 30 concentrator and exchanged twice to remove cholate, NaF,
and biochemically using the following techniques: (1) a and AlCk using NF* base buffer containing 0.1% CHAPS,
panel of four purifiedy dimers 1y, Bayz, fryir, andBayis, 1mMm eth.yIenedlamlnetetraaceyc acid (EDTA), aqq 1mMm
was evaluated for the ability to stimulate agonist-dependent dithiothreitol (DTT). The activation-dependent purification
GTPS binding to G o or Gy o following reconstitution ~ ©f Ay dimers is specific for properly folded, biologically
with the M, muscarinic or A adenosine receptors, respec- Viable G protein, resulting in a highly pure preparation of
tively; (2) a competition assay was used to compare the 57 (20). The Gi a:firyzriacenis heterotrimer, for use in the
affinities of B> andBay11 for Gy o; (3) the stability of the ~ a-affinity assay, was pur_n‘led using a moqmcatmn of this
Gu o;Bay11 heterotrimer was compared to other heterotrimers Method. Instead of subunit elution by Alfz Ni* base buffer
under activating and nonactivating conditions using size- (20 mM Tris at pH 8.0, 150 mM NaCl, 0.1% CHAPS, and
exclusion chromatography; (4) the ability of &, S172, By, 5 uM GDP) containing 200 mM imidazole was used to elute
B1y11, andBy11 and heterotrimeric versions By, andSay 1 the heterotrimeric G protein. Injlda}zole_was_ then reduced
to stimulate PLG3 was evaluated; (5) receptor:G protein by repegted concentration and dilution witifNbase buffer
interaction in arSpodoptera frugiperdésfo) cell membrane ~ containing 1 mM EDTA and 1 mM DTT. Theus-Ga
was measured by coexpressing thed@ay. and Gy aifaysy  %P1Y2 enis-Gin Aifaya, eris-Gu ofry1s, enis-Gin aifay,
heterotrimers with the Aadenosine receptor and comparing 6His-Gir 211, andenis-Gu o.fy11 heterotrimers, which
the ability of each heterotrimer to promote the high-affinity Were characterized by gel-filtration chromatography, were
agonist-binding state of the ;Aadenosine receptor; and also purified using this m_ethod. All protein was allqupted
finally, (6) the capacity ofsy» and fayw: to coprecipitate ~ @nd stored at-80 °C; protein concentration was determined

with G;; a and tagged Aadenosine receptor from Sf9 cell by densitometric analysis of silver-stained gels using oval-
digitonin extracts was examined. bumin as a standard curve. THe dimer preparations were

highly pure (see Figure 1A); heterotrimers were also highly

isingl It t h trate that . . .
Surprisingly, results presented here demonstrate tha pure (Figure 4A illustrates the. and f subunits of the

interactions betweep,; and differents isoforms can have . ) . e
profound effects on the efficiency of /& dimer to couple representativens-Gin a:51y2 heterotrimer). Verification of

to the receptor and effector. These differences appear to b ropPer post-translatlo_nal processing of ﬂ"e;”b.“”'F was
mediated by the stability of thdy complex and, like the accomplished by matrix-assisted laser desorption ionization

o ; ; (MALDI) mass spectrometry8). Mass spectra of the purified
?A??;]lg;;gjr/uﬁt?:r? So%l;/usr:gr?allrr?gy represent a mechanism By isoforms containing eithep, or y11 demonstrated that
the major mass in each spectrum was compatible with the
MATERIALS AND METHODS predicted masses for the known sequences containing
geranylgeranyl or farnesyl modifications, respectively (data
Construction of Recombinant Bacuinises Construction not shown but see ref8 and 20). The methods for
of baculoviruses encoding thg, £a, v2, 11, Gg o, and G purification of G, o. and G, o have been described( 34).
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Ficure 1: Purity of 8y dimers and specificity of antibodies. (A) Polyacrylamide gel illustrating the purity of fpudimer combinations.
After coexpression with theys-Gi; o subunit in Sf9 cells, the heterotrimer was adsorbed t0?4-NNTA column and washed and tife
dimers were selectively eluted with AfF (B) Purified recombinangy dimers (300 ng of31y2, B2y2, andf4y2; 900 ng of 33y,) were
separated on 12% polyacrylamide gels, transferred to nitrocellulose, and incubateggtspigicific antibodies. At antibody dilutions of
1:1000, only minor cross-reactivity was observed with faespecific antibody. (C) Purified recombinafiyx dimers (100 ng) containing
indicatedy isoforms were separated on 12% polyacrylamide gels and blotted/veifiecific antibodies; the, antibody cross-reacted only
with y3, which has over 80% sequence similaritiy. Tyyg antibody did not react with any other isoform at the concentrations tested.

Preparation of Membranes Containing Recombinant M1 The G, a antibody 0116 was a kind gift from Dr. D.
Muscarinic Receptors, A1l Adenosine Receptors, or Al Manning @7).
Adenosine Receptor:G Protein Combinatio8 cell mem- Sodium Dodecyl SulfatePolyacrylamide Gel Electro-
branes expressing either the Mhuscarinic receptor or the  phoresis (SDSPAGE) and Immunoblottind?roteins requir-
A; adenosine receptor from recombinant baculoviruses wereing concentration were precipitated with acetorgs)(
stripped with urea as describe@4( 35), to remove or Subsequently, proteins were separated using either 12 or 15%
denature endogenouws and Sy subunits 86). Membranes polyacrylamide gels and visualized by staining with silver.
prepared from Sf9 cells expressing different combinations The detection of receptors; subunits, or G proteins in
of G protein subunit isoforms and receptor were not stripped membranes or precipitations utilized Western blotting.
with urea, to preserve the receptor:G protein interactions. Briefly, proteins were transferred to nitrocellulose at@
Harvested cells were resuspended in buffer [20 INR- for 30 min at 20 V;y blots were also subsequently baked at
hydroxyethyl)piperaziné-2-ethane-sulfonic acid (HEPES) 70 °C for 1 h in avacuum oven to retaip protein on the
at pH 7.5, 150 mM NacCl, 3 mM MgG| 1 mM -mercap- blot (39). Antibody binding was detected by enhanced
toethanol, 10uM GDP, 17 ug/mL PMSF, and 2ug/mL chemiluminescence.
leupeptin, pepstatin, and aprotinin] and lysed by nitrogen Measurement of Agonist-Stimulated G’'B™Binding to G
cavitation; the resulting lysate was centrifuged at §5® o or G a after Reconstitution withy into Membranes
pellet unbroken cells and nuclei. Membranes were then Containing Either the M Muscarinic Receptor or the ;A
prepared from the supernatant by centrifugation at 28000 Adenosine ReceptdReconstitution experiments with mem-
for 50 min at 4°C. The membrane pellet was homogenized branes and G protein subunits were performed as described
with buffer containing 20 mM HEPES at pH 8.0, 100 mM (35) with the following modifications. Aliquots of urea-
NaCl, 1% glycerol, 1«M GDP, 17ug/mL PMSF, and 2  treated Sf9 cell membranes containing the Muscarinic
ug/mL leupeptin, pepstatin, and aprotinin using a Petter receptor were pelleted by centrifugation and resuspended in
Elvehjem homogenizer, followed by several passages through375 uL of GTPyS-binding buffer [25 mM HEPES at pH
a 28-guage needle. The volume was adjusted to give a final7.4, 100 mM NaCl, 1 mM EDTA, 5 mM MgG) 1 mM DTT,
concentration of approximately 10 mg/mL, and aliquots were 0.1% BSA, 50 nM GDP, and 2M 5’-adenylylimidodiphos-
snap-frozen in liquid nitrogen and stored-a80 °C. The phate (AMP-PNP)] with a 28-guage needle. The membrane
BCA assay using bovine serum albumin (BSA) as a standardsuspension was reconstituted with 15 nM & and 30uL
was used to determine the total membrane protein concentraaliquots were distributed into reaction tubes so that each tube
tion. contained 26ug of total membrane protein from the ;M
Preparation of AntibodiesThe polyclonal antibody to the  muscarinic receptor preparation. The concentrationgyof
y11 isoform (Sigma Genosys) was raised by immunization were prepared by serial dilution with G¥B-binding buffer
of rabbits with keyhole limpet hemocyanin (KLH) coupled containing 0.05% Genapol; a total of /4. of each fy
to they,s-specific peptide PALHIEDLPEKEKC; specificity ~ concentration was added to the reaction tubes. After a 30
of this antibody is demonstrated in Figure 1C. Thespecific min incubation on ice and a 10 min preincubation a5
antibody was purchased from CalBiochem, fhe /.-, 53, 8 uL of GTPyS-binding buffer containing3S]-GTP/S
andps-specific antibodies were purchased from Santa Cruz. (approximately 1 000 000 dpm, 5 nM final) and carbachol
The M2 FLAG-specific antibody was purchased from Sigma. (1 mM final) was added to each tube to start the 7 min
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reaction. The reaction was terminated by vacuum filtration, a:f81y2raceris has a high affinity fora, more of thea
and bound PS]-GTP/S was determined by scintillation  subunit would form a heterotrimeric complex with the added
counting; EGo values that reflect the receptor coupling ability B4y, which would reside in the supernatant after centrifuga-
of eachpBy dimer were determined by plotting®§]-GTP/S tion of the reaction volume. Thus, the loss of @rsubunit
binding as a function gfy and fitting the data to a sigmoidal in the pellet as a function of thgy concentration in the
binding isotherm generated by GraphPad Prism. assay provides a curve that defines ag, Malue that reflects
Considering differences in agonist anesubunit specific- o:fy affinity. Data are expressed as the densitometric ratio
ity, a slight modification of this protocol was used to obtain of a/f staining to control for differences inGx: 51y 2rLacsHis
dose-response experiments wifty and the A adenosine  binding to beads and protein losses during aspiration of the
receptor. Each reaction tube contained 4@ of total supernatant.
membrane protein from the;Aadenosine receptor preparation Characterization of G Protein Heterotrimers by Gel-
and approximately 10 nM purifiedifz. In addition, to break  Filtration ChromatographyChromatography was performed
down endogenous adenosine that is continuously generatedn a Waters 650E Advanced Protein Purification System
in membrane preparations, adenosine deaminase was adde@lillipore) using a Superose 6 HR 10/30 column (Pharmacia)
to the membrane suspension before the 30 min incubationequilibrated with Superose 6 base buffer (20 mM Tris at pH
at a concentration of 14 units of activity/mL. Also, the GDP 8.0, 150 mM NaCl, 1 mM EDTA, 0.1% CHAPS, and 1 mM

concentration in the GTFS-binding buffer was raised to 500
nM to reduce nonspecific binding, and thg Adenosine
receptor was activated with 100 nM R-phenylisopropyl-
adenosine (R-PIA). Increasesfir-dependent GTFS bind-
ing were typically 2-fold for both receptor systems.
Measurement of Affinity g84y, and S4y11 for Gi; o.. An
ofBy-affinity assay was developed on the basis of the
principle of competitive binding offy for the o subunit.
Our methodology is a variation of the flow cytometry study
by Sarvazyan et al4(); however, one major difference is
that our protocol does not require labeling thiesubunit,
making the assay more amenable to use with other
subunits, such as & and G, o. In this assay, increasing
concentrations of purifiedy dimer are incubated with &
a:ﬁlyszAeems; affinity of the addedﬁy for G o is
determined by how effectively it competes Witky 2r acenis
for binding Gy o.. Approximately 800 ng of ¢ .31y 2rLacsHis
in a 26 uL volume was aliquoted into eppendorf tubes in
Ni?* competition buffer (20 mM HEPES at pH 7.5, 150 mM
NaCl, 0.1% Genapol, and 1M GDP). Serial dilutions of
purified y dimers were made with this buffer, and a4
volume of eachpfsyx concentration was added to the
eppendorf tubes for a final volume of 3Q. This reaction
mixture was allowed to incubate at 3€ for 1 h, during
which time the added3y dimer could exchange with
Biyariacenis by binding to Gi a. Concurrent with the
incubation, magnetic Ri beads (Qiagen) were prepared by
aliquoting 30uL of a bead slurry into 1.5 mL eppendorf

DTT) at a flow rate of 0.5 mL/min; all experiments were
done at this flow rate and at 4C unless otherwise noted.
Heterotrimeric G proteins were characterized under non-
activating conditions by comparing retention times of the
subunits after injection onto the Superose 6 column; Superose
6 base buffer used for this chromatography was supplemented
with 10 uM GDP. G proteins were activated by incubation
in Superose 6 base buffer containing 5 mM Mgéhd 100
UM GTPyS for 45 min at 3C°C, followed by injection onto
the Superose 6 column. Superose 6 base buffer containing 5
mM MgCl, was used to both equilibrate the column and
resolve the G protein subunits from the activated G proteins.
For both nonactivating and activating conditions, fractions
were collected at 1 min intervals, analyzed by SEPAGE,
and protein-visualized by staining with silver. Identity of the
G proteiny subunit was verified by Western blotting with
isoform-specific antibodies. Proteins of a known molecular
weight, albumin (67 kDa), and ribonuclease A (13.7 kDa),
were also characterized chromatographically and used as
molecular-weight standards on the Superose 6 column.
Reconstitution of Purified @l, ﬁl’}/z, ﬁl’yll: ﬁ4’}/2, ﬁ4’}/11,
Gi1@ Bay2, and Gia f4y11 With PLCS. Recombinant turkey
PLC-6 was purified from baculovirus-infected Sf9 cells as
described previoushy4(l). Phospholipids at a molar ratio of
4:1 phosphatidylethanolamine (PE)/Rifere used to create
large multilamellar vesicles in a buffer containing 50 mM
HEPES at pH 8.0, 80 mM KCI, 3 mM ethylene glycol bis-
(2-aminoethyl etherN,N,N',N'-tetraacetic acid (EGTA), and

tubes. Magnetic beads allowed almost complete immobiliza- 1 mM DTT as described1@). G proteinfy dimers were

tion of the pellet during aspiration of the supernatant, which

reconstituted on ice for 30 min with®Hl]PIP.-labeled

permitted smaller reaction volumes and higher precision in phospholipid large unilamellar vesicles (LUVS) (final con-

the assay than nonmagneticNbeads. Beads were washed
once with 500uL of Ni?" competition buffer, and the

centration of 10uM PE/25uM PIP, and 800 cpmiL of
[®H]PIP,) in a buffer consisting of 20 mM HEPES at pH

supernatant was discarded after centrifugation; subsequently7.5, 1 mM MgC}, 150 mM NacCl, and 0.04% CHAPS. A

470 uL of Ni?" competition buffer was used to resuspend
the magnetic beads. Afterahl h incubation, the reaction

total of 5 ng of purified PLG3 in buffer containing 50 mM
HEPES at pH 8.0, 67 mM KCI, 17 mM NaCl, 0.83 mM

mixture was added to the magnetic bead resuspension andgCl,, 3 mM EGTA, 0.17 mM EDTA, 1 mM DTT, and 1

gently mixed several times for 5 min at room temperature.

After centrifugation, the magnetic beads were immobilized

mg/mL BSA was then added, and the mixture was allowed
to incubate for 10 min at 4C.

using a Qiagen magnet and the supernatant was removed. A Two different protocols were used to activatg & or

total of 10uL of SDS sample buffer was added to each of

heterotrimers. In there-reconstitutiorprotocol, G a, Gia

the pellets. Samples were boiled for 10 min, and proteins 4y, and Gia fsy11 were activated by incubation for

were separated using a 12% polyacrylami@®S gel.
Silver-stained bands of the;;Gx subunit and thg8 subunit

30 min at 30°C in buffer consisting of 50 mM HEPES at
pH 8.0, 1 mM EGTA, 3 mM EDTA, 5 mM MgGl 100

were quantified by scanning densitometry. In the experi- mM NaCl, 1% Na-cholate, 1 mM DTT, and 1 mM G78

mental design, if the purified3syx incubated with G

immediately prior to reconstitution with phospholipids
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YeSiC'eS? i_n additi(_)n' 10 mM NE?'tF and 201 AICI 5 were Table 1: Comparison of the Ability of Differerly Isoforms To
included in the incubation with PL@' In the pOSt- Couple Q o to the My Muscarinic Receptor and;Ga to the A
reconstitution protocol, Gia Bsy2 and Gia fay11 were Adenosine Receptor as Measured by theElues for
reconstituted with phospholipid vesicles before activation Receptor:fy Coupling

using the same method f@y dimers; however, during the M1 muscarinic receptor padenosine receptor
final 10 min of this incubation, 1 mM DTT and 1 mM By isoform EGo (NM) (range) 6) ECso (NM) (range) )
GTPyS were included in the reaction mix. Similar to the

pre-reconstitutiorprotocol, the subsequent incubation with (05— 1.1)n=8 (03— 0.6)n=2
PLC+ also included 10 mM NaF and 20M AICI 3. The By 0.2 1.1
PLC reaction was started by the addition of Ga@ uM (0.01-0.2)n=7 (0.9-1.4)n=2
free C&" final, 50 uL assay volume) and incubated for 15 Baye 04 1017 4 05 g-g .
min at 30°C to release3H] IPs. The reaction was stopped Buyin © 12();]_ ©. 11"%”_
by the addition of 10% trichloroacetic acid (TCA), and the (9.4—15.3)n=3 (9.2—15.2)n=3
precipitated protein and intact [inositol*BHPIP, were B2y2 0.9 nd
removed by adding 10 mg/mL BSA to the samples and (05-17)n=2
centrifugation at 7000 rpm for 5 min. ThéH] IP; released Pare (0.6— 1lél)n -5 nd
into the aqueous solution was quantified by liquid scintil- By 08 nd
lation counting. (05—1.2)n=4

Measurement of Antagonist and High-Affinity Agonist By 0.7 nd
Binding to the A Adenosine Receptor Coexpressed with G 8 05— 10'17)” =2 nd
a, B4, and eithery, or y1; in Sf9 MembranesMembranes 1z (04— 1.4)n=2

conta!nlng the Aadenosine receptor a’?d specific G prOte.'m a ECso values were determined by fitting the averaged data to single-
combinations were prepared by infection of Sf9 cells with g hinding or competition curves as described in the Materials and
baculoviruses for receptor,iGo, B4, and eithery, or y1a. Methods. Bold numbers indicate &ovalues from the statistical fit,
The A; adenosine receptor agonist ABA was iodinated as and numbers in parentheses represent the range of values within the
described 42), and radioligand-binding experiments were 95% confidence interval. Statistical significance (indicated by the
performed as described?l). Briefly, the assays were Super_sg:npt) was determined using the F-statlstlc;r_nbt determlned._
o . L Significantly different from EG values for othepy isoforms tested;
performed in triplicate with g of membrane proteinina ;"9 go1.
total volume of 0.1 mL of buffer (20 mM HEPES and 1
mM EDTA) with 1 unit/mL adenosine deaminase and 5 mM
MgCl,. Membranes were incubated with radioligands at room
temperature f03 h [for the agonist\é-(4-amino-3%5odo-
benzyl)adenosine {A]-ABA)] or 2 h [for the antagonist
tritiated 8-cyclopentyl-1,3-dipropylxanthine®]]-CPX)] in

Extracts were prepared and immediately loaded onfd Ni

columns equilibrated with RG base buffer and washed with
three column volumes of RG base buffer containing 0.1%
CHAPS. Protein was eluted with RG base buffer containing
Millipore Multiscreen 96-well GF/C filter plates, and the 0-1% CHAPS and 200 mM imidazole, concentrated, and

assays were terminated by rapid filtration on a cell harvester Sharacterized by SDSPAGE and immunoblotting as de-
(Brandel, Gaithersburg, MD) followed by & 150 uL  Scribed above. _ |
washes over 30 s with ice-cold 10 mM Tris-HCl at pH 7.4 ~ Calculation and Expression of Results experiments
and 10 mM MgC4. Nonspecific binding was measured in  Using the M muscarinic and Aadenosine receptors, data
the presence of 5@M 5'-N-ethylcarboximide-adenosine from all experiments were normalized as a percentage of
(NECA). max!mal GTR'S binding as determined by t.he single-site
Precipitation of Receptor:G Protein Complexes from Pinding curves generated by GraphPad Prism. Data were
Digitonin Extracts of Sf9 Cell Membranes Containing the averaged for eactfy isoform after normalization, and

shisrLacAL Adenosine Receptary, and eitherBayz or Bay1r. GraphPad Pris_m_was used_ to obtair_1 efstimates of thg EC
The methodology for precipitation of receptor:G protein Vvalues and statistical analysis of the binding curves, presented
complexes is based on the study by Munshi et48),which in Table 1. Statistical significance for differences among

found that high concentrations of agonist in the absence of Pinding curves was determined usingfatest; this technique
nucleotide resulted in a nucleotide free or “open” conforma- 1S abl_e tc_) discern small but significant differences between
tion of the G protein. This G protein conformation remains WO binding curves 44).

tightly bound to the high-affinity state of the;Adenosine Competition binding experiments examiniagly affinity
receptor and allows for precipitation and characterization of used GraphPad Prism to generate inhibition curves for each
receptors bound to their cognate G proteins. Briefly, Sf9 cells of the experiments with the twgy dimers; the data were
containing specific Aadenosine receptor:G protein combi- then normalized as percent inhibition of maxinadtaining.
nations were lysed by nitrogen cavitation in the presence of Statistical significance for differences among binding curves
receptor:G protein (RG) base buffer [25 mM HEPES at pH was determined using the F-statist#),

7.2, 1 mM EGTA, 1 mM MgCJ, 100 uM adenosine, 1% For antagonist and agonist-binding isotherms, nonspecific
glycerol (w/v), 100ug/mL Pefabloc SC Plus, 2g/mL binding and free radioligands were fit by least-squares
pepstatin, leupeptin, and aprotinin, and29mL benzami- regression to a straight line. The extrapolated fit value of
dine]. Membranes were prepared from the lysate as describedhonspecific binding for each free concentration of radioligand
above and resuspended with RG base buffer containing 1%was subtracted from the total binding to calculate specific
digitonin (4:1 digitonin/membrane protein ratio) using a 21.5- binding.Bmnaxand EGg values were fit using nonlinear least-
guage needle, followed by stirring for 45 min at°C. squares interpolation for single- or double-site binding
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Ficure 2: Comparison of the ability of differern#y combinations to couple o to the My muscarinic receptor andGo to the A

adenosine receptor. (A) Increasing concentrations of purified recombfiyadimers were reconstituted with 15 nMy@ into Sf9 cell

membranes containing the ;Mnuscarinic receptor, and then the ability of 1 mM carbachol to stimulateySTinding to G o as a
function of thefy concentration was measured as described in the Materials and Methods. The calculgteali&Cfor thefy dimers
shown as well as others can be found in Table 1. (B) Receptor-coupling experiments were performed as in A, except 20wvdd Gsed
with the A; adenosine receptor. The ability of 100 nM R-PIA to stimulate €S®inding to G o as a function of thgdy concentration
was measured as described in the Materials and Methodg.\V&(Lies for these and oth@ly dimers are reported in Table 1.

models in GraphPad Prism 3.0 (GraphPad Software, Santhe 4 subunit, the,, 3, andj, antibodies showed no cross-
Diego, CA). The results of the two fits were compared with reactivity with otherf isoforms at the protein levels tested
anF test. Data points in the Scatchard transformation were (Figure 1B). Specificity of antibodies tg andy1; is shown

fit by linear regression to a straight line. in Figure 1C. They, antibody displayed cross-reactivity only
In experiments with PL@, data from all experiments  with ys, which is not unexpected, becaugg and yz are
were normalized as a percentage of maximapi@duction, members of the samesubfamily, with over 80% similarity

as determined by the single-site binding curves generatedbetween sequencel)( They,; antibody did not cross-react
by GraphPad Prism; Egvalues were then compared using with any othery isoforms at the protein levels tested (Figure
the F test.Vmax Values were the mean level ofslproduced 1C).

at maximal concentrations af, Sy, or G protein isoform. Ability of Differentpy Combinations To Support Coupling
Materials. Reagents for Sf9 cell culture and purification of Gy o to the M. Muscarinic ReceptorSf9 membranes
of By dimers have been described previous2g, (30, 33, containing the M muscarinic receptor were stripped with

34). GDP, imidazole, adenosine, HEPES, and anti-FLAG M2 yrea and reconstituted with purified,;@& and increasing

agarose were from Sigma. FLAG peptide was synthesizedconcentrations oB1y», Bay2, S1y11, andBsy11. These four

at the University of Virginia Biomolecular Research Facility. 3y dimers were tested for their ability to promote carbachol-
Adenosine deaminase, CHAPS, and @BPwere from  dependent binding of GTFS to G, a. Figure 2A illustrates
Roche Molecular Biochemicals. A total of 10% polyoxy- agonist-dependent nucleotide exchange as a function of the
ethylene (10) dodecyl ether (Genapol C-100) was from gy concentration; the most efficiefiy dimer wagByy11, with
CalBiochem. Ni*—NTA Superflow resin and magnetic  an EGof 0.2 nM (Table 1). Botlf:y, andf4y- were similar
beads were from Qiagen3*§]-GTP/S was from New in their ability to support receptor coupling, with EfValues
England Nuclear. Type HA 0.4Bm nitrocellulose filters  of 0.8 and 0.7 nM, respectively (Table 1). The weakest of
and centricon 30 concentrators were from Millipore. Digi- the series wagsy11, with an EG of 12 nM, over 10-fold
tonin was from Wako. ABA was a gift from Susan Daluge |ower thanB.y, or B4y» and 24-fold lower thagy, (Table

of Glaxo-Wellcome (Research Triangle Park, NC). 1N 1). The activity of84y11 was markedly lower than five other
was from Amersham Biosciences. NECA was from Research 8y combinations tested at this receptor, includiagy, Sy,
Biochemicals, Inc. (Natick, MA). 3H]-CPX was from B1y3, B1y12, andByy1s, which all had EG, values of around
Perkin-ElImer (Boston, MA).*H]PIP, was from Perkin- 1 nM (Table 1). This E value forSsy1: is also markedly
Elmer Life Sciences. PE, phosphatidylinositol, £&hd PIR lower than most Eg values determined for purifiedy

were purchased from Avanti Polar Lipids. The Superose 6 dimers tested with the A adenosine ang; adrenergic
HR 10/30 column was from Pharmacia. All other materials receptors 20).

were of the highest available purity. Ability of Differenty Combinations To Support Coupling

RESULTS of G; a to the A Adenosine Receptof.he same panel of
By dimers was characterized for the ability to promote
Preparation of G Proteiny Subunits and Characteriza-  agonist-dependent binding of G¥8 to G, a after recon-
tion of AntibodiesPurity of thefy dimers used in this study  stitution into Sf9 membranes containing the &denosine
is demonstrated by the silver-stained 12% SipSlyacryl- receptor using the specific agonist R-PIA. Effects of increas-
amide gel in Figure 1A. These and other purified recombinant ing concentrations offy on agonist-dependent nucleotide
By dimers were separated by SBBAGE, transferred to  binding to G, a are shown in Figure 2B. Botfi;y, and
nitrocellulose, and blotted with- andy-specific antibodies.  [4y. displayed EG values of 0.4 nM; howevefiy1: was
Specificity of antibodies t@;—4 is shown in Figure 1B. All slightly less efficient, with an E& value of 1.1 nM (Table
of the antibodies were specific for their respective subunits; 1). In a pattern reminiscent of the;Ninuscarinic receptor,
although thes, antibody showed slight cross-reactivity to the EGq value of 84711 was also right-shifted at 11.8 nM
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Ficure 3: Relative affinities of the pursy, andf4y11 dimers for

Gi; o (A) Silver-stained gels aft and subunits after precipitation
with magnetic Nit—NTA beads. Increasing concentrations of the
indicated By were incubated with purified & o:f1y2rLacsHIS
followed by sequestration of the tagged protein with magnetic
Ni2*—NTA beads, separation by SBPAGE, and staining with
silver as described under the Materials and Methods. Note that
increasings staining with higher concentrations By is likely

due to the dissociation g8, from y1; and aggregation of thg

Mclintire et al.

Bryaracenis dimer after incubation with increasing concen-
trations of eitherBsy, or B4y11 and magnetic Nit beads.
The top panel in Figure 3A demonstrates that, as increasing
concentrations of4y, are added to the incubation, lesg G
o precipitates with theB1yvoriacenis :Ni?t bead complex,
presumably because it is forming a heterotrimer with the
addedf4y, dimer. In contrast, adde6ly,, dimer has little
effect on the level of @ a precipitated withB1y2racenis
(bottom panel of Figure 3A). 1& curves were derived from
the data in Figure 3A for eagdy tested; thes,y, dimer had

an 1G of 13 nM (Figure 3B), a value compatible with
published measurements of affinity between &andfiy-
(40). In contrast, thg4y11 dimer had a 15-fold lower affinity
for Giy a thanf4y,, with an 1G, value of 203 nM (Figure
3B), mirroring the results of the receptor reconstitution
experiments (parts A and B of Figure 2 and Table 1). Such
a large difference in affinity is especially striking, considering
that another study reported no differences in affinities of
either 31y, or B1y11 for Gi a (15). These results suggest
that the low coupling efficiency of purifieflsy11 at the A
adenosine receptor is a result of decreased affinity for G
o. Thus, it is likely that the lower affinity ofy1, for other

o subunits, such as & and Ga, is responsible for the
decreased ability to couple to th&adrenergic and M
muscarinic receptors, respectively.

Stability of the G a:f4y11 Complex under Actating or
Nonactvating Conditions.The results of thev:Sy-affinity
experiments provide a mechanism for the differences ob-
served betweefisy, andf4y11 in the receptor reconstitution

subunit on the beads; this phenomenon was not observed to thiSexperiments. However, purification of th&ay:, dimer by

extent with othepy dimers. (B) Apparent affinity as a measure of
the ability of the adde@y dimer to compete witl#1y2r acenis for
binding to the G a subunit. Data are expressed as a ratio of the
integrated density of thet and 8, bands in A, to control for
differences in pellet recovery. Calculatedsj@alues are 13 nM
for B4y, and 203 nM forB4y11.

(Table 1), 30-fold lower in coupling efficiency thaghy, or
Bay2. Reconstitution experiments were also performed with
Bay1n and the A, adenosine receptor in an effort to
characterize thigy combination at a Glinked receptor. In
keeping with the data found with the Mhuscarinic and A
adenosine receptors, the coupling efficiencypaf.1 was
shifted a log order to the right g84y, (data not shown).
Thus, similar results witf#4y11 in reconstitutions with a ¢,
Gi-, or Gslinked receptor argue that it is not likely that the
poor receptor coupling observed withy; is due to the
receptor oro. subunit but is a property of thgsy11 dimer
itself.

Comparison of the Affinity ofsy, and S4y11 for Gy a.
There are several explanations for the weak activitgf1
at the two receptors tested (Figure 2), among them (1) low
affinity of gy for the receptor, (2) low affinity ot:gy for
the receptor, or (3) low affinity ofy for o.. On a practical
level, it is very difficult to distinguish between the first two
explanations in a membrane; therefoeefy affinity was

coexpression ofys-Gip a in Sf9 cells requires a stable
heterotrimer with low nanomolaw:3y affinity during the
extraction and washing stages of purification. Elution of the
Pay11 dimer from theens-Gin oo was dependent upon G
protein activation with aluminum, magnesium, and fluoride;
this suggests thats-Gii a:4y11 Was a viable heterotrimer
prior to activation. The loss gfy activity at this purification
step suggests a requirement of theubunit to stabilize the
dimeric structure of3sy11.

The premise that activation gfis-Giiz o34y 11 destabilizes
the S4v11 dimer and leads to a loss of function was tested by
comparing the elution profiles of purifieghs-Gin oSy
heterotrimers by Superose 6 size-exclusion chromatography.
This technique has previously been used to study G protein
subunit association, because heterotrimeric G protein can be
dissociated into its constituent subunits after activation with
Mg*? and AIF,~ or GTP/S (45). While thea, 5, andy
subunits can be purified as a heterotrimer under nonactivating
conditions 46), coelution of the3 andy subunits as a dimer
separately fronox under activating conditions provided the
cornerstone for the belief that tifeandy subunits exist as
a functional dimer 47, 48). In the present study, purified
protein was incubated with G and Md?, under activat-
ing conditions that favor maximal nucleotide exchang@ (
and evaluated chromatographically. Figure 4 illustrates the
experimental design with elution profiles g@fis-Gix a:f1y2

examined as a mechanism for decreased activity at theynder two different conditions. In the presence of GDP and
receptor. An affinity assay was developed to measure thegpTa theq, 8, andy subunits coelute as a heterotrimer at

competition of differenfiy dimers for binding to @ a:GDP
in solution.

The results in Figure 3A illustrate silver-stained gels
comparing pure ¢ a subunit affinity precipitated with the

a position compatible with an 80 kDa protein, as judged by
silver staining of thex andS subunits and Western blotting
for y (fractions 29-33 in Figure 4A). Purification of the
heterotrimer with tagged: results in excess subunit in
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FiGure 4: Size-exclusion chromatography of 6His-tagged heterotrimeric G proteins under nonactivating and activating conditions. (A)
Purified recombinangys-Gi; ;317> was separated on a Superose 6 column calibrated with the molecular-weight standards albumin (67
kDa) and ribonuclease A (13.7 kDa) as described under the Materials and Methods. Elution fractions were separated on 12% polyacrylamide
gels and stained with silver to identify retention timesooéndS; identical fractions were also resolved on 12% polyacrylamide gels and
blotted with ay,-specific antibody. Gray boxed area (fractions-33) indicates the predicted retention time for a heterotrimenfty G

protein. All subunits coeluted at an apparent molecular weight compatible with a heterotrimeric G protein. Because of the placement of the
6His tag, excesguis-Gip a was present in the G protein preparation and thus eluted as a monomer (fractie31®).38) Chromatography

and analysis was performed as in A, except that G protein was incubated wittML@IPyS and 5 mM Mg? for 45 min at 30°C; 5 mM

MgCl, was also included in the chromatography buffer. All subunits coeluted; however, the retention time was shifted slightly to lower the
apparent molecular weight. (C) Chromatography.gf-Gi; o:f1v11 as described in A, except the; antibody was used for blotting fractions
instead of they, antibody. Gray boxed area indicates the predicted retention time for a heterotrangyi@ protein (fractions 2933).

Under nonactivating conditions in C, all subunits coeluted at an apparent molecular weight compatible with a heterotrimeric G protein.
Excessnis-Gip a present in the G protein preparation eluted as a monomer. (D) Chromatography of agtiva@d ;31711 as described

in B, except they;; antibody was used for blotting fractions instead of jheantibody. Both thex and Sy eluted at a lower apparent
molecular weight, suggesting subunit dissociation. A small fractiogn@fGi; a:f1y11 coeluted with a retention time compatible with a
heterotrimeric G protein, suggesting incomplete activation. (E) Chromatographysa®i; a:fS4y11 as described in C. Gray boxed area
indicates the predicted retention time for a heterotrimeric G protein (fraction820 Under nonactivating conditions, all subunits coeluted

at an apparent molecular weight compatible with a heterotrimeric G protein. Exge$3; o present in the G protein preparation eluted

as a monomer. (F) Chromatography of activaigd-Gi; a:4y11 as described in D. After activatiofi, but noty;; was observed in the void
volume, suggesting a higher molecular-weight aggregaj, @fone. In contrasty;; but notS, was observed at a much lower apparent
molecular weight, and most ofiGx. eluted at an apparent molecular weight compatible with a monomesibunit. These results demonstrate

a physical separation betwegn andy1; that is directly related to the activation of the heterotrimer with 3P
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the preparation, which elutes as a monomer at fractions 35
37 (silver gel in Figure 4A). Activation of thgus-Giy o.;f1y2
protein with GTB'S/Mg*? resulted in a shift of the G protein
complex to a lower apparent molecular weight (Figure 4B).
Similar results were observed in experiments wiik-Gi;
ofqy2 (data not shown). Although it appears that these
chromatographic changes are the result of activation, it is
difficult to discern the structural state of the G proteins by
apparent size alone.

sris-Gin a:f1y11 was also characterized chromatographi-
cally, to control for potentially different behavior derived
from differential prenylation of ther subunit. Under non-
activating conditions, results similar ¢ais-Gip o1y were
observed (Figure 4C). However, after activation, the elution
peak of thes andy subunits occurs in fraction 39 (Figure
4D), whereas the elution peak of tlesubunit occurs in
fraction 37. This result suggests that, in contrasi4{e-Giz
o f1y2, activation-dependent dissociationff/1; from eps-

Gip a occurs under the experimental conditions in Figure
4D.

Under nonactivating conditiongyis-Gi1 o:34y11 behaved
similarly t06ni1s-Git a:ﬂlyg andghis-Gi a:ﬂlyll (Figure 4E),
with both heterotrimeric protein and freesubunit observed
as in the previous two figures. However, when activated, a
significant fraction of thef, subunit eluted in the void
volume in fraction 17, presumably as a high-molecular-
weight aggregate (silver stain in Figure 4F). It is notable
that there is ng1; immunoreactivity in fraction 17 (immuno-
blot in Figure 4F). Equally remarkable was the presence of
y11 immunoreactivity in later fractions 4143 (immunoblot
in Figure 4F) with the absence gf staining (silver stain in
Figure 4F). These results indicate ththtdissociates from
y11 Upon activation of heterotrimeric G protein.

Efforts to understand the relationship between and
other 5 isoforms were made using purified heterotrimeric
Complexes OfGHIS'Gil a:ﬂz}/ll and 6HIS'Gil a:ﬂg’)/ll. In
experiments addressing the chromatographic behaviopof G
o fzv11 and Gy o:f3y11 under nonactivating and activating
conditions, both heterotrimers displayed similar chromato-
graphic behavior as Ga:f1y11 (data not shown). Thus, it
appears thabfzy1; and3y11 can form viable heterotrimers
with Gi; o, with intermediate stabilities betweem @:S1711
and GL (Xlﬂ4’)/11.

Effect of Different Actiating Conditions on the Ability of
Purified GU Q, ﬂl‘yz, ﬁl‘}/]_]_, ﬂ4)/2, ﬁ4j/11, Gil(l:ﬂ4‘}/2, and Gl(l:
Bay11 To Stimulate PL@5. Activation of PLC# was
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Ficure 5: Effect of different activating conditions on the ability
of purified Gh Q, ﬁ]_)/z, ﬁqu, ﬁ4]/2, ﬂ4’}/11, Gila:ﬁ4y2, and Guo
Pay11 to stimulate PLGB. (A) Purified G; o, B1y2, andfay, were
reconstituted with PL@ into phospholipid vesicles, and 4P
production was measured as described in the Materials and
Methods; G a was activated as described in the Results. (B)
Purified B1y11 and fB4y11 were reconstituted with PLB- into
phospholipid vesicles as in A. (C) Purifiei @34y, was activated
either pre-reconstitution or post-reconstitution as described in the
Materials and Methods and reconstituted with P8&% in A. (D)
Purified G; o:34y11 was activated either pre-reconstitution or post-
reconstitution as described in the Materials and Methods and
reconstituted with PL@as in A. EGo andVmax values can be found
in Table 3. Arrows in each panel indicate the concentration of the
protein that resulted in half-maximal activity.

0

The ability of 8411 to reconstitute recepter:3y interac-
tions was markedly diminished when purified from adG
Bay11 heterotrimer (parts A and B of Figure 2). To determine
the influence of the physical state #fy11 on its activity at
the effector PLG3, purified Giow 4y11 heterotrimer was
reconstituted into phospholipid vesicles with PBCGeither
before or after heterotrimer activation and compared with
the activity of proteins known to stimulate PLE(Figure

measured to evaluate the downstream signaling propertiessA) andf4y11 in Figure 5B. Activation of Ga.:34y11 before
of the G protein isoforms characterized at receptors (Figure reconstitution with PLG3 into vesicles (preactivation) was
2). These experiments also examined the functional impactused to approximate the conditions for activation-dependent

of the activation-dependent instability of,@&:/34y11 observed

in Figure 4. A comparison of the pufy-, f4y2, and G o
(activated pre-reconstitution) demonstrated similar activity
at PLC, with EGp values in the low nanomolar range (Figure
5A and Table 3). Because farnesylafddimers have been
shown to have lower activity at PLE-16), the effects of
purefi1y11 andBay11 were compared with the results shown
in Figure 5B. Although EGg values were similar (Table 3),
Vmax vValues forg1y11 andpsy11 were reduced approximately
40 and 70%, respectively, fropyy, (compare parts A and
B of Figure 5 and Table 3). Thus, thky.; dimer appears
to have an activity typical of a farnesylatgg dimer at PLC-

B.

purification of f4y11, however, without chromatographic
separation of o from S4y11. In an effort to more closely
resemble G protein activatiom vivo, the Gio:f4y11 het-
erotrimer was activated after reconstitution of PBGato
vesicles (postactivation). These conditions could potentially
result in higher activity, because of the stabilization of the
heterotrimer from the presence of PlgCand phospholipid
vesicles. This notion was supported by the results presented
in parts C and D of Figure 5. The two different activation
conditions had no effect on the activity of;6:/54y, on PLC-

B; both EGo andVmax Values were the same (Figure 5C and
Table 3). In contrast, the activation of@:3sy11 pre-
reconstitution resulted in approximately a 5-fold decrease
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Table 2: Characterization of the Affinity and Number of Binding Table 3: Comparison of the Ability of Different, Sy, and G

Sites for the A1 and A Adenosine Receptor Expressed with G Protein Isoforms To Stimulate Turkey PLECActivity in a
ofay2 Or Gp a:ffay11 in Sf9 Cell$ Reconstitution Assa&y
A; adenosine A adenosine activation of avian PLG3
receptor: receptor: Vira
air:faya oir:Bay ECs [3H] IP3
Bmax Bmax (nM) [umol (mg of
ECso (fmol/mg ECso (fmol/mg G protein (range) PLC)*min™Y
conditions (nM) of protein) (nM) of protein) isoform (n) (range)
antagonist nd 2578 nd 2234 By 4.0,(2.8—5.7)n=2 4.3;(4.1—45)
[®H]-CPX n=3 n=3 Pyn 6.3 (25— 16.0)n=3 25(1.8-3.2)
high-affinity 0.08 2094 0.06 2104 Bay2 7.8(5.9-10.3)n=7 4.4, (3.2—5.6)
agonist  (0.07-0.09) n=>5 (0.06-0.07) n=>5 Payn 4.0,(0.9-17.8)n=5 1.3 (-0.2—2.9)
[*23]-ABA Gqa 12.1 (7.4—-20.0)n=3 3.9 (29-5.0)
2 Ecso values were determined by fitting the averaged data to single- G oBay2 19.1(12.6—288)n=3 3.3 (2.6—-4.1)
site binding or competition curves as described in the Materials and activated
Methods. Bold numbers indicate &oalues from the statistical fit, pre-reconstitution
and numbers in parentheses represent the range of values within theGi @:S4y2 19.3(135-27.1)n=3 2.4 (0.3—4.6)
95% confidence interval. nek not determined. activated
post-reconstitution
Gt ofaynn 71.7; (41.0— 1255)n=4 1.3 (0.9— 1.7)

in potency of the activation of PLB{13 nM postactivation activated
and 72 nM preactivation) and approximately a 44% decrease gfe'ff?CO”St'tUt'On
in the Vimax (Figure 5D and Table 3). These data suggest at a&igﬁga“

least two explanations for why the activity of,@:f4y1: at post-reconstitution
PLC.:-[I; was lower Wlhen actl\{atgd prlorlto recor)stlt_utlonfmtr? aEGCs values were determined by fitting the averaged data to a
vesicles. One explanation is incomplete activation of the gjngie-site binding as described in the Materials and Methods. Bold
heterotrimer under these conditions; this seems unlikely, numbers indicate EgG values from the statistical fit, and numbers in
because3sy11 can be purified in comparable quantities as parentheses represent the range of values within the 95% confidence
Bay> under similar activating conditions and;,6&:B4y11 interval. Statistical significance (indicated by the superscript) foiEC

: . s e values was determined using the F-statistigax values represent the
appears to be especially sensitive to activating conditions level of PH] IP3 produced at the maximal concentration (100 nM) of

(Figure 5C). The second explanation is that the effect of protein used in the reconstitutions. Basal activity in the FL@ssay

13.4(8.9-202)n=4 2.3 (1.8—2.8)

activation of Guo:S4y11 before reconstitution on PLB- was approximately 0.4mol of [*H] IPs (mg of PLC)! min~L. By
activity [Vmax 1.3 #mol of [*H] IPs (mg of PLC)* min™?, isoforms and G o were analyzed as one data set, andoG34y» and
Table 3] was due to the dissociation ffy; from Gy o Gi1 a;fay11 Were analyzed individually, comparing alternative activation

. L conditions.? Significantly higher from theVmax value for f1y1: and
and subsequent separationfffrom vyyy; if this were the 411 p < 0.05.° Significantly different from thé/ia value for ey

case, these conditions would approximate the conditions ofg < 0.05.¢ Significantly different from the E value for Gy oSy 1.
the reconstitution of purifiegsy1; with PLC8 [Vimax 1.3 activated post-reconstitutiop;< 0.0001.¢ Significantly different from
wumol of [BH] IPs (mg of PLC) * min~?, Table 3]. Regardless, theVmavalue for G, a:B4y1: activated post-reconstitutiop; < 0.05.
these data demonstrate that thg/;; dimer is a viable
signaling molecule at both the receptor and effector, and theaddition, immunaoblotting with specific antibodies revealed
physical state of th@.y11 dimer with respect to its cognate  similar amounts of4 subunit in each membrane preparation
Ga subunit appears to have a large influence on interactionsas well as specific expression of bagth and y,; isoforms
with these signaling molecules. (Figure 6A). Similar agonist-dependent GA® binding in
Comparison of the Ability of @GProteins Containingssy both membrane preparations also suggests similar levels of
or fay11 To Stabilize the High-Affinity State of theg A Gy o (data not shown). Thus, these two membrane prepara-
Adenosine Receptoro further evaluate the weak activity tions represent two unique;Adenosine receptor:G protein
of fB4y11 at receptor coupling, an intact membrane assay combinations in a native membrane environment; the lack
system was used to study receptor:G protein interactions. Inof receptor G protein interaction would be clearly indicated
this assay, G protein coupling promotes the high-affinity by the absence of high-affinity agonist-binding sites, il-
agonist-binding conformation of the receptor, providing a lustrated clearly in an earlier study from this laboratd&)
useful indicator of the functional receptor:G protein interac-  The formation of the high-affinity binding state of the A
tion. The A adenosine receptor is especially well-suited to receptor was examined using the specific agof3{JABA;
this assay, because there is about 100-fold difference betweerhis binding state is promoted by the formation of a ternary
the high- and low-affinity agonist-binding states of this complex with heterotrimeric G protein; thus, the binding
receptor $0). Thus, whereas binding of the antagonist assay is a measure of the ability of differght dimers to
provides a measure of the total number of receptors, bind both G, a and the A receptor 50, 52). Figure 6B
independent of G protein coupling, high-affinity agonist- shows that ABA binding is saturable, with simiB¥.xvalues
binding sites indicate the number of receptors coupled to G (2000 fmol/mg) for membranes containing; Adenosine
proteins. The total number of receptors in membranes receptor and eitherGo:[4y2 or Gi a:f4y11 (Table 2). These
prepared from Sf9 cells expressing theallenosine receptor,  BnaxValues, when compared to tBgax values for antagonist
Gi1 o, and eitheby, or Ssy11 was characterized using the binding (Table 2), demonstrate that most of the receptors
specific antagonisfH]-CPX; similar receptor densities were  expressed with eitheriGo: 542 or Gy a4y11 are coupled.
observed in both combinations of G proteins (Table 2). In Scatchard analysis of the binding data in Figure 6C and Table
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Ficure 6: Agonist-binding properties of the;Aadenosine receptor after expression withd334y, or G; ;8411 in Sf9 cells. (A) Sf9 cell
membranes (2@g) expressing the Aadenosine receptor alone or withy @:34y2 or Gi ;8411 were separated on 12% polyacrylamide
gels and blotted with antibodies specific féu, y2, andy1:. None of thes or y subunits shown in Figure 4A was detected in control cells

(A1 receptor alone). (B) Binding of the specific agoniZ¥[-ABA in Sf9 membranes containing ;Aadenosine receptor and eithep G

o f4y2 or G a:fB4y11 With results expressed as a hyperbolic binding isoth&my and 1G, values are reported in Table 2. (C) Scatchard
plot of the [29]-ABA binding to the A; adenosine receptor shown in B; note the presence of only one binding site in either membrane

preparation.

2 demonstrates that the agonist ABA has a single binding the y, and y1; antibodies demonstrate that these subunit

site and EGp values (0.08 nM, ¢ a.:f4y2 co-infection; 0.06
nM, Gii of4y11 co-infection) consistent with published
values 42). These data suggest that the/11 dimer, when
expressed withoe subunit and receptor, is fully capable of
contributing to the formation of a functional receptayiy
complex.

Ability of S84y, and84y11 To Form Ternary Complexes with
ai; and the A Adenosine ReceptoA critical test of the
functional 8y dimer coupling to the receptor is biochemical

isoforms were specifically expressed and suggest that the
isoforms are indeed capable of contributing to the formation
of a receptor:G protein complex (Figure 7A). A densitometric
comparison of the FLAG anfl, immunoreactivities in the
two precipitations (Figure 7B) suggests similar receptor:
stoichiometries. These data, along with data from Figure 6,
strongly support the conclusion thafy:1, like B4y», is able

to form afy dimer that interacts normally and with high
affinity to Gi; o and the A adenosine receptor in a native

interaction, as measured by the detergent extraction andmembrane environment (Figure 6) and binds with high

precipitation of a receptor:G protein complex. To this end,
membranes of Sf9 cells infected with thgsriac-A1 ad-
enosine recepton,;, and eitheByy, or f4y11 Wwere extracted
with digitonin and receptor:G protein complexes were
purified by Ni—NTA chromatography and concentrated.
Equal volumes of the purified receptor precipitations con-
taining either G a:f4y2 and Gy a:f4y11 Were separated by

enough affinity to G a and the A adenosine receptor to be
successfully purified (Figure 7).

Although thefs and y1; combination was demonstrated
to form a ternary complex with o and the A adenosine
receptor in Sf9 cells, direct evidence/®f1, dimer formation
in mammalian cells was lacking. To address this issue,
FLAG-tagged3, and HA-taggedyi: constructs were ex-

SDS-PAGE, transferred to nitrocellulose as described in the pressed in HEK-293T cells. Membranes from these cells

Materials and Methods, and blotted with antibodies specific
for the receptorg, 5, andy isoforms. The FLAG-tagged
A: adenosine receptor, Ga,, and 3, (Figure 7A) were
observed in each receptor precipitation. Immunoblots with

were extracted with Genapol, andacfsyi1mma dimers

precipitated with FLAG antibody. These experiments pro-
vided results similar to those in Figure 7A, demonstrating
Bay11 dimer formation in a mammalian cell, although the
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FiIGURe 7: Precipitation of receptor:G protein complexes and 3 Bensitivity of their high-affinity binding sites. (A) Complexes containing
the gis-A1 adenosine receptow;;, and eitherByy, or S4v11 were precipitated from digitonin extracts of Sf9 cell membranes as described
in the Materials and Methods. Equal volumes of purified receptp@yy, and receptor:& o411 Were separated using 12% SBS
polyacrylamide gels, transferred to nitrocellulose, and blotted with antibodies specific fgridh@c-A1 adenosine receptor (M2 FLAG),
Gz @, Ba, Y11, @andy,. (B) Immunoreactive bands for the; Adenosine receptor anftl in A were quantified by scanning densitometry;
levels of these proteins in the;&denosine receptori{:f4y11 precipitation were expressed as a percentage of the receptgy ékls

in the A, adenosine receptor {3 f4y, precipitation. This quantitation shows that, for thealenosine receptor;Gu:S4y11 precipitation,
densities of the Areceptor (FLAG) angs, immunoreactive bands are approximately-25% of the analogous bands in the &denosine
receptor G o:f4y2 precipitation, suggesting similar G protein:receptor stoichiometries between the two precipitations in A. (C) High-
affinity binding of the A-adenosine-specific agonist ABA was characterized in Sf9 membranes containing ddeosine receptor and

Gi1 a:fay2 or Ga oi:fay11 in the presence of increasing concentrations of &3;hote the same high level of ABA binding in the absence
of GTPyS, consistent with parts B and C of Figure 6. Membranes containing tleelénosine receptor and;@.:(4y11 were over 20-fold
more sensitive to GTES, with an IGg value of 9.5 nM (95% confidence interval, 4.18.9 nM), than membranes containing the receptor
and Gy o:f4y2, with an 1G value of 208 nM (95% confidence interval, 89.881.3 nM). Also note that decreases in high-affinity binding
sites drop below levels seen without exogengusindicating some receptor coupling in the absence of virally exprggsethe experiments
were performed in triplicate. Data from separate experiments produced similar results.

stoichiometry off3, to y11 was less than that of thgsy.
control, likely because of the absence of a stabilizing
subunit (data not shown).

Sensitiity of the A Adenosine Receptor:G Protein Ternary
Complex ContainingBsy. or Bsy11 to GTFYS. Having
established that Areceptor:G protein complexes containing
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B4y11 can form using two experimental systems, we wanted
to further characterize differences between theeteptor:

Gi1 o fay11and A receptor:G o472 complexes. Activation

of G protein with GTR'S leads to dissociation of the G
protein from the receptor, resulting in a lower affinity binding
state of the A adenosine receptor. Successful formation of

Mclintire et al.

work suggested that the nature of the prenyl group at the C
terminus of they subunit influenced receptor coupling, with
more efficient coupling at the Ladenosine receptor associ-
ated with the geranylgeranyl lipid. Substitution of this lipid
on the y, subunit with the farnesyl moiety significantly
reduced receptor coupling, and replacing the farnesyl group

A1 receptor:G protein ternary complexes was demonstratedon the y; subunit with geranylgeranyl increased receptor

by the increase in the number of high-affinity Aeceptor-

coupling (L4). Conversely, the farnesyl lipid was found to

binding sites in membranes after coexpression of either thebe more effective than the geranylgeranyl lipid at coupling

PBay2 or fay11 dimer with the A receptor and ¢ o in Sf9
cells (Figure 7C). This result is consistent with a previous
study from this laboratory, which characterized the influence
of G proteins on the high-affinity binding state of theg A
adenosine receptobl). The stability of ternary complexes

the S1y1 dimer to rhodopsini3). Later studies implicated
the primary sequence of thesubunit as a determinant of
the receptor:G protein interaction. For example, in a panel
of geranylgeranylated3;y dimers containing variouy
isoforms, the1ys andfB1y10 dimers were notably weaker in

containing different G proteins as measured by the loss of their ability to stimulate the high-affinity state of thea-

high-affinity agonist binding can be quantified using increas-
ing concentrations of GTS. Thus, the sensitivity of A
receptor ternary complexes containing either &4y, or

Gii of4y11 1O increasing concentrations of G)® was
compared. Ternary complexes containing thei; dimer
were up to 20-fold more sensitive to GF® (IGo = 9.5
nM) than those containingyy, (ICso = 208 nM, Figure 7C).
This result suggests that the stability of an @denosine
receptor:G protein complex containigy; is much more

sensitive to activating conditions than the analogous recep-

tor:G protein complex containindsy.. Thus, activation of
a Gyo:B4y11 heterotrimer may facilitate the releasecofrom
the receptor more readily than activation of ao0G34y2
heterotrimer.

DISCUSSION

The biological impact of3- and y-subunit heterogeneity
on G protein signaling is just beginning to be appreciated.
After a role for the$ subunit in receptor coupling was first
proposed3), subsequent studies have confirmed the original
finding and have suggested that the isoform identity of the
f subunit is critical to receptor:G protein signaling. For

adrenergic receptois6). Moreover, in a comparison of G
proteins containing thes or vz subunits; G o:S1y7 displayed

a 2-fold increase over &x:51ys in its ability to undergo M
muscarinic receptor-dependent hydrolysis of GT3)(
Intriguingly, they; subunit, which is widely expressed and
modified by the farnesyl lipid38, 59), has been shown to
be more efficient than other geranylgeranyladdimers

at promoting the high-affinity agonist-binding state of the
A; adenosine and 5-HZ receptors 15).

These reports of differential activity ¢f andy isoforms
at the receptor suggest the importance of G protein subunit
heterogeneity; however, the biological activifyeoG protein
B or y subunit must be evaluated in the context of the
functional dimer. For example, a study comparing the ability
of purified 5 dimers to support high-affinity agonist binding
to the aya-adrenergic receptor found thatys was signifi-
cantly less effective thapiy1: (56). One conclusion that
could be drawn from this result is that tkve subunit does
not couple well to thewa-adrenergic receptor. However, the
study also found that thgsys dimer was just as effective as
Pry11in supporting the high-affinity state of the recept®)(
providing an excellent example of how the combination of

example, we have recently demonstrated that the A 4 554, yitimately dictates interactions with receptors.

adenosine receptor is able to discriminate among different

Py isoforms in signaling via Ga, with 54y, increasing the
coupling efficiency 12-fold ovefiy, (20). A parallel study
also used high-affinity agonist binding of theadenosine

Because the combination of tgandy:; subunits proved
to have the lowest efficiency at promoting nucleotide
exchange in reconstitution experiments with therwusca-

receptor as a measure of receptor:G protein ternary complexXinic and A adenosine receptors, the possibility tfiaand

formation, concluding that,y, had a 5-fold higher affinity
for the G oi:Aza adenosine receptor complex thaay, (21).
Both of these papers argue that flxesubunit is much more
efficient than thefB; subunit at coupling Ga to the Ap,

y11May represent an incompatible dimer combination, similar
to B2y1 (7), was explored by transfection of HEK-293T cells
with taggedj, andy,;. However, both they1; dimer and

the B4y, dimer were able to be purified from Genapol extracts

adenosine receptor. Evidence that these results may not p®f membrane preparations from these cells after transfection
limited to the Grlinked A, adenosine receptor was provided (S€€ the Results), suggesting tfigt.. is a viable signaling

by a study that demonstrated thify, was more efficient
than 1y, at promoting agonist-dependent nucleotide ex-
change at the M muscarinic receptor2g). Approaches

similar to the original antisense techniques of Kleuss et al.

(54) are also demonstrating the importance fisoform
specificity in receptor signaling. Specific gene silencing by
siRNA via lentiviral vectors has shown that ablation of the

molecule in a mammalian cell.

To identify the molecular reasons for low activity of
purified B4y11 at the receptor, the affinity between and
By, a prerequisite for the G protein:receptor interaction, was
examined. In comparison to tifey, dimer,4y11 had a much
lower affinity for G; o.. This low affinity was not easily
reconciled with the purification protocol, which includes the

[2 subunit abolishes the C5a-mediated chemotactic response@xtraction of protein from membranes with 0.1% Genapol

in macrophage$6); ablation of the3; subunit had no effect

on this signaling system, suggesting that G protein hetero-

trimers coupling to the C5a receptor cont@inbut notf;.

and column washes with buffer containing 0.1% CHAPS.
All of these steps suggestas-Gii ;4711 heterotrimer that
remains tightly bound until activation-dependent elution of

Progress has also been made with respect to the influenceghe dimer from the immobilizedns-Gii a. One possible

of the G proteiny isoform toward receptor signaling. Early

explanation was that a conformational change occurred in
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the B4y11 dimer after activation and dissociation froms- cell, it is able to promote the high-affinity state of the A
Gi a. adenosine receptor as well as thg &4y, heterotrimer.
To probe any conformational changes occurring i, Dissociation of5, from y1; also influences the interpretation

gel-filtration chromatography was used to analyze the of differences in GTPS sensitivity of A receptor:G o:f34y2
physical properties of thg,y11 dimer in the form of a and A receptor:G a:fsy11 complexes in Figure 7C. High-
heterotrimeric G protein before and after activation. Initial affinity agonist binding is a sensitive indicator of the
clues that the34y11 dimer was structurally divergent came formation of the receptor:G protein complex, and GBP
from chromatographic separations of purifigg/11, which will destabilize the complex by changing the conformation
indicated that the8, subunit had aggregated into a higher of the G protein by binding the. subunit and potentially
molecular-weight structure (data not shown). The assumptioninducing subunit dissociatio®Q). However, dissociation of
was made that, because #he-Gi o:f54y11 heterotrimer was 4 from y11 as a consequence of G)F® binding could also
able to undergo conformational change and releage: destabilize the receptor:G protein complex and provide a
during purification, it was a viable protein. Indeed, the mechanism for the differences in GF® sensitivity. Because
hydrodynamic properties of this heterotrimer under non- afasy:1 dimer could be purified from mammalian HEK-293T
activating conditions were similar to the well-characterized cells, the fact that the Areceptor:G a:fB4y11 complex was
Gi1 a:f1y2 and Gy a1y (parts A and C of Figure 4).  found to be much less stable than receptor:G oS4y in
However, incubation of the protein with Mg§and GTR'S a membrane environment provides evidence that the mech-
resulted in an elution profile that clearly shows the dissocia- anism of activation-dependent dissociation &f dimers
tion of B4 from y.;. Dissociation of all three G protein  containingyi: could affect signalingn vivo. For example,
subunits would lead to signaling via activated GTP-bound G proteins containing, andy1; may be more sensitive than
o but no effectivefy signal. In addition, the loss gfy other G proteins and activate with lower levels of stimulus
structural integrity would preclude further receptor coupling at the receptor. In addition, dissociationffandy;, could
in a mechanism with functional parallels to the absorption result in a nullfy signal, channeling signaling information
of the 8y dimer by phosducin27) and thus terminate the G through thea subunit. Thus, a heterotrimer containifig
protein activation/deactivation cycle for such heterotrimers andy:; could productively interact with an activated receptor,
containingf, and y1;. and the duration ot signaling would depend upon other
There are various examples in the literature of weak factors, such as the presence of regulators of G protein
affinity betweens andy subunits. The8s subunit has been  signaling (RGS) proteins or nearby fr8e dimers of higher
reported to weakly associate withp, a condition that is  stability to recycle with the receptor. These results also raise
exacerbated by the presence of certain deterg&0ts5(). the question of the fate of monomeyig andy11 in a cell
Trypsin protection studies have also suggested thaffithe and whether these subunits reassociate with each other or
isoform is weaker than the or 3, isoforms in its interaction ~ neighboringBy subunits. Future studies will be needed to
with y subunits 62). Weak affinity of they;;, subunit forg address these issues.
has been implied experimentally, because purification or These results for the first time attribute the reduced affinity
immunoprecipitation ofy1; containing dimers has proven of afy dimer containing/1: to critical steps in the G protein
difficult (59, 63). In addition,in zitro translation experiments  activation cycle: nucleotide exchange or subunit dissociation
revealed that the closely related isoform was limited in caused by nucleotide exchange. The significance of this
its ability to dimerize with differenf3 isoforms 6, 7). finding is bolstered by the conclusion of a recent study that
The physical separation @f andy,; observed chromato-  tracked the movement of fluorescently taggeds, andy
graphically explains the loss of functional activity in several subunits in cells after receptor activatiof4). A major
of the assays used to characteri2g/;;. For example, finding of the study was thaty11 physically separated from
dissociation of34 from y1; subsequent to activation-depend- o and translocated from the plasma membrane to the Golgi
ent elution from a G o column accounts for the low affinity ~ as a result ofx-subunit activation§4); while this does not
of Bay11 for ai; observed in the competition assay (Figure directly address the issue Gfy1. dissociationin vivo, it is
3). Further, this suggests that dissociatiorppfrom y11 is an important concept that receptor activation of G proteins
not easily reversed under the experimental conditions used.containing the31y1: dimer can result in the spatial segrega-
This mechanism is supported by data in Figure 2, in which tion of o andBy signaling. The conclusions from our study
purified 84711 has a low activity in receptor reconstitution build upon these novel findings, in that in addition to spatial
experiments. Perhaps the most direct examination of thesegregation of G protein signaling, dissociation of particular
functional consequences of dissociatiorggfrom yi; is in By dimers, such agsy11, upon G protein activation could
the reconstitution experiments with PLA-and the G result in temporal regulation of G protein signaling. This
o411 heterotrimer (parts C and D of Figure 5). Activity broad range of functionalities of the; subunit, exquisitely
of Gi; a:34y11 0n PLC# decreased when G protein activation dependent upon it§-subunit partner, suggests a prominent
preceded reconstition into vesicles, suggesting a result similarrole for y11 in G protein signaling.
to that of the chromatography experiment with activated G
o:fBay11: dissociaton of3, from yq; in solution. The higher ACKNOWLEDGMENT
activity of Gy a:f4y11 under conditions when it was allowed We thank Dr. E. Ross and Dr. T. Kozasa for the
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activation may reflect a more stable environmentggr:. sris-Giz a subunit, respectively; purified PLB-was a kind
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