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ABSTRACT. The molecular basis of receptor/G protein coupling selectivity was studied by using the m2
muscarinic receptor, a prototypicaldcoupled receptor as a model system. We could recently show
that the m2 receptor can efficiently interact with mutant G protgjrsubunits in which the last five
amino acids were replaced withy, or o, sequence [Liu, J., Conklin, B. R., Blin, N., Yun, J., & Wess, J.
(1995) Proc. Natl. Acad Sci U.SA. 92, 11642-11646]. Additional mutagenesis studies led to the
identification of a four-amino-acid motif on the m2 receptor (3d&al Thrsge, llesgs, and Leugo) that is
predicted to functionally interact with the C-terminal portionogf subunits. To further investigate the
structural requirements for this interaction to occur, these four m2 receptor residues were replaced, either
individually or in combination, with the corresponding residues present in the-€upled muscarinic
receptors (m1, m3, and m5). The ability of the resulting mutant m2 receptors to interact with a mutant
0q subunit (go5) in which the last five amino acids were replaced witsequence was investigated in
co-transfected COS-7 cells [studied biochemical response: stimulation of phosphatidyl inositol (PI)
hydrolysis]. Our data suggest that the presence of three of the four targeted m2 receptor residges (Val
Thrage, and llegg) is essential for efficient recognition of C-terminal, sequences. To study which
specific amino acids within the C-terminal segmentogf subunits are critical for this interaction to
occur, the wild type m2 receptor was co-expressed with a series of nanbunits containing single

or multiple o, — ai1,2 point mutations at their C-terminus. Remarkably, the wild type m2 receptor, while
unable to efficiently stimulate wild typeg, gained the ability to productively interact with thregsingle-

point mutants, providing the first example that the receptor coupling selectivity of G pt=ifunits

can be switched by single amino acid substitutions. Given the high degree of structural homology among
different G protein-coupled receptors and among different classes of G proibunits, our results
should be of broad general relevance.

G protein-coupled receptors are integral plasma membrane For many years, we have used different members of the
proteins that transmit extracellular signals into the cell muscarinic acetylcholine receptor family (min5) as model
interior. Upon binding of extracellular ligands, these recep- systems to analyze the molecular mechanisms underlying
tors are predicted to undergo conformational changes thatreceptor/G protein coupling selectivity (Wess, 1996). Whereas
allow the intracellular receptor surface to interact with the m2 and m4 receptor subtypes are selectively linked to G
specific classes of heterotrimeric G proteins (Dohinean  proteins of the G class (primary biochemical response:
al., 1991; Savarese & Fraser, 1992; Hedinal, 1993; inhibition of adenylyl cyclase), the m1, m3, and m5 receptors
Straderet al, 1994). Characteristically, each member of this are preferentially coupled to G proteins of thg:&family
receptor superfamily can recognize and activate only a [primary biochemical response: stimulation of phosphati-
limited set of the many structurally closely related G proteins dylinositol (PI)} hydrolysis via activation of phospholipase
expressed within a cell (Dohimagt al, 1991; Savarese & CB (PLCP)] (Peraltaet al, 1988; Parkeet al, 1991; Berstein
Fraser, 1992; Hediet al, 1993). To understand how this €t al, 1992; Offermannet al,, 1994).
selectivity is achieved at a molecular level has become the Systematic site-directed mutagenesis studies have shown
focus of an ever increasing number of laboratories. that the G protein coupling preference of a given muscarinic

receptor subtype is determined by a limited number of amino
. acids located on different intracellular receptor domains
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Ficure 1: (A) Comparison of mtm5 muscarinic receptor sequences at the i3 loop/TM VI junction. Mutant m2 receptors were created

by replacing the highlighted m2 receptor residues (arrows) with the corresponding m38,(m5) receptor residues, either individually or

in combination. Numbers refer to amino acid positions in the human m2 muscarinic receptor (Bbahel987). Asterisks indicate

positions where all muscarinic receptor subtypes have identical residues. For comparison (see Discussion), the corresponding rhodopsin
(Rho) sequence is also shown. The single-letter amino acid code is used. (B) Helical wheel representation of the m2 receptor sequence
at the i3 loop/TM VI junction, as viewed from the cytoplasm. The residues predicted to form the functionally important VTIL motif (Liu

et al, 1995, 1996) are highlighted.

are consistent with results from many different laboratories findings is that the VTIL motif (which is predicted to form
studying other classes of G protein-coupled receptors bythe hydrophobic face of an-helical, amphiphilic receptor
molecular genetic or biochemical approaches (Dohlmian region; Figure 1B) can contact the C-terminus@f subunits
al.,, 1991; Savarese & Fraser, 1992; Hedinal, 1993; and that this interaction is intimately involved in determining
Gudermanret al, 1996). coupling selectivity and triggering G protein activation.

To gain deeper insight into the molecular basis governing On the basis of these results, the present study was
receptor/G protein coupling selectivity and receptor-mediated designed to gain deeper insight into the structural require-
G protein activation, the sites on the G protein(s) that are ments necessary for this interaction to occur. First, we
contacted by the receptor regions known to be critical for wanted to examine which specific residues within the VTIL
coupling selectivity need to be identified. Unfortunately, motif are most critical for proper recognition of the C-
high-resolution structural data of receptor/G protein com- terminus of aj, subunits. Towards this goal, single or
plexes are not available at present. However, molecular multiple point mutations were introduced into m2(wt)
genetic and biochemical strategies have been employed toreplacing these amino acids with the residues present at the

map functionally important G protein regions predicted to
be located at the receptor/G protein interface (Conklin &
Bourne, 1993; Rens-Domiano & Hamm, 1995; Neer, 1995).
Using the m2 muscarinic receptor [m2(wt)], a prototypical
Gio-coupled receptor, as a model system, we (ktual.,

corresponding positions in the ¢&-coupled muscarinic
receptors (AALS; Figure 1A). The ability of the resultant
mutant receptors to functionally interact with a mutagt
subunit (qo5) in which the last five amino acidsaf were
replaced with the corresponding sequence was determined

1995) have recently identified the receptor region that can in co-transfected COS-7 cells. In an analogous fashion, to

functionally interact with the C-terminus of G protein
subunits a G protein site that has been implicated most
consistently in receptor/G protein coupling (Conklin &
Bourne, 1993; Spiegel, 1994; Rens-Domiano & Hamm,
1995). We could demonstrate that m2(wt), similar to other
Gio-coupled receptors (Conkliret al., 1993), does not
efficiently interact with wild typeaq [g(wt)], but can
productively couple to mutarnt, subunits in which the last
five amino acids of g(wt) are replaced with the corresponding
o Or o, Sequences (resulting in gi5 and gqo5, respectively)
(Liu et al, 1995).

Moreover, by analyzing a large number of mutant m2
receptors, we could show that the ability of m2(wt) to interact
with such hybriday subunits can be specifically disrupted
by replacing a set of four amino acids (VTIL: &) Thrsge
llesss, and Leygg), predicted to be located at the i3 loop/TM
VI junction, with the corresponding residues (AALS) con-
served among the threey&-coupled muscarinic receptors
(Liu et al, 1995). In addition, gain-of-function studies
showed that substitution of the VTIL motif into mutant m3
muscarinic receptors [which were unable to couple to q(wt)]
could confer onto these receptors the ability to efficiently
couple to mutanixy subunits such as qo5 or qi5 (Let al,
1995). The most straightforward explanation for these

study the relative importance of residues at the C-terminus
of ay, for receptor/G protein coupling selectivity, coexpres-
sion experiments were carried out with the wild type m2
muscarinic receptor and mutaat, subunits in which the
C-terminal five amino acids of g(wt) were systematically
modified by substitution with the correspondiag, residues.

Our data indicate that the structural integrity of Mal
Thrsge, and llggg is essential for efficient recognition of the
C-terminus of, subunits by m2(wt). Moreover, we made
the surprising observation that the receptor coupling selectiv-
ity of o4 can be changed by single amino acid substitutions
at the C-terminus.

EXPERIMENTAL PROCEDURES

Site-Directed Mutagenesis

To introduce mutations into the human m2 muscarinic
receptor gene (at a region corresponding to the i3 loop/TM
VI junction), the mammalian expression plasmid, Hm2pcD
(Bonneret al., 1987), was used. A 118-bma-Dralll
restriction fragment was cut out from Hm2pcD and replaced,
in a two-piece ligation, with a PCR fragment containing the
desired mutations (Higuchi, 1989). The construction of
expression plasmids encoding the mutant m3 muscarinic
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Table 1: Radioligand Binding and Functional Properties of Mutant m2 Muscarinic Receptors Coexpressed with the Mutant @GgProtein
Subunit, qo5

[HINMS binding carbachol binding PI hydrolysis

co-expressed G Kb Bmax ICs0 ECso carbachol  maximum increase in

receptor proteino subunit (pM) (fmol/mg) (uM) (uM) 1P, above basal (fold)
m2(wt) go5 232+ 34 1032+ 240 10.6+ 1.1 0.39+ 0.07 4.7+ 0.4
m2 (wt) q(wt) né 25+0.1
m2(wt) — (vector DNA [pcDNAI]) ncb 1.8+0.2
m2(VTIL—AALS) Qo5 642+ 23 1166+ 204 326+ 1.2 nd 2.0+0.2
m2(V—A) qo5 428+5 1316+ 214 18.7+ 3.2 6.3+ 25 3.4+ 0.3
m2(T—A) go5 425+ 6 1098+ 194 5.7+ 0.9 0.45+ 0.15 3.4+ 0.2
m2(—L) qo5 535+ 35 1293+ 223 66.1+ 4.4 29.1+ 17.8 4.1+ 0.6
m2(L—S) go5 704t 16 1260+ 189 10.9+ 2.2 0.37+£0.14 49+ 0.3
m2(VT—AA) go5 422+ 9 1293+ 200 3.8+ 0.2 nd 13+0.1
m2(IL—LS) go5 471+ 49 1076+ 160 47.8£ 0.5 8.9+ 3.6 49+ 0.7
m2(VI—AL) go5 403+ 27 1135+ 198 589+ 105 nd 21+0.2
m2(TL—AS) go5 658+ 43 997+ 148 2.9+ 0.3 0.03+ 0.01 4.2+0.3

aCOS-7 cells were co-transfected with expression plasmids coding for the wild type or mutant m2 muscarinic receptors and tlog mutant
subunit, qo5, in which the last five amino acids of g(wt) were replaced with the correspomglisgquence (Figure 4). The structure of the
different mutant receptors is given in Figure 1. Radioligand binding studies and functional Pl assays were carried out as described under Experimental
Procedures. Data are given as mean$SE of at least three independent experiments, each carried out in duglidmtedeterminable with
sufficient accuracy.

receptors (rat), CR2 and CR15, has been described previoushpuffer consisted of 25 mM sodium phosphate (pH 7.4)
(Liu et al, 1995). In CR2, a sequence coding for the containing5 mM MgCJ. In the PH]-N-methylscopolamine
N-terminal portion of the i3 loop of the rat m3 muscarinic ([*H]JNMS; 79.5 Ci/mmol; Dupont-New England Nuclear)

receptor (residues 25287; Bonneret al, 1987) was

saturation binding experiments, six different concentrations

replaced with the corresponding human m2 receptor sequencef the radioligand were used (2800 pM). In carbachol

(residues 208287). CR15 was derived from CR2 by
introducing four additional point mutations at the i3 loop/
TM VI junction (m3AlasgsAlassy, Leg,Setgs — m2Valsss
Thrsge, llesgdeusgg).

To introduce mutations into the C-terminal domain of wild
type o, a pcDNAI-based expression plasmid (coding for
murine o) containing an internal hemagglutinin (HA)
epitope tag (DVPDYA) was used (Wedegaertregral.,
1993). The presence of the epitope tag which replaced
residues 125130 did not affect the receptor and effector
coupling properties of wild typer, (Wedegaertneet al,
1993; Conklinet al, 1993). PCR-based mutagenesis was
carried out essentially as described previously by Conklin
et al. (1993). The pClS-based expression plasmid coding
for wild type a;s (mouse) has been described previously
(Offermanns & Simon, 1995).

The identity of all mutant constructs and the correctness
of all PCR-derived sequences were verified by dideoxy
sequencing of the mutant plasmids (Sanggeal., 1977).

Transfection and Cell Culture

COS-7 cells were grown in Dulbecco’s modified Eagle’s
medium, supplemented with 10% fetal calf serum, atG7
in a humidified 5% CQ incubator. For transfections, 3
1CF cells were seeded into 100-mm dishes. About 24 h later,
COS-7 cells were co-transfected with expression plasmids
coding for the wild type or mutant m2 muscarinic receptors
(4 ug of DNA/dish) and the different G protein constructs
(1 ug of DNA/dish), by using a DEAE/dextran procedure
(Cullen, 1987).

Radioligand Binding Assays

Radioligand binding assays were carried out with mem-

competition binding studies, ten different carbachol concen-
trations were used. ThéH]NMS concentration employed
in these experiments was 200 pM. Incubations were carried
out for 3 h at 22°C. Nonspecific binding was determined
in the presence of kM atropine. Protein concentrations
were determined by the method of Bradford (1976).
Binding data were analyzed by nonlinear least squares
curve-fitting procedures, using the computer programs
LIGAND (saturation binding data; Munson & Rodbard,
1980) or KALEIDAGRAPH (competition binding data;
Synergy Software).

PI Hydrolysis

Approximately 24 h after transfections, cells were split
into six-well dishes (ca. 0.4 10° cells/well) in culture
medium supplemented with8Ci/mL [*H]myainositol (20
Ci/mmol; American Radiolabeled Chemicals Inc.). After a
24-h labelling period, cells were preincubated for 20 min at
room temperature in 2 mL of Hank’s balanced salt solution
containing 20 mM HEPES and 10 mM LIiCl. Cells were
then stimulated, in the same buffer, with increasing concen-
trations of the muscarinic agonist, carbacholr foh at
37 °C. After removal of the medium, the reaction was
stopped by addition of 0.75 mL of 20 mM formic acid. Cell
extracts were collected after a 40 min incubation period at 4
°C and neutralized with 0.25 mL of 60 mM ammonium
hydroxide. The inositol monophosphate {jifraction was
then isolated by anion exchange chromatography as described
(Berridgeet al., 1983).

RESULTS

Functional Analysis of Mutant m2 Muscarinic Receptors

brane homogenates prepared from transfected COS-7 cells The role of the VTIL motif in the m2 muscarinic receptor

essentially as described (Be et al, 1991). Incubation

(corresponding to Vags, Thrsge, llesse, and Leugy Figure
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Table 2: Functional Interaction of the Wild Type m2 Muscarinic
Receptor with C-Terminally Modified Mutaritq Subunit

PI hydrolysis

G proteino. subunit maximum increase EGso
co-expressed with the in 1P, levels (carbachol)
wild type m2 receptor (fold above basal) (uM)

vector (pcDNALI) 1.8+:0.2 nd

q(wt) 25+0.1 nd

g(EYNLV—DCGLF) (= qi5) 8.2+1.9 0.29+0.11
q(YNLV—CGLF) (= qi4) 9.2+15 0.20+ 0.06
q(Y—C) 6.3+ 0.9 0.55+ 0.19
g(N—G) 6.2+1.1 0.39+0.18
q(v—F) 3.6+0.1 1.29+0.11
g(YN—CG) 6.6+ 15 0.14+ 0.06
a(YV—CF) 9.54+2.2 0.28+ 0.13
g(NV—GF) 8.2+10 0.40+ 0.03

a2 COS-7 cells were cotransfected with expression plasmids coding

for the wild type m2 muscarinic receptor and various mutgrgubunits

in which distinct amino acids present at the C-terminus of g(wt) were
replaced with the corresponding, , residues (Figure 4). Carbachol-
induced increases in {Production were determined as described under
Experimental Procedures. Data are given as mear8E of three
independent experiments, each carried out in triplicaiat determin-
able with sufficient accuracy.

1) in the recognition of the C-terminus of G proteir,

Kostenis et al.

single point mutants was able to productively interact with
g(wt) (maximum PLC stimulation: 1:52.5-fold; data not
shown). Strikingly, three of the studied mutant receptors
[m2(V—A), m2(T—A), and m2(+-L)] were clearly less
efficient than m2(wt) in activating the hybri subunit, qo5
(Table 1, Figure 2A). The m2(+A) and m2(F~A) mutant
receptors showed a considerably reduced maximum PLC
response, while m2{+L), similar to m2(\VV—A), showed a
drastic reduction (approximately 75-fold) in carbachol po-
tency in inducing qo5-mediated Pl hydrolysis. However,
since m2(+-L) also displayed an about 6-fold reduction in
carbachol binding affinity (as determined ifH|NMS
competition binding studies; Table 1), the loss in functional
carbachol potency observed with this mutant receptor appears
to be at least partially due to impaired receptor binding. In
contrast to m2(v¥-A), m2(T—A), and m2(+-L), the m2-
(L—S) mutant receptor displayed a functional profile that
was virtually identical to that of m2(wt) (Table 1, Figure
A

To examine whether the detrimental functional effects
caused by single point mutations within the VTIL motif were
additive, four m2 receptor double point mutants were
constructed (Table 1). As shown in Figure 2B and Table 1,
the m2(VT—AA) and m2(VI—AL) mutant receptors virtu-
ally completely lost their ability to functionally interact with

subunits was explored by systematic site-directed mutagen—q05_ On the other hand, m2@tLS) and m2(TL~AS)

esis studies. Specifically, these four residues were replaced

either individually or in combination, with the corresponding
residues (AALS) present in the 4fg-coupled muscarinic
receptors (m1, m3, and m5; Figure 1A, Table 1). The

showed unchanged or slightly reduced maximum PLC
responses, respectively [as compared to m2(wt)]. As shown
in Table 1, m2(I=LS) showed a 25-fold reduction in

carbachol potency in mediating qo5-dependent PLC activa-

resulting mutant m2 receptors were functionally characterized tion. The functional carbachol potency observed with m2-

in COS-7 cells after coexpression with different wild type
and mutant G proteimt subunits (see below). 3H]NMS

(TL—AS) was approximately 10-fold increased [as compared
with m2(wt)] which, however, may be due, at least partially,

radioligand binding studies showed that all mutant receptors ., the increase in carbachol binding affinity seen with this

were expressed at levels comparable to those found with m2-

(wt) (approximately 1000 fmol/mg; Table 1).

Consistent with the known G protein coupling preference
of m2(wt), carbachol stimulation of m2(wt), when co-
transfected with either vector DNA (control) or g(wt), did
not result in an efficient stimulation of the Pl cascade. The
maximum stimulation in inositol phosphate production

mutant receptor (Table 1).

Co-Expression of Mutant m2 Muscarinic Receptors with
s

As outlined in the previous paragraph, several mutant m2
receptors were identified that were functionally severely

(above basal levels) mediated by m2(wt), in the absence oriMpaired or unable to activate the hybadsubunit, qo5. To

presence of co-transfected g(wt), amounted to only-1.5

exclude the possibility that the lack of functional activity

2.5-fold (Tables 1, 2). Previous studies have shown that thisfound with these mutant receptors was due to improper

(rather weak) response is due to activation of distinct PLC
isoforms by G proteirfy complexes that are released by
m2 receptor-mediated activation of @oteins (Katzet al.,
1992). However, coexpression of m2(wt) with a mutagt
subunit in which the last five amino acids (EYNLV) were
replaced with the corresponding, sequence (GCGLY;
resulting in the hybridx subunit, qo5) led to a pronounced
stimulation (5-fold) of PLC activity (Tables 1; Figure 2). In
agreement with published data (Letial., 1995), replacement
of the VTIL motif in m2(wt) with the AALS sequence
(Figure 1) resulted in a mutant receptor [m2(VFHAALS)]
that virtually lost the ability to interact with qo5 (Table 1,
Figure 2).

Initially, single point mutations were introduced into the
VTIL motif in m2(wt) (substitution with the corresponding
residues present in theya-coupled muscarinic receptors;
Figure 1A), and the resulting m2 mutant receptors were
studied for their ability to functionally interact with g(wt)
or go5. Similar to m2(wt), none of the resulting m2 receptor

folding of the intracellular receptor surface (as opposed to
the disruption of specific receptor/G protein contact sites),
all mutant m2 receptors [as well as m2(wt)] were also
coexpressed with (mouse)s (Wilkie et al, 1991). It has
been shown thaty;s (as well as the human homolog;e)

can be activated by almost all G protein-coupled receptors
including m2(wt) (Offermanns & Simon, 1995), resulting
in the breakdown of PI lipids mediated loys/1s-dependent
activation of distinct PL@ isoforms (Leeet al., 1992). PI
assays showed that all mutant m2 receptors [except m2-
(VI—AL)] were able to productively interact with coex-
pressedy;s, in a fashion similar to m2(wt) (Figure 3).

Functional Interaction of the Wild Type m2 Muscarinic
Receptor with Mutant, Subunits

As outlined in the introduction, the second major aim of
this study was to examine which specific amino acids within
the C-terminal segment afj, subunits are critical for the
predicted interaction with the VTIL motif in m2(wt).
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FiIGURE 2: Functional interaction of mutant m2 muscarinic receptors with the matastibunit, go5. COS-7 cells were co-transfected

with expression plasmids coding for the wild type or mutant m2 muscarinic receptors containing single (A) or multiple (B) point mutations
with the mutaniog subunit, go5, in which the last five amino acids of q(wt) were replaced with the correspangasgiuence (Figure 4).

The structure of the different mutant receptors in which distinct residues at the i3 loop/TM VI junction were replaced with the corresponding
ml (= m3, m5) receptor residues, is shown in Figure 1. Carbachol-induced increases in intracellular inositol monophospleatel$IP

were determined as described under Experimental Procedures. Bdsa&klB (no carbachol added) were similar for the wild type m2 and

the different mutant receptors (data not shown). Data are given as mean values (SE typically less than 10%) from three to five independent
experiments.
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P be activated by m2(wt) in a fashion very similar to qi5. Since
l—l |—J F &F& e . the C-terminal four amino acids af, differ in only three
Vestor 0 +al5 residues from the correspondiog , sequence (the leucine
FicurRe 3: Functional interaction of mutant m2 muscarinic receptors residue at position-2 is conserved among all mammalian
with Gis. COS-7 cells were co-transfected withs (Wilkie et al., o subunits), threeng single point mutants were prepared
1991) or vector DNA (pcDNAI) and the indicated receptor [q(y—C), q(N—G), and q(VV—F); Figure 4]. Interestingly,

constructs. Carbachol-induced (0.1 mM) increases in intracellular . .
IP; levels were determined as described under Experimental Pl assays showed that either of these three maasubunits

Procedures. Data are given as me#nSE and are representative  dained the ability to be activated by m2(wt), although with
of two independent experiments, each carried out in triplicate.  different efficiencies. As shown in Figure 5 and Table 2,
g(Y—C) and q(N—G) were able to mediate a rather robust
Toward this goal, specific residues at the C-terminus of g(wt) (6-fold) increase in PLC activity (as compared to an9
were replaced, either alone or in combination, with the fold increase observed with qi4 or qi5). Co-expression of
corresponding; » residues (Figure 4). Western analysis q(V—F) with m2(wt) resulted in a relatively modest second
using a monoclonal antibody directed against the HA-epitope messenger response—8-fold increase in PLC activity),

tag present in all G protein constructs (Wedegaergheil., which, however, was always significantly greater than that
1993) showed that all mutant, subunits were expressed at  seen after coexpression of g(wt) with m2(wt) (Figure 5, Table
similar levels as g(wt) (data not shown). 2).

Consistent with its known G protein coupling preference,  To examine whether the functional effects caused by these
m2(wt) could productively interact not only with go5 but single amino acid substitutions were additive, thugelouble
also with gi5, a mutanty subunit in which the last five  point mutants [q(YN>-CG), q(YV—CF), and q(NV-GF)]
amino acids of g(wt) (EYNLV) were replaced with the were constructed and functionally analyzed. When co-
correspondingui; 2 sequence (DCGLF) (Lieet al.,, 1995; expressed with m2(wt), q(Y™CF) and q(NV->GF) were
Table 2). As shown in Table 2 and Figure 5, the mutant  able to activate the Pl cascade in a fashion very similar to
subunit, gi4, in which only the last four amino acids of q(wt) qi4 or qi5 (Table 2), indicating that m2(wt) was able to
were replaced with the corresponding . sequence, could interact with these twoog double point mutants more
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Ficure 5: Functional interaction of the wild type m2 muscarinic
receptor with C-terminally modified mutaity subunits. COS-7
cells were co-transfected with expression plasmids coding for the
wild type m2 muscarinic receptor and the indicated G protein
constructs. The structure of the differentmutants, in which one

or more amino acids at the C-terminus of q(wt) were replaced with
the correspondingi » residues, is shown in Figure 4. In gi4 and
qgi5, the last four or five amino acids of g(wt), respectively, were
replaced with the correspondiieg, ; sequence. Carbachol-induced
increases in intracellular {Revels were determined as described
under Experimental Procedures. Basa] Ievels (no carbachol
added) were similar for the different wild type and mutant
constructs (data not shown). Results (mean values) from a
representative experiment, carried out in triplicate, are shown; two
additional experiments gave similar results.

efficiently than with either of the corresponding, single
point mutants [g(Y¥~C), q(N—G), or q(V—F)]. The
q(YN—CG) mutant subunit (upon co-expression with m2-
(wt) and incubation with carbachol) could stimulate PLC
activity to a maximum extent similar to that found with
q(Y—C) and g(N—G), but with significantly increased {3
4-fold) carbachol potency (Table 2).

Functional Interaction of a Mutant m3 Muscarinic
Receptor Containing the VTIL Motif with Mutaat,
Subunits

We have shown previously (Liet al., 1995) that replace-
ment of the N-terminal portion of the i3 loop of the rat m3
muscarinic receptor (residues 25287) with the corre-

Kostenis et al.

m3 m2

S493 - > L3go
L4g2 - > I389
T

Q
A489 - > T386

m3 Adgs - > V385

m2 22

w

101

Increase in IP1 (fold above basal)

S » AN
& Q\& \\ﬂ(‘ O EO
w4 § ¢ &8
& & 8

Ficure 6: Functional interaction of a hybrid m2/m3 muscarinic
receptor (CR15) with C-terminally modified mutaag subunits.

For comparison, responses obtained with the wild type m2 receptor
are also shown. (A) Structure of CR15 (for precise amino acid
composition, see Experimental Procedures). (B) COS-7 cells were
co-transfected with expression plasmids coding for CR15 or the
wild type m2 muscarinic receptor and the indicated muiagt
constructs. The structure of the different mutagtsubunits, in
which one or more amino acids at the C-terminus of q(wt) were
replaced with the corresponding, » residues, is given in Figure

4. Carbachol-induced (0.1 mM) increases in intracellulatdi?els
were determined as described under Experimental Procedures. Basal
IP; levels (no carbachol added) were similar in all cases (data not
shown). Data are given as meass SD of two independent
experiments, each carried out in triplicate.

with CR15 is that this mutant receptor was expressed at
approximately 5-fold lower levelsBgay) than m2(wt) (as

sponding m2 receptor sequence yields a hybrid receptordetermined inJH]NMS saturation binding studies; data not

(referred to as CR2) that does not couple to either q(wt) or
mutantoq subunits such as qi5 or go5. However, consistent
with the proposed role of the VTIL maotif in recognition of
the C-terminus ofay, subunits, substitution of the VTIL
sequence into CR2 resulted in a mutant receptor (CR15;
Figure 6A) that gained the ability to couple to qo5 and qi5
[but not to g(wt); Liuet al., 1995]. If our assumption that
the VTIL motif directly contacts the C-terminus afj,
subunits is correct, one would expect that CR15 should be
able to interact with the different mutari, subunits

shown). Another possibility is that CR15, due to its chimeric
structure, may not be folded in a fashion that is optimal for
interactions with G proteins.

DISCUSSION

Structural Analysis of the VTIL Motif

Previous mutagenesis studies (Lét al, 1995, 1996)
strongly suggest that a short sequence motif in the m2
muscarinic receptor (VTIL; corresponding to V@l Thrsgg,

described in the previous paragraph in a fashion analogousllesg,, and Leuyg), located at the i3 loop/TM VI junction,

to m2(wt). Figure 6B shows that this is in fact the case. can functionally interact with the C-terminal segmentugf
The overall activity profile found upon co-expression of this subunits. To examine which specific amino acids within the
hybrid receptor with the different mutank, subunits VTIL motif in m2(wt) are of particular importance for
qualitatively resembled that obtained for m2(wt). However, recognition of the C-terminus afj, subunits, each of these
maximum PI responses mediated by CR15 were generallyfour m2 receptor residues was replaced, either individually
smaller than the corresponding m2(wt) effects, and in two or in combination, with the corresponding residues present
cases [q(¥~C) and g(V—F)] no significant increase in PLC  in the Gy r-coupled muscarinic receptors (AALS). We found
activity was observed [as compared with the responses seerthat three of the four m2 receptor single point mutants
after co-expression of CR15 with vector DNA or g(wt)]. One examined [m2(¥-A), m2(T—A), and m2(i-L)] were
possible reason for the reduced coupling efficiencies observedclearly less efficient than m2(wt) in mediating qo5-dependent
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PLC activation (loss in efficacy and/or carbachol potency). pletely abolished m2 receptor activity (in the absence or
However, we could demonstrate that these three mutantpresence of agonist ligands; Lat al., 1996). These data,
receptors (similar to most other receptor constructs examinedtaken together with the results of the present study, are
in this study; Figure 3) retained the ability to productively consistent with a model of receptor activation that involves
couple to Gs (upon co-expression withys), a G protein a ligand-induced rotational and/or translational movement
known to be activated by most G protein-coupled receptors of TM VI, thus exposing the critical, previously inaccessible
including m2(wt) (Offermanns & Simon, 1995). This residues, Vaks, Thrags and lless for interactions with the
observation strongly suggests that the inability of m2@), C-terminus of G protein, subunits.

m2(T—A), and m2(i-L) to efficiently interact with qo5 is Baldwin (1993) recently proposed a model of the packing
not caused by a generalized misfolding of the intracellular arrangement of the seven transmembrane helices present in
receptor surface, but is most likely due to the disruption of a|| G protein-coupled receptors that is compatible with the
specific receptor/G protein contact sites. results of a vast number of mutagenesis studies as well as

On the other hand, the m2{tS) point mutant was able  with a low-resolution electron density map of rhodopsin
to couple to qo5 in a fashion virtually identical to that found  (Schertleret al, 1993). Based on this model, \@} Thrsgs,
with m2(wt) (Table 1), suggesting that Lgpdoes not play  and lles, are predicted to project into the interior of the
a critical role in the recognition of the C-terminus af, helical bundle where they may be engaged in tertiary
subunits. This notion is also consistent with the observation interactions with residues located on other transmembrane
that Lewsois replaced with a different residue (phenylalanine) helices. Interestingly, spin labeling studies have shown that
in the m4 muscarinic receptor (Figure 1A) which is known several residues at the i3 loop/TM VI junction in bovine
to display the same G protein coupling preference as m2-rhodopsin (particularly Vak, and Thgs) undergo large
(wt) (Peraltaet al,, 1988; Wess, 1996). increases in mobility upon photoexcitation (Altenbattal.,

The results obtained with a series of m2 receptor double 1996). In addition, studies with mutant rhodopsin molecules
point mutants (VF-AA, VI—AL, IL—LS, and TL.—~AS) modified with two different spin markers (Farrees al.,
generally support the conclusions drawn based on the1996) recently showed that this mobility increase is most
functional analysis of the single point mutants. For example, |ikely due to a ligand-induced rotational movement of TM
two of these mutant receptors [m2(¥AA) and m2-  v| (accompanied by an “outward” movement of TM VI, as
(VI—AI)] almost completely lost the ability to functionally  has also been observed for bacteriorhodopsin; Subramaniam
interact with the mutantoq subunit, qo5 (Figure 2B), et al, 1993). These findings, therefore, provide direct
consistent with the key role of the targeted residuess¥al  experimental support for our previously proposed model (Liu
Thrsge, and llesgg) in recognition of the C-terminus afio etal, 1995, 1996) in which ligand binding to the m2 receptor
subunits. Itis therefore likely that each of these residues is protein is predicted to lead to a rotational and/or translational
engaged in specific interactions with the C-terminusaf movement of TM VI, thus enabling the C-terminus af,
subunits, and that each of these contact sites contributes taubunits to interact with the functionally critical residues
the specificity and efficiency of receptor/G protein coupling. (Valsgs Thrsgs and llegg) aligned along the inner face of

Secondary structure prediction algorithms (Strazteal., the i3 loop/TMVI junction.

1989) as well as mutagenesis studies (Bersteil., 1995;

Blin et al,, 1995) suggest that the receptor region at the i3 Structural Modification of the C-terminus of,

loop/TM VI junction is a-helically arranged. If this is

correct, Valgs, Thrags and llege are predicted to form a The second major goal of the present study was to
Contiguous surface located on one side of an amphiphiiic investigate which structural elements (amino aCidS) within
a-helix (Figure 1B). It should be noted that the correspond- the C-terminal portion ofxi, subunits are critical for the
ing region atthe i3 |00p/'|'|\/| VI iunction in the photoreceptor, functional interaction with the VTIL motif in m2(Wt) Co-
rhodopsin, shares a high degree of sequence identity withexpression experiments showed that m2(wt) could interact
the corresponding m2 (m4) muscarinic receptor sequenceWith gi4 [a mutantoq subunit in which the last four amino
(Figure _‘]_A) For exampie, V@O and Thgs; in (bovine) acids of q(Wt) (YNLV) were replaced with the Corresponding
rhodopsin directly correspond to \d@land Thggsin them2 @12 sequence (CGLF)] with the same high efficiency as
receptor (Figure 1A) |nteresting|y, a site-directed spin observed with CII5 (Figure 5) This observation indicates that
labeling study (in which individual residues at the i3 loop/ the presence of the aspartate residue at positivn i,

TM VI iunction in rhodopsin were repiaced with Cysteine is not critical for m2(\l\ft)-med|at9d activation Qf1,2 subunits.
residues, followed by covalent modification of the cysteine This notion is also supported by the observation that this
residues with a spin marker) recently provided more direct aspartate residue is replaced with glutamate and glycine in
structural evidence that this region (that includes;Mand a3 and o, 2 respectively (Figure 4).

Thrys;) does in fact adopt an-helical secondary structure Since the C-terminal four amino acidsaf differ in only
(Altenbachet al., 1996). Given the high degree of sequence three residues from the correspondiag . sequence (the
identity between rhodopsin and the m2 (m4) muscarinic leucine residue at positior-2 is conserved among all
receptors within this region, it is highly likely that the model mammaliana subunits; Figure 4), threeq single point

depicted in Figure 1B is correct. mutants [q(¥—C), q(N—G), and q(\*~F)] were prepared
We could recently show that the insertion of one or more and tested for their ability to functionally interact with co-
extra alanine residues immediately C-terminal of 3¥gin expressed m2(wt). We made the surprising observation that

m2(wt) leads to mutant m2 receptors that can interact with either of these three mutaat; subunits could be activated

the proper G proteins even in the absence of activating by m2(wt), although with different efficiencies. Whereas
ligands (Liuet al, 1996). On the other hand, deletion of co-expression of m2(wt) with q(v*F) resulted in a modest

the residue (Alg;) C-terminal of Valgs in m2(wt) com- but reproducible increase in PLC activity f8-fold as
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compared to a 2.5-fold increase observed with q(wt)],
coexpression with q(¥=C) or q(N—G) led to a more robust
activation of the PI cascade<{@-fold increase in maximum
PLC activity). The involvement of the C-terminal pheny-
lalanine residue (positiort1) of aj; » in determining receptor
coupling specificity is also highlighted by the observation
that m2(wt) was able to interact with the q(Y¥»CF) and
q(NV—GF) double point mutants with significantly greater
efficiency than with the corresponding single point mutants
q(Y—C) and q(N—G), respectively, which display a valine

residue at their extreme C-terminus (Table 2). Consistent
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CONCLUSIONS

In conclusion, the present study provides novel insight into
the molecular basis of receptor/G protein coupling selectivity.
Most remarkably, our data provide the first example that the
coupling specificity of G proteim subunits can be changed
by single amino acid substitutions. The approach described
here (involving the co-expression of mutant G protein-
coupled receptors with mutant G proteirsubunits) should

' be generally applicable to identify other major, functionally

relevant receptor/G protein contact sites.
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