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(Background: The Monod-Wyman-Changeux (MWC) mechanism is the preeminent conformational selection model for

Results: The novel allosteric ligand, BQCA, behaves according to a two-state MWC mechanism at the M; muscarinic GPCR.
Conclusion: Chemical biological properties of GPCR allosteric ligands can be rationalized by the MW C model.
Significance: Application of our experimental framework to allosteric GPCR modulators can assist ligand classification and
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The Monod-Wyman-Changeux (MWC) model was initially
proposed to describe the allosteric properties of regulatory
enzymes and subsequently extended to receptors. Yet despite
GPCRs representing the largest family of receptors and drug
targets, no study has systematically evaluated the MWC mech-
anism as it applies to GPCR allosteric ligands. We reveal how the
recently described allosteric modulator, benzyl quinolone car-
boxylic acid (BQCA), behaves according to a strict, two-state
MWC mechanism at the M; muscarinic acetylcholine receptor
(mAChR). Despite having a low affinity for the M; mAChR,
BQCA demonstrated state dependence, exhibiting high positive
cooperativity with orthosteric agonists in a manner that corre-
lated with efficacy but negative cooperativity with inverse ago-
nists. The activity of BQCA was significantly increased at a
constitutively active M; mAChR but abolished at an inactive
mutant. Interestingly, BQCA possessed intrinsic signaling
efficacy, ranging from near-quiescence to full agonism
depending on the coupling efficiency of the chosen intracel-
lular pathway. This latter cellular property also determined
the difference in magnitude of positive cooperativity between
BQCA and the orthosteric agonist, carbachol, across path-
ways. The lack of additional, pathway-biased, allosteric mod-
ulation by BQCA was confirmed in genetically engineered
yeast strains expressing different chimeras between the
endogenous yeast G,,; protein and human Ga subunits.
These findings define a chemical biological framework that
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can be applied to the study and classification of allosteric
modulators across different GPCR families.

The concept of allosteric proteins was formalized nearly 50
years ago in the seminal MW C® model, which proposed a con-
formational selection mechanism to account for ligand actions
on regulatory enzymes (1). Since that time, the notion was
extended to encompass behaviors across a broader range of
protein families (2). The key statements of the MW C model are
that allosteric proteins are oligomeric, they possess an axis of
symmetry, they can exist in an equilibrium between (at least)
two distinct states in the absence of ligand, and they possess
multiple ligand recognition sites, binding to which stabilizes a
subset of conformational states at the expense of others. These
properties have substantial implications. For example, a large
body of literature, supported by multiple high resolution crystal
structures, now exists to indicate that numerous enzymes, ion-
channels, and DNA-binding proteins possess an obligate olig-
omeric structure, suggesting that this is key for many proteins
involved in signal transduction (2). In terms of chemical biology
and pharmacology, the conformational selection mechanism
that underpins the MWC, also referred to as a “two-state
model” (3, 4), predicts that it should be possible to discover not
only orthosteric, but allosteric, drugs that preferentially favor
either active or inactive receptor states and can selectively mod-
ulate the properties of co-bound ligands in a manner that cor-
relates with the efficacy (positive, negative, or neutral) of such
ligands. Moreover, if the receptor can adopt more than two
states, then it should be possible to identify compounds that
bias signaling toward selected pathways in a ligand-specific
manner (5).

It is axiomatic that such ligand behaviors can have a pro-
found impact on allosteric drug discovery (6). Arguably, this is
most evident in the field of GPCRs, which represent the largest

¢ The abbreviations used are: MWC, Monod-Wyman-Changeux; Ach, acetyl-
choline; mAChR, M; muscarinic acetylcholine receptor; hM1, human M1;
(PHINMS, N-[*Hlmethylscopolamine; GPCR, G protein-coupled receptor;
GTP«S, guanosine 5’-O-(thiotriphosphate); BQCA, benzyl quinolone car-
boxylic acid; CCh, carbachol.
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superfamily of receptors in the genome and account for nearly
30% of all drug targets (5, 7). Indeed, GPCRs fulfill many of the
criteria for allosteric proteins as proposed by the MWC model
(5), but in contrast to other protein families, detailed mechanis-
tic and structural studies of allostery at this important receptor
family are currently lacking. Surprisingly and despite some the-
oretical treatises (e.g. Ref. 8), there have been no studies to sys-
tematically evaluate the properties of a GPCR allosteric modu-
lator in terms of the key predictions of the MWC model. The
rapid rate with which novel GPCR allosteric ligands are being
discovered, however, necessitates a defined chemical biological
framework within which it is possible to assess the mechanism
of action of these ligands to facilitate classification, structure-
activity studies, and eventual compound progression. In the
absence of such a framework, mechanistic differences in the
actions of novel allosteric drug candidates may be miscon-
strued with cellular and assay system-dependent variables.
The current study presents a comprehensive approach
for the assessment of allosteric modulation of GPCRs in terms
of the MW C model. As an exemplar system we have utilized the
recently described M; mAChR allosteric modulator, BQCA
(Fig. 1), which exhibits both in vitro and in vivo efficacy as a
potentiator of acetylcholine (ACh) signaling (9, 10). We pro-
pose that the interaction between BQCA and the M; mAChR
represents an unprecedented example of GPCR allosteric mod-
ulation that is entirely consistent with a strict, two-state MWC
mechanism. It is envisaged that the approaches outlined herein
can be broadly applicable in the evaluation of mechanism of
action of various allosteric ligands of other GPCR families.

EXPERIMENTAL PROCEDURES

Materials—Dulbecco’s modified Eagle’s medium, Flp-In
Chinese hamster ovary (CHO) cells, fluorescein di($3-p-galac-
topyranoside), Saccharomyces cerevisiae EasyComp transfor-
mation kit, and hygromycin B were purchased from Invitrogen.
Fetal bovine serum (FBS) was purchased from ThermoTrace
(Melbourne, VIC, Australia). N-[*H]Methylscopolamine
([*HINMS) was purchased from GE Healthcare. [**S]GTPyS
(1000 Ci/mmol), AlphaScreen reagents, and Ultima gold scin-
tillation mixture were from PerkinElmer Life Sciences. Fluo-4-
AM, Hoechst 33342, and Alexa™ 568-conjugated phalloidin
were purchased from Molecular Probes (Carlsbad, CA).
pcDNA3L-His-CAMYEL was purchased from ATCC, and
polyethyleneimine was from Polysciences (Warrington, PA).
All other reagents were purchased from Sigma. Benzyl quin-
olone carboxylic acid (BQCA, Fig. 1) was synthesized in-house.

Cell Culture and Transfections—FlpIn CHO cells stably
expressing wild type (WT) or DREADD (Y106C/A196G) hM,
mAChR were generated and cultured as described previously
(11). Transient transfections were performed using linear poly-
ethyleneimine (molecular mass 25 kDa) (12).

Receptor Mutagenesis—Y106C/A196G and L116A hM,;
mAChR mutants were generated by site-directed mutagenesis
using the QuikChange kit (Agilent Technologies) and following
the manufacturer’s instructions.

Membrane Preparation and Radioligand Binding—Mem-
brane preparation of CHO FlpIn hM; cells was performed as
described previously (11). Competition binding assays were
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performed in membranes derived from CHO FlpIn hM; WT
cells or Y106C/A196G hM,. 15 ug of membranes were incu-
bated in binding buffer (20 mm HEPES, 100 mMm NaCl, 10 mm
MgCl,, pH 7.4) containing increasing concentrations of
orthosteric ligands and/or BQCA for 3 h at 37 °C in the pres-
ence of a [PH]NMS concentration approximately equal to its
equilibrium dissociation constant. Nonspecific binding was
defined in the presence of 10 um atropine. Termination of the
assay and radioactivity measurements were performed as
described in Ref. 11.

Yeast Transformations and Signaling Assay—S. cerevisiae
strains expressing chimeras consisting of the five C-terminal
amino acids of the relevant human Ga protein with G,
(amino acids 1-467) have been previously described (13). The
yeast strains were further transformed with a p416GPD vector
containing the gene encoding the human M; mAChR with an
intracellular third loop deletion (hM1Ai3 mAChR) using the
S. cerevisiae EasyComp transformation kit in accordance with
manufacturer’s instructions. The conditions for the signaling
component of the assay have also been described (13). Briefly,
single colonies were cultured overnight at 30 °C, and cells were
pelleted and diluted to 0.02 A4y, ml~ ' in SC medium lacking
amino acids for plasmid maintenance but supplemented with
0-15 mm 3-aminotriazole, 1 um fluorescein di(3-p-galactopy-
ranoside), and 0.1 M sodium phosphate, pH 7.3. Cell suspension
was diluted into 96-well plates with appropriate ligand dilu-
tions and incubated for 24 h at 30 °C. Fluorescence was mea-
sured in a Flexstation™ (Molecular Devices) plate reader using
485 excitation and 515 emission wavelengths.

Intracellular Calcium Mobilization—FlpIn CHO hM; 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
mwm KCl, 1.2 mm MgCl,, 10 mm dextrose, 10 mm HEPES, 2.2 mm
CaCl,, 0.5% (w/v) BSA, and 4 mM probenecid), then replaced
with assay buffer containing 1 um Fluo-4-AM and incubated for
1 h at 37°C in 5% CO,. Cells were washed twice more and
replaced with warm assay buffer. The addition of the drugs and
fluorescence measurements was performed in a Flexstation™
(Molecular Devices) using 485 excitation and 520 emission
wavelengths. Peak fluorescence was measured as a marker for
Ca®" mobilization and used in further analyses. Co-addition of
drugs was performed for allosteric interaction studies.

Bioluminescence Resonance Energy Transfer cAMP—Flpln
CHO hM, cells were transfected with 2 pg of pcDNA3L-
His-CAMYEL. 24 h post-transfection cells were plated in
96-well assay plates and grown overnight. The assay was started
by adding 10 ul of the cell-permeant substrate specific for
Renilla luciferase (Rluc), coelenterazine h, to the well to yield a
final concentration of 5 um. The agonist activity of the com-
pounds was measured by adding those 5 min after the Rluc
substrate. Co-addition of drugs was performed for allosteric
interaction studies. Reads of the plates started 5 min after the
addition of the agonists. Bioluminescence resonance energy
transfer readings were collected using a LumiSTAR Omega
instrument that allows the sequential integration of the signals
detected in the 465-505- and 515-555-nm windows using fil-
ters with the appropriate band pass.
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ERK1/2 Phosphorylation—FlpIn CHO hM; cells were seeded
into transparent 96-well plates at 25,000 cells per well and
grown overnight. The cells were then washed twice with phos-
phate-buffered saline (PBS) and incubated in serum-free
DMEM at 37 °C for at least 4 h. Cells were stimulated for 5 min
and incubated at 37 °C in 5% CO,. For interaction studies,
increasing concentrations of orthosteric ligand and BQCA
were added simultaneously, and in all cases 10% (v/v) FBS was
used as a positive control. The reaction was terminated by
removal of media and drugs, and sample processing using the
AlphaScreen SureFire p-ERK1/2 kit was performed following
the manufacturer’s instructions. The fluorescence signal was
measured using a Fusion-« plate reader (PerkinElmer Life Sci-
ences). Data were normalized to the maximal response elicited
by 10% (v/v) FBS at the same time point.

[?*S]GTPyS Binding Assay—Cell membranes (5 ug) were
equilibrated for 1 h at 30 °C with varying concentrations of
ligands in binding buffer (20 mm HEPES, 100 mm NaCl, 10 mm
MgCl,, pH 7.4) containing 1 um GDP. [**S]GTPYS (0.1 nm) was
added to a final volume of 0.2 ml, and membranes were incu-
bated for a further 30 min at 30 °C. Termination of [**S]GTPvS
binding was by rapid filtration with a Packard plate harvester
onto 96-well GF/C filter plates followed by 3 washes with ice-
cold 0.9% NaCl. Bound radioactivity was measured in a Top-
Count microplate scintillation counter (Packard Instrument
Co.).

Cytoskeletal Rearrangement Assay and Image Analysis—
Membrane ruffling in FlpIn CHO hM; cells was performed as
described previously (13). Briefly, cells were cultured overnight
in 96-well plates at 37 °C in 5% CO,. Samples were serum-
starved 4 h before assaying then treated with ligand at indicated
time points. Samples were fixed in 4% paraformaldehyde and
permeabilized in 0.3% (v/v) Tween 20 in PBS. Samples were
stained with 0.2 ug ml~" Hoechst 33342 and 2 units ml~" Alexa
568-phalloidin and imaged using an INCell analyzer 1000 (GE
Healthcare). For the cytoskeletal analysis component, the
images were randomized and blinded and analyzed manually to
detect the number of cells that exhibited membrane ruffling.
That number was subsequently normalized to the nuclei con-
tent per image, which were counted using INCell Developer
software. Each concentration-response curve data point repre-
sents one image performed in duplicate over the number of
times indicated in the figure legends. On average, ~200 cells
were present in each image.

Data Analysis—Competition binding curves between
[PH]NMS and CCh in the absence or presence of BQCA were
fitted to the following allosteric ternary complex model (14),

(Al

KnKs )( (1 [B]

Y =
[A]+<OII[B]+KB +E+78+

onery
KKs

where Yis percentage (vehicle control) binding, [A], [B], and [I]
are the concentrations of [PH]NMS, BQCA, and CCh respec-
tively, K, and Kp,, are the equilibrium dissociation constants of
[PH]NMS and BQCA, respectively, K is the equilibrium disso-
ciation constant of CCh, and «’ and « are the cooperativities
between BQCA and [*’H]NMS or CCh, respectively. Values of «
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(or a') >1 denote positive cooperativity; values <1 (but >0)
denote negative cooperativity, and values = 1 denote neutral
cooperativity.

Functional data were analyzed using an operational model of
allosterism and agonism (15) according to Equation 2,

B E(TAlAl(Ks + aB[B]) + 73[BIK,)"
" ([AlK; + KuKs + [BIK, + ofAl[B])” + (Ta[Al(Ks + aBIB]) + 75[BIKA)"

E

(Eq.2)

where E,, is the maximum possible cellular response, and [A]
and [B] are the concentrations of orthosteric and allosteric
ligands, respectively, K, and Ky are the equilibrium dissocia-
tion constant of the orthosteric and allosteric ligands, respec-
tively, 7, and 75 are operational measures of orthosteric and
allosteric ligand efficacy (which incorporate both signal effi-
ciency and receptor density), respectively, « is the binding
cooperativity parameter between the orthosteric and allosteric
ligand, and B denotes the magnitude of the allosteric effect of
the modulator on the efficacy of the orthosteric agonist. In all
instances, the equilibrium dissociation constant of each agonist
and BQCA was fixed to that determined from the binding
assays. In the application of the operational model, it is assumed
that the interconversion between active and inactive receptor
states occurs freely and is at equilibrium, in which case the
conformational selection (MWC) model is quantitatively
equivalent to a conformational induction model in its treat-
ment of efficacy parameters (16).

All affinity, potency, and cooperativity values were estimated
as logarithms (17), and statistical comparisons between values
were by Student’s ¢ test or one way analysis of variance using a
Tukey’s multiple comparison post-test, as appropriate. A value
of p < 0.05 was considered statistically significant.

RESULTS

BQCA Displays Positive Cooperativity with Agonists but Neg-
ative Cooperativity with Inverse Agonist—The MWC model
predicts that allosteric modulators should have differential
affinities for receptor states that can manifest as opposing
effects depending on whether the ligand is combined with an
agonist or an inverse agonist (1, 5). However, initial reports of
the actions of BQCA at the M; mAChR suggested that the mod-
ulator had neutral cooperativity with the inverse agonist,
[PHJNMS (9, 10). We hypothesized that this “neutral” cooper-
ativity may reflect a negative cooperativity that was not
detected in prior studies due to a hitherto unappreciated low
binding affinity of BQCA. To confirm this, we performed
[PH]NMS equilibrium binding studies in CHO FlplIn cells stably
expressing the hM; mAChR using concentrations of BQCA up
to its solubility limit of 100 um. As shown in Fig. 14, the
orthosteric agonist, CCh, competitively inhibited the binding of
the inverse agonist with a pK; of 3.71 = 0.03 (n = 3). Interest-
ingly, 100 um BQCA also inhibited [*’H]NMS binding, revealing
a low affinity, negative cooperativity. To accurately determine
BQCA affinity, we performed interaction studies between CCh
and BQCA against a fixed concentration of [PHJNMS. As
expected, BQCA caused a substantial increase in the affinity of
CCh to compete with [PHINMS (Fig. 1B). Application of an
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FIGURE 1. BQCA shows hM,mAChR state dependence. A, CCh (filled circles)
or BQCA (open circles) inhibit the equilibrium binding of the inverse agonist,
[PHINMS, in membranes of Flpin CHO hM; cells. Data points represent the
mean = S.E. of three independent experiments. The dashed line denotes
curve fitassuming full inhibition of PHINMS binding by BQCA. B, BQCA poten-
tiates CCh-mediated inhibition of the equilibrium binding of [*HINMS. Data
points represent the mean = S.E. of four independent experiments per-
formed in triplicate. Curves drawn through the points represent the best fit of
an allosteric ternary complex model (Equation 1).
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allosteric ternary complex model to these data (Equation 1 and
Ref. 18) yielded an estimate of the dissociation constant of
BQCA for the allosteric site on the free M; mAChR of 105 um
(pKy = 3.98; Table 1), thus explaining why prior studies utiliz-
ing radioligand binding may have missed the negative cooper-
ativity with inverse agonists (9, 10). In contrast, the positive
cooperativity with CCh was very high (o = 324; Table 1), indi-
cating that the modulator has a marked preference for the
active receptor state. Essentially identical results were obtained
when these experiments were repeated using ACh instead of
CCh (supplemental Fig. S1 and Table S1). These findings reveal
that BQCA is one of the lowest affinity yet most positively coop-
erative (with agonists) allosteric modulators thus far identified
for a GPCR.

The Functional Allosteric Modulation Mediated by BQCA
Is Linked to Stimulus-Response Coupling Efficiency and
Orthosteric Ligand Efficacy—A second prediction of the MWC
model is that all allosteric ligands should display some agonism
or inverse agonism depending on whether they stabilize active
or inactive receptor states. The degree of modulation should
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TABLE 1

Allosteric ternary complex model (Equation 1) binding parameters for
the interaction between BQCA, CCh, and [*HINMS at the hM; mAChR
Estimated parameter values represent the mean = S.E. of three experiments per-
formed in duplicate.

Parameter Value
PR~ 3.98 + 0.03
pK/ 351 0.22
Log o° 2.51 = 0.05
Log o'? —100

“ Negative logarithm of the equilibrium dissociation constant of BQCA.

® Negative logarithm of the equilibrium dissociation constant of CCh.

¢ Logarithm of the binding cooperativity factor between BQCA and CCh.

4 Logarithm of the binding cooperativity factor between BQCA and [*H]NMS; this
parameter was constrained to an arbitrarily low value, consistent with very high
negative cooperativity between the modulator and radioligand.

thus vary with the magnitude of positive or negative efficacy
promoted by the orthosteric and/or allosteric ligand (1, 5, 19).
In practice, however, this is not always observed and may be
because the bioassay used cannot detect these effects due to
signal threshold considerations (5). We addressed this by inves-
tigating the impact of signal pathway or orthosteric ligand effi-
cacy on modulator behavior. Using [**S]JGTPvS binding as a
surrogate assay for a proximal step in GPCR signal transduc-
tion, we found that BQCA robustly potentiated CCh-mediated
G protein activation while having essentially no effect on basal
M, mAChR activity (Fig. 24). We then determined the direct
effects of BQCA at three other pathways linked to M; mAChR
activation: cAMP accumulation, ERK1/2 phosphorylation, and
intracellular Ca>* mobilization (Fig. 2B). The three highest
concentrations of modulator mediated a small but significant
effect above basal for cAMP accumulation (p < 0.05; two-way
ANOVA with Bonferroni multiple comparisons test); this mod-
est effect is unsurprising given that the pathway is not effi-
ciently coupled to M; mAChR activation (20). However, strik-
ing effects were observed for the more efficiently coupled
ERK1/2 phosphorylation and Ca®>" mobilization pathways,
where BQCA behaved as a full agonist. Our results thus suggest
that the detection, or lack thereof, of direct agonism in the
actions of BQCA is primarily a function of cellular stimulus-
response coupling efficiency.

According to a two-state MWC mechanism, we also
expected the modulation by BQCA to vary with the efficacy of
the orthosteric ligand; this could represent a mechanistic basis
for the phenomenon of “probe dependence” that is commonly
used to refer to changes in the magnitude and direction of the
allosteric effect depending on the orthosteric ligand used to
probe receptor function (15). To confirm this we chose a weakly
coupled pathway (cAMP accumulation) to ensure an appropri-
ate detection window that can differentiate strong from weak
positive agonists and a strongly coupled pathway (Ca*>* mobi-
lization) to ensure a robust response to BQCA as an agonist
when interacting it with inverse agonists. As shown in Fig. 2C,
the combination of an EC,, concentration of orthosteric ago-
nists with BQCA resulted in the greatest positive enhancement
being noted with the full agonists, ACh and CCh, whereas a
lower degree of potentiation was seen with the partial agonists,
pilocarpine and xanomeline. The difference in the magnitude
of maximal potentiation noted between the two partial agonists
suggests that pilocarpine must possess higher intrinsic efficacy
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[**SIGTPyS binding in the absence or presence of BQCA. Data represent the mean * S.E. of three independent experiments. Curves drawn through the points
are the best fit of an operational model of allosterism (Equation 2). B, direct BQCA-mediated signaling at hM; mAChR-linked pathways is shown. Data
represent the mean = S.E. of four independent experiments. The asterisks indicate significantly different (p < 0.05) above basal response. C, shown are
the effects of BQCA on cAMP accumulation by different orthosteric hM, agonists. The ability of increasing concentrations of BQCA to modulate the
response generated by an EC, concentration of ACh, CCh, pilocarpine, or xanomeline was determined. Results are presented as the increase over the
signal generated by the EC,, of each ligand in the absence of BQCA (AEC;,) and represent the mean = S.E. of four independent experiments. D, shown
are the effects of orthosteric hM, antagonists/inverse agonists on BQCA (ECg4, concentration)-mediated intracellular Ca?* mobilization. Data represent
the mean = S.E. of three independent experiments. QNB, 3-quinuclydinyl benzylate; 4-DAMP, 1,1-Dimethyl-4-diphenylacetoxypiper idinium iodide.

than xanomeline (although lower than ACh or CCh). Fig. 2D
shows the results of the interaction between an ECgy, concen-
tration of BQCA and various antagonists/inverse agonists. In all
instances complete inhibition of the BQCA response was
noted, confirming the results of our binding assay that BQCA
displays high negative cooperativity with ligands that prefer an
inactive receptor state. The subsequent determination of
detailed interaction experiments between NMS and CCh or
BQCA indicated that the negative cooperativity between the
modulator and NMS is essentially indistinguishable from a
competitive interaction (supplemental Fig. S2).

Finally, we hypothesized that the degree of allosteric modu-
lation should track with the degree of agonism/stimulus-re-
sponse coupling efficiency observed at each pathway. Thus, we
performed interaction studies between CCh and BQCA at each
of the cAMP, ERK1/2, and Ca®>" mobilization assays. The
results of these experiments are shown in Fig. 3, and a global
analysis of the entire family of curves across the four pathways,
according to an operational model of allosterism and agonism
(15), is summarized in Table 2. From this analysis it can be seen
that the cooperativity (quantified by the loga8 parameter in
the operational model) is indeed positively associated with the
degree of direct agonism displayed by BQCA (quantified by the
logm,; parameter); for both the direct agonistic effect of BQCA
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and the positive modulation of CCh signaling, the following
rank order of pathway preferences was retained: ERK1/2 >
Ca®" >> cAMP > [**S]GTPS.

Activating and Inactivating Mutations of M, mAChR Have
Opposite Effects on BQCA Activity—The mutation of L116A
(L3.43A using the Ballesteros/Weinstein convention (21)) has
previously been demonstrated to stabilize an active state of the
rat M, receptor (22); we thus generated the equivalent mutant
at the human M; mAChR. Although the mutation impairs cell
surface expression, this can be rescued by 48 h of treatment
(followed by extensive washout) with the inverse agonist, atro-
pine (22). Fig. 4A illustrates the effect of this mutation on the
binding of CCh or BQCA when tested against [’H]NMS. Strik-
ingly, both the orthosteric agonist (pK; 3.62 = 0.09 (WT)
versus 6.13 = 0.11 (L116A); n = 3) and allosteric modulator
(pK; 3.50 = 0.43 (WT) versus 5.88 = 0.11 (L116A); n = 3)
displayed significantly enhanced (p < 0.01) affinities for the
mutant receptor. Importantly, this also facilitated the defin-
itive demonstration that BQCA can completely inhibit
[PH]NMS binding once the affinity of the modulator is sub-
stantially higher than solubility-imposed limits. Further-
more, BQCA displayed a significant increase (p < 0.01; n =
4) in its signaling efficacy at the L116A mutant M; mAChR
(Fig. 4B), as predicted.
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FIGURE 3. The degree of positive allosteric modulation by BQCA of CCh signaling varies with stimulus-response coupling efficiency. Shown is the
interaction between BQCA and CCh in intracellular Ca>* mobilization (4), cAMP accumulation (B), or ERK1/2 (C) phosphorylation. Data points represent the
mean = S.E. of three to five experiments. Curves drawn through the points are the best fit of an operational allosteric model (Equation 2; Table 2).

TABLE 2

Operational model parameters for the functional allosteric interaction between CCh and BQCA at the hM; mAChR
Parameter values represent the mean * S.E. from three experiments performed in duplicate and analyzed according to Equation 2.

Parameter [**S]GTPYyS cAMP ERK1/2 Ca>*

N 3.98

Log a8’ 2.02 *+ 0.05 (af = 105) 3.60 = 0.08 (a8 = 5400) 4.06 + 0.06 (a8 = 12000) 4.26 + 0.14 (@B = 19000)
logTy° 0.07 = 0.10 0.71 = 0.13 2.67 +0.02 3.69 = 0.04

“ Negative logarithm of the equilibrium dissociation constant of BQCA; value was fixed to that determined from radioligand binding assays at the wild type M; mAChR

(Table 1).

4 Logarithm of the product of the binding cooperativity () and activation modulation (B) factors between CCh and BQCA. Antilogarithm shown in parentheses.

¢ Logarithm of the operational efficacy parameter of BQCA as an allosteric agonist.

For our choice of inactivating mutation, we and others have
shown that the double mutation of the conserved residues,
Y113C/A203G (Y3.33C/A5.46G; also referred to as a DRE-
ADD) at the M, mAChR results in a mutant receptor for which
ACh, CCh, and other prototypical orthosteric ligands lose both
affinity and signaling efficacy (23, 24). The corresponding
mutations in the hM, subtype (Y106C/A196G) yielded a recep-
tor with similar characteristics (supplemental Fig. S3). Unfor-
tunately, [PH]NMS displayed reduced affinity at the DREADD
such that direct binding against CCh or BQCA could not be
determined. However, and in agreement with our hypothesis,
the mutation abolished BQCA agonism (Fig. 4B). To ensure
that this was not due to a global loss of functionality or expres-
sion of the DREADD, we confirmed that the mutant was
robustly activated by clozapine N-oxide, an otherwise inert
ligand that gains signaling efficacy specifically at DREADDs
(supplemental Fig. S3 and Ref. 23).

BQCA Does Not Engender Signal Pathway-biased Agonism—
The increasing identification of biased agonists, i.e. ligands dis-
playing divergent efficacies at a common GPCR in a pathway-
specific manner, indicates that GPCRs likely adopt multiple
biologically relevant states (25, 26). Allosteric GPCR modula-
tors should thus also promote pathway-biased allosteric mod-
ulation if they differentially stabilize such states (15). In con-
trast, if the allosteric modulation is adequately described by a
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two-state mechanism, then there should be no pathway-biased
allosteric effects. We utilized different genetically engineered
yeast (S. cerevisiae) strains, each expressing a specific human
Galyeast G,,, protein chimera linked to a luciferase reporter
gene readout as facile surrogates for G protein-biased GPCR
signaling, a system previously validated for identifying biased
agonism in the actions of GPCR ligands (13). We transformed
each strain with a hM; A;; mAChR (that lacks most of intracel-
lular loop 3 to allow better expression in yeast while retaining G
protein coupling specificity) and then determined the response
to CCh in the absence and presence of BQCA (Fig. 54). An
additional advantage of this system is a lack of stimulus-re-
sponse amplification, allowing potencies obtained in this assay
to be closely aligned with the affinity of the ligand for the recep-
tor-G protein complex (27). Analysis of the data with our oper-
ational model revealed that the cooperativity between CCh and
BQCA was not significantly different (p > 0.05) across the four
G protein strains (Table 3), indicating a lack of pathway bias
with respect to the action of BQCA; the low estimates for the 7
values (0—6; Table 3) also indicated that any direct agonistic
activity of the BQCA is unlikely to contribute substantially to
the observed modulation. This absence of signaling bias is illus-
trated graphically (Fig. 5B) through the generation of “bias
plots” (25, 28), which compare the normalized responses to
equimolar concentrations of CCh between any two pathways. If
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FIGURE 4. BQCA displays opposing sensitivities to activating and inacti-
vating hM; mAChR mutations. A, shown are the effects of CCh or BQCA on
the equilibrium binding of [PHINMS in cells transiently transfected with WT
(filled symbols) or L116A (open symbols) hM; mAChR. Data points represent
the mean = S.E. of four independent experiments. B, BQCA-induced cAMP
accumulation in the WT, L116A (L776A) or the DREADD (Y106C/A196G) hM,
mMAChRs is shown. Data represent the mean = S.E. of three independent
experiments.

the agonist has an equal preference (equivalent potency) for
each pathway, then the bias plot would follow the line of iden-
tity; otherwise, the plot would skew toward the pathway for
which the agonist has higher potency (e.g. Ga,)). Furthermore, if
the allosteric modulator imposes bias on this signaling prefer-
ence, then the degree of modulation would also vary in a path-
way-dependent manner, and the resulting bias plot for the ago-
nist in the presence of modulator would diverge dramatically
for that in its absence. As shown in Fig. 5B, however, the CCh
bias plot in the presence of 10 um BQCA closely follows the plot
in its absence. We also determined the difference in potencies
(ApEC;, values) of CCh across each of the yeast strains (com-
paring the most potent pathway, Ge, to each of the others) in
the absence or presence of 10 um BQCA (Table 4), which con-
firmed that there was no significant difference in the pathway
preferences in the absence or presence of modulator. An addi-
tional novel finding from the yeast studies was the prediction
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FIGURE 5. BQCA does not engender signal pathway-bias at the hM,
mAChR. A, shown is the interaction between CCh and BQCA in S. cerevisiae
strains expressing hM,;Ai3 and a Ga/Gy,, protein chimera corresponding to
Gag, Gay, Gayy p, 0F Gay . Curves drawn through the data points represent the
best fit of an operational model of allosterism (Equation 2). Data points rep-
resent the mean = S.E. of three independent experiments. B, bias plots show
the responses to equimolar concentrations of CCh between the various path-
ways in the absence or presence of 10 um BQCA.

that BQCA can robustly potentiate CCh response via a G,,-
linked pathway. To validate this prediction, we determined the
effect of a single concentration (10 um) of BQCA on CCh-me-
diated membrane ruffling in our hM; mAChR CHO Flpln cells
as a surrogate of G5, 5 protein coupling (13, 29). Supplemen-
tal Fig. S4 shows that BQCA promoted a significant (p < 0.05)
potentiation of CCh-mediated membrane ruffling without
exhibiting any allosteric agonism, as noted in the yeast assay
(pECs5, = 6.74 £ 0.21 versus 7.64 + 0.18; n = 4).

DISCUSSION

Our study has evaluated BQCA at the M; mAChR in terms of
the key predictions of a two-state MWC model for allosteric
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TABLE 3
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Operational model parameters for the functional allosteric interaction between CCh and BQCA at the hM; mAChRin S. cerevisiae

Parameter values represent the mean * S.E. from three experiments performed in duplicate and analyzed according to Equation 2. Values of log a3 were compared using
one-way variance with a Tukey’s multiple comparison post test; no significant difference (p > 0.05) was determined.

Parameter G, Giy)n G, G,

pK,* 3.97

logaB’ 2,62 = 0.15 (aff = 417) 2.57 = 0.03 (aff = 371) 2.59 = 0.10 (af = 389) 2.74 = 0.07 (ap = 550)
logTy° 0.78 = 0.02 0.23 = 0.04 —100 —100

“ Negative logarithm of the equilibrium dissociation constant of BQCA; value was fixed to that determined from radioligand binding assays at the wild type M; mAChR

(Table 1).

? Logarithm of the product of the binding cooperativity () and activation modulation (B) factors between CCh and BQCA. Antilogarithm is shown in parentheses.
¢ Logarithm of the operational efficacy parameter of BQCA as an allosteric agonist. Estimates for the G, and G, strains were constrained at an arbitrarily low value due to

lack of discernible signaling efficacy.

TABLE 4
Comparison of CCh potency differences (ApEC;,) across different
yeast strains in the absence or presence of 10 um BQCA

Values were compared using Student’s ¢ test; no significant difference (p > 0.05) was
determined.

Pathways compared ~ ApEC, (control)  ApEC, (+10 um BQCA)
Ga, — Gay, ) 0.69 + 0.10 0.73 + 0.16
Gaq - Gay 1.84 = 0.09 1.63 += 0.12
Ga, — Gay, 1.83 * 0.08 1.61 = 0.13

proteins. We propose a chemical biological framework with the
minimal expectations that all allosteric ligands should be GPCR
state-selective, possess the potential for direct agonism (or
inverse agonism), and modulate the actions of orthosteric
ligands in a manner that correlates with signaling efficacy and
stimulus-response coupling. The work may serve as a guide for
evaluating novel allosteric compounds, and deviations from
these expected behaviors can provide presumptive evidence for
the existence of more complex (e.g. multi-state) or mixed mode
(e.g. orthosteric/allosteric) mechanisms of action (see below).
The increasing identification of GPCR allosteric modulators
has resulted in numerous behaviors ascribed to such ligands
(19). This poses a challenge for modulator classification, ratio-
nal medicinal chemistry, and drug candidate optimization if
mechanisms of modulator action at the level of the target GPCR
are not divorced from host-system influences. There are at least
four characteristics that may be associated with phenotypic
behavior of allosteric modulators; (a) saturability to their effect,
(b) probe dependence, (c) potential for different effects on
orthosteric ligand affinity versus signaling efficacy, and (d)
pathway-biased agonism. The first behavior is linked to the
cooperativity between orthosteric and allosteric ligands (19,
30), which itself should be linked to the efficacy of the interact-
ingligands according to MW C (1). Similarly, the most parsimo-
nious mechanism to account for probe dependence is that the
degree of modulation will be greater depending on the degree of
efficacy of the orthosteric ligand. As noted, the interaction
between BQCA and either positive or inverse agonists satisfied
both of these predictions and has implications for the interpre-
tation of prior studies. For instance, if BQCA were neutrally
cooperative with NMS (9, 10), then this would imply equal
affinities for both active and inactive receptor states, which is
not the case. Rather, any apparent neutral cooperativity reflects
a lack of appreciable allosteric-site occupancy due to the very
low affinity of BQCA. This is not an issue when BQCA is exam-
ined in the presence of agonists, due to positive cooperativity
(Tables 1 and 2), or at an M; mAChR harboring an activating
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mutation, due to increased BQCA affinity (Fig. 4). Further-
more, the dependence of the cooperative effect on the intrinsic
efficacy of the orthosteric ligand raises important consider-
ations for potential combination therapy involving BQCA and
agonists such as xanomeline, which on its own can improve
cognitive deficits in schizophrenia (31). Although this may be
deemed desirable, the modest potentiation noted in our study
for this particular combination suggests that any benefits
gained are likely to be minor, at least at the level of the M,
mAChR as the target. It is also very common to see mAChR
antagonists, such as scopolamine, used to promote cognitive
deficits in a variety of animal models (32). Our finding of high
negative cooperativity between BQCA and structurally related
antagonists now brings this approach into question if the aims
of such experiments are to differentiate mAChR orthosteric
agonism from allosteric modulation as the mechanism under-
lying putative in vivo efficacy.

The extension of our studies to multiple signaling path-
ways provided additional insights into other phenotypic
behaviors of GPCR modulators. The first relates to the
dependence of the agonism exhibited by BQCA on the
strength of pathway stimulus-response coupling (Fig. 2).
This is something we have noted previously with allosteric
ligands at the M, mAChR and adenosine A, receptor (18, 24,
33), indicating that the phenomenon is likely to be wide-
spread. Importantly, it also suggests that “pure” positive or
negative allosteric modulators, which are typically sought
after in most allosteric drug discovery programs, are unlikely
to exist. Rather, the absence or presence of an (allosteric)
agonistic effect is probably determined by cellular stimulus-
response coupling and/or receptor density. This is not to say
that the therapeutic effect of an allosteric drug will not pri-
marily reflect its ability to modulate the endogenous
orthosteric ligand, but it remains important to ascertain the
properties of any candidate allosteric molecules across a
range of signaling pathways and/or expression levels given
that a common aim in pursuing modulators (rather than
agonists) is the potential to maintain spatial and temporal
characteristics of endogenous physiological signaling (30).

A second key issue relates to the concept of pathway-biased
modulation. It is now clear that GPCRs can adopt multiple bio-
logically active states that are differentially selected by
orthosteric ligands (25, 34), and this has been extended to allos-
teric modulators (15). However, we now highlight a cellular
mechanism that can also account for such observations,
namely, that the degree of modulation will depend on coupling

JOURNAL OF BIOLOGICAL CHEMISTRY 657



Conformational Selection and GPCR Allostery

efficiency, such that amplified responses will appear to be mod-
ulated to a greater extent than less amplified responses. In this
regard, the use of the genetically modified yeast platform may
prove particularly useful in delineating the potential for G pro-
tein-biased allosteric modulation. The application of the oper-
ational model also provides an analytical method for assessing
whether the degree of allosteric modulation tracks with the
degree of direct agonism (Tables 2 and 3). Only if this criterion
is addressed (and excluded) can one more confidently ascribe a
multistate (i.e. >2) mechanism to the molecular actions of
putative allosteric ligands.

Our findings also raise fundamental questions about BQCA
itself. To our knowledge this compound represents the most
striking example of a GPCR allosteric ligand displaying phar-
macological behavior strictly consistent with a two-state MWC
mechanism. Other well characterized allosteric modulators of
the mAChRs, such as gallamine, alcuronium, and C,/3-phth are
different in that they inhibit the actions of both orthosteric
agonists and antagonists (35—-37). One obvious explanation is
that more than two GPCR conformational states are required to
account for the behavior of such ligands. However, it is also
possible that deviations from a two-state MWC mechanism
actually reflect mixed modes of allosteric modulation and steric
inhibition in the actions of such ligands; there is kinetic evi-
dence to support both allosteric and direct steric hindrance in
the actions of numerous mAChR modulators (38 —40). These
issues may be resolved once a high resolution structure of a
GPCR in complex with an allosteric and orthosteric ligand is
solved.

Finally, it was of interest that the affinity of BQCA for the M,
mAChR was found to be very low, yet the positive cooperativity
exhibited with agonists was remarkably high. Such low (micro-
molar to millimolar) affinity is commonly seen in fragment-
based drug discovery, and thus an additional implication of our
results is that it may be possible to identify novel allosteric mod-
ulators among fragment libraries using traditional cell-based
assays rather than the current paradigm that relies on biophys-
ical and structural approaches (41). Although speculative, it
may also be that the “fragment-like” nature of BQCA imposes
an inherent limit to the number of receptor conformations that
such a simple molecule can sample, thus providing an addi-
tional mechanism to account for its two-state behavior. Irre-
spective, it is envisaged that the approaches described herein
can be used more broadly to explain the pharmacological prop-
erties of various classes of GPCR allosteric modulators as well as
further validating the applicability of the MWC model to this
important receptor family.
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