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Abstract—Five different subtypes (human ml1, m2, m5 and rat m3, m4) of muscarinic acetylcholine
receptors (mAChR) were produced in insect Sf9 cells by infection with recombinant baculoviruses. N-
[*H]methylscopolamine ([*’H]NMS) has a similar affinity to each of these mAChR subtypes in cell
membranes, while pirenzepine, 11-({2-[(diethylamino)methyl]-1-piperidinyl}acetyl)-5,11-dihydro-6H-
pyrido-(2,3-b)(1,4)benzo-diazepin-6-on (AF-DX 116) and (#)-p-fluoro-hexahydrosiladifenidol (p-F-
HHSID) have a higher affinity for m1, m2 and m3, respectively, than for the other subtypes, indicating
the maintenance of subtype specificity of mAChR in this system. Digitonin (1%, w/w) with sodium
cholate (0.1%, w/w) solubilized 51% of m1, 36% of m2, 3% of m3, 28% of m4 and 17% of m5 mAChR
from these cell membranes with retention of the PH]NMS binding activity. Optimization of cholate
concentrations resulted in solubilization of up to 50-60% for m1, m2 and m4, but up to 25% for m5
and 7% for m3. Optimal concentrations of cholate differed from one subtype to another. Sucrose
monolaurate solubilized 21-43% of m1, m2 and m4, but only up to 12% for m5 and 2% for m3. 3-(3-
cholamidopropyl)dimethylammonio-1-propanesulfonate (CHAPS) was practically ineffective in mAChR
solubilization from Sf9 cell membranes for all subtypes investigated. Solubilization with digitonin and
cholate had little influence on [*H]NMS affinity for m2 and m4, but decreased m1 and m5 affinity by
10-fold and that of m3 by more than 50-fold. These results indicate that the solubility and stability of
mAChR in detergents differ among the subtypes, in spite of their structural similarities. These
differences should be taken into account when comparing the five subtypes, particularly when
determining the proportion of each subtype in a given tissue by precipitating the solubilized mAChR
with subtype-specific antibodies.
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Four different subtypes of mAChR§ (M1-M4) have
been defined by their different ability to bind specific
muscarinic ligands [1,2]. Thus, pirenzepine and
telenzepine have a high affinity for M1, AF-DX 116,
himbacine, methoctramine and gallamine for M2,
and HHSID and p-F-HHSID for M3. Tropicamine
has been proposed to be specific for M4 mAChR
[3, 4]. Molecular cloning studies have identified five
distinct mAChR genes (ml1-m5) widely expressed
in brain and peripheral tissues. m1-m4 correspond
to pharmacologically defined M1-M4 mAChR,
whereas the ligand-binding properties of m5 have
not been characterized in vivo [1,2,5]. These
subtypes are specifically coupled with specific effector
systems: m1, m3 and mS initiate phosphatidylinositol
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hydrolysis, while m2 and m4 cause inhibition of
adenylate cyclase [6, 7].

For biochemical characterization, mAChR are
usually solubilized and purified in digitonin or in a
mixture of digitonin and sodium cholate. By using
these detergents, more than 50% of mAChR can be
solubilized with retention of ligand-binding activity
[8,9]. Sucrose monolaurate, dodecyl-f-D-maltoside
and CHAPSO have also produced high yields (up
to 80%) in mAChR solubilization, but the stability
of ligand-binding activity of these preparations was
lower than when digitonin was used [10-12]. The
best yields in mAChR solubilization have been
achieved with atrial membranes (mostly m2); using
brain tissues (mixture of m1-m4) resulted in lower
yields. Systematic data about solubilization of
mAChR from other tissues do not appear to have
been published. Solubilization of membrane proteins
with retention of their activity usually depends on
protein structure and the protein:detergent ratio,
the lipid composition of the membranes and the
lipid : detergent ratio during solubilization [13-15].
To determine the role of the structure of receptor
proteins in maintaining an active conformation for
ligand-binding of mAChR, the solubilization of
different subtypes from similar cell cultures were
studied. Considerable differences in the solubilities
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of different subtypes were found, indicating an
important role of receptor structure in maintaining
its active conformation. The results help to explain
several discrepancies between biochemical and
pharmacological results in studies of mAChR.

MATERIALS AND METHODS

Materials. [PH]NMS (79.5 Ci/mmol) was obtained
from New England Nuclear (Du Pont de Nemours,
Germany), scintillation solution Ecoscint A from
National Diagnostics (U.K.), digitonin from Sigma
Chemical Co. (St. Louis, MO, U.S.A.) and Wako
(Japan), and CHAPS from Calbiochem (La Jolla,
U.S.A.); sucrose monolaurate (SM-1200) was kindly
donated by Mr Hajime Machida (Mitsubishi-Kasei
Food Co., Japan).

Recombinant baculoviruses. Baculoviruses con-
taining cDNA for human m1 or m2 subtypes were
donated by Dr E.M. Ross (University of Texas,
Southwestern Medical Center at Dallas, U.S.A.);
rat m3 and m4 cDNAs were obtained from the late
Dr S. Numa (Kyoto University, Japan) and human
mS5 subtype from Dr T. 1. Bonner (N.I.LH., U.S.A)).
Recombinant DNA was manipulated according to
standard protocols, as described elsewhere [33].
Baculoviruses which contained ¢cDNAs for m3, m4
and m5 subtypes were constructed as follows. A
1.8kb m3 or a 1.6kb m4 cDNA, obtained by
digestion with EcoRI of plasmids pKRM3 or
pKRM4, respectively, were ligated into the EcoRI
site of a transfer vector pVL1392. A plasmid
HM5pCDp2 containing the m5 cDNA was treated
in two ways: one sample was digested with BstNI,
blunted and then digested by BglIl, resulting in a
0.2 kb fragment; the other sample was digested by
BglII and PstI, resulting in a 1.5 kb fragment. These
two fragments were ligated into pVL1392, which
had been digested with Smal and Pstl. The transfer
vectors containing cDNA of mAChR were co-
transfected with wild type AcNPV DNA by a calcium
phosphate method [35]. Positive recombinant viral
clones were isolated by plaque assay and checked
for their ability to direct the expression of mAChR
subtype as revealed by [PH]QNB binding activity.
Southern blotting analysis of each recombinant viral
DNA was also carried out.

St9 cell culture and membranes. The Sf9 cells were
grown in a medium using IPL-41-Insect Medium
(JRH Biosciences, U.S.A.); 2% fetal calf serum and
0.1% Pluronic F68 (a detergent from BASF
Chemicals, Holland) were added immediately before
use. Sf9 cells were cultured in a 3 L spinner bottle
(1L medium) with aeration at 28°, recombinant
viruses were proliferated in a small spinner bottle
(250 mL) in 100 mL. medium. The latter was added
to the cell culture (~2 x 10° Sf9 cells/bottle) and
incubation continued for 60 hr. The suspension was
centrifuged at 1500 g for 10 min and the pellet
homogenized in 100 mL buffer solution (20 mM Na-—
HEPES, pH 7.0, 2mM MgCl,, 1 mM EDTA) using
a Potter-type homogenizer. The suspension was
centrifuged at 40,000 g for 20 min and the pellet
homogenized in the 10-50 mL buffer solution and
stored at —80°.

Solubilization of mAChR. For solubilization, the
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thawed membranes were diluted in 20 mM KPB,
pH 7.5, 5mM imidazole, 1 mM EDTA to a protein
concentration of 0.7-1.2 mg/mL, incubated with
different concentrations of detergents for 30 min at
4° and centrifuged at 100,000 g for 90 min at 4°. The
supernatant fraction was used as a solubilized
fraction. The binding activity of mAChR was
determined by the specific binding of [PH]NMS
(10nM, incubation for 60 min at 30° or 24 hr at
4°). Non-bound ligands were removed by gel
chromatography on Sephadex G-50 (fine) or by
filtration through a glass-fibre filter (A/E, Gelman
Sciences Inc. (Ann Arbor, MI, U.S.A))), for
solubilized and membrane-bound mAChR, respect-
ively, as described elsewhere [16]. Specific binding
was defined as the difference between total and non-
specific binding, which were measured in the absence
and presence of 1 uM atropine, respectively. Protein
concentrations were determined by the modified
Lowry method [17], using BSA as standard.
Ligand binding to mAChR. The crude membrane
homogenates in 20mM KPB, 1mM EDTA, or
solubilized preparations in the same buffer with
detergent, were incubated with [PH]NMS (0.1-
15 nM) or, in the case of displacement experiments,
with [PH]NMS (2 nM) and other ligands for 1 hr at
30°. Free ligands were removed by fast filtration
through glass-fibre filters or by gel-filtration at 4° as
described above. All binding data were analysed by
non-linear least-squares regression analysis using a
standard  programme, GraphPAD in Plot
(GraphPAD Software, San Diego, CA, U.S.A.).

RESULTS

Expression of mAChR in S19 cells

Five different mAChR subtypes (human m1, m2,
m5 and rat m3, m4) were expressed in Sf9 cells
using the baculovirus infection system. Up to 0.5
(ml), 5 (m2), 3 (m3), 1 (m4) and 0.5 (mS) nmol
receptors, determined by specific binding of [*H]
NMS, were produced by 1L of culture. The
corresponding specific activities of [PH]NMS binding
were 0.6, 4, 16, 2.5 and 0.8 pmol/mg protein for
ml, m2, m3, m4 and mS subtype, respectively.

Ligand-binding characteristics of mAChR subtypes
expressed in Sf9 cells

[PH]NMS binding to all subtypes of mAChR in
Sf9 cell membranes showed high affinity and was
saturable with similar K, values (60-120 pM) (Table
1) and with Hill coefficients close to unity. The
displacement curves of [*H]JNMS binding by
muscarinic antagonists atropine, pirenzepine, AF-
DX 116, p-F-HHSID and an agonist carbachol fitted
(P < 0.05) the equation derived, assuming that each
ligand binds to the receptor with homogeneous
affinity in the case of all subtypes of mAChR. The
calculated K; values are listed in Table 1. Atropine
bound without preference to any subtype, while
pirenzepine had a considerably higher affinity for
ml (Fig. 1a) and AF-DX 116 for m2 (Fig. 1b), but
p-F-HHSiD had only moderate specificity for m3
(Fig. 1c). All these data are in good agreement with
published data for mAChR subtypes in different
tissues [3,4] or in mammalian cultured cell lines
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Table 1. Constants of ligand binding to the muscarinic receptor subtypes expressed in Sf9 cells

Subtype of mAChR

Ligand ml m2 m3 m4 m5
[PHINMS K,* (pM) 79+8 81=x12 11210 62+8 9312
Atropine, K;t (nM) 0.74 = 0.02 0.39 +0.02 0.99 = 0.06 0.37 £0.02 0.51 = 0.04
Carbachol, K (uM) 149+ 6 12+£2 123+ 8 734 57+6
Pirenzepine, K;i (nM) 10+4 236 £ 7 360 =7 2887 194 6
AF-DX 116, K;t (uM) 2203 0.089 = 0.003 8.0=x0.3 1.6 £0.1 3704
pFHHSID, Kt (nM) 19=1 691 9.4x0.1 41 +1 212

* K, for[PH]NMSwascalculated fromcorrespondingbindingcurves.
t K, were calculated from displacement curves against 2.2 nM [PH]NMS with correlations by equation of Cheng~
Prusoff: K; = 1c5,/(1 + [L]/K,) using corresponding K, values for every subtype.

BOUND [3H]NMS (%)
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BOUND [3HINMS (%)
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BOUND PHINMS (%)

% -8 -6 -4 -2
log [p-F-HHSID] (M)

Fig. 1. Inhibition of [PH]NMS binding to m1 (), m2 (A),
m3 (O), m4 (A) and m5 () mAChR by pirenzepine (a);
AF-DX 116 (b); p-F-HHSID (c). Different concentrations
of the ligands were incubated with membranes in the
presence of 2.2 nM [PH|NMS for 90 min at 30°. Binding of
[PHINMS is presented as a percentage of the specific
binding in the absence of the competing ligand. Curves are
representative at least two independent experiments carried
out in duplicate.
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Fig. 2. Solubilization of mAChR subtypes from Sf9 cell
membranes by 1% digitonin (w/w) and 0.1% sodium
cholate (w/w). The amounts of solubilized mAChR in the
supernatant fractions were determined by measuring the
specific binding of [*H]NMS (90 min, 30°) and expressed
as percentage of membrane-bound mAChR, which were
assessed under the same incubation conditions. Data are
presented as average of three experiments carried out in
duplicate.

[18]. Binding of carbachol did not depend on the
absence or presence of 0.1mM GTP (data not
shown) and corresponded to the low-affinity binding
to membrane mAChR, as described earlier [20].

Solubilization of mAChR subtypes from Sf9 cell
membranes

A mixture of 1% digitonin with 0.1% sodium
cholate has been widely used for solubilization of
mAChR. Using this mixture for $f9 cell membranes,
up to 51% of m1 mAChR was solubilized, whereas
the yields of the other subtypes were considerably
lower (Fig. 2). Optimization of solubilization
conditions by changing detergent concentrations
indicated that yields did not vary with digitonin
concentration from 0.4 to 2% (w/w) and that there
was no difference between digitonins from Sigma
and Wako (data not shown). On the other hand,
solubilization yields depended to a great extent
on the concentration of sodium cholate. This
dependence was different for different subtypes of
mAChHR (Fig. 3a). Among the subtypes studied, m1
achieved its maximal solubilization (55%) at 0.15-
0.2% (w/w) sodium cholate and an increase in bile
acid concentration led to a decrease in solubilization.



1248

100
a
g
o
N
] 50
m
=)
pur}
[*]
n
oY T T
0.0 0.5 1.0
[Na-CHOLATE] (%)
g100 b
o
z
=]
[e}
@ y
l-é-l 50;
<
[
]
=
]
=
0
0.0 0.5 1.0

[Na-CHOLATE] (%)

Fig. 3. Effect of concentration of sodium cholate on
solubilization of m1 (O), m2 (A), m3 (O), m4 (A) and
m5 (M) mAChR in 1% digitonin. Membranes (0.7-1.2 mg
protein/mL) were incubated with different concentrations
of detergent and the amount of solubilized mAChR in the
supernatant fraction (a) and membrane-bound mAChRs
in the whole incubation medium (b) were determined by
specific binding of [PH]NMS (90 min at 30°) and expressed
as a percentage of the binding with membranes without
detergent. Data are the average of two experiments carried
out in duplicate.

Similar behaviour was also noted in the case of m5,
but the maximal yield was lower (26%). m2 and m4
required higher concentrations of sodium cholate
(0.4% w/w) than m1 and m5 to achieve maximal
solubilization (63 and 57%) (Fig. 3a). m3 required
still higher concentrations of sodium cholate, but
only up to 7% of [PH]NMS binding activity was
obtained with 1% digitonin and 0.6% sodium
cholate. An additional increase of cholate in solution
did not increase the solubilization of m3 mAChR
(Fig. 3a). At the same time, the specific [PH]NMS
binding activity of m3 bound to membrane
aggregates, trapped in the glass-fibre filters, was high
at a relatively high concentrations of sodium cholate
(Fig. 3b), indicating that the very low solubilization
of m3 was caused by its complicated integration with
membrane structures. m1 and m5 disappeared from
the membranes with digitonin only, whereas the
disappearance of m2 and m4 corresponded quite
well to their a?pearance in solution (Fig. 3). In all
these cases [PH|JNMS binding to mAChR was
determined at 30°, but incubation at 4° for 24 hr
gave similar results (data not shown). Thirty to 50%
of bulk protein was solubilized with digitonin/cholate
from Sf9 cell membranes, without considerable
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differences between cells expressing different
subtypes of mAChR.

In comparison with previous data, the sucrose
monolaurate was less effective in solubilizing
mAChR from Sf9 cell membranes. Up to 21% ml,
32% m2, 2% m3, 43% m4 and 12% m5 mAChR
were solubilized with retention of [*H]NMS binding
activity at 4° at the narrow concentration interval
(0.05-0.2%, w/w) of sucrose monolaurate. Deter-
mination of [*’H]NMS binding activity at 30° revealed
considerably lower yields due to the instability of
solubilized mAChR at higher temperatures (data
not shown), as was also the case with atrial
membranes [10]. The solubilization of bulk protein
(35-55%) was similar to that of digitonin/cholate,
but considerably lower than in the case of atrial
(90%) and cortical (80%) membranes [10].

Up to 15% of the [P’H|NMS binding activity of
m2 was obtained in the supernatant fraction with
0.4% (w/w) of CHAPS. However, this solubilization
could only be termed “apparent”, as no loss of [*H]-
NMS binding activity from membranes, and all
binding sites from supernatant fraction trapped in
glass-fibre filter during the filtration assay, could
be determined. Further increases in CHAPS
concentration led to a loss of [PH[NMS binding
activity both in the supernatant and the membrane
fraction (data not shown). In the case of other
mAChR subtypes CHAPS did not even give a
reasonable “apparent” yield of mAChR solubilized
from Sf9 cell membranes.

Binding of muscarinic ligands to solubilized mAChR
subtypes

For the ligand-binding studies the mAChR were
solubilized from Sf9 cell membranes with 1%
digitonin at sodium cholate concentrations which
gave maximal solubilization for each subtype (0.2%
for m1, 0.4% for m2, 0.6% for m3, 0.4% for m4
and 0.2% for m5). The curves of [FTH]NMS binding
to solubilized mAChR are shown in Fig. 4a. The
straight lines obtained by Scatchard analyses
(Fig. 4b) indicate the presence of a single class of
[PH]NMS binding sites in the case of all subtypes of
mAChR studied. The binding constants are listed in
Table 2. [PH]NMS bound with a high affinity to
solubilized m2 and m4 mAChR, similar to the values
obtained for membrane-bound mAChR. In the case
of m1 and m5, solubilization decreased the affinity
up to 10 times, and in the case of m3 more than 50
times. In separate experiments it was found that
different concentrations of sodium cholate did not
cause essential differences in [PH]NMS binding
affinities. These losses in binding affinities were
taken into account when solubilization yields were
recalculated. Similar changes in binding affinities
were found for atropine and carbachol in dis-
placement experiments with [PH]NMS (Table 2).

DISCUSSION

The baculovirus expression system has been
proposed as an excellent method for large-scale
production and purification of G-protein-coupled
receptors, including mAChR subtypes [20]. In the
case of mAChR, this system revealed a relatively
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A), m3 (O), m4 (A) and m5 (H) mAChR solubilized
rom Sf9 cell membranes (a) linear least-squares fit of these
lata in the Scatchard plot (b) (data from one typical of
hree independent experiments). Preparations of solubilized
eceptors were incubated with different concentrations of
’H]NMS in the absence (total binding) and presence (non-
pecific binding) of 1 4M atropine for 90 min at 30°. Specific
inding was defined as the difference of total and non-
pecific bindings. Data are normalized against B,,,, values,
alculated by non-linear least-squares analysis for each
ubtype; the values were 0.62, 3.53, 1.12, 1.51 and 0.34
ymol [PH]NMS binding sites/mg protein for m1, m2, m3,
m4 and mS subtypes of mAChR, respectively.

1igh level of expression of m1-mS5 subtypes (0.5-
inmol/L culture) which retained ligand-binding
ipecificity (Table 1). This system was selected for
nvestigation of the solubilization of different
subtypes of mAChR to elucidate the role of receptor
yrotein structure on its solubility. Using the same
ell line the same membrane composition may
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be assumed, eliminating the influence of other
membrane components (e.g. lipids, proteins) on the
solubility of different subtypes of mAChR. Of the
detergents that have been reported to solubilize
mAChR (for review see [10]), digitonin/sodium
cholate, sucrose monolaurate and CHAPS were used
as representatives of three different groups of
detergents [14,15]. The digitonin/sodium cholate
system best solubilized mAChR from Sf9 cell
membranes for all subtypes. Similar conditions
resulted in very different solubilization yields for
different subtypes of mAChR (Figs 2 and 3).

It may be assumed that the yield of solubilized
receptors with ligand-binding activity is determined
by two factors: stability in a detergent solution and
integration with other membrane components. In
this context, mAChR subtypes can be divided into
three groups: m1 and m5, m2 and m4, and m3. The
ml and m5 subtypes seem to be most labile in
detergent solutions. Their ligand-binding activity
disappeared from membrane fractions by treatment
with digitonin alone and the maximal yield of
solubilized receptors was attained at relatively low
cholate concentrations (0.1-0.2%). The 10-fold
reduction of affinities of solubilized m1 and m5
subtypes for muscarinic ligands indicates that the
solubilization of these receptors is accompanied by
conformational changes. On the other hand, the m2
and m4 subtypes of mAChR seemed to be more
stable in detergent solutions than the m1 and mS5
subtypes. The ligand-binding activity of the former
was largely retained in digitonin solution, and the
maximal yields of solubilized receptors were attained
with higher concentrations of cholate (~0.4%). In
addition, the affinities of solubilized m2 and m4
subtypes for muscarinic ligands were not significantly
different from those of membrane receptors. The
m3 subtype apparently differs from the other
subtypes in that the yield of solubilized receptors
with ligand-binding activity was less than 7% in
digitonin/sodium cholate and 2% in sucrose
monolaurate. The m3 subtype may either be more
tightly integrated with other membrane components
than the other subtypes or be more labile. The first
hypothesis is suggested by the finding that the ligand-
binding activity of m3 remains bound in membrane
fractions even in the presence of 1% digitonin and
1% sodium cholate, whereas no ligand-binding
activity was observed in membrane fractions for the
other subtypes under the same conditions. On the

Table 2. Constants of ligand binding to the muscarinic receptor subtypes solubilized from Sf9 cell membranes

Subtype of mAChR

Ligand ml m2 m3 m4 mS
[PHINMS K, * (pM) 930 + 80 95+9 8500 = 400 200 = 30 1400 + 110
Atropine, K;¥ (nM) 3.45 +0.08 0.95 = 0.07 615 0.23 £ 0.05 525+0.25
Carbachol, K+ (uM) 553 £26 66 + 4 1880 = 120 36+3 450 = 30

* K, for [PH]NMS was calculated from corresponding binding curves.

1 K; were calculated from displacement curves against 2.

2nM [*H]NMS with correlations by equation of Cheng~

Prusoff: K, = 1Cso/(1 + [L])/K.,) using corresponding K, values for every subtype.
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other hand, the fact that the affinities of solubilized
m3 subtypes for muscarinic ligands were 100-fold
lower than those of membrane receptors suggests
that m3 undergoes a large conformational change
resulting in the loss of ligand-binding activity for a
substantial fraction of solubilized receptors. The
third intracellular loop of m3 is the longest among
the five subtypes, and that of m5 the second longest
[1,5]. It would be interesting to determine if the
large size of the third intracellular loop is responsible
for the low yields of solubilized m3 and m5 subtypes.

The solubilization yield of the m2 subtype with
sucrose monolaurate from Sf9 cell membranes was
lower than that for mAChR from atrial membranes
(mostly m2) [10]. Thus, components other than
receptor proteins may affect the solubilization of
mAChR with retention of [’H]NMS binding activity.
On the other hand, the large differences in solubility
of different mA ChR subtypesin sucrose monolaurate
were similar to those in digitonin.

Using CHAPS, only an “apparent” solubilization
of the m2 subtype of mAChR was found; it was
“apparent” in that receptors in the supernatant
fraction were trapped in the glass-fibre filter (pore
size 1 ym). In this case the first criterion of receptor
solubilization (lack of sedimentation in low density
media (100,000 g, 60 min) was fulfilled, but the
second (no retention on small pore size filters)
[14,22] was not. Further increases in CHAPS
concentration lead to a loss of [*H]NMS binding
activity in both supernatant and membrane fractions
(data not shown). However, solubilization by
CHAPS must also be termed “apparent” in these
cases, as the binding activity of receptors was
determined only by a direct filtration assay of the
supernatant fraction [23-25].

The large differences in the solubilities of different
subtypes of mAChR should be taken into account
when the five subtypes are compared. This
consideration is particularly important when the
proportion of receptor subtypes in a given tissue is
assessed after solubilization. In an increasing number
of studies antibodies for different mAChR subtypes
are used to determine the regional distribution of
the corresponding subtypes [26-30]. In many cases,
conclusions have been drawn based on a 20-50%
solubilized fraction of mAChR without differences
in solubilization of the various subtypes being taken
into account. Thus, the very low solubility of m3
can be a reason why such a low level of this subtype
was found in brain (2-10%), ileum (2-7%)
and urinary bladder (11%) [26,27,29], while
pharmacological and molecular biological data
indicate considerably higher levels [31-34]. Of
course, hybridization studies may also give a
misleading picture of receptor localization when the
mRNA production site is remote from that of
receptor protein expression, but this is difficult to
explaip in the case of peripheral tissues [36]. It
should also be noted that the solubility of each
subtype may differ from one tissue to another
because of possible effects of components other than
receptor proteins on the solubility and stability of
receptors in detergents.

In summary, it is concluded that mAChR subtypes
differ greatly in their solubility and stability in
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detergents, despite their structural similarities. These
differences should be considered when the proportion
of each subtype in a given tissue is determined by
estimation of solubilized receptors.

Acknowledgements—This work was partly supported by
research grants from the Swedish Medical Research Council
(Project 13X-50) and the Ministry of Education, Science
and Culture of Japan. A.R. was supported by scholarships
from The Swedish Institute, Procordia AB and the Japanese
Society for the Promotion of Science.

REFERENCES

1. Hulme EC, Birdsall NJM and Buckley NJ, Muscarinic
receptor subtypes. Ann Rev Pharmacol Toxicol 30:
633-673, 1990.

2. TiPS Receptor Nomenclature 1993. Muscarinic
acetylcholine receptors. Trends Pharmacol Sci 14
(Suppl.): 25, 1993.

3. Waelbroeck M, Tastenoy M, Camus J and Christophe
J, Binding of selective antagonists to four muscarinic
receptors (M1 to M4) in rat forebrain. Mol Pharmacol
38: 267273, 1990.

4. Lazareno S and Birdsall NJM, Pharmacological
characterization of acetylcholine-stimulated [*S]-
GTPyS binding mediated by human muscarinic
ml-m4 receptors: antagonist studies. Br J Pharmacol
109: 1120-1127, 1993.

5. Bonner TI, The molecular basis of muscarinic receptor
diversity. Trends Neur Sci 12: 148-151, 1989.

6. Peralta EG, Ashkenazi A, Winslow JW, Ramachandran
J and Capon DJ, Differential regulation of PI hydro-
lysis and adenylyl cyclase by muscarinic receptor
subtypes. Nature 334: 434-437, 1988.

7. Kaziro Y, Itoh H, Kozasa T, Nakafuku M and Satoh
T, Structure and function of signal-transducing GTP-
binding proteins. Ann Rev Biochem 60: 349-400, 1991.

8. Hurko O, Specific [*H]quinuclidinyl benzilate binding
activity in digitonin-solubilized preparations from
bovine brain. Arch Biochem Biophys 190: 434-445,
1978.

9. Peterson GL and Schimerlik MI, Large scale preparation
and characterization of membrane-bound and deter-
gent-solubilized muscarinic acetylcholine receptor from
pig atria. Prep Biochem 14: 33-74, 1984.

10. Rinken A and Haga T, Solubilization and charac-
terization of atrial muscarinic acetylcholine receptors
in sucrose monolaurate. Arch Biochem Biophys 301:
158-164, 1993.

11. Peterson GL, Rosenbaum LC and Schimerlik MI,
Solubilization and hydrodynamic properties of pig
atrial muscarinic acetylcholine receptor in dodecyl
B-D-maltoside. Biochem J 255: 553-560, 1988.

12. Poyner DR, Birdsall NJM, Curtis C, Eveleigh P,
Hulme EC, Pedder EK and Wheatley M, Binding and
hydrodynamic properties of muscarinic receptor
subtypes  solubilized in  3-(3-cholamidopropyl)
methylammonio-2-hydroxy-1-propanesulfonate. Mol
Pharmacol 36: 420-429, 1989.

13. Tanford C and Reynolds JA, Characterization of
membrane proteins in detergent solutions. Biochim
Biophys Acta 457: 133-170, 1976.

14. Hjelmeland LM, Solubilization of native membrane
proteins. Meth Enzymol 182: 253-264, 1990.

15. Haga T, Haga K and Hulme EC, Solubilization,
purification, and molecular characterization of recep-
tors: principles and strategy. In: Receptor Biochemistry.
A Practical Approach (Ed. Hulme EC), pp. 1-50. IRL
Press, Oxford, 1990.

16. Haga T, Haga K and Hulme EC, Solubilization,
purification and molecular characterization of mus-



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Solubilization of muscarinic receptor subtypes

carinic acetylcholine receptors. In: Receptor Bio-
chemistry. A Practical Approach (Ed. Hulme EC), pp.
51-78. IRL Press, Oxford, 1990.

Peterson GL, Determination of total protein. Meth
Enzymol 91: 95-119, 1983.

Dérje F, Wess J, Lambrecht G, Tacke R, Mutschler
E and Brann MR, Antagonist binding profiles of five
cloned human muscarinic receptor subtypes. J
Pharmacol Exp Ther 256: 727-733, 1991.

Raidaru G, Rinken A, Jirv J and Lohmus M,
Chromatographic analysis of Digitalis glycosides and
their relation to solubilization of muscarinic receptor.
Proc Acad Sci Estonia Chem 38: 103-114, 1989.
Parker EM, Kameyama K, Higashijima T and
Ross EM, Reconstitutively active G protein-coupled
receptors purified from baculovirus-infected insect
cells. J Biol Chem 266: 519-527, 1991.

Bonner TI, Buckley NJ, Young AC and Brann MR,
Identification of a family of muscarinic acetylcholine
receptor genes. Science 237: 527-531, 1987.

Laduron PM and Ilien B, Solubilization of brain
muscarinic, dopaminergic and serotonergic receptors:
a critical analysis. Biochem Pharmacol 31: 2145-2151,
1982.

Adem A, Sabbagh M and Nordberg A, Characterization
of agonist and antagonist binding to muscarinic
cholinergic receptors solubilized from rat cerebral
cortex. J Neural Transm Gen Sect 72: 11-18, 1988.
He H-T, Rens-Domiano S, Martin J-M, Law SF,
Borislow S, Woolkalis M, Manning D and Reisine T,
Solubilization of active somatostatin receptors from rat
brain. Mol Pharmacol 37: 614-621, 1990.

FauBiner A, Heinz-Erian P, Klier C and Roscher AA,
Solubilization and characterization of B, bradykinin
receptors from cultured human fibroblasts. J Biol Chem
266: 9442-9446, 1991.

Levey Al, Kitt CA, Simonds WF, Price DL and Brann
MR, Identification and localization of muscarinic
acetylcholine receptor proteins in brain with subtype-
specific antibodies. J Neurosci 11: 3218-3226, 1991.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

1251

Dorje F, Levey Al and Brann MR, Immunological
detection of muscarinic receptor subtype proteins
(m1-m5) in rabbit peripheral tissues. Mol Pharmacol
40: 459-462, 1991.

Wall SJ, Yasuda RP, Hory F, Flagg S, Martin BM,
Ginns EI and Wolfe BB, Production of antisera
selective for m1 muscarinic receptors using fusion
proteins: Distribution of m1 receptors in rat brain. Mol
Pharmacol 39: 643-649, 1991.

Wall SJ, Yasuda RP, Li M and Wolfe BB, Development
of an antiserum against m3 muscarinic receptors:
Distribution of m3 receptors in rat tissues and clonal
cell lines. Mol Pharmacol 40: 783-789, 1991.

Li M, Yasuda RP, Wall SJ, Wellstein A and Wolfe
BB, Distribution of m2 muscarinic receptors in rat
brain using antisera selective for m2 receptors. Mol
Pharmacol 40: 28-35, 1991.

Maeda A, Kubo T, Mishina M and Numa M,
Tissue distribution of mRNAS encoding muscarinic
acetylcholine receptor subtypes. FEBS Lett 239: 339
342, 1988.

Peralta EG, Ashkenazi A, Winslow JW, Smith DH,
Ramachandran J and Capon DJ, Distinct primary
structures, ligand-binding properties and tissue-specific
expression of four human muscarinic acetylcholine
receptors. EMBO J 6: 3923-3929, 1987.

Buckley NJ, Bonner TI and Brann MR, Localization
of a family of muscarinic receptor mRNAs in rat brain.
J Neurosci 8: 4646-4652, 1988.

Buckley NI, Molecular pharmacology of cloned
muscarinic receptors. In: Intracellular Messengers and
Implications for Drug Development (Ed. Nahorski S)
pp. 11-30. Wiley, New York, 1990.

Sambrook J, Fritsch EF and Maniatis T, Molecular
Cloning. A Laboratory Manual, 2nd edn. Cold Spring
Harbor Laboratory, Cold Spring Harbor, New York,
1989.

Caulfield MP, Muscarinic receptors—characterization,
coupling and function. Pharmac Ther 58: 319-379,
1993.



