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SUMMARY

The amino terminus of the third cytoplasmic loop of the porcine
m2 muscarinic receptor plays an important role in receptor/
effector coupling. Although large changes in coupling proper-
ties are easily detected, subtle changes are often overlooked.
Three mutant receptors were characterized after expression in
Chinese hamster ovary cells, and two of these exhibited subtle
changes in coupling properties. Substitution of amino acids
219-223 (KDKKE) with those conserved in the m1/m3/m5 re-
ceptor subtype family (ELAAL) had little effect on coupling to
effector systems, indicating that altering the charge distribution
in this region did not affect receptor/G protein interactions.
Substitution of alanine with glutamate at amino acid position
212 (A212E) or lysine with alanine in position 214 (K214A)

resulted in receptors with IC5, values for inhibition of adenylyl
cyclase that resembled those of wild-type, although maximal
percent inhibition was reduced. All mutants moderately de-
creased coupling to phosphatidylinositol metabolism, but mu-
tant A212E caused oxotremorine-M to become a weak partial
agonist compared with carbachol, suggesting that receptor
conformation is agonist dependent even for ligands normally
thought of as full agonists. K214A coupled to Pl metabolism
through both PTX-sensitive and PTX-insensitive G proteins.
The results indicated that these mutants superficially pos-
sessed effector coupling characteristics similar to those of
wild-type, but on more detailed examination G protein/receptor
interactions were altered.

mAcChRs mediate intracellular responses through cou-
pling to heterotrimeric G proteins. They are members of a
large family of G protein-coupled receptors that possess
seven hydrophobic transmembrane regions connected by al-
ternating intracellular and extracellular loops with ligand-
binding domains located within the transmembrane regions.
Five unique subtypes of mAcChRs (m1-m5) have been cloned
and characterized (1-3). The odd-numbered subtypes (ml,
m3, and mb) stimulate phospholipid metabolism, whereas
the even-numbered subtypes (m2 and m4) preferentially cou-
ple to inhibition of adenylyl cyclase (4). The m2 subtype also
couples to the inward rectifying K* channel in the heart. The
m2 muscarinic receptor subtype couples to both inhibition of
adenylyl cyclase and stimulation of PI metabolism when
expressed in CHO cells (5). .

G proteins that mediate the actions of mAcChRs can be
distinguished by their sensitivity to ADP ribosylation by
PTX. The m2 mAcChR couples to inhibition of adenylyl cy-
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clase and stimulation of PI hydrolysis in CHO cells via G
proteins with differing PTX sensitivities (5). When m1 and
m3 receptor subtypes are expressed in CHO cells, they couple
to stimulation of PI hydrolysis either through both PTX-
sensitive and -insensitive G proteins or via a G protein with
intermediate sensitivity (6). These results indicate that dif-
ferent mAcChR subtypes are capable of evoking similar phys-
iological responses by coupling through different G proteins
in the same cell line. Chimeras of i3 or the amino-terminal
portion of i3 made with the B,-adrenergic and m2 receptors
indicate that promiscuous receptor G protein coupling occurs
with both PTX-sensitive and -insensitive G proteins when
the wrong i2 is included (31). ’

The amino-terminal and carboxyl-terminal regions of i3
have been shown to play important roles in regulation of
receptor coupling to G proteins and activation of effector
systems for both the muscarinic (7-10) and p-adrenergic (11,
12) receptors. For the mAcChR, the first 15-20 amino-termi-
nal residues of i3 are sufficient to determine selective cou-
pling to G proteins. Wess et al. (8) used chimeric m2/m3
receptors stably expressed in A9 L cells to show that the first

ABBREVIATIONS: mAcChR, muscarinic acetyicholine receptor; pm2, porcine m2 subtype of the muscarinic acetyicholine receptor; i3, third
intracellular loop; CHO, Chinese hamster ovary; Pl, phosphatidylinositol; PTX, pertussis toxin; Oxo M, oxotremorine-M; /-QNB, (—)-quinuclidinyi-
benzilate; NMS, N-methyl scopolamine; IP1, inositol monophosphate; EGTA, ethylene glycol bis(8-aminoethyl ether)-N,N,N’,N'-tetraacetic acid.
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17 amino-terminal residues of i3 from the m3 mAcChR ren-
dered the m2 subtype PTX insensitive for coupling to PI
metabolism, whereas PTX-sensitive inhibition of adenylyl
cyclase was retained. This finding suggests that the selectiv-
ity determinant for receptor/G protein interaction lies within
the first 17 amino-terminal amino acid residues. This domain
of i3 is proposed to have a-helical secondary structure and
best correlates with the second messenger preferences exhib-
ited by the odd- and even-numbered receptor subtypes in this
region (4, 13). Arden et al. (14) reported that substitution of
three amino-terminal i3 residues (the 5th, 7th, and 12th)
from m1 mAcChRs (glutamate, lysine, and glutamate) with
residues found in the m2 subtype (alanine, lysine, and lysine)
did not alter the characteristics of carbachol-mediated m1
mAcChR coupling to PI hydrolysis. In this mutant, the
charge distribution was changed to that seen in the m2
mAcChR, which couples to inhibition of adenylyl cyclase by a
PTX-sensitive G protein. Bliiml et al. (34, 35) showed that a
critical tyrosine at the amino terminal of i3 was necessary for
efficient coupling to PI hydrolysis. Carbachol was the only
agonist used in these studies, and PTX sensitivity was not
assessed.

In the experiments presented below, pm2 mAcChRs with
mutations in charged residues at the amino terminus of i3
were characterized using carbachol as well as other full and
partial agonists (33). The results of these experiments sug-
gest that even single amino acid mutations in this region may
subtly affect ligand-binding behavior as well as the manner
in which mutant receptors interact with G proteins. Alter-
ations in G protein specificity can be as dramatic as selec-
tively changing the behavior of a full agonist to a partial
agonist for PI stimulation but not inhibition of cAMP forma-
tion or as subtle as altering the sensitivity of a response to
uncoupling by PTX, suggesting interaction with additional G
protein(s). Taken together, these results emphasize the dif-
ficulty in assigning precise structural domains in i3 of the
pm2 mAcChR without thorough receptor characterization.

Experimental Procedures

Materials. I-[*’HIQNB (43 Ci/mmol), [*HINMS (79 Ci/mmol), and
myo-[*Hlinositol (17.8 Ci/mmol) were purchased from DuPont-New
England Nuclear. Carbachol and atropine were purchased from Al-
drich Chemical Company, and I-QNB, NMS, Oxo M, acetylcholine,
and pilocarpine were obtained from Research Biochemicals Interna-
tional. Glass-fiber filters were from Schleicher & Schuell (No. 32) or
Whatman (GF/B). Restriction enzymes and T4 DNA polymerase
were from Promega, GIBCO-Bethesda Research Laboratories, or
New England Biolabs. The mammalian expression vector (pSVE)
and the clone for the wild-type pm2 mAcChR were gifts from Genen-
tech, Inc. The dhfr~ CHO cells were obtained from America Type
Culture Collection. PTX was from List Biological Laboratories, and
4-(3-butoxy-4-methoxybenzyl)-2-imidazolidinone was from Bio Mol
Research Labs.

Site-directed mutagenesis and expression. Site-directed mu-
tagenesis was carried out as described by the mutagenesis procedure
of Bio-Rad. After cloning the gene for the pm2 mAcChR into the
HindIII/EcoRI sites of the polylinker region of m13mpl8, uracil
containing single-stranded DNA was annealed to mutagenic prim-
ers. The primers for A212E (5'-CCTGCTCTTACTTTCCCGG-
GATATGTGC-3') and K214A (5'-GTCCTTCTTAATTCTAGAG-
GCACTGGCTCGGGA-3') were designed to introduce a single amino
acid change as well as new restriction enzyme sites to facilitate

screening for mutants. The mutagenic oligonucleotide primer 5'-
CTCCTTAATCCTGCTCTCACTCTCCCGGGATATGTGCCA-3' was
designed to replace five amino acids in position 219-223 (KD-
KKE(219-223)ELAAL). After mutant clones were identified, the mu-
tations were confirmed by dideoxy DNA sequencing (15).

The HindII/EcoRI fragment containing the pm2 mAcChR coding
region was isolated from m13mp18 Rf DNA by agarose gel electro-
phoresis and subcloned into the multiple cloning region of the ex-
pression vector pSVE (3). Mutant pm2 mAcChR-pSVE constructs
were transfected into dhfr~ CHO cells by calcium phosphate precip-
itation. Cells expressing recombinant receptor were grown in selec-
tive media (modified Dulbecco’s modified Eagle’s medium low in
glycine and thymine) with 10% dialyzed calf serum, 100 mg/ml
insulin, and methotrexate. Increasing concentrations of methotrex-
ate resulted in amplification of receptor expression.

Receptor expression was assessed in whole cells on tissue culture
dishes by the addition of 10 nM I-[*H]QNB or [PHINMS in the pres-
ence or absence of 100 mM atropine or 1 mM unlabeled /-QNB. Cells
were incubated for 1.5 hr at 37° and then washed twice with ice-cold
phosphate-buffered saline, pH 7.4. Cells were solubilized with 1 ml of
1% Triton X-100 in phosphate-buffered saline and then counted for
tritium. Once receptors were expressed, membranes were prepared,
and binding of ligands was assayed as described below.

Membrane preparation and ligand binding. Suspension cul-
tures were grown in modified Dulbecco’s modified Eagle’s medium
low in glycine and thymine at 37° in spinner culture flasks. Cells
were harvested, and the pellet was resuspended in two volumes of
homogenization buffer (250 mM sucrose, 50 mM EDTA, 25 mM imi-
dazole buffer, pH 7.4) containing benzamidine, soybean trypsin in-
hibitor, and pepstatin A at final concentrations of 1 mg/ml. The cell
suspension was homogenized with a polytron homogenizer, PTA 10S
probe, for 2 X 20 sec at 4° under argon, and cell membranes were
prepared by sucrose gradient centrifugation as previously described
(16). In some cases, 5 mM Na butyrate was added 24 hr before
harvesting cells to further enhance receptor expression. Untreated
and butyrate-treated cultures resulted in membrane preparations
with specific activities of 20-300 pmol NMS sites/mg protein. All
ligand-binding experiments were conducted in buffer containing 10
mM HEPES, 5 mm MgCl,, 1 mM EDTA, and 1 mM EGTA, pH 7.4, at
25° by displacement of either I-[*HIQNB or [*SHINMS. Samples were
filtered through glass-fiber filters and washed three times with 4 ml
of ice-cold 50 mM Na phosphate buffer, pH 7.4. When [*HINMS was
used, the glass-fiber filters were treated with 0.1% (w/v) polyethyl-
eneimine before use. Nonspecific binding was determined in the
presence of 10™* M [-hyoscyamine and was <10% of the total radio-
label bound.

Assays for effector coupling. Stably transfected CHO cells ex-
pressing wild-type or mutant pm2 mAcChRs were assayed in 24-well
dishes for agonist-stimulated PI metabolism. Cells were plated at an
initial density of 2.0 X 10° cells per well in Dulbecco’s modified
Eagle’s medium with F-12 Nutrient Mixture (GIBCO-Bethesda Re-
search Laboratories) and 10% calf serum (Sigma) and, after addition
of 0.5 ml of media containing 1 uCi/ml myo-[*HlJinositol per well,
incubated at 37° for 24 hr. IP1 accumulation was measured as
described by Lee et al. (17) 30 min after the addition of ligands. To
maximize fold-stimulation of PI metabolism when constructing PTX
dose-response curves, IP1 accumulation was measured 50 min after
carbachol addition.

Assays for inhibition of forskolin-stimulated cAMP levels were
conducted on CHO cells expressing wild-type or mutant receptors by
a modification of the Salomon method (18). Cells were plated on
35-mm tissue culture dishes and grown to a final density of 1.0 x 108
cells/plate. Before the assay for cAMP, cells were incubated with
[®*H]adenine (1 Ci/ml) for 2 hr in the presence of 0.5 mM 4-(3-butoxy-
4-methoxybenzyl)-2-imidazolidinone at 37° in Dulbecco’s modified
Eagle’s medium plus F12 Nutrient Mixture. Total tritium labeled
cAMP was separated with successive columns of AG50W-X4 resin
(Bio-Rad) and Alumina (Sigma). The cAMP was eluted from the
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alumina columns directly into scintillation vials with 4 ml of 0.1 M
imidazole buffer, pH 7.4, and samples were counted in a liquid
scintillation counter. In specific experiments, PTX was added 6-12
hr before the assay to give the appropriate final concentration.

Initial experiments indicated that in CHO cells expressing wild-
type pm2 mAcChR over the range of 10° to 2 X 10° receptors per cell,
the IC;,, but not the maximal inhibition, for ;cAMP formation and the
maximal fold stimulation, but not the ECy,, for PI stimulation were
dependent on the number of receptors per cell (383). Thus, it was
necessary to compare the ICg, for adenylyl cyclase inhibition and the
maximal fold stimulation of PI metabolism of mutants with wild-
type cell lines containing an approximately identical number of re-
ceptors per cell. After many attempts, it was not possible to isolate an
appropriate distribution of cell lines, nor was it possible to reduce
wild-type receptor number sufficiently with the alkylating agent
benzilylcholine mustard, which was able to maximally remove ~90%
of the surface sites from wild-type pm2 mAcChR cell lines expressing
1-2 X 10° sites/cell. An alternative approach in which receptor
number was reduced by addition of various amounts of the slowly
dissociating antagonist [-QNB was used. After 1 hr, the plates were
rinsed twice with media to remove any free /-QNB. The physiological
assays were then initiated with the appropriate agonists, and the
average numbers of surface receptors per cell was determined by the
addition of [PHINMS in the presence or absence of 10~* M l-hyoscy-
amine. Plots of IC, (for inhibition of CAMP formation) and fold-
maximal response (for PI stimulation) versus pm2 receptors/cell
were made, and the appropriate wild-type parameter was deter-
mined from the standard curves and used for comparison with the
values for mutants expressing receptors at the same receptor num-
ber per cell. Parameters for mutant receptors were compared with
wild-type pm2 mAcChR expressed at the appropriate receptor den-
sity (Tables 1 and 2).

Data analysis. Functional assays and agonist ligand-binding
data were analyzed with the use of nonlinear least-squares curve
fitting in Origin (MicroCal Software). Data from effector coupling

TABLE 1
Mutant pm2 mAcChR coupling to stimulation of inositol
phospholipid metabolism

Agonist log ECso Maximal fold stimulation n
M
Carbachol
Wild-type 58 0.2 (1.60, 1.63, 1.72)° e
A212E 56 *0.3 1.6+ 0.1 7
K214A 55+*03 19+02 5
KDKKE(219-223)ELAAL 5.3 + 0.39 20+03 7
Acetyicholine
Wild-type 6.5+ 04 (1.65, 1.70, 1.82)° e
A212E 6.1 = 0.1 1.43 = 0.04¢ 6
K214A 5.6 + 0.57 1.7+ 05 1
KDKKE(219-223)ELAAL 5.4 + 0.2¢ 1.8+0.2 4
Oxo M
Wild-type 71 0.9 (1.50, 1.52, 1.62)° e
A212E ¢ 1.3 £ 0.1¢ 6
K214A 6.5+ 0.9 1.8+ 0.1 7
KDKKE(219-223)ELAAL 6.3 = 0.3 1.8+02 5
Pilocarpine
Wild-type 46 * 0.7 (1.25, 1.30, 1.58)° e
A212E ¢ 1.2+ 0.1 2
K214A ¢ 1.10 + 0.01¢ 2
KDKKE(219-223)ELAAL 4.9 + 0.1 1.4 0.1 2

* Values represent the mean *+ standard deviation of 3 to 12 experiments.

® wild-type percent maximal stimulation at 3 x 10%, 3.8 x 10°%, and 1.0 x 10°®
pm2 mAcChR/cell.

€ ECqo is not well determined due to small observed response to agonist
treatment.

9 Significantly different from pm2 wild-type mAcChR expressed at comparable
receptor densities (p < 0.01, Student’s t test).

TABLE 2
Mutant pm2 mAcChR coupling to inhibition of cAMP formation
Agonist log ICs Maximal inhibition n
M %

Carbachol
Wild-type (6.5, 6.6, 7.0)° 747 a
A212E 6.1 0.3 48 + 9° 6
K214A 6.8 = 0.9 47 * &° 6
KDKKE(219-223)ELAAL 72+05 48 * 4° 9

Acstyicholine
Wild-type (7.4, 7.5, 8.0° 747 .
A212E 6.8 + 0.3° 36 x7° 3
K214A 7.0 = 0.1¢ 42 +7° 4
KDKKE(219-223)ELAAL 76 04 45 + 7° 3

Oxo M
Wild-type 6.9, 7.0, 7.4)° 73+6 .
A212E 6.4 +04 39 * 4° 3
K214A 6.7+ 04 42 + 3° 3
KDKKE(219-223)ELAAL 7.96 + 0.04 48 * 2

*® Values represent the mean =+ standard deviation of three or four experiments.

® Wild-type EC,, values at 3.0 X 10%, 3.8 X 105, and 1.0 X 10° pm2 mAcChRs/
cell.

¢ Significantly different from pm2 wild-type mAcChR expressed at comparable
receptor densities (p < 0.01, Student's t test).

assays were either fit to the logistic eq. 1 for PI assays or eq. 2 for
cAMP assays.

®-4)
Y=A+ 1+ (Cx] Q)
®-4)  ©-4)
V=AY TEORP * T @R @

For each of these equations, [x] is the ligand concentration; A and
B (or E) are the minimum and maximum plateaus of the curve,
respectively; C is the ECg, for PI or adenylyl cyclase stimulation; F
is the ICg, for adenylyl cyclase inhibition; and D (or G) is the Hill
coefficient or slope factor. The logistic equation is customarily used to
evaluate dose-response curves (36). Competition displacement
curves were fit according to a mass action model for receptor/ligand
interactions at three independent classes of sites (eq. 3) as described
in Tota et al. (19).

[L] (Fy) (F3) (1-F,-F)
Y= (7) [1 TIOR+OK,t T- VR K, T T+ K+ [Iyx,] @

In eq. 3, Y is the fractional saturation of the receptor, and [L] is the
free concentration of antagonist used in the experiment with disso-
ciation constant K. [I] is the total concentration (assumed to equal
the free concentration since significant displacement does not occur
until [ total] > [total receptor]) of the competing agonist with
dissociation constants K, K, and K;. F,, F,, and F; are the corre-
sponding fractions of total binding sites where Fg = 1 — F, — F,.
Antagonist binding was analyzed using Scatchard plots (20). Stu-
dent’s ¢ test (p < 0.01) was used to assess statistical significance.

Results
Expression of pm2 receptors in CHO cells. The pm2

mAcChR constructs in pSVE were stably transfected into

dhfr~™ CHO cells and amplified by growing in the presence of
increasing concentrations of methotrexate. The wild-type
pm2 cell line expressed 1.2 X 10° total receptors per cell,
whereas A212E, K214A, and KDKKE(219-223)ELAAL ex-
pressed 3.0 X 105 3.8 X 105 and 1.0 X 10° receptors/cell,
respectively. Comparison of specific [PHINMS versus
I-®*HIQNB binding indicated that wild-type and KD-
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KKE(219-223)ELAAL expressed 100% of their receptors on
the cell surface, and A212E and K214A expressed ~70-80%.

Ligand-binding characteristics. The ligand-binding
properties of pm2 mutants and wild-type receptor are sum-
marized in Table 3. The affinity of I-[*HIQNB was within a
factor of 2 for the mutants compared with wild-type, whereas
[PHINMS binding was weaker to the mutants by 3-5-fold.
Thus, the antagonist-binding properties of the mutants for
these two ligands were affected in the mutant pm2 receptors
but not very strongly.

Agonist-binding data for wild-type pm2 mAcChR for car-
bachol, acetylcholine, and Oxo M were consistent with fits to
three independent classes of sites (K;, K,, and K;), whereas
pilocarpine data were best fit by assuming two classes of sites
(i.e., K, = K3). Agonist-binding properties were affected in a
selective manner by specific mutations. The mutation A212E
appears to reduce the affinity of the pm2 mAcChR for ace-
tylcholine but not carbachol and slightly increased the affin-
ity for Oxo M. The mutation K214A increased the affinity for
Oxo M by 5-27-fold. The mutation KDKKE(219-223)ELAAL
also increased the affinity for Oxo M at the low and interme-
diate affinity sites and for carbachol at the high affinity site
by factors of 8—10-fold. The binding properties of the partial
agonist pilocarpine were essentially unaffected for the three
mutants.

Stimulation of PI metabolism. Data comparing the cou-
pling of wild-type and mutant pm2 mAcChRs to stimulation
of PI are summarized in Fig. 1la and Table 1. Carbachol,
acetylcholine, and Oxo M stimulated accumulation of IP1 up
to 2-fold over basal levels in cells expressing wild-type pm2
mAcChRs. EC;, values for these agonists were 1.7, 0.3, and

0.1 uM, respectively. The maximal fold stimulation values
reported for wild-type pm2 mAcChRs are those estimated
from the standard curve at 3.0 X 10°, 3.8 X 10°, and 1.0 X 108
receptors/cell, respectively, and mutant pm2 mAcChRs at
their respective receptor densities.

Compared with wild-type, the mutant pm2 mAcChRs stim-
ulated PI hydrolysis with ECg, values that are selectively
altered, depending on the ligand and mutant. Wild-type re-
ceptor, A212E, K214A, and KDKKE(219-223)ELAAL dis-
play EC;, values of 1.7, 2.5, 3.5, and 5.7 uM, respectively,
when carbachol is the agonist, with maximal percent stimu-
lation of 60-72%, 63%, 85%, and 98%. These findings indicate
that these mutants have little or no effect on carbachol-
mediated coupling to PI metabolism.

Acetylcholine and Oxo M appear to have different effects
on the coupling of mutants to stimulation of PI metabolism
than carbachol. Although K214A coupled to PI metabolism
with an ECg, value of ~10-fold higher than wild-type for
acetylcholine, the ECg, value for Oxo M did not significantly
differ. This was also observed for KDKKE(219-223)ELAAL
but not A212E.

Although A212E shows high affinity binding to both car-
bachol and Oxo M (Table 3), Oxo M does not stimulate PI
hydrolysis in the same manner as other ligands. Carbachol
gave maximal fold stimulation of IP1 formation at levels
similar to wild-type with an ECg, of 2.5 uM. On the other
hand, both acetylcholine and Oxo M behaved like partial
agonists for PI stimulation (Figs. 1 and 2), although maximal
inhibition of cAMP formation was similar to carbachol (Table
2, Figs. 1b and 3). Maximum fold stimulation significantly
differed from wild-type for both of these agonists (Table 1)

TABLE 3
Ligand binding properties of mutant pm2 mAcChRs®
FQONB NMS
Antagonist
pKy n pKy n
M M
Wild-type 10.68 + 0.04 3 8.9 * 0.1 3
A212E 10.5 = 0.1 6 8.1 £0.1® 4
K214A 10.6 = 0.1 3 8.4 + 0.12 3
KDKKE(219-223)ELAAL 10.33 + 0.04° 6 83 *0.1 2
Agonist pK; Pk, K, Fy Fa n
M
Carbachol
Wild-type 8.1 £0.2 56 +03 43 +0.1 0.20 + 0.05 0.52 +0.10 4
A212E 83 +0.1 53 +0.1 44 +02 0.21 £ 0.02 0.31 = 0.14 3
K214A 8.42 = 0.02° 6.0 = 0.1 5.1 *0.1° 0.31 + 0.02 0.48 = 0.03 4
KDKKE(219-223)ELAAL 9.0 + 0.2° 57 *0.2 45 *1 0.25 + 0.04 0.50 + 0.07 4
Acetyicholine
Wild-type 9.3 0.1 6.6 + 0.2 52*0.1 0.36 + 0.02 0.52 + 0.03 2
A212E 8.0 = 0.2° 5.3 = 0.1? 44 +02° 0.25 = 0.09 0.54 = 0.25 4
K214A 8.9 +0.2 6.7 = 0.1 5.9 +0.2 0.37 + 0.08 0.32 + 0.08 2
KDKKE(219-223)ELAAL 95*1.1 72*03 54+03 0.12 = 0.06 0.39 * 0.07 5
Oxo M
Wild-type 8.3 = 0.1 6.1 0.1 4.7 = 0.2 0.17 = 0.05 0.13 + 0.08 3
A212E 83*03 6.7 £ 0.6 5.2 +0.1° 0.23 + 0.01 0.50 * 0.02 4
K214A 9.0 + 0.12 6.76 *+ 0.03° 6.2 + 0.2° 0.15 = 0.01 0.57 + 0.08 4
KDKKE(219-223)ELAAL 8.2+ 0.1 7.7 +0.1° 5.7 +0.1° 0.25 + 0.02 0.4 +0.03 2
Pilocarpine
Wild-type 6.6 + 0.2 49 +0.3 0.29 + 0.11 0.71 = 0.1 3
A212E 6.8 = 0.1 5.6 *+ 0.1 0.53 + 0.12 0.47 = 0.10 2
K214A 6.6 +0.2 52 +0.2 0.52 + 0.05 0.48 + 0.09 2
KDKKE(219-223)ELAAL 6.5 0.2 56 +0.2 0.20 = 0.04 0.80 = 0.10 2

® Values t the mean + standard deviation of two to four experiments.

b Significantly different from pm2 wild-type mAcChR (p < 0.01, Student’s t test).
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Fig. 1. Normalized agonist-mediated maximum stimulation of Pl hy-
drolysis and maximum inhibition of adenylyl cyclase. Experiments were
conducted as described in Experimental Procedures. Data are pre-
sented as the ratio of agonist-mediated maximal response relative to
carbachol-mediated response for each receptor mutant, with associ-
ated propagated errors (39). Expression levels are 1.2 x 108 receptors/
cell for pm2 mAcChR and 3.0 x 10°% 3.8 x 10°% and 1.0 x 10®
receptors/cell for A212E, K214A, and KDKKE(219-223)ELAAL, respec-
tively. A, Normalized maximum Pl response. The data shown are from
2-10 experiments done in duplicate (+ standard deviation). Pilo-
carpine-stimulated Pl hydrolysis between 59% and 86% of carbachol-
stimulated levels, whereas Oxo M and acetyicholine stimulated 89—
100%. The one exception was Oxo M for A212E, which maximally
stimulated P! hydrolysis at 75% of carbachol-stimulated levels. B,
Normalized maximum adenylyl cyclase inhibition. The data shown are
from two to nine experiments done in duplicate (+ standard deviation).
All agonists inhibited cAMP formation between 75% to 100% of car-
bachol inhibition. *, Agonists exhibiting statistically significant differ-
ences (p = 0.01, Student’s t test) when compared with carbachol. In
addition, Oxo M did not significantly differ from pilocarpine (p = 0.37)
for the mutant A212E.

with an increase in EC;, for acetylcholine. The response for
Oxo M was consistently too low to accurately determine this
parameter.

To compare the relative efficacy of agonists for each mu-
tant receptor, maximal stimulation of IP1 accumulation and
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Fig. 2. Agonist stimulation of Pl hydrolysis by wild-type pm2 AChR
and A212E. Experiments were conducted as described in Experimental
Procedures. Data are presented as fold stimulation of Pl hydrolysis over
basal levels of released inositol monophosphates. The data shown are
representative of three to six experiments with each agonist concen-
tration done in duplicate. Curves were derived from a least-squares fit
to eq. 1 and average values for ECg, and maximal fold stimulation are
summarized in Table 1. Top, wild-type pm2 mAcChR, expressing 1.2 X
10° receptors/cell. The fitted parameters were EC5, = 4.9 *+ 1.4 um,
1.6-fold; ECs, = 0.59 * 0.09 um, 1.6-fold; EC5y = 0.24 + 0.02 um,
1.7-fold; and EC5, = 1.4 * 1.9 um, 1.2-fold for carbachol, Oxo M,
acetyicholine, and pilocarpine, respectively. Slope factors used were
1.0 for carbachol and 0.5 for Oxo M, acetyicholine, and pilocarpine.
Bottom, A212E m2 mAcChR mutant, 3 X 10° receptors/cell with fitted
parameters of EC5, = 7.1 * 3.9 um, 1.7-fold; EC5o = 2.0 = 0.4 um,
1.3-fold; ECgo = 0.17 * 0.07 um, 1.4-fold; and EC5, = 24.0 * 16.1 um,
1.2-fold for carbachol, Oxo M, acetyicholine, and pilocarpine, respec-
tively. Slope factors were 1.0 for carbachol and acetyicholine and 0.5
for Oxo M and pilocarpine.

maximal inhibition of adenylyl cyclase were normalized to
the value obtained for carbachol (Fig. 1) for that mutant.
Pilocarpine stimulated PI hydrolysis between 59% and 86%
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Fig. 3. Inhibition of CAMP formation by wild-type pm2 mAcChR and
A212E. Experiments were conducted as described in Experimental
Procedures. Data are presented as levels of CAMP generated relative to
forskolin-stimulated levels. The data shown are representative of three
or four experiments with duplicate data points. Curves were derived
from a least-squares fit to eq. 2, and average values for ICs, and
percent maximal inhibition are summarized in Table 2. Top, wild-type
pm2 mAcChR, 1.2 X 10° receptors/cell. The fitted parameters were
ICso = 0.11 = 0.03 uM, 75% inhibition for carbachol; and ICg, = 0.3 *
0.1 um, 809% inhibition for Oxo M. Bottom, A212E pm2 mAcChR
mutant, 3 X 10° receptors/cell, with fitted parameters of IC;, = 0.7 +
0.3 um, 40% inhibition for carbachol; and ICs, = 0.3 * 0.1 um, 35%
inhibition for Oxo M. Slope factor was 1.0 for both agonists in wild-type
and A212E.

of carbachol stimulated levels, whereas Oxo M and acetyl-
choline stimulated 89-100% compared with carbachol for all
receptors characterized. The one exception was Oxo M for
A212E, which maximally stimulated PI hydrolysis at 75% of
carbachol-stimulated levels. Although the observed maximal
stimulation by acetylcholine significantly differed from wild-

type for A212E (Table 1, Fig. 2), it did not appear to differ
significantly from carbachol-stimulated levels for this mu-
tant (Fig. 1a). In addition, Oxo M-stimulated levels signifi-
cantly differ (p = 0.05, Student’s ¢ test) from pilocarpine
levels for all receptors characterized except A212E (p >
0.05).

Inhibition of cAMP formation. Data describing the cou-
pling of wild-type and mutant pm2 mAcChRs to the inhibi-
tion of cAMP formation in CHO cells are summarized in Fig.
1b and Table 2. Reduced maximal percent inhibition was
observed for all agonists for each of the mutant receptors
characterized, although IC;, values for carbachol were sim-
ilar to wild-type pm2 mAcChRs expressed at the same level
(Table 2). It is unclear if this finding reflects any specific
changes in receptor/G protein interaction or if a general
reduction in coupling efficiency is observed due to the slight
modifications of i3. This explanation is consistent with the
observation that most chimeric receptors couple to effector
systems with lower efficiency than the wild-type receptor
(10). Unlike the results for stimulation of PI metabolism,
maximal inhibition of adenylyl cyclase relative to carbachol
was the same for all mutants (Fig. 1b).

Increased IC;, values were observed for acetylcholine for
both A212E and K214A, although no significant deviation
from wild-type was observed for Oxo M or carbachol. KD-
KKE(219-223)ELAAL did not exhibit an agonist-dependent
increase in ICq.

The data in Fig. 3 showed that muscarinic agonists caused
both inhibitory and stimulatory effects on cAMP levels. At
high concentrations, all agonists appeared to mediate stim-
ulation of adenylyl cyclase. The EC;, of stimulation for the
pm2 mAcChR was variable and highly dependent on receptor
number, with values ranging from 10 to 1000 pMm.

PTX sensitivity. Selectivity of G protein coupling ap-
peared to be affected by removal of a positive charge at the
seventh amino-terminal residue of i3 in the mutant
K214A. Inhibition of cAMP formation was mediated by a
PTX-sensitive G protein for K214A (data not shown),
whereas coupling to PI metabolism occurred through G
proteins with different PTX sensitivity than wild-type pm2
mAcChRs (Figs. 4 and 5). Wild-type receptor, KD-
KKE(219-223)ELAAL (Fig. 4), and A212E (data not
shown) coupled to PI metabolism by a G protein that was
PTX sensitive since treatment with 100 ng/ml PTX for 12
hr resulted in complete uncoupling. For K214A, treatment
with 100 ng/ml PTX failed to significantly reduce the mea-
sured accumulation of IP1 (Fig. 4), although the ECg, for
carbachol was shifted to the left by ~20-fold.

The PTX concentration dependence on maximal fold IP1
accumulation was assessed for K214A and wild-type recep-
tor (Fig. 5). Although PTX treatment reduced the fold
accumulation of IP1 for K214A, there was a 100-fold right-
ward shift in PTX sensitivity compared with wild-type. In
addition, treatment with 1000 ng/ml PTX failed to com-
pletely abolish the response to carbachol. To maximize the
carbachol-stimulated increase in PI hydrolysis, these ex-
periments were allowed to proceed for 50 min instead of 30.
Although this may explain the greater fold accumulation of
IP1 for both wild-type pm2 receptor and K214A, it does not
account for the apparent difference in PTX sensitivity.
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Fig. 4. Effect of PTX on Pl hydrolysis by wild-type and mutant m2
mAcChRs. Cells expressing wild-type or mutant pm2 mAcChRs were
treated with 100 ng/ml PTX for 12 hr in the presence of 1 uCi/ml
myo-[PH]inositol before the assay. Data are presented as fold stimula-
tion of Pl metabolism over basal levels for each experiment. The data
shown are from representative experiments. Curves through the data
were derived from a least-squares fit to equation 1. Top, wild-type pm2
mACChHR (two experiments), 1.2 X 10° receptors/cell. Fitted parameters
for the control were ECsy = 2.9 * 0.7 um, 2-fold. Middle, K214A pm2
mAcChR mutant (four experiments), 3.8 X 10° receptors/cell with fitted
parameters of ECso = 1.3 = 0.7 um, 1.7-fold; and EC5, = 0.08 = 0.04

Discussion

The i3 loop of G protein-coupled receptors plays an impor-
tant role in regulating receptor/effector coupling. Deletion
mutants of the B,-adrenergic receptor indicated that the
amino- and carboxyl-terminal regions are necessary for cou-
pling to stimulation of adenylyl cyclase (11, 12). Deletion
analysis of the third intracellular loop for the m1 mAcChR
also indicated that the middle 126 amino acids are not nec-
essary for agonist-mediated stimulation of PI metabolism
(21). The entire third intracellular loop and part of the fifth
transmembrane region were switched in m1/m2 chimeric
receptors. When expressed in oocytes, the m1/m2 chimera
exhibited the physiological response characteristics of the
receptor that contributed the loop (22), also implying a role in
specificity.

Other studies indicate that effector specificity is conferred
by the first 15-20 amino-terminal amino acids of i3 (8, 9).
Wess et al. expressed m2/m3 chimeras in A9 L cells where the
first 16 (of m2) or 17 (of m3) amino-terminal residues were
swapped between the muscarinic receptor subtypes. The m3/
m2-16 residue chimera did not couple to PI hydrolysis but
did weakly inhibit formation of cAMP via a PTX-sensitive G
protein. The m2/m3-17 residue chimera on the other hand
coupled to PI metabolism through a PTX-insensitive G pro-
tein while maintaining PTX-sensitive inhibition of cAMP
formation (8). This implies that the amino-terminal region of
i3 plays an important role in determining coupling selectivity
but may not be the only determinant. To characterize impor-
tant residues in this region, single and multiple mutations
were introduced in the fifth, seventh, and 12-16th amino-
terminal amino acids of i3 in the porcine m2 mAcChR. Our
findings indicate that subtle changes in G protein-coupling
characteristics and ligand-binding parameters can occur
with little or no change in observed physiological responses.

A detailed interpretation of the effects of mutations on
agonist-binding properties is difficult. We have analyzed ag-
onist competition data assuming models for three classes of
noninteracting sites or a two-state model plus a third recep-
tor state that does not couple to G proteins (33). Both ap-
proaches allow calculation of values for K;, the agonist dis-
sociation constant from the receptor G protein complex, and
K,, the dissociation constant for agonist binding to the free
receptor, as well as K, the agonist dissociation constant from
a molecularly undefined receptor state that does not couple to
G proteins. The assignment of K, and K, is based on the
conversion of F, to F, by guanine nucleotides (33). However,
both analyses show multiple local minima and appear to be
ill conditioned. In addition, models based on equilibrium (37)
or kinetic data (38) have been proposed that evoke receptor/
receptor interactions. Nevertheless, the data in Table 3 indi-
cate that even single amino acid mutations in a region of the
m2 mAcChR thought to be involved in coupling to G proteins
also affect the ligand-binding properties of the protein.

The effects of the mutations on receptor/effector coupling
were more straightforward. Replacing a positively charged
residue with a neutral one (K214A) resulted in a receptor

uM, 1.5-fold for control and PTX-treated, respectively. Bottom, KD-
KKE(219-223)ELAAL pm2 mAcChR mutant (two experiments), 1.0 X
10°® receptors/cell with fitted parameters for the control: EC5, = 15 *
10 um, 2.5-fold.
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that coupled to effector systems through a different G pro-
tein(s). The difference in PTX sensitivity for agonist stimu-
lation of PI metabolism has previously been reported for
receptors expressed in CHO cells (5, 23). Three classes of
responses were described for both transfected and endoge-
nous receptors. Endogenous receptors for thrombin and
transfected porcine m2 mAcChRs coupled to PI metabolism
by PTX-sensitive G proteins, whereas transfected m1 and m3
receptors were only partially sensitive to PTX, suggesting
both PTX-sensitive and -insensitive G proteins mediated the
response. On the other hand, endogenous cholecystokinin
receptors coupled to PI metabolism through a completely
PTX-insensitive G protein (6).

K214A appeared to couple to both inhibition of cAMP for-
mation and stimulation of PI metabolism in a manner similar
to wild-type pm2 receptor. Because inhibition of cAMP for-
mation is mediated by a PTX-sensitive G protein for K214A,
it is clear that this mutant still efficiently couples to G;. It has
been demonstrated that wild-type m2 mAcChR couples to PI
metabolism through the PTX-sensitive G proteins G_;, and
G,is in CHO cells (24). This suggests that for K214A, cou-
pling to PI metabolism could occur through G; as well as
some other PTX-insensitive G protein, perhaps G, or G,,. G,
and G,,, which mediate coupling to PI metabolism in a PTX-
insensitive manner, are expressed in our CHO cell line, as
are G, and G5, whereas G,;; and G_, are not expressed
(24).! After exposure to 100 ng/ml PTX, a concentration suf-
ficient to eliminate coupling to PI stimulation for wild-type,
A212E, and KDKKE(219-223)ELAAL, K214A still appeared
to couple to this response with an EC;, for carbachol shifted
leftward by ~20-fold compared with the non-PTX-treated
control. This suggested that the major pathway for IP1 for-
mation was through a different G protein after PTX treat-
ment than in non-PTX-treated controls and that this re-
sponse appeared to be more tightly coupled in the presence of
carbachol. When cells expressing K214A were treated with
high concentrations of PTX, the dose-response curve was
shifted rightward and complete uncoupling did not occur,

1 J. Robishaw, unpublished observations.

even at high PTX concentrations (Fig. 5). Taken together,
these results indicate that K214A must be coupling to PI
stimulation through both PTX-sensitive and -insensitive G
proteins. Whether the rightward shift of the PTX dose-re-
sponse curve is due to K214A coupling to a different PTX-
sensitive G protein than wild-type receptor or to an increase
in coupling through the PTX-insensitive pathway as the lev-
els of PTX-sensitive G protein are reduced is not yet known.
When chimeric m1/m2 receptors with i3 or the amino-termi-
nal portion of i3 were reconstituted with specific G proteins
(G;, G,, G,, G, and G,), receptor G protein interactions
occurred with both PTX-sensitive and -insensitive G proteins
(31). An alternative explanation also compatible with this
result is that the K214A mutation stabilizes the receptor/G
protein complex, reducing the availability of the G protein to
PTX.

Lysine is conserved at amino acid position 214 in the
m2/m4 mAcChR family, whereas the m1/m3/m5 family has a
conserved glutamate in that position. Perhaps the positively
charged side chain of lysine is important in determining the
nature of G protein-coupling interactions for the m2/m4 mAc-
ChRs. Replacing this lysine with a neutral alanine may re-
move a constraint that allows the receptor to interact with
multiple G proteins. For the human m3 mAcChR, several
charged residues near the amino-terminal of i3 were required
for normal signal transduction (25).

The amino-terminal region of i3 is predicted to form an
amphipathic a-helical structure in all G protein-coupled re-
ceptors. Studies on chimeric m2/m3 mAcChRs suggest that
receptors with similar function use regions of conserved
charge and secondary structure without complete sequence
identity (9). Although this motif may represent a structural
requirement in receptor/G protein interactions in general,
the individual charged residues within this region may play
a role in determining the nature of the protein/protein inter-
action. When the amino acid sequences of the third intracel-
lular loop are aligned, the amino-terminal regions are most
conserved among the functional families (e.g., m2/m4 versus
m1/m3/m5). Replacing lysine with glutamate at position 214
(K214E), which swaps residues conserved at that position
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between the functional families, resulted in a receptor that
was not properly processed. All receptor sites detected (3 X
10° sites/cell) were internalized with no expression on the cell
surface (data not shown).

Replacement of a nonpolar amino acid with an acidic one

~ (A212E) resulted in ligand-binding and effector-coupling

properties similar to those of wild-type receptor. The notable
exceptions were the weaker binding of acetylcholine and that
Oxo M appears to be less effective at stimulating PI hydro-
lysis than other agonists, although it bound with high affin-
ity. Acetylcholine also appeared to be less effective at stim-
ulating PI hydrolysis and is significantly different (p < 0.01)
than wild-type pm2 (Table 1). When normalized to carbachol-
stimulated levels of IP1, this reduced efficacy is less striking
and does not significantly differ from the full agonist carba-
chol, whereas Oxo M does (Fig. 1a). It is not clear whether
Oxo M promoted a receptor conformation that was in general
less efficient at coupling to G; or if changes in G;, subtype
selectivity were altered reducing the efficiency of effector
activation. Regardless of the mechanism of action, it is sig-
nificant to note that this finding implies that the agonists
Oxo M and, although to a lesser extent, acetylcholine be-
haved differently than e¢arbachol.

All agonist-mediated physiological responses for A212E in
CHO cells occur through PTX-sensitive G proteins, making it
difficult to determine whether subtle changes in coupling
result. At pm2 mAcChR numbers greater than 10° per cell,
maximal stimulation of PI metabolism appeared to be limited
by receptor expression, whereas maximal inhibition of cAMP
formation was not. Most investigations of receptor mutants
are carried out on cell lines that are overexpressing receptor.
Under these conditions, inefficient coupling of receptor to G;
may go unnoticed in assays of cellular cAMP levels since the
receptor is in excess. Although Oxo M-mediated inhibition of
cAMP formation for A212E resembles wild-type receptor, it is
possible that this agonist promotes a receptor conformation
that is less efficient at activating the G proteins expressed in
CHO cells.

All of the mutant receptors assayed as well as wild-type
pm2 mAcChR exhibit both inhibition and stimulation of
cAMP formation. Although the stimulatory phase is not de-
pendent on Ca®* or activation of protein kinase C (26), the
mechanism by which this effect occurs is not known. For the
a,-adrenergic receptor, which also couples to both inhibition
and stimulation of cAMP formation, the stimulatory phase
has been reported to be mediated by a direct interaction with
G, (27). m4 mAcChRs have also been shown to activate G,
directly in HEK 293 cells (28). These observations implicate
an indirect pathway in the stimulation of cAMP formation,
possibly mediated by G protein By subunits.

The KDKKE(219-223)ELAAL pm2 receptor mutant re-
placed the 12-16th amino-terminal residues conserved in the
m2/m4 functional family with those conserved in the m1l/
m3/m5 family. Although this change introduces alterations
in the charge distribution within this domain of i3, it does not
affect the predicted secondary structure of this portion of the
loop. Binding of carbachol and Oxo M was affected but not
effector-coupling characteristics. Coupling to effector sys-
tems occurred via PTX-sensitive G proteins as seen in wild-
type receptor (Fig. 4). Fold simulation of PI hydrolysis resem-
bled wild-type pm2 receptor, whereas human m1 mAcChRs
expressed in CHO cells elicited a 13-fold increase in IP1

accumulation (data not shown). The ECg, values for acetyl-
choline and carbachol significantly differed from wild-type,
whereas the EC;,, value for Oxo M did not. Although residues
219-223 are within the region of i3 reportedly responsible for
switching effector-coupling characteristics between m2 and
m3 mAcChRs (8), this finding suggests that charge distribu-
tion in this domain of the loop does not play a large role in G
protein selectivity. This finding is supported by the converse
mutation made in the human m1 mAcChR (14) where change
in charge distribution played a minor role in G protein cou-
pling to PI metabolism.

The amino-terminal domain of the third intracellular loop
of the mAcChR appears to play a role in G protein coupling,
but it is clearly not the only determinant. Chimeric musca-
rinic (8-10) and «,-adrenergic (29) receptors gain the cou-
pling selectivity of the introduced loop, while characteristics
of the wild-type receptor are retained to some degree. The rat
m3 mAcChR amino-terminal domain of i3 was studied by
replacing residues with corresponding amino acids found in
the m2/m4 receptor family (34). The authors concluded that a
critical tyrosine residue in rat m3 was necessary for efficient
coupling to PI hydrolysis, although substitution of tyrosine
for serine in the corresponding position of Hm2 did not result
in an enhanced PI response (35). Hogger et al. (32) studied
Hm1 amino- and carboxyl-terminal junctions of i3. They pro-
posed that these domains of i3 could function as a crucial
hinge region, allowing exposure of specific binding pockets on
agonist binding as well as a specific recognition substrate,
and they cautioned against the definition of precise coupling
domains in these regions of the muscarinic receptor. In ad-
dition, the G protein selectivity of chimeric receptors (31)
appears to depend on specific contributions by both i2 and i3,
and promiscuous receptor G protein interactions occur in the
absence of the correct i2.

Because all members of the seven transmembrane receptor
family interact with G proteins, it is possible that portions of
the transmembrane region (the most well conserved do-
mains) are also important in determining G protein recogni-
tion characteristics. A mutation in the second transmem-
brane region (D69N) results in a pm2 receptor that binds
agonists but does not efficiently couple to effectors.? The role
of intracellular loops may be to modulate coupling to G pro-
teins, and characteristics observed for each receptor system
studied may be dependent on the context in which they are
expressed. Coupling selectivity and efficiency may be depen-
dent on the interaction of intracellular loops with other struc-
tural domains of the receptor as well as those of the specific
G proteins expressed in the cells being examined. Mouse m1
AChRs when expressed in Y1 adrenal carcinoma cells, CHO
cells, and Rat-2 fibroblasts coupled to multiple G proteins (as
determined by differential PTX sensitivity) in a cell line-
specific manner (30).

In summary, we have shown that single amino acid
changes in the amino-terminal domain of i3 can lead to subtle
changes in G protein-coupling characteristics. This finding
suggests that analysis of mutants designed to assess coupling
selectivity may require more detailed examination before
definite conclusions can be drawn. Although it appears that
coupling is affected by amino-terminal residues of i3, the
nature of these interactions may be determined by several

2 W. K. Vogel and M. L. Schimerlik, unpublished observation.
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structural domains simultaneously rather than by the i3 loop
alone as well as the context in which the receptor is ex-
pressed. It is imperative that careful evaluation of all data
pertaining to coupling characteristics be considered before
conclusions be drawn on important structural domains. Elu-
cidation of explicit roles of the structural domains important
in G protein coupling by site-directed mutagenesis requires
that high resolution assessment of selectivity be used.
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