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protein-coupled receptors (GPCRs) constitute
G the predominant extracellular signaling system

in all cells, with a small subset of this receptor
superfamily (<10%) accounting for nearly 30% of all
current medicines (). Nonetheless, it is widely acknowl-
edged that the rate of discovery of novel chemical enti-
ties targeting GPCRs for therapeutic purposes is declin-
ing. One possible reason for this trend is a failure to
appreciate and capture novel paradigms of ligand be-
havior at GPCRs. In particular, although ligand-target se-
lectivity has traditionally been approached through ex-
ploiting differential affinity between receptor subtypes,
it is now accepted that selectivity can also arise through
differential stabilization of specific conformational
states of a given subtype, each associated with its own
complement of discrete signaling pathways (2). This
phenomenon is referred to as “functional selectivity”
but has also been called “stimulus-trafficking” or “bi-
ased agonism” (3). Functional selectivity removes the
emphasis from the receptor type per se as being the
minimal unit for ligand recognition and places it on any
one of a possible multitude of receptor active states as
the minimal determinants of a drug’s “intrinsic” efficacy.
Moreover, the cellular background and its complement
of accessory proteins are also paramount in this regard
because they can bias the conformations a receptor can
adopt through compartmentalization or via association
in larger multimeric complexes (4).

As a consequence, it has become evident that the
choice of cell background and assay type will have an
enormous bearing on the detection, or lack thereof, of
functional selectivity in the actions of novel chemical
probes and potential drug candidates. Indeed, this con-
cept is currently leading to a revision of the notion of li-
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ABSTRACT “Functional selectivity”, although new to many chemists and biolo-
gists only a few years ago, has now become a dominant theme in drug discovery.
This concept posits that different ligands engender unique receptor conformations
such that only a subset of signaling pathways linked to a given receptor are re-
cruited. However, successful exploitation of the phenomenon to achieve pathway-
based selectivity requires the ability to routinely detect it when assessing ligand
behavior. We have utilized different strains of the yeast S. cerevisiae, each express-
ing a specific human Ga/yeast Gpal protein chimera coupled to a MAP kinase-
linked reporter gene readout, to investigate the signaling of the M3 muscarinic re-
ceptor, a G protein-coupled receptor (GPCR) for which various antagonists are used
clinically. Using this novel platform, we found that the “antagonists”, atropine,
N-methylscopolamine, and pirenzepine, were inverse agonists for Gpal/Gaq but
low efficacy agonists for Gpal/Ga,,, Subsequent studies with atropine performed
in mammalian 3T3 cells validated these findings by demonstrating inverse ago-
nism for Gq/1;-mediated calcium mobilization but positive agonism for Gi»-
mediated membrane ruffling. This is the first study to utilize a yeast platform to dis-
cover pathway-biased functional selectivity in a GPCR. In addition to the likely ap-
plicability of this approach for identifying biased signaling by novel chemical enti-
ties, our findings also suggest that currently marketed medications may exhibit
hitherto unappreciated functional selectivity.
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gand efficacy even with established drugs on the mar-
ket, indicating that the assays initially used to discover
such compounds were not optimal for the detection of
all their potentially clinically relevant effects. For ex-
ample, the clinically used B-adrenergic receptor “an-
tagonists” propranolol and atenolol have been shown
to exhibit agonist as well as antagonist/inverse agonist
effects depending on which signaling pathway is mea-
sured (5, 6). Another B-blocker that has shown superior
clinical efficacy in the treatment of heart failure, carve-
dilol, has recently been found to display a bias toward
G protein-independent signaling via B-arrestin, in addi-
tion to inhibiting G protein-dependent pathways (7). It is
thus possible that clinical efficacy may be associated
with the right “mix” of functionally selective signaling
traits and that the reliance on a primary screening as-
say biased toward one type of G protein-mediated sig-
naling network early in the discovery phase may lead to
the selection of chemical candidates that will fail in sub-
sequent translation phases due to the relevance of un-
appreciated ligand signaling effects.

From a chemical biology and drug discovery perspec-
tive, therefore, there is benefit in screening for novel li-
gand activities as broadly as possible. In general, the ap-
proach most commonly taken to achieve this is via the
use of multiple assay types, each associated with differ-
ent signaling pathways linked to a GPCR of interest. In
addition to the labor-, time-, and cost-intensive nature of
such approaches, however, the pleiotropic coupling of
most GPCRs often results in convergence of signal path-
ways, which makes the results difficult to interpret. The
recent advent of “label-free” technologies, for example’
the measurement of cellular dynamic mass redistribu-
tion using resonance waveguide biosensors, promises
a more global means of quantifying cellular activation,
but the extent to which these methods allow a mecha-
nistic ascription of underlying G protein-coupling pro-
files to novel ligand actions remains largely undeter-
mined. The current study proposes a novel approach to
investigating G protein-mediated functional selectivity,
namely, by utilizing the yeast species Saccharomyces
cerevisiae as @ mammalian GPCR expression system.
This method exploits the ability of mammalian GPCRs
to signal to the yeast’s pheromone response pathway
via a chimeric Ga protein consisting of the yeast Ga sub-
unit (Gpa1) with a five C-terminal amino acid substitu-
tion of the mammalian Ga subunit of choice, allowing
coupling specificity to the mammalian GPCR while main-
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taining its ability to signal in the yeast background (8).
Through this chimeric approach, yeast can be adapted
to accommodate mammalian GPCR signaling via a one-
GPCR-one-G protein pathway. By linking this yeast sig-
naling cascade to reporter gene expression (Figure 1,
panel a), a robust functional output of receptor activa-
tion is attained that can be unambiguously ascribed to
signaling via the GPCR and individual G protein of inter-
est. Although this method cannot address any selectiv-
ity of drug action due to non-G protein-mediated signal-
ing, the yeast system removes the ambiguities
associated with convergent G protein-mediated signal-
ing and cross-talk.

As proof-of-concept of this approach, we have uti-
lized this modified yeast system to investigate the phar-
macology of established “antagonists” of the M3 musca-
rinic acetylcholine receptor (mAChR). This GPCR was
chosen because it is a prototypical member of the rho-
dopsin family of GPCRs and represents the main target
of action for compounds classed as anticholinergics in
the treatment of diseases such as chronic obstructive
pulmonary disease (9). Herein, we reveal novel G,
protein-specific agonist properties of atropine and re-
lated ligands, previously classed as antagonists/inverse
agonists, and validate this finding in a mammalian cell
background.

RESULTS AND DISCUSSION

Discovery of Functionally Selective Signaling in
Yeast. The pleiotropic nature of GPCR coupling pre-
sents an often-difficult problem in ligand profiling, given
that a single functional output may be attributed to mul-
tiple G protein subtypes. One of the benefits of the
yeast system in this regard is that it can determine spe-
cific G protein-coupling in the absence of multiple G pro-
tein subtypes. In this study, we have used the M;
mAChR as a clinically relevant, pleiotropically coupled
GPCR to ascertain the ability of the yeast system to fur-
nish ligand-specific G protein-coupling profiles that can
be predictive of behavior in mammalian cells.

The optimal functional expression of the M3 mAChR
in yeast has been previously shown to require an intra-
cellular third loop deletion that removes most of this cy-
tosolic region while retaining the minimal N- and
C-terminal portions known to determine G protein-
coupling (10). Therefore, all yeast experiments in our
current study were performed using a rat M; mAChR with
this deletion (rM3Ai3 mAChR). Concentration—response
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Figure 1. Muscarinic receptor signaling in yeast. a) Schematic diagram of the modification of the yeast pheromone response
pathway for use as a mammalian GPCR expression system. The chosen mammalian GPCR is coupled to the yeast pathway via a
chimeric yeast Gpal/mammalian G« protein (see inset for the schematic of the C-terminal amino acid sequence of the chimeric
G proteins used in this study). Liberation of the yeast GBvy subunits (Ste4 and Ste18, respectively) activates a MAPK module
and, subsequently, the LacZ reporter gene, resulting in a functional readout. b) CCh concentration—response curves in yeast ex-
pressing the rM;Ai3 receptor in addition to Gpa1l/Gay, Gpal/Ga,, Gpal/Gay 2, or Gpal/Gas. Data points are expressed as
relative fluorescence units (RFU) as a mean percentage of basal activation + SEM obtained from four experiments performed in

duplicate.

curves were first constructed to the prototypical mAChR
agonist carbachol (CCh) in yeast strains expressing the
rM;Ai3 mAChR and chimeras of Gpal/Gay, Gpal/
Gaur/2, Gpal/Goy,, Gpal/Gas, or Gpal. CCh elicited ro-
bust responses in strains expressing chimeras of Gpa1/
Gog, Gpal/Gauy, and Gpal/Goy, with varying
potencies (Table 1), a modest response in the Gpal
strain, but no response in the strain expressing Gpal/
Gass (Figure 1, panel b). The G protein-coupling profile of
CCh generated in yeast was consistent with G proteins

www.acschemicalbiology.org

that have previously been shown to couple to the M;
mAChR in mammalian cells.

We next assessed whether antagonist affinity could
be estimated using functional yeast data. Interaction
studies between CCh and the prototypical, nonselec-
tive mAChR antagonist atropine were performed in
strains expressing Gpal/Goyg, Gpal/Gaiy, Or Gpal/
Gau,. Figure 2 shows that, in each case, atropine pro-
duced parallel, dextral shifts of the CCh
concentration—response curves in a concentration-
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TABLE 1. Potency estimates of carbachol and atropine derived from concentration—response curves and

interaction studies yeast and mammalian cell assays-

Ca** mobilization

Gpal/Gayg Gpal/Geu, Gpal/Gaouy/, — filipin 1Nl
Agonist potency (pECs, or plCso)®
CCh 7.15 + 0.08 (71 nM) 6.66 = 0.16 (219 nM)  6.67 = 0.20 214nM)  8.43 = 0.14 (3.7 nM)
Atropine  9.06 = 0.51 (0.87 nM)  9.06 = 0.34 (0.8 nM) na 8.19 = 0.13 (6.5 nM)
Antagonist potency (pA,)°
Atropine  9.16 = 0.11 (0.69 nM)  9.19 + 0.17 (0.65nM)  9.53 = 0.17 (0.30 nM)  9.15 * 0.35 (0.71 nM)

Membrane ruffling

+ filipin 1Nl — filipin Il + filipin 1l

8.44 + 0.09 (3.6 nM)
8.43 = 0.20 3.7 nM)

5.15 + 0.24 (7.1 M)
8.16 = 0.40 (6.9 nM)

5.09 = 0.35 (8.1 M)
9.20 + 0.54 (0.63 nM)

n.d. 9.65 = 0.23 (0.22nM) nd

Values represent the mean + SE obtained from 3—13 experiments performed in duplicate. na = not applicable; nd = not determined. ®Negative
logarithm of the concentration of ligand producing half maximal stimulation (ECse) or inhibition (ICso) of receptor activation. Concentration corre-
sponding to the antilogarithm is shown in parentheses. ‘Negative logarithm of the concentration of atropine that that requires a 2-fold increase in
agonist concentration to achieve a response equivalent to that in the absence of agonist; for a competitive interaction, the pA; is a measure of
the pKz (negative logarithm of the antagonist dissociation constant). Concentration corresponding to the antilogarithm is shown in parentheses.

dependent manner. Application of eq 2 (see Methods)
yielded pA, estimates for atropine shown in Table 1. Sta-
tistical analysis using a one-way ANOVA with a Bonfer-
roni’s post-test demonstrated no significant difference
between these values (p > 0.05). Hence, in addition to
generating a G protein-coupling profile for CCh, we show
that it is possible to generate antagonist affinity esti-
mates through analysis of the interaction between CCh
and atropine in strains expressing Gpal/Gog, Gpal/
Gai1/2, and Gpal/Gay,. The antagonist affinity values
yielded from these analyses were consistent with affin-
ity values derived for atropine at the M; mAChR in the
past.

Interestingly, these studies also revealed atropine-
induced alterations in the basal responses in yeast
strains expressing Gpal/Gag and Gpal/Gay,, suggest-
ing atropine had activity in the absence of CCh. To fur-
ther probe this phenomenon, concentration—response
curves were constructed to atropine in yeast strains ex-
pressing chimeras of Gpal/Gey, Gpal/Gai,, and
Gpal/Gay, (Figure 2, panel D). Atropine was found to
be an inverse agonist when coupled to Gpal/Gay, de-
creasing the basal activity of the system by 25%,
whereas it displayed properties of a neutral antagonist
when coupled to Gpal/Gaiy; (Figure 2, panel D). Sur-
prisingly, however, we found that atropine was a low ef-
ficacy agonist when coupled to Gpal/Gay; in the yeast
system, displaying an increase of approximately 15%
over basal activation (n = 4).

The ability of atropine to show both positive and
negative efficacies when coupled to two distinct G pro-
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teins is a hallmark of functional selectivity. We thus in-
vestigated whether this profile was a general property of
other muscarinic “antagonists” by investigating the ef-
fects of N-methyl scopolamine (NMS) and pirenzepine in
Gpal/Gag and Gpal/Gey, strains (Figure 3). These ex-
periments revealed that both compounds followed the
same profile as atropine, with plCs, estimates for inhibi-
tion of Gpal/Gayg activation of 9.14 + 0.17 (0.72 nM;
NMS) and 6.60 = 0.15 (251 nM; pirenzepine) (n = 3)
and pECs, values for Gpal/Ga;, signaling of 9.57 +
0.10 (0.27 nM; NMS) and 7.16 * 0.20 (69 nM; pirenz-
epine) (n = 3). These results suggest that the pathway-
dependent differential signaling of atropine is a com-
mon trait of the other “antimuscarinic” ligands. The
inverse agonism displayed by atropine, NMS, and piren-
zepine in yeast strains expressing Gpal/Gog was not
necessarily a surprising result, given that it is known that
many muscarinic antagonists are, in fact, inverse ago-
nists for Gg/11-mediated signaling at the M3 mAChR
(11-13). However, the observation that atropine, NMS,
and pirenzepine displayed weak but detectable ago-
nism when coupled to Gpal/Ga;, proteins is novel; al-
though atropine-induced positive agonism has been re-
ported previously in a yeast background (12), this was
only after engineered receptor mutations in key trans-
membrane regions. The potency of a low efficacy ago-
nist should also be an estimate of its affinity at a given
receptor, since as the efficacy approaches zero, the po-
tency approaches its affinity (14); this was found to be
the case for atropine, NMS, and pirenzepine in the
Gpal/Gay, yeast strain.

www.acschemicalbiology.org
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Figure 2. Differential effects of atropine on basal mAChR activation in yeast. A—C) CCh concentration—response curves, per-
formed in yeast strains expressing the rM;Ai3 mAChR and Gpa1/Geyq (A), Gpal/Gaiy/; (B), or Gpal/Gey, (C), in the absence
and presence of atropine. Data points are expressed as RFU as a mean percentage of the CCh E,, in the absence of atropine +
SEM obtained from four experiments performed in duplicate. D) Atropine concentration—response curves in yeast strains ex-
pressing the rM;Ai3 mAChR and Gpa1/Gay, Gpal/Gay/, or Gpal/Gey,. Data are represented as the mean RFU as a percentage
of basal activation + SEM and is obtained from four experiments performed in duplicate.

Validation of Functional Selectivity at the Human M;
mAChR in Mammalian Cells. To validate the ability of
the yeast system to predict novel ligand pharmacology
in mammalian cells, experiments were performed in 3T3
fibroblasts expressing the full-length human Ms; mAChR
(3T3 M3 mAChR cells), using intracellular Ca>* mobiliza-
tion and cytoskeletal rearrangement (15) as surrogate
assays for Goq and Geyy; activation, respectively. Atro-
pine was used as the representative biased ligand for
these experiments.

Interaction studies between CCh and atropine were
first performed using intracellular Ca>" mobilization in
3T3 MsmAChR cells (Figure 4, panel A). Atropine caused
a concentration-dependent, parallel, rightward shift of
the CCh concentration—response curve. An affinity esti-
mate for atropine of was derived by applying eq 2
(Table 1; see Methods). This value was not statistically
different from atropine’s affinity determined in yeast ex-
pressing Gpal/Gay (p > 0.05). Also in agreement with
the yeast data, atropine caused a concentration-
dependent reduction in basal Ca?* mobilization in the
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3T3 cells, indicative of an inverse agonist for Gg/11 Sig-
naling (Figure 4, panel B).

To investigate the coupling of the human M; mAChR
to Gy, proteins, assays were performed to determine
ligand-induced effects on the membrane ruffling re-
sponse in 3T3 M3 mAChR cells (16). Figure 5, panels
A—C, shows representative images of membrane ruf-
fling in 3T3 M3 mAChR cells, in the absence and pres-
ence of CCh or atropine. CCh-induced membrane ruffling
concentration—response curves were then constructed
from epifluorescence micrographs in the absence and
presence of atropine in 3T3 M3 mAChR cells (Figure 6A,
panel). The affinity of atropine as an antagonist of CCh
from these experiments was estimated using eq 2
(Table 1); effects were also noted on the maximum re-
sponse to CCh in the presence of atropine, but this is
most likely due to a hemiequilibrium between the two li-
gands over the time course of receptor activation (17).
Importantly and in agreement with the effects of atro-
pine found in the yeast strains expressing Gpal/Gay,,
the compound was also a low efficacy agonist of the
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pirenzepine concentration—response curves in yeast Ermax in the absence of atropine + SEM collected from six

strains expressing Gpal/Goy (A) or Gpal/Ga, (B). Data experiments performed in duplicate.

are expressed as mean percentage of basal activation + . . L .

SEM collected from three experiments performed in to an increase in constitutive activity of the Ms receptor

duplicate. in the 3T3 cells: a higher concentration of atropine is re-
) ) quired to surmount the high degree of constitutive activ-

membrane ruffling response in 3T3 M3 mAChR cells ity, thus reducing its apparent potency (14). However,

(Figure 6, panel B). this phenomenon cannot account for the reduction in at-

The antagonist affinity values derived from the CCh ropine’s potency as an agonist noted in the Gy
interaction studies performed in 373 M; mAChR cellsin mediated membrane ruffling assays in 373 M; mAChR
Ca’" mobilization and membrane ruffling assays were  cells, Therefore, this latter finding suggests that atropine
not statistically different from those generated from the  may be binding with a lower affinity to receptors medi-

same experiments performed in yeast. Interestingly, ating membrane ruffling in 373 M; mAChR cells than to
however, the potency of atropine as an agonist derived  receptors mediating Gpal/Gas, signaling in yeast.

from Gpal/Ga, and Gpal/Gay, yeast assays was not It is possible that the differential potencies of atro-
consistent with its potency values derived in Ca?* mobi-  pine noted in the 373 cells may be due to differences
lization and membrane ruffling assays. For the G- in the receptor constructs used between the two assay
mediated Ca?* mobilization assays in 3T3 M3 mAChR systems and/or a restriction of pools of the receptor to a

cells, the apparent reduction in atropine’s potency com-  cellular compartment(s) such that atropine actually in-
pared with the Gpal/Gey yeast assay can be ascribed teracts with two different populations/states of recep-
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Figure 5. Validation of G,,-biased ligand pharmacology in mammalian cells. Epifluorescence micrographs of 3T3 M;
mAChR cells treated with ligand, fixed, stained with Hoechst 33342 nuclear dye (blue) and Alexa-568 phalloidin
(green), and imaged using a 20X objective on an IN Cell 1000 analyzer. A) Cells treated with serum-free media, which
displayed smooth edges with an even distribution of actin at the membrane. B) Cells treated with 100 .M CCh, where
many cells display a ruffled membrane consisting of convoluted actin structures at the membrane (red arrows). C) Cells
treated with 100nM atropine, which mostly display an even actin distribution at the membrane, although some cells
display a ruffled morphology (red arrows).

tor in the mammalian cells. Although we cannot rule
out the former possibility, we chose to focus on the lat-
ter because it involved the full length human receptor in
a mammalian cell background. Specifically, CCh and at-
ropine concentration—response curves were con-
structed in 3T3 M3 mAChR cells before and after mem-
brane cholesterol sequestration by filipin Ill (5 pg mL™?
for 30 min prior to ligand treatment). As shown in
Figure 7, panel A, cholesterol sequestration in 3T3 M3
mAChR cells revealed that the potency of CCh in Ca?*
mobilization assays was not altered; however, the de-
gree of constitutive activity in the system was reduced.
The potency of atropine as an inverse agonist in Ca*
mobilization assays was slightly increased in the pres-
ence of filipin Il compared to its potency in the absence

www.acschemicalbiology.org

of filipin Il (Table 1; Figure 7, panel B). Results from
membrane ruffling assays also showed that cholesterol
sequestration caused no change in the potency of CCh
(Figure 7, panel C) but resulted in a substantial increase
in the potency of atropine in membrane ruffling assays
(Table 1; Figure 7, panel D). It is possible that the pro-
found effect of filipin Il treatment on atropine’s ago-
nism, relative to that of CCh, reflected a higher sensitiv-
ity of atropine to cholesterol sequestration due to its
very low efficacy. To address this, we repeated the fili-
pin lll experiments in 3T3 M3 mAChR cells using the
lower efficacy partial agonist pilocarpine to activate the
receptor but found no effect of cholesterol sequestration
on the potency of pilocarpine in either Ca?* mobiliza-
tion or membrane ruffling assays (data not shown). This
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Figure 6. Determination of membrane ruffling
concentration—response curve relationships. A) Response
to CCh, performed in 3T3 M3 mAChR cells, in the ab-
sence and presence of atropine pretreatment (15 min). B)
Response to atropine in 3T3 M; mAChR cells. Data are rep-
resented as mean percentage of cells exhibiting mem-
brane ruffling in the absence of ligand + SEM collected
from seven experiments performed in duplicate.

suggests that the effect of filipin Ill on the atropine re-
sponse was conformation-specific.

In addition to validating that novel functionally selec-
tive effects identified in yeast are relevant to mamma-
lian cells, these findings also suggest that lipid-rich
compartments may impose selective restrictions on at-
ropine signaling, due to changing the available pool of
interacting G proteins between compartments, or con-
formational restriction of the receptor by changes in
membrane fluidity. Prior evidence exists for both phe-
nomena. For example, the adenosine A, GPCR has been
shown to couple less efficiently when paired with a1,
compared to asB4y, When expressed in Sf9 cells, sug-
gesting a potential for cell-type-mediated signaling bias

(18). Alterations in hippocampal neuron membrane fluid-

ity by cholesterol depletion have also been shown to re-
duce the affinity of the serotonin 5-HT;, receptor agonist
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[>H]-8-hydroxy-2(di-N-propylamino)tetralin, suggesting
that a decrease in membrane fluidity induces a receptor
conformation that is less favorable for ligand binding than
that in the presence of cholesterol (19). The concept of
cell-type-induced signaling bias is further highlighted in
a study performed using the oxytocin receptor (OTR) in
Madin—Darby canine kidney cells (20). That study
showed that the OTR normally exists outside of caveolae
to mediate decreases in cell proliferation, but when fused
to caveolin-2 the receptor can switch to promoting cell
proliferation.

With regards to the implications of our results for
mAChR pharmacology, low efficacy agonism at G;, is a
novel finding. Consequences of signaling through Ga;,
are generally poorly defined compared to other Ga pro-
tein subtypes; however, there is evidence that its effec-
tors include Rho guanine nucleotide exchange factors
(RhoGEFs) and therefore Rho guanine triphosphatases
(RhoGTPases) and RacGTPases (21). The most com-
monly studied RhoGTPase, RhoA, has two main effec-
tors Rho kinase (ROCK) and mDia1 that, together with
Rac, play distinct roles in manipulation of the actin cy-
toskeleton (15, 16). The effects of actin modulation are
widespread, from cell morphology changes to alter-
ations in gene transcription by nuclear actin (22). Addi-
tionally, among the effects of Rho activation is also the
upregulation of inflammatory cytokines such as interleu-
kins and chemotactic factors, where inhibition of ROCK
has been shown to decrease levels of IL-5, IL-13, and
eotaxin in murine airways (23); interferon vy, IL-2, IL-3,
and IL-5 in human asthmatic bronchial lavage fluid (24);
and IL-6 and tumor-necrosis factor o in C6 glioma cells
(25). Furthermore, acetylcholine has been shown to ac-
tivate alveolar macrophages via M3 mAChRs, which re-
sults in the release of chemotactic factors (26). Interest-
ingly, however, there is evidence to suggest that
“antimuscarinics” can also cause an increase in inflam-
matory mediators: atropine is able to elevate IL-10 lev-
els in mice with lipopolysaccharide-induced inflamma-
tion (27) and enhance major basic protein deposition by
eosinophils associated with an elevation of IL-5 in air-
ways of antigen-challenged guinea pigs (28). Moreover,
tiotropium, which is used to treat chronic obstructive
pulmonary disease (COPD), has been shown to cause
an increase in IL-8 in sputum patients with COPD (29).
Additionally, there has been a reported case of the in-
flammatory disease interstitial granulomatous dermati-
tis appearing concomitantly with the commencement of
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Figure 7. Impact of cholesterol sequestration on M; mAChR-mediated Ca* mobilization and membrane ruf-
fling. A, B) CCh- and atropine-induced effects on Ca>* mobilization concentration—response curves per-
formed on 3T3 M; cells in the absence and presence of filipin Ill (5 ng mL™2). C, D) CCh- and atropine-
induced membrane ruffling concentration—response curves performed 3T3 M; cells in the absence and
presence of filipin Il (5 ug mL™?). Data are expressed as mean RFU as a percentage of the maximal CCh re-
sponse in the absence filipin Il (panels A and B) or as the mean percentage of cells exhibiting membrane
ruffling in the absence of filipin Il (panels C and D) + SEM obtained from 3—13 experiments performed in
duplicate. Curve fits in the absence and presence of filipin Il treatment presented in graph D were found to

be statistically different, F-test, p < 0.05.

darifenacin, an M3 mAChR-selective antagonist used
for the treatment of urinary incontinence, and ceasing
at the time of termination of the regime (30). While these
examples currently only speculate on potential, hith-
erto unappreciated actions of some antimuscarinic li-
gands, they nonetheless emphasize how little is actu-
ally known about the collateral effects of common
therapeutic agents and coincident activation of GPCR
signaling that may influence the clinical outcome. Al-
though the G;,-mediated effects of antagonists identi-
fied in our study were small in magnitude in a system
with a relatively high receptor expression level, it should
be noted that many drug treatment regimens are chronic
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in nature and that sustained, low level recruitment of un-
appreciated signaling pathways may nonetheless re-
sult in long-term regulatory effects that contribute to
clinical efficacy and/or undesired side effects.

In conclusion, this is the first study to identify function-
ally selective G protein-mediated signaling using a yeast
assay. Importantly, we have shown that the behaviors
identified are retained in mammalian cells, suggesting
that the yeast may be used in a manner that is predic-
tive of novel signaling in more relevant cell backgrounds.
It is envisaged that the approach described herein can be
extended to identify novel chemical biology associated
with other GPCR types and ligands as well.
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METHODS

Materials. The p416GPD rM;Ai3 mAChR was a generous gift
from Dr. Jiirgen Wess (National Institutes of Health, Bethesda,
MD). Flp-In 3T3 cells, Gateway plasmids, BP clonase kit, LR clo-
nase kit, hygromycin B, zeocin, Fluo-4 a.m., S. cerevisiae Easy-
Comp “transformation kit, and fluorescein di(B-o-
galactopyranoside) (FDG) were from Invitrogen. Fluo-4-AM, Ho-
echst 33342, and Alexa” 568-conjugated phalloidin were from
Molecular Probes. cDNA constructs of the human M; mAChR
were from the Missouri University of Science and Technology
(http://cdna.org). Dulbecco’s modified Eagle medium (DMEM)
and fetal bovine serum (FBS) were from GIBCO and JRH Bio-
sciences, respectively. All other reagents were from Sigma Al-
drich (St. Louis, MO).

Yeast Transformations and Signaling Assay. Saccharomyces
cerevisiae strains expressing chimeras of five C-terminal amino
acids of human Ga protein with Gpal (1-467) have been previ-
ously described (8). The yeast strains were further transformed
with a p416GPD vector containing the gene encoding the rat Ms
mAChR with a intracellular third loop deletion (rMs;Ai3 mAChR)
as described in ref 10, using the S. cerevisiae EasyComp trans-
formation kit in accordance with manufacturer’s instructions.

The conditions for the signaling component of the assay
have also been described (31). Briefly, single colonies were cul-
tured overnight at 30 °C in synthetic complete (SC) medium,
lacking amino acids required for plasmid maintenance. Cells
were pelleted and diluted to 0.02 ODggo mL™ in SC medium,
lacking amino acids for plasmid maintenance, but supple-
mented with 0—10 mM 3-aminotriazole, 1 M fluorescein di(B-
p-galactopyranoside), and 0.1 M sodium phosphate, pH 7.3. Cell
suspension was diluted into 96-well plates with appropriate li-
gand dilutions and incubated for 18—24 h at 30 °C. Fluores-
cence was measured in an EnVision plate reader (Perkin-Elmer)
at 475 nm excitation and 520 nm emission.

Transfections and Cell Culture. The cDNA sequence of the hu-
man M; mAChR was amplified by PCR and cloned, using classi-
cal cloning methods, into the Gateway entry vector, pPDONR201,
using the BP clonase kit according to manufacturer’s instruc-
tions. The M3 mAChR construct was subsequently transferred in
the Gateway destination vector, pEF5/FRT/V5-dest, using the LR
clonase kit in accordance with manufacturer’s instructions. The
construct was then transfected into Flp-In 3T3 cells using meth-
ods described previously (32). Flp-In 3T3 cells stably expressing
the M3 mAChR (3T3 M3 mAChR cells) were cultured at 37 °C in
5% CO, in DMEM supplemented with 5% (v/v) FBS, 16 mM
HEPES and were selected using 200 pug mL™! hygromycin B but
maintained using 100 pg mL™! hygromycin B.

Ca”* Mobilization Assay. 373 M3 mAChR cells were cultured
overnight in 96-well plates at 37 °C in 5% CO,. Cells were
washed twice in Ca?* assay buffer (150 mM NaCl, 2.6 mM KCl,
1.2 mM MgCl,, 10 mM dextrose, 10 mM HEPES, 2.2 mM CaCl,,
0.5% (w/v) BSA and 4 mM probenecid). Buffer was then re-
placed with Ca?" assay buffer with 1 wM Fluo-4 a.m. and incu-
bated for 1 h at 37 °C in 5% CO,. Cells were washed twice more
and replaced with 37 °C Ca%* assay buffer, pretreated appropri-
ately with antagonist (if required) or buffer, then agonist was
added, and fluorescence was measured in a Flexstation” (Molec-
ular Devices) at 485 excitation and 520 emission wavelengths.
To disrupt lipid-rich domains, cells were pretreated with 5 pug
mL~? filipin Il for 30 min prior to ligand treatment.

Cytoskeletal Rearrangement Assay and Image Analysis. 3T3
M5 mAChR cells were cultured overnight in 96-well plates at
37 °Cin 5% CO,. Samples were serum-starved 4 h prior to as-
saying then treated with ligand at appropriate time points to
capture peak response (CCh: 2 min, atropine: 15 min, deter-
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mined by separate time-course assays, data not shown). Media
was removed and the samples were fixed in 4% paraformalde-
hyde in phosphate buffered saline (PBS) for 10 min, rinsed twice
in PBS, and permeabilized in 0.3% (v/v) Tween20 in PBS.
Samples were stained in PBS containing 0.2 pg mL™! Hoechst
33342 and 2U mL™! Alexa 568-phalloidin, washed twice with
PBS and imaged using an IN Cell analyzer 1000 (GE Healthcare)
with 360 excitation, 460 emission (Hoechst 33342); 565 excita-
tion, 620 emission (Alexa 568-phalloidin) filters. For the cy-
toskeletal component, the images were randomized and
blinded, and analyzed manually to detect the number of cells
that exhibited membrane ruffling. That number was subse-
quently normalized to the nuclei content per image, which were
counted using IN Cell Developer software. Each
concentration—response curve data point represents one im-
age performed in duplicate over the number of times indicated
in the figure legends. On average, approximately 200 cells were
present in each image.

Data Analysis. Individual agonist concentration—response
curves, in the absence of antagonist, were fitted via nonlinear re-
gression to the following three-parameter logistic function, us-
ing Prism 5.02(GraphPad):

En.x — basal
1+ 10(*PEC50*103[AD

E = basal +

@)

where E is effect, [A] is the concentration of agonist, pECsq is
the negative logarithm of the agonist concentration (M) that
gives a response halfway between the E . and basal asymp-
totes, respectively.

Antagonist affinity estimates were obtained by using the
modified Lew/Angus, nonlinear regression model (33). If the
data did not satisfy the criteria of parallel, dextral shift with no
depression of En.x, the negative logarithm of equi-effective ago-
nist concentrations were utilized for pEC, in the following
equation:

pEC, = —log(B] + 107" — logc  (2)

where pEC, is the concentration of agonist that achieves an equi-
effective response between basal and E.y, [B] is the concentra-
tion of agonist, pA, is the negative logarithm of the concentra-
tion of antagonist (M) that requires a 2-fold increase in agonist
concentration to achieve an equi-effective response as that in
the absence of antagonist, and c is a fitting constant. pECy val-
ues were utilized in eq 2 for studies performed in yeast, pECgo
values for studies of Ca>* mobilization in NIH3T3 cells, and
pEC( values for studies of membrane ruffling in the NIH3T3
cells. For a competitive antagonist, the pA, value is a measure
of the pKG, i.e., the negative logarithm of the equilibrium disso-
ciation constant of the antagonist.

Antagonist potency estimates were analyzed with one-way
ANOVA with a Bonferroni’s post-test, using Prism 5.02 soft-
ware. For experiments comparing control and filipin Il pretreated
atropine concentration—response curves, an extra sum-of-
squares F-test was performed to determine whether fitting a
single curve to define both sets of data was statistically pre-
ferred (p < 0.05).
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