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ABSTRACT: G protein-coupled receptors are known to form oligomers. To probe the nature of such
aggregates, as well as the role and prevalence of monomers, epitope-tagged forms pffrthschtinic
receptor have been isolated as oligomers and monomersSBocells. Membranes from cells coexpressing

the c-Myc- and FLAG-tagged receptor were solubilized in digiterdholate, and the receptor was purified

by successive passage through DEAE-Sepharose, the affinity resiraByiffobenzhydryloxy)tropane
(ABT)—Sepharose, and hydroxyapatite. Coimmunoprecipitation of the two epitopes indicated the presence
of oligomers at each stage of the purification up to but not including the fraction eluted specifically from
ABT —Sepharose. The affinity-purified receptor therefore appeared to be monomeric. The failure to detect
coimmunoprecipitation was not due to an ineffective antibody, nor did the conditions of purification appear
to promote disaggregation. Receptor at all stages of purification bbjfeijmethylscopolamine and
[®H]quinuclidinylbenzilate with high affinity, but the capacity of receptors that were not retained or-ABT
Sepharose was only 4% of that expected from densitometry of western blots probed with an anti-M
antibody. Similarly low activity was found with oligomers isolated by successive passage of coexpressed
receptor on anti-c-Myc and anti-FLAG immunoaffinity columns; iMuscarinic receptors therefore appear

to coexist as active monomers and largely or wholly inactive oligomers in solubilized extraS@ of
cells. A different pattern emerged when coinfected cells were treated with quinuclidinylbenzilate prior to
solubilization, in that ABT-purified receptors from those cells exhibited coimmunoprecipitation. Treatment
with the antagonist therefore led to oligomers in which at least some of the constituent sites were active
and were retained by ABTSepharose.

It was noted some 20 years ago that G protein-coupled have been numerous reports of multimeric forms on poly-
receptors may form oligomers (e.g., refs4). The early acrylamide gels, and both homo- and heterooligomers of
reports were largely disregarded, however, owing in part to various G protein-coupled receptors have been confirmed
uncertainty over the interpretation of the data. Also, there by means of coimmunoprecipitation (reviewed in r&fs-
has been widespread acceptance of the notion that signaling 4). The presence of oligomers at the surface of intact cells
occurs via a transient 1:1 complex between a monomeric has been demonstrated by the detection of energy transfer
receptor (R) and the G protein (G)X-7), although such  petween receptors tagged with fluorescent and biolumines-
schemes are problematic when examined quantitatigety ( cent probes (e.g., refé5 and 16). As the evidence for
10). multimeric forms continues to accumulate, it appears that

Furth(;r evidence Ilor fthe etx:j_tence of g.l;g%mers Tas most if not all G protein-coupled receptors exist at least in
emerged more recently from studies on modified receptors part as oligomeric complexes.

expressed in recombinant systems. Of particular note was _ .
the observation that complementary chimeras of the M Although the purpose of oligomers remains unclear, they
muscarinic receptor and the adrenergic receptor bound appear to have a role in the trafficking of receptors within
antagonists only when coexpresséd)( There subsequently  the cell. Studies on the PAF receptor and the V2 vasopressin
receptor have shown that mutants inhibit cell-surface expres-
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for the proper transport of the receptor to the plasma mouse) from Roche Diagnostics was used for western blots.

membrane. Anti-FLAG antibodies (M2, monoclonal, mouse) conjugated
Oligomers also may be a determinant of pharmacological to horseradish peroxidase and agarose were purchased from

specificity and of signaling per se insofar as they represent Sigma-Aldrich for use in western blots and immunochro-

a unique species, distinct from the monomeric form, and offer matography, respectively. Ascites fluid containing mono-

a platform for cooperative interactions. Chimeric variants clonal antibody directed against the porcine cardiag M

of the R1 and R2 subunits have been used to demonstraténuscarinic receptor was purchased from Affinity Bioreagents,

that the oligomeric composition of the GABAreceptor
affects both the binding of GABA and efficacy with respect
to the regulation of inositol triphosphat2?). Cooperativity
has been identified within a heteromer of theand«-opiate
receptors, where the apparent affinity of theselective
agonist p-Pert,p-Perflenkephalin was at least 50-fold higher
in the presence of the-selective agonist U69593 and vice
versa R4). Similarly, cooperative interactions have been
described between subtype-specific ligands tghand S,

and a polyclonal antibody directed against the carboxyl
terminus of the M muscarinic receptor (positions 45466)
was from U.S. Biological. Peptides corresponding to the
c-Myc (EQKLISEEDL) and FLAG epitopes (DYKDDDDK)
were from Sigma-Aldrich.

SDS, glycine, and dithiothreitol were from BioShop
Canada. All other materials were obtained from sources
identified previously 81).

Epitope-Tagged Muscarinic Receptor from Sf9 Cells

adrenergic receptors when the two proteins are coexpressediuman M muscarinic receptor tagged with the c-Myc or

in HEK 293 cells 25).

Cooperative effects within homooligomers have been
reported for the binding of ligands to both the Muscarinic
receptor from heart2g, 27) and the B dopamine receptor
from transfected Chinese hamster ovary cel8).( Also,
cooperativity can provide a mechanistically consistent ac-
count of the characteristic binding patterns revealed by
agonists and guanyl nucleotides at the kceptor and

FLAG epitope was expressed 80 cells and extracted in
digitonin—cholate (0.86% digitonin, 0.17% cholate) as
described previously3(). The solubilized receptor was
purified via successive passage on DEAE-Sepharosé; 3-(2
aminobenzhydryloxy)tropaneSepharose (ABFSepharose),
and in some cases hydroxyapatite (CHT-II, Bio-Ra2h)(
Receptor that was claimed after passage on AB&pharose

is referred to as ABT-purified receptor, and carbachol was

associated G proteins, in contrast to schemes based on théémoved on a column of Sephadex G-50 (fine) (8.%.0
notion of a transient RG complex. Cooperative effects M) prequilibrated and eluted with buffer A (20 mM KH
therefore offer an alternative mechanistic basis for the processPQ: 20 mM NaCl, 1 mM EDTA, 0.1 mM PMSF, 0.1%

of signaling between receptor and G proted, 27, 29, 30).
Until recently, monomers have held a central and largely

unchallenged position in the common view of G protein-

mediated signaling (e.g., refs-7). Their role and even their

digitonin, 0.02% cholate, and NaOH to pH 7.4). Receptor
that was claimed after hydroxyapatite is referred to as HPT-
purified receptor and was transferred into buffer A by
processing on an Econo-Pac P6 cartridge (Bio-Rad).

existence are placed in doubt, however, by the apparent Solubilized receptor also was purified by immunochro-

ubiquity of oligomers and the evidence that oligomerization
can have functional consequenceB.cells have been widely

used in studies of G protein-coupled receptors; they are

particularly useful for biochemical work, owing in part to
their high levels of expression. Muscarinic receptors from
baculoviral-infected cells have been shown to exist as
oligomers 81), to undergo posttranslational modifications
such as glycosylation, palmitoylation, and phosphorylation
(32—34), and to interact with G proteins to ellicit a cellular
response 35, 36). In the present investigation, we have
purified monomers and oligomers of the,Nhuscarinic
receptor from infectedS® cells and characterized each
preparation for the binding of radiolabeled antagonists. A
preliminary report of this work has appeared elsewh&ng (

MATERIALS AND METHODS

Ligands, Antibodies, and Other Materials-[fH]Meth-
ylscopolamine chloride (lot 3474009, 83.5 Ci/mmol) aftdif
quinuclidinylbenzilate (lots 3329907 and 3363333, 42 Ci/
mmol; lot 3467373, 39 Ci/mmol) were obtained from
PerkinElmer Life Sciences. Unlabelddmethylscopolamine
bromide and {)-quinuclidinylbenzilate were purchased from
Sigma-Aldrich.

Agarose-conjugated anti-c-Myc antibody used for immu-
noprecipitation was purchased from Santa Cruz Biotechnol-
ogy (9E10, mouse), and that used for immunochromatog-
raphy was from Sigma-Aldrich (polyclonal, rabbit). A

horseradish peroxidase-conjugated anti-c-Myc antibody (9E10,

matography on Poly-Prep columns (10 mL, Bio-Rad) packed
with agarose-conjugated anti-c-Myc or anti-FLAG antibody
to a bed volume of 1 mL. The columns were eluted by
gravity flow, and all steps were performed at@. The anti-
c-Myc resin was regenerated with ammonium hydroxide (15
mL, 0.1 M, pH 11-12), and the anti-FLAG resin was
regenerated with glycine hydrochloride (3 mL, 0.1 M, pH
3.5). Both columns were equilibrated with buffer B (20 mM
KH2PQ,, 150 mM NaCl, 1 mM EDTA, 0.1 mM PMSF, 0.1%
digitonin, 0.02% cholate, and NaOH to pH 7.4) (anti-c-Myc,
15 mL; anti-FLAG, 5 mL). An aliquot of the solubilized
extract (4-9 mL) was added to the equilibrated column,
which then was capped and shaken for 2 h. The agarose was
allowed to settle, and the supernatant then was drained and
collected (“flow-through” fraction). The column was washed
with 20 mL of buffer B (“wash” fraction), and bound receptor
was recovered by applying an aliquot of buffer B (5 mL)
supplemented with either the c-Myc peptide or the FLAG
peptide (10Q«g/mL), capping the column, and shaking for

2 h. The purified receptor then was eluted from the column,
and that solution was used in binding or immunological
assays. When necessary, the peptides were removed by
concentrating the eluate-23-fold and desalting the con-
centrated material on Sephadex G-50 (fine) preequilibrated
with buffer B.

Treatment of Sf9 Cells with Quinuclidinylbenzila@ells
were supplemented with 2fM quinuclidinylbenzilate at the
time of baculoviral infection and processed as described
previously B1). Alternatively, coinfected cells were harvested
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3 days after infection by centrifugation at 1@00 he pellet of solubilized receptor (L) were added to assay buffer
was resuspended in buffer C (20 mM K#O,, 20 mM NacCl, (20 MM HEPES, 20 mM NaCl, 1 mM EDTA, 5 mM MgS©

1 mM EDTA, 0.1 mM PMSF, 20@g/mL bacitracin, 2ug/ 0.1 mM PMSF, 0.1% digitonin, 0.02% cholate, and NaOH
mL leupeptin, 2Q«g/mL pepstatin A, 156g/mL benzami- to pH 7.4) (50uL) containing the radioligand and any
dine, and NaOH to pH 7.4) supplemented with M unlabeled ligand as required. The reaction mixture was
quinuclidinylbenzilate. The mixture then was incubated for incubated at 30°C for 45 min in assays witiN-[3H]-

2 h at 30°C and centrifuged for 45 min at4 and 100000. methylscopolamine and f&® h in assays with JH]quinu-
The membranes were washed twice by resuspension in ice<clidinylbenzilate. Bound radioligand was separated on a
cold buffer C without quinuclidinylbenzilate and subsequent column of Sephadex G-50 (fine) (0:8 6.5 cm). All of the
centrifugation as described above. eluant up to and including the void volume (1.65 mL) was

Immunological Assaysmmunoprecipitation, electrophore-  collected and assayed for radioactivity. In assays WifPH]-
sis, and western blotting were carried out essentially as methylscopolamine, ethanol that accompanied the radioligand
described previously3(). Except where stated otherwise, was evaporated under argon such that the final concentration
samples being prepared for electrophoresis were heated ain the reaction mixture was less than 1 vol 38
65 °C for 5 min prior to being loaded on the polyacrylamide  Binding at graded concentrations of the radioligand was
gel. Proteins were resolved on precast gels (7.5% or 10%)measured over the range illustrated in Figure 4. Routine
purchased from Bio-Rad (Ready Gel Tris-HCI). In tests for estimates of capacity were performed at a saturating con-
coimmunoprecipitation, solubilized receptor (36800 uL) centration of {H]quinuclidinylbenzilate 100 nM). Binding
was immunoprecipitated with the agarose-conjugated anti-at graded concentrations of ABT was measured with-[
c-Myc antibody. Blots to be reprobed with a different quinuclidinylbenzilate at a constant concentration of-1.1
antibody were stripped using the RBlot western blot 1.7 nM. Nonspecific binding was taken throughout as total
recycling kit from Chemicon International. binding in the presence of 1 mM unlabeldemethylscopol-

The densities of bands were quantified by means of amine.
standard curves prepared with ABT-purified receptor. The All data were analyzed with total binding taken as the
standards comprised five samples that were assayed fordependent variableB{,sg. Data acquired at graded concen-
specific binding at a saturating concentration SHI]f trations of N-[*H]methylscopolamine or®H]quinuclidinyl-
quinuclidinylbenzilate £100 nM) and were run in parallel  benzilate were analyzed according to eq 1, in whigh
with the sample of interest. Densitometric analyses were represents specific binding of the radioligand at the total
performed at a resolution of 600 dots per inch using 1D concentration [R] and Bnax represents maximal specific
Image Analysis software (Kodak Digital Science). The binding. The parameter E@is the concentration of unbound
densities of the standards increased linearly with the amountradioligand that yields half-maximal occupanay is the
of receptor over a 7-fold range (4392 fmol), as estimated  Hill coefficient, and NS is the fraction of unbound radio-
by [BH]quinuclidinylbenzilate, and the data were fit by linear ligand that appears as nonspecific binding. Equation 1 was
regression. All bands corresponding to receptor were quanti-solved numerically 39), with the value ofny fixed at 1 or
fied, including multimeric forms and a 40 kDa fragment, optimized as required.
and the amount of receptor was taken as the sum.

The specific binding activity of M receptor recovered ([Pl — Bsp)nH
from ABT—Sepharose can vary from batch to batch of Bopsa™ BmaxE y Y
product. To examine the extent of the variability, samples Coo + ([Pl — Bsp)
of ABT-purified receptor (5 ng) from four different batches . )
were run in parallel on a polyacrylamide gel. The blot was ~ Data acquired at graded concentrations of ABT were
probed with the anti-Mantibody, and the intensities of the ~analyzed according to eq 2, in which [PR] represents the
bands were estimated by densitometry: the amount of recepJabeled complex wherfiijquinuclidinylbenzilate (P) and the
tor applied to the gel was determined Bii[quinuclidinyl- unlabeled Ilgand'(A) are assumgd to compete'for a homo-
benzilate 100 nM). In three such comparisons, the mean 9€n€ous population of mutually independent sites (R). The
ratio of intensity to binding capacity varied by up to 2-fold €quilibrium dissociation constants of P and A & and
among the four preparations. The densities of bands revealed<a, réspectively. The value of [PR] was calculated from the
by the flow-through fraction from ABFSepharose therefore  €duation [PR]= [P][R}/Kp; the free concentrations of
were quantified in most cases with reference to ABT-purified "€ceptor ([R]) and each ligand ([P], [A]) were calculated
receptor eluted subsequently from the same column. Whennumerically from the cor_respondl_ng total concentrationsy([R]
the flow-through and the standards were from different [Pls [AlY) (39). To obtain an estimate of loga for ABT,
columns, a single sample of ABT-purified receptor from the
same column as the flow-through also was applied to the Bopsa= [PR] + NS([P} — [PR]) @)
gel. The number of sites calculated for the flow-through then ] ) )
was adjusted for the difference in the capacity of the purified data from three experiments were analyzed in concert, with
receptor between that measured witH]fuinuclidinylben- the value of logKp fixed at—9.02_. Further details regarding
zilate and that estimated from the standard curve. With the analyses and related statistical procedures have been
untreated extracts and with receptor purified by immuno- described elsewher@§, 27, 30, 39).
chromatography, the densities were quantified throughoutRESUL.I_S
with standards from a single batch of ABT-purified receptor.

Binding Assays and Analysis of Dat&inding was M. muscarinic and other G protein-coupled receptors often
measured essentially as described previoudH. Aliquots appear to migrate as dimers and larger homooligomers on

TNS(PL— By (1)
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Ficure 1. Temperature-induced aggregation of thervuscarinic )
b ggreg e [P: anti-c-Myc

receptor. HPT-purified receptor froi8P cells expressing either
FLAG-M: (A, 27 ng) or c-Myc-M (B, 23 ng) was subjected 10 pigyre2: Immunoprecipitation of purified Mmuscarinic receptor.
electrophoresis and detected with the appropriate antibody. Prior cg|is were infected singly (c-Myc-Mor FLAG-M,) or were
to electrophoresis, the samples were heated for 1, 5, or 15 min atyqinfected (c-Myc-M/FLAG-M,) with baculovirus coding for
the temperature shown in the figure. c-Myc- and FLAG-tagged Mreceptor. Membranes were solubilized

in digitonin—cholate and purified on DEAE-Sepharose, ABT
western blots (e.g., re26), but the conditions of electro- Sepharose, and hydroxyapatite. The HPT-purified receptor was

phoresis can favor aggregation. The effect of temperatureimmunoprecipitated with the anti-c-Myc antibody, subjected to
electrophoresis, and transferred to a nitrocellulose membrane.

on the electro_ph_ore'uc moplhty_ of HPT-purified Meceptor . Samples were boiled for 5 min prior to electrophoresis. (A) The
from SB cells is illustrated in Figure 1. Only the monomeric  piot was probed with the anti-FLAG antibody. (B) The blot shown
form was detected when samples were heated for 5 min atin panel A was stripped and reprobed with the anti-c-Myc antibodly.

temperatures below 85C, while faint bands indicative of ~ The anti-c-Myc antibody used to precipitate the receptor was not
detected by either the anti-FLAG antibody or the anti-c-Myc

oligomers were visible after 5 min at 88C. When the ; . :
. antibody on western blots. Each sample contained either coex-
Sample_s were hgated at 100, Ol'gomers represgnted an pressed receptor (lane 1) or equal amounts of singly expressed
appreciable fraction of the total density after 5 min and the receptor mixed in the absence of ligand (lane 2) or in the presence
major fraction after 15 min. Except where noted otherwise, of either 1 mM carbachol (lane 3) or 1 mM atropine (lane 4). In

such agaregation was avoided in the present investigation€ach case, the total concentration of receptor was 40 nM in a volume
ggreg P g of 500uL, as determined by?H]QNB (~100 nM). Mixed samples

by heating the samples for 5 min at 88 prior to loading containing singly expressed c-MycMnd FLAG-M, were incu-
them on the gel. bated fo 1 h at 30°C prior to the addition of the immobilized
Oligomers also have been inferred from coimmunopre- antibody.
cipitation, which has been shown to occur with FLAG-and  The failure to detect a c-Myc- and FLAG-containing
c-Myc-tagged forms of the M muscarinic receptor in  heteromer after purification was not due to insufficient
detergent-solubilized extracts from coinfectl cells 31). immunoprecipitation, since bands corresponding to the
Similar results were obtained in the present study when receptor were evident when the blot shown in Figure 2A
digitonin-solubilized membranes from coinfected cells were was stripped and reprobed with the anti-c-Myc antibody
precipitated with the anti-c-Myc antibody and probed with (Figure 2B). To confirm the effectiveness of the agarose-
the anti-FLAG antibody (Figure 3A, lane 1). In contrast, no coupled anti-c-Myc antibody, preparations of HPT-purified
coimmunoprecipitation was detected with coexpressed recep-c-Myc-tagged receptor were assayed for the removal of
tor passed successively through DEAE-Sepharose,-ABT specifically bound JH]quinuclidinylbenzilate from the su-
Sepharose, and hydroxyapatite (Figure 2A, lane 1). It follows pernatant fraction. Measured in this manner, the efficiency
that purified M, receptors fron50 cells are predominantly  of immunoprecipitation was 32 5% (N = 4), in good
if not wholly monomeric. agreement with the value reported previously for removal
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A B the coimmunoprecipitation of c-Myc- and FLAG-tagged
1 2 3 4 5 6 1 2 3 4 5 receptor from digitonin-solubilized extracts of coinfect&#l
%?2— ’ . 200— cells is unaffected by either carbachol or atropine at a
7:‘ 16— concentration of 1 mM31). Similarly, the level of coim-
66— . ) 99— M . munoprecipitation was unaffected by preincubation of the
e 66— - solubilized receptor at saturating concentrations of either
- carbachol (300 mM) or ABT (1@M) (Figure 5). There also
31— - 45— was no effect when the receptor was preincubated succes-
s ¢ _ _ _ _ sively with ABT and then carbachol, which were added in
S S % 7 Z Z - & sequence in order to mimic the conditions of the affinity
: S8 8 8 ¢ 3 = column. Since not all sites of an oligomer are likely to engage
E S8 8 E K R % an immobilized ligand at the same time, ABT was included
=8 = = = = S 239 ¢ at saturating and subsaturating concentrations (i.e., 10 and
:g; ;‘:::fs]ﬂl’(‘f g gz 0.1uM) (Figure 5). The binding of ABT to the Mreceptor
g 3 f 2: E in digitonin-solubilized extracts &P cells revealed a single
g oF 2 £ 9 class of sites (i.e., eq 2), and the inferred affinity was 35

[P anticMve nM (i.e., log Ka = —7.45 4+ 0.04). It follows that the
IB- anti-FLAG conditions of chromatography on ABISepharose do not

Ficure 3: Detection of coimmunoprecipitation in fractions collected promote disaggregation OT the receptor; rather, the monomers
at each stage of purificatio®® cells coexpressing c-Myc-Mand that account for most, if not all, of the receptor after

FLAG-M, were solubilized in digitonir-cholate, and the extract  purification appear to be present in the unprocessed solubi-
was processed successively on DEAE-Sepharose/A&&pharose, lized extract.

and hydroxyapatite. (A) Aliquots of the solubilized extract (lane To examine further the fate of the oligomers, each fraction

1), the final eluate from DEAE-Sepharose (lane 2), the carbachol- :
containing eluate from ABT¥Sepharose (lanes 3 and 4), and the collected from ABF-Sepharose was probed for coimmuno-

final eluate from hydroxyapatite (lanes 5 and 6) were mixed with Precipitation of the two epitopes (Figure 3B). In contrast to
the immobilized anti-c-Myc antibody, and the precipitate was the negative result obtained with receptor that was retained
blotted with the anti-FLAG antibody. (B) Aliquots of the solubilized  gn the column, there was pronounced coimmunoprecipitation

extract (lanes 1 and 2) and different fractions eluted from ABT i, he fraction containing unadsorbed receptor (i.e., the flow-
Sepharose (lanes-%) were subjected to immunoprecipitation and

blotting as in panel A. The fractions from ABTSepharose are as ~ through) (Figure 3B, lane 3). Moreover, detection was
follows: receptor not adsorbed on the column (flow-through, lane possible at much lower levels of receptor, as determined by
3), receptor leached from the column during the wash with buffer [3H]quinuclidinylbenzilate, than were required to obtain a
(wash, lane 4), and receptor eluted specifically in the presence Ofsignal with the solubilized extract (Figure 3B, cf. lanes3).

carbachol (lane 5). The wash yielded bands with some preparation ) f . :
but not others. The volume used for immunoprecipitation was SOOSThe flow-through therefore was enriched in oligomers per

uL throughout, and the values shown in parentheses indicate theUnit of binding, and Hlquinuclidinylbenzilate appears to

concentration of receptor as determined #y]QNB (~100 nM). underestimate the amount of receptor in that fraction.
The binding of fH]quinuclidinylbenzilate andN-[3H]-
of the same receptor from solubilized extracts (cf433%, methylscopolamine to Mreceptor in the flow-through

ref 31). The monomers obtained after purification appear not fraction is illustrated in Figure 4C, and the parametric values
to associate spontaneously, nor is oligomerization promotedobtained from eq 1 are listed in Table 1. The curves reveal
by muscarinic ligands. No coimmunoprecipitation was a uniform population of sites (i.eny ~ 1) with affinities
detected when equal amounts of c-Myc- and FLAG-tagged that are indistinguishable from those obtained for receptor
receptor purified from singly infected cells were mixed in in the solubilized extract and after purification on ABT

the absence of ligand and in the presence of either carbachoBSepharose (Table 1). To estimate the apparent specific
(1 mM) or atropine (1 mM) (Figure 2A, lanes-2). activity of the receptor, the capacity foiH{]quinuclidinyl-

The product from each chromatographic step in the benzilate was compared with that determined from the
purification was tested in order to determine the point at density of western blots prepared with an,-Bpecific
which the heteromeric complex is lost. Coimmunoprecipi- antibody. In the densitometric assays, ABT-purified receptor
tation was detected with coexpressed receptor recovered fronwas taken as the standard. In the flow-through fractit)-
DEAE-Sepharose but not with receptor that was retained by quinuclidinylbenzilate bound to only 4% of the receptors
and subsequently eluted from AB'Bepharose (Figure 3A, identified on the western blots (Table 2). The oligomers
lanes 3 and 4). Similar results were obtained when either identified by coimmunoprecipitation of the c-Myc and FLAG
carbachol (0.3 M) or atropine (0.1 M) was used to dislodge epitopes (Figure 3B) therefore appear to be inactive, at least
the receptor from the affinity column. Thus,,Neceptors in binding assays.
first appear exclusively as monomers upon their recovery Reduced binding also was typical of unprocessed extracts,
from ABT—Sepharose. Their retention on the column and in which the measured capacity fdH]quinuclidinylbenzi-
specific desorption imply that they remain functional, and late was 54-74% of that predicted from the density of

receptor in the eluted fraction was found to bintH]f western blots with ABT-purified receptor taken as the
quinuclidinylbenzilate andN-[*H]methylscopolamine with  standard (Table 2). Such extracts also contained oligomers,
high affinity (Table 1, Figure 4B). as indicated by coimmunoprecipitation (Figure 3). The

Adsorbed M receptor generally is recovered from ABT shortfall in capacity therefore may be due to a mixture of
Sepharose by elution at a high concentration of the agonistmonomers, which bindi]quinuclidinylbenzilate an&l-[*H]-
carbachol (i.e., 300 mM). It has been shown previously that methylscopolamine with characteristic muscarinic affinities,
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Table 1: Empirical Characterization of Specific Binding to TaggedNuiscarinic Receptor fron$® Cell$

N-[3H]methylscopolamine SH]quinuclidinylbenzilate Brmax,frms/
preparation log E& Ny Bmax(PM) log EGso Ny Bmax(PM)  Bmax gHione
c-Myc-Mo/[FLAG-M;
soluble extract (4, 7) —8.46+0.12 0.80+£0.07 160-329 —9.02+0.14 0.92+£0.06 162-721 0.83+0.08
ABT —Sepharose, flow-through (1, 4) —8.43 0.94 218 —8.93+0.04 1.22+£0.09 105-327 0.88
ABT —Sepharose, purified (4, 4) —8.37+0.18 0.87£0.05 302716 —9.07+0.09 1.01+0.10 382721 0.83+0.07
anti-FLAG-/anti-c-Myc-agarose, b b b —9.82+0.07 0.85+0.15 4-37
purified (0, 3)
c-Myc-M;
anti-c-Myc—agarose, purified (0, 1) b b b —9.57 1.26 654
FLAG-M,
anti-FLAG—agarose, purified (0,1) b b b —9.64 1.14 503

a Solubilized extracts fron$® cells coexpressing (c-Myc-MFLAG-M,) or singly expressing (c-Myc-Mor FLAG-M,) the c-Myc- or FLAG-
tagged M receptor were processed as indicated in the table. Binding was measured at graded concentréiinid 8fdnd FHJQNB, as illustrated
in Figure 4, and the data were analyzed in terms of eq 1 to obtain estimates of iggnE,CGand Brnax. The number of experiments involving
[BHINMS or [*H]QNB is shown in parenthesesSKINMS, [*H]QNB). [(H]NMS was used throughout in parallel wittHJQNB in order to determine
the relative capacity for the two radioligands (i.Bmax gHjnms/Bmax gHions). The values of log E€3, Ny, and Bmax grnvs/Bmax,gHione Obtained from
individual experiments were averaged to obtain the me&®E(M) listed in the table. The values Bf,ax refer to the concentration in the binding
assays and indicate the range among individual experimeNtst measured.

and oligomers that are wholly or largely inactive. In that preparation therefore was cleared or almost cleared of
event, the decrease in specific binding activity from-54  functional sites irrespective of whether the product of the
74% in extracts to 4% in the flow-through fraction derived second column was essentially devoid of receptor or enriched
from the removal of active monomers on ABBepharose.  in oligomers. With the preparation of oligomers obtained
Although the purified receptor was predominantly mono- from extracts of coinfected cells, the capacity féHJF
meric, those preparations may have contained a minorquinuclidinylbenzilate was only 2% of that predicted from
population of active oligomers that were adsorbed by ABT the density of western blots prepared with the anti-M
Sepharose. With some batches of purified material, a faint antibody and calibrated with standards of ABT-purified
band corresponding to a molecular mass somewhat greatereceptor (Table 2). Since most of the sites existed within
than 200 kDa was detected when immunoprecipitates oligomers, it follows that the oligomers were largely inactive.
obtained with the anti-c-Myc antibody were blotted withthe  The low specific binding activity of immunopurified
anti-FLAG antibody. oligomers from extracts of coinfected cells was not due to
To isolate oligomeric forms of the receptor, digitonin- an effect of the columns themselves. The affinity 3]t
solubilized extracts from cells coexpressing the c-Myc- and quinuclidinylbenzilate for coexpressed receptor recovered
FLAG-tagged proteins were processed successively onfrom both immunocolumns taken in succession and for singly
columns of anti-FLAG and anti-c-Myc antibody conjugated expressed receptor recovered from one column or the other,
to agarose. The two epitopes were found to coimmunopre-as appropriate, was somewhat higher than that for receptors
cipitate in the fraction obtained from the second column in the solubilized extract and after purification on ABT
(Figure 6), indicating the presence of oligomers. To control Sepharose (Table 1). With FLAG-tagged receptor from singly
for nonspecific effects, extracts containing equal amounts infected cells, the specific activity fofHiJquinuclidinylben-
of c-Myc- or FLAG-tagged receptor from singly infected zilate was the same, at about 0.3 mol of the radioligand/mol
cells were mixed and processed on the two immunocolumnsof receptor, regardless of whether the sample was passed
in the same manner. The final eluate from the second columndown the anti-FLAG column twice or only once (Table 2).
showed no detectable reactivity to the anti-FLAG antibody Also, 97% of the FLAG-tagged receptor retained by the anti-
(Figure 6), the anti-c-Myc antibody, or the anti;lintibody; FLAG column, as estimated from the binding oH]-
similarly, there was no detectable coimmunoprecipitation of quinuclidinylbenzilate, was recovered upon elution with the
the c-Myc and FLAG epitopes. Successive passage of FLAG peptide (Table 3).
coexpressed receptor on the two columns therefore appears In the case of the anti-FLAG column, the high yield and
to yield a preparation of oligomers in which monomers are the reproducibility upon double passage confirm the benign
absent or at least below the limit of detection on western nature of the column itself. A similar confirmation was not

blots. practicable with the anti-c-Myc column, since the lower yield
The amount of receptor recovered from the two immuno- 0f 35% precluded an accurate estimate of the specific activity
columns also was monitored in assays witH]fuinuclidi- after more than one passage (Table 3). It appears that the

nylbenzilate. With tagged receptor from coinfected cells, the c-Myc peptide is comparatively inefficient at eluting the
capacity for fH]quinuclidinylbenzilate in the c-Myc-sensitive ~ ¢c-Myc-tagged receptor, perhaps owing to the high affinity
fraction eluted from the second column represented 0.4% Of the latter for the immobilized anti-c-Myc antibod¢q).

of the sites applied to that column and about 0.1% of those Neither column was assessed for its adsorptive capacity. If
applied to the first (Table 3). With the 50:50 mixture of the capacity was exceeded, the efficiency of elution listed
receptors from singly infected cells, the capacity féH]f in Table 3 is an underestimate of the value that would have
quinuclidinylbenzilate in the final eluate from the second been obtained with a smaller amount of receptor.

column represented 0.2% of the sites applied to that column A further characteristic of the anti-c-Myc immunocolumn
and about 0.06% of those applied to the first (Table 3). The was the comparatively poor retention of sites as detected by
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Ficure 5: Effect of ABT and carbachol on the level of coimmuno-

g precipitation. S cells coexpressing c-Myc- and FLAG-tagged
receptor were solubilized in digitonircholate. Aliquots of the
extract (20QuL) containing 20-30 nM receptor, as determined by
[®HIQNB, were supplemented with ligand as shown in the figure
and incubated at 30C for 1 h. Samples containing both ligands

1 were supplemented first with ABT (3TC, 1 h) and subsequently
with carbachol (30C, 1 h). Each sample then was processed on a
column of Sephadex G-50 (fine) (08 5.0 cm) preequilibrated
with buffer A in order to remove unbound ligand. Receptor was
. recovered in the void volume (5Q@L) and immunoprecipitated
with the anti-c-Myc antibody. The immunoprecipitate was resolved
by SDS-PAGE and transferred onto nitrocellulose, and oligomers
were detected by the anti-FLAG antibody. Blots then were stripped
and reprobed with the anti-c-Myc antibody as described in the
legend to Figure 2B. Densitometric analyses were performed on
both blots, and the level of coimmunoprecipitation of the two tags
. was expressed as the ratio of the intensity of bands detected by the
anti-FLAG antibody to that of bands detected by the anti-c-Myc
antibody. Each ratio was expressed relative to that obtained from
sample 1, in which the extract was left on ice in the absence of
ligand. The experiment was performed three times, and the values
] shown in the figure are the meansEM).
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log [[’H]ANntagonist] the anti-FLAG column (Table 2). The conditions of elution
FiGure 4: Binding to coexpressed Mmuscarinic receptor at were the same for both immunocolumns, and it seems
different étages of purificatior&® cells coexpressing c-Myc- and unlikely that one would denature the re_CEptor or otherwise
FLAG-tagged receptor were solubilized in digitoricholate and ~ degrade function more than the other. Since monomers were
purified by successive passage on DEAE-Sepharose and-ABT active and oligomers were essentially inactive, an alternative

Sepharose. Receptor in the solubilized extract (A), ABT-purified explanation may be that the anti-c-Myc column preferentially
receptor (B), and receptor in the flow-through from ABT binds oligomers.

Sepharose (C) were characterized for binding at graded concentra- . : : .
tions of FHJQNB (O) or PH]NMS (D), either alone (upper curves) SO _c_ells were f_ound to y|eld functl_onal ollgomers if a
or in the presence of 1 mM unlabeled NMS (baseline). Each curve lipophilic antagonist was included either at the time of
represents the best fit of eq hy(= 1) to the pooled data from  coinfection or when the cells were harvested 3 days later.

three separate experiments except in the cas#iRMS in panel Coimmunoprecipitation of the c-Myc and FLAG epitopes

C, where the data are from a single experiment. A single value of was readily detected in samples of ABT-purified receptor
l0g EGso was common to all of the data in each analysis. Separate from cells treated either way with quinuclidinylbenzilate
values of Bnax and NS were assigned to the data from each Yy q Yy

experiment, and the value of NS was common to data acquired in (Figure 7A). Since the oligomers were retained by the affinity
the absence and presence of unlabeled NMS within the sameresin, the antagonist appears to have fostered activity in at

experiment. Values plotted on tlyeaxis are shown as a percentage  |east some of the constituent sites. There was comparatively
Of Bmax for that radioligand. little coimmunoprecipitation with ABT-purified receptor
[®H]quinuclidinylbenzilate, which was 3-fold less than the from cells coinfected in the presence of the hydrophilic
level of retention on the anti-FLAG immunocolumib,( antagonisiN-methylscopolamine.

Table 3); moreover, the specific binding activity of c-Myc- To assess the effect of quinuclidinylbenzilate, the degree
tagged receptor recovered from the anti-c-Myc column was of coprecipitation before and after purification was quantified
3-fold less than that of FLAG-tagged receptor recovered from by densitometry. The results are summarized as a ratio in
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Table 2: Specific Binding Activity of Tagged MMuscarinic 4

1
Receptor before and after Purification 200 - .
relative specific 116—| ™=
sample receptor binding activity 97—
ABT—Sepharose, cMyc-My  0.04+0.01 (8, 2) 66 [. e
flow-through FLAG-M;
ABT —Sepharose, purified c-Myc-M 1.00 45— -
FLAG-M, -

anti-FLAG/anti-c-Myec, c-Myc-Ms/  0.02+0.01 (9, 3) s % < 5
purified FLAG-M, 5 2 8 %
anti-c-Myc, purified c-Myc-M 0.11+0.01 (5, 3) < # < g
anti-FLAG, purified FLAG-M 0.33+0.04 (7, 3) B+ B o+
anti-FLAG/anti-FLAG, FLAG-M, 0.35+ 0.07 (5, 2) E = E =
purified & & & A
extract in digitonin-cholate ~ ¢c-Myc-M 0.544+0.16 (2, 1) E‘ E’ é‘ E
extract in digitonin-cholate FLAG-M 0.69+ 0.20 (4, 2) I N
extract in digitonir-cholate ¢ Ilgll_ngM(/lz 0.74+0.21 (6, 4) P anti—c—Myc PR
IB: anti-FLAG + + + +

@ Tagged receptor expressed in coinfected cells (c-Myt-MAG- ) L . . .
M) or in singly infected cells (c-Myc-Mor FLAG-My) was extracted Ficure 6: Purification of the .ollgomerlc receptor. Solubilized
in digitonin—cholate (extract). The solubilized receptor was processed €Xtracts ofS® cells coexpressing the c-Myc and FLAG-tagged
on DEAE- and ABT-Sepharose or on agarose bearing the anti-c-Myc '€CEPtors (c-Myc-MFLAG-Mp, lanes 1 and 3) and mixed extracts
or anti-FLAG antibody. Further details are described in Materials and T0mM cells separately expressing the two forms (c-Myg-M
Methods. The eluate from AB¥Sepharose was collected before (flow- LAG-M,, Ianes 2 and 4) were applled. successwgly to columr!s of
through) and after the inclusion of carbachol (purified). The immuno- 2garose-conjugated anti-FLAG and anti-c-Myc antibody. The mixed
affinity columns were used separately or in succession to obtain the samples contamed equal amountslof ¢c-Mye- anq FLAG-tagged
eluate from one or both as shown in the table. The flow-through fraction '€CePtor, as estimated at a saturating concentratiofHQNB
from ABT—Sepharose and the final eluates from immunochromatog- (~100 nM). The product from the second (anti-c-Myc) immuno-
raphy were assayed for the binding 8H[QNB (~100 nM) and for column (300uL) was treated with the immobilized anti-c-Myc
the density of bands identified by the anti-Bhtibody on western blots. ~ @ntibody, and the precipitate was blotted with the anti-FLAG
Densities were converted to their molar equivalents by means of antibody (lanes 1 and 2); parallel samples were blotted with the
standard curves prepared with ABT-purified receptor as described in @nti-FLAG antibody without prior immunoprecipitation (lanes 3
Materials and Methods. Specific binding activity was calculated as the &nd 4)- The concentration of receptor in the samples subjected to

capacity for PHIQNB divided by the number of receptors determined IMMunoprecipitation was 0.19 nM (lane 1) and 0.20 nM (lane 2).
from the density of western blots. ABT-purified receptor was taken as | € @mount of receptor applied directly to the gel was 78 pg (lane
the standard for the quantification of western blots, and the activity 3) @nd 82 pg (lane 4).

shown for those preparations therefore is 1. Receptor in the flow-through

from ABT—Sepharose was quantified with standards of purified the capacity for JH]quinuclidinylbenzilate relative to the
receptor from the same run; all other preparations were quantified with density of western blots probed with the antj-Bhtibody.

ABT-purified receptor from a single batch. Since the true specific A
activity of the ABT-purified standards can be less than 1, the values The value found for ABT-purified receptor from cells treated

listed in the table represent upper limits on the activities of the different with qumuclldlnylbenznatg_ during or after coinfection was
preparations. Estimates of the specific activity from individual experi- about 25% of that for purified receptor from untreated cells
ments were averaged to obtain the meabhSEM) listed in the table. or from cells treated withN-methylscopolamine during
The numbers in parenthesgs indicate the_ number of experimentscginfection. Also, the inclusion of quinuclidinylbenzilate
followed by the number of different preparations. decreased the retention of functional sites by ABT
Sepharose from 91% to about 63% (D, Table 3).

Figure 7C, where the underlying densities were determined A lower specific activity suggests that the purified oligo-
relative to the number of available binding sites and the total mers contain a mixture of functional sites and sites that are
amount of receptor. Normalization to the number of binding occluded or otherwise inaccessible to the radioligand. Some
sites is implicit in the density per se, sincé{Jquinuclidi- degree of occlusion is expected owing to the slow dissocia-
nylbenzilate was used to determine the amount subjected totion of unlabeled quinuclidinylbenzilate, which would be
immunoprecipitation. To obtain values normalized to total retained by some of the sites even after purification; in
receptor, densities from blots performed with the anti-FLAG addition, some of the sites may be nonfunctional or in a latent
antibody (Figure 7A) were divided by those measured when state (e.g., re27). The purification is based on the specific
the samples were stripped and reblotted with the anti-c-Myc binding of the receptor to immobilized ABT, however, and
antibody (Figure 7B). The ratio plotted in Figure 7C is the purified oligomers detected in Figure 7 must contain at
therefore an indicator of the number of ABT-purified |east some sites that are both functional and devoid of
oligomers relative to the number of oligomers in the quinuclidinylbenzilate. A complement of inactive sites or
unprocessed extract. The increase from about 0.1 forocclusion by the ligand also may account for the decreased
untreated cells to 1:11.6 for treated cells points to an retention by ABT-Sepharose of receptor from treated cells,
increase in the level of functional oligomers upon treatment perhaps by causing an oligomer to bind less tightly than a
of the cells with quinuclidinylbenzilate. Uncertainty over monomer.
such properties as the size of the oligomers and the \ye have noted previously that a 40 kDa immunoreactive
distribution of active and inactive sites precludes a more species was detected along with the full-length protein in
specific interpretation of the data. preparations of tagged Meceptor fromSB cells @1). That

The specific binding activity of the purified material species also has been detected in the present investigation,
represented in lanes 4 and 6 of Figure 7A was calculated asboth in solublilized extracts and after purification. The 40
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Table 3: Efficiency of Purificatioh

recovery of

receptor at different stages of purification (%) adsorbed
initial (pmol)  flow-through  wash bound specific elution  receptor (%)
column receptor (A) (B) © (D) (E) (F = 100E/D)
ABT—Sepharose (4) c-Myc-MFLAG-M, 130-590 0.6+ 0.3 8+3 91+3 45+ 8 49+ 3
ABT —Sepharose (3) c-Myc-MFLAG-M; + 22—96 24+ 7 14+3 62+10 24+ 3 41+ 12
QNB (infectiony
ABT —Sepharose (3) c-Myc-MFLAG-M; + 10-50 2+1 35+4 64+5 18+ 3 29+ 6
QNB (harvest)
anti-c-Myc—agarose (3) c-Myc-M 111-117 49+ 3 28+2 24+4 8+1 35+3
anti-FLAG—agarose (5) FLAG-M 61-173 15+ 6 16+1 70+6 65+ 5 97+ 12
anti-FLAG—agarose/ c-Myc-MFLAG-M, 134-213 47+ 3 9+2 4442 30+2 68+ 1
anti-c-Myc—agarosg(3) 46-61 83+ 1 16+ 2 2+2 0.44+0.2 d
anti-FLAG—agarose/ c-Myc-M+ FLAG-M; 178-238 53+ 1 9+1 38+2 25+1 67+ 38
anti-c-Myc—agarose(2) 47-58 70+ 8 23+ 6 7+3 0.244+0.03 44 2

@ Solubilized extracts containing coexpressed receptor (c-MyE&MG-M,), singly expressed receptor (c-Myc,Mr FLAG-M,), and singly
expressed receptor mixed in equal amounts (c-Myc-MFLAG-M,) as determined by*H]QNB were processed on ABTSepharose or an
immunoaffinity resin as shown in the table. Material applied to AEBepharose was processed first on DEAE-Sepharose. The immunoaffinity
columns were loaded with unpurified extract. The amount of receptor at different stages of purification was estimated from binding at a saturating
concentration ofHJQNB (~100 nM). That applied to each column is shown in absolute terms (A, initial); that recovered in various fractions or
adsorbed is shown as a percentage of the amount applied initially, as follows: receptor not adsorbed to the column (B, flow-through), receptor
leached from the column during washing (C, wash), receptor adsorbed to the column (D, bound), and purified receptor eluted specifically with
carbachol or the appropriate peptide (E, specific elution). Receptor adsorbed to the column was taken as the difference between that applied and
that recovered either in the flow-through or during washing. The yield of purified receptor is shown both as a percentage of the amount applied
initially (E) and as a percentage of that adsorbed (F). Each type of purification was carried out two to five times, as shown in parentheses, and the
percentages from individual runs were averaged to obtained the me&E\) listed in the table (BF). ? The SB cells were supplemented with
QNB (10uM) either at the time of coinfection (infection) or when the cells were harvested 3 days later (harRestgptor was processed first
on the anti-FLAG column, and the entire yield from specific elution (E) then was applied to the anti-c-Myc c8lihenmean is indistinguishable
from 0.

kDa fragment varied in proportion from preparation to and anti-FLAG-agarose. The receptor therefore was most
preparation, as noted by other83( 41), and underwent  active when it appeared to be monomeric, and it was virtually
coimmunoprecipitation (Figure 3). Since the fragment was inactive when predominantly oligomeric.

detected by antibodies raised against the c-Myc and FLAG  gjnce the degree of coimmunoprecipitation from unproc-
epitopes, which are located at the amino terminus of the ggseq extracts was unaffected by ABT or carbachol, added
receptor, it most likely represents the first five transmembrane g o separately or in sequence, monomers do not appear
domalns. This was confl_rmed using an antlbody dlre_cted to have been formed during chromatography on ABT
against the carboxyl terminus of the,keceptor, which d'.d Sepharose. Also, no oligomers were detected when HPT-
not detect the 40 kDa band. In contrast, th_e same ant'.bOdypurified monomers obtained from cells singly expressing the
detected two smaller fragments in ABT-purified preparations c-Myc- or FLAG-tagged receptor were mixed in solution
(16 and 26 kDa), one of which may represent transmembraneeither with or without a muscarinic ligand; similarly, nascent

domains 6 and 7. . . .
oligomers were not detected in mixtures of unprocessed

DISCUSSION solubilized extracts from singly infected celzlj. It follows

) o ] that neither monomers nor oligomers were formed under the

Studies on tagged Mmuscarinic receptors at different  ongitions of purification, nor was there any exchange of

stages of purification suggest that they coexist as monomersyonomers among preexisting oligomers. Solubilization in
and oligomers in solubilized extracts of coinfec®&l cells. gjigitonin—cholate therefore appears to yield a static mixture
As monitored by coimmunoprecipitation, oligomers contain- ¢ 5nomers and oligomers. The latter are inactive and on

ing the c-Myc and FLAG epitopes were present Upon .+ pasis were separated from monomers on ABT
solubilization of the cells in digitonincholate and through- Sepharose

out the initial stages of purification on DEAE-Sepharose. i o _ o ]
They also occurred in the flow-through from ABT _ Since the affinity of residual sites in either of the oligomer-
Sepharose but were absent from the fraction eluted subselich preparations was comparable to that of purified mono-
quently in the presence of carbachol. LabelingNby*H]- mers, the multimeric status of those sites is unclear. There
methylscopolamine andH]quinuclidinylbenzilate was found ~ May have been a comparatively small population of mono-
at all stages of purification. It follows that Meceptors eluted ~ Mers that coeluted as a contaminant or, in the case of-ABT
specifically from ABT-Sepharose were wholly or largely Sepharose, were leached from the column by the eluting
monomeric. buffer; alternatively, a minor fraction of the oligomers or a

Whereas binding was ubiquitous, and the affinities of both fraction of the sites within an oligomer may retain activity.
radioligands were the same throughout, the specific activity Since there very likely was a mix of monomeric and
of the receptor varied 50-fold among the different fractions. oligomeric forms throughout, except perhaps for the last
It was highest after purification on ABTSepharose. It was  fraction eluted from ABFSepharose, the residual activity
lowest in the flow-through from ABFSepharose and in the  of those fractions enriched in oligomers may have more than
fraction obtained from successive passage on anti-c-Myc-one source.
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7 obtained when coexpressed receptor or a mixture of singly

1 2 3 4 5 6
A 200—] S 00— - expressed receptors was processed sequentially on anti-c-
116— He—| s ! o | Myc- and anti-FLAG-agarose (Table 3). Since the product
gg_ 2.6_ i - - obtained with coexpressed receptor was enriched in oligo-
- a w @ mers, any property of the oligomer ought to have been greater
45— 45— in that preparation. The alternative possibility that some
= residual binding is intrinsic to the oligomer is suggested by
31— 31— e : the recovery of functional oligomers from cells treated with
B quinuclidinylbenzilate. Also, a weak band corresponding to
200— 200— a molecular mass of about 200 kDa was detected with ABT-
- 16— purified receptor on some occasions when immunoprecipi-
66— 66— tates obtained with the immobilized anti-c-Myc antibody
—— - eam SN were blotted with the anti-FLAG antibody.
45— 45— It has been noted previously that the oligomeric size of
the receptor can be inferred from the efficiency of immuno-
precipitation, taken as the fraction of specific binding
removed by an immobilized antibody from the supernatant
in a solubilized preparation of coexpressed, differently tagged
receptors31). Such an approach is uninformative, however,
if most or all of the aggregated sites are inactive. A further
complication relates to the use of the binomial expansion,
which requires an estimate of the ratio of c-Myc- to FLAG-
tagged receptor within the preparation. The amounts of
IP : anti-c-Myc tagged protein were estimated previously by means of
densitometry and standard curves prepared with HPT-purified
C 181 1 receptor 81). In the present study, however, different batches
of ABT-purified receptor have been found to vary by up to
_ 2-fold in their specific activity. The quantitation of c-Myc-
L2} 1 and FLAG-tagged receptors therefore requires confirmation
that the specific activities of the corresponding standards are
the same.
0.6 | A 40 kDa fragment corresponding to the first five
transmembrane domains of the receptor was detected at all
03+ 1 stages of purification. The same fragment has been observed
PO I i s by others, who have suggested that it is a product of
no ligand QNB ONB proteolysis at a position within the third intracellular loop
(infection)  (harvest) (33, 41). Both the 40 kDa peptide and the full-length receptor
FIGURE 7: Recovery of functional oligomers by quinuclidinylben-  Were identified by the anti-FLAG antibody in the precipitate
zilate. SO cells coexpressing c-Myc- and FLAG-tagged receptor Obtained with the anti-c-Myc antibody from extracts of
were solubilized in digitonircholate (lanes 1, 3, and 5), and the  coinfected cells. The cleavage therefore does not appear to
;i%eﬂg[r!"gz[fh“;rges‘i t()l)é\ ﬁggcgsi'vgn%agag_ﬁe"gg&@ggggg{gg%ﬁect the ability of the resulting fragments to incorporate
with QNB (10 uM) either at the time of coinfection (lanes 5 and into ollgo.merlcl pomplexes.'The 40 KDa fragment also was
6) or when the cells were harvested 3 days later (lanes 3 and 4).detected in purified preparations obtained from cells untreated
(A) Aliquots (500 uL) containing receptor at the concentration with muscarinic ligand, indicating that it was retained on
ShOWﬂ were incupated with immobilizgd anti-c-Myc antibody, and ABT—Sepharose and eluted specifically in the presence of
the immunoprecipitate was blotted with the anti-FLAG antibody. ~5rhachol. Since no coimmunoprecipitation of either the full-

B) The blot in panel A was stripped and probed with anti-c-Myc .
(an)tibody. An aﬁquot of buffer Rp(50mL) F\)Nas incubated withy length receptor or the 40 kDa fragment was detected with

immobilized anti-c-Myc antibody and processed in the same manner such purified material, the fragment must associate directly
(lane 7). The concentration of receptor was adjusted with referencewith immobilized ABT.
to the binding of fHJQNB (~100 nM). (C) The degree of Truncated forms of the Mand My muscarinic receptors

coimmunoprecipitation was measured by densitometry of the bandscorresponding to the first five transmembrane domains have

shown in panel A. The bars indicate the ratio of the density obtained . . .
with the ABT-purified preparation (lanes 2, 4, and 6) to that P€€Nn shown not to bind ligand when expressed alone in

obtained with the unprocessed extract (lanes 1, 3, and 5). TheCOS-7 cells42). Binding was regained, however, when the
densities used to calculate each ratio were normalized to the capacitymissing carboxy terminus was coexpressed with the amino-
for [*HIQNB (white bars) or to total receptor (gray bars) as terminal fragment; moreover, the complementary fragments

described in the text. Values plotted in the figure are the means .
(+SEM) from six (no Iigand,pQNB infectiong)J or three (QNB of the M; receptor were shown to regulate the production of

harvest) experiments. Several preparations of receptor are repreinositol phosphates. This suggests that the 40 kDa species
sented in the data (no ligand, 6; QNB infection, 4; QNB harvest, is able to bind ligand only if a corresponding carboxy-
2). terminal fragment is also present. The proteolytic fragments
A minor population of contaminating monomers is con- therefore appear to form a functional binding pocket that,
sistent with the similarly low yields, about 0.1% or less in upon solubilization, is sufficiently stable to be retained on
terms of the capacity foPH]quinuclidinylbenzilate, that were ~ ABT—Sepharose33, 41). Bands corresponding to the 40
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kDa species were included in densitometric analyses on thepattern points to cooperative effects, and a quantitative
assumption that they represented functional receptor in thedescription of the data in those terms has required at least
binding assays. four interacting sites26, 27). A shortfall in capacity also

Treatment of the cells with quinuclidinylbenzilate led to Was found with a purified Mreceptor devoid of G protein
a gain of function, in that 0|igomers were retained by ABT (26), although the difference was smaller and less definitive
Sepharose and purified in an active state. Since it was(38). No comparable effects have been observed with
sufficient to add the ligand when the cells were harvested, monomeric receptors fro@® cells (Table 1). Cooperativity
the effect was on events immediately before or during and the implication of linked sites suggest that the oligomeric
solubilization. It has been shown previously that the M integrity of M, receptors from porcine atria is more robust
receptor does not aggregate during extract®l).(Quinu-  than that of receptors fror8® cells.
clidinylbenzilate therefore appears to increase the number Quinuclidinylbenzilate was added 80O cells at the time
of oligomers that were functional in the membrane or remain of coinfection in order to explore the possibility that the
so in solution; accordingly, it may promote oligomerization nonfunctional aggregates detected in solution were a byprod-
in the membrane, slow or prevent the fragmentation of uct of overexpression, presumably at the level of the
preexisting oligomers, or exert a protective effect on their endoplasmic reticulum. The proper assembly and functioning
activity. A protective effect has been demonstrated previously of some multimeric proteins, such as the nicotinic acetyl-
with the Ms muscarinic receptor expressed3f cells, where  choline receptor and the Shaker potassium channel, are
treatment of the membranes wikhmethylscopolamine prior  known to be dependent upon molecular chaperod8s (
to solubilization increased the yield of solubilized receptor 51). Similarly, ligands have been shown to act as pharma-
as measured bi-[*H]methylscopolamine43). Also, the cological chaperones by assisting in the maturation and
muscarinic ligand®-methylscopolamine, quinuclidinylben-  transport of some G protein-coupled receptors to the cellular
zilate, and carbachol have been shown to prevent or delaysurface $2—54). The overall effect of quinuclidinylbenzilate
the thermal inactivation of purified Mreceptor from porcine  was the same, however, regardless of whether it was added
atria (38). with the baculovirus or when the cells were harvested. The

Details of the process whereby solubilization in digitenin ~ fecovery of binding sites from AB¥Sepharose was com-
cholate leads to active monomers and inactive oligomers Parable, and purified receptor showed a similar degree of
remain unclear. The latter may include misfolded aggregatescoimmunoprecipitation. It therefore seems likely that qui-
that occur as a byproduct of overexpression. Also, oligomers huclidinylbenzilate added during coinfection acted primarily
that were functiona| in the membrane may have become by Stab|l|Z|ng the CompleX at the time of SOIUb|I|Zat|On.
inactivated during the process of solubilization or by a direct  The monomers purified from untreatef® cells may
effect of the detergent itself. Digitonin has been shown to preexist in the membrane, or they may derive at least in part
inactivate membrane-bound N&E*-ATPase without affect-  from the disaggregation of functional oligomers during
ing its multimeric status44). Also, solubilization has been  solubilization. Studies on the extraction of cytochrome
shown to alter the affinities of various ligands for muscarinic oxidase from mitochondrial membranes have shown that the
receptors expressed BB cells @5). Similarly, detergents  native dimeric structure of the enzyme may be lost in
have been shown to modulate the binding properties of solution, depending upon the nature and the concentration
muscarinic receptors from mammalian sources, and theof the detergent55, 56). M, monomers can be purified
measured affinity for some ligands can vary 20-fold from nonetheless, albeit fror80 cells, and they appear to be
one detergent to another (2 and references cited therein). functional insofar as they bind antagonists with typical
In some cases, detergent-related effects on binding have beemuscarinic affinity. That in turn raises the possibility that
indicative of changes in cooperative interactions among monomers participate in the signaling process, as implied
linked sites, presumably within an oligomet7j. by mechanistic schemes based on the notion of a transient

Oligomers of the M receptor fromS® cells may be  complex between receptor and G protein (e.g., Eetad
unusually sensitive to dissociation or inactivation owing to 6)- While there is little direct evidence that monomers can
the absence of an additional element that imparts stability activae a G protein or elicit a cellular response, affinity-
in other systems. Insect cells are deficient in cholesterol andPurified and presumably monomeric,Meceptor fromS®
in G proteins that couple to the Meceptor 85, 46—48), cells has been shown to stimulate the bindingJGTP/'S
either of which may be important to the functionality or the UpON reconstitution with Gor G; in phospholipid vesicles
structural integrity of oligomers upon solubilization. Such (35). Reconstituted receptors may form oligomers once
effects may account for the binding properties and inferred colocalized within the vesicles, although preliminary studies
oligomeric status of the Mreceptor from porcine atria, which ~ using c-Myc- and FLAG-tagged receptor purified from singly
has been studied in various deterge @and as a purified ~ infectedSB cells have failed to detect coimmunoprecipitation
RG complex in digitonir-cholate 26). Both the purified from preparations of receptor reconstituted either with or
complex and an unprocessed extract in chetétaCl have ~ Without G protei:. Comparative studies with receptor
revealed a shortfall in the apparent capacity Fof3H]- purified from S® and mammalian cells may help to clarify
methylscopolamine, which was about 50% of that fbf]f these issues and to provide further insight into the role of
quinuclidinylbenzilate; moreover, the difference in capacity monomers and oligomers in the signaling process.
was accompanied by a discrepancy in the apparent affinity
of labeled and unlabeletl-methylscopolamine. Such a ACKNOWLEDGMENT
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