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ABSTRACT

This paper discusses the process of determining the activity of
candidate molecules targeting Gg-protein activation through
G-protein-coupled receptors for possible therapeutic applica-
tion with two functional assays; calcium release and inositol
phosphate metabolism [inositol monophosphate (IP1)]. While
both are suitable for detecting ligand activity (screening),
differences are seen when these assays are used to quantita-
tively measure ligand parameters for therapeutic activity.
Specifically, responses for Gg-related pathways present dif-
ferent and dissimulating patterns depending on the functional
assay used to assess them. To investigate the impact of
functional assays on the accuracy of compound pharmacolog-
ical profiles, five exemplar molecules [partial agonist, antago-
nist, inverse agonist, positive allosteric modulator (PAM)
agonist, and positive B-PAM] targeting either muscarinic M1

or ghrelin receptors were tested using two functional assays
(calcium release and IP1) and the results were compared with
theoretical pharmacological models. The IP1 assay is an
equilibrium assay that is able to determine the correct (i.e.,
internally consistent) pharmacological profiles of all tested
compounds. In contrast, the nonequilibrium nature of calcium
assays yields misleading classification of most of the tested
compounds. Our study suggests that the use of an equilibrium
assay, such as IP1, is mandatory for the optimal use of
pharmacological models that can both identify mechanisms
of action and also convert descriptive-to-predictive data for
therapeutic systems. Such assays allow the identification of
consistent and simple scales of activity that can guide
medicinal chemistry in lead optimization of candidate mole-
cules for therapeutic use.

Introduction

The process of drug lead optimization involves the character-
ization of the molecular profile of a drug candidate with system-
independent scales of drug activity, i.e., the profile ideally should
not be linked only to the experimental system where it is
observed. This is important since drugs are almost always
studied and developed in test experimental systems and not
the end therapeutic tissue. Therefore, a scale of activity must
bridge the gap between these two systems. Pharmacologically
this is done by comparing experimental data to mathematical
models of drug-receptor interaction and deriving universal
parameters such as equilibrium dissociation constants [equilib-
rium dissociation constant of the agonist-receptor complex (K4)
and equilibrium dissociation constant of antagonist (or allosteric
modulator)-receptor complex (Kg)], measures of efficacy (1), or
allosteric parameters describing effects on affinity (o) and
efficacy (B), which then can be used to predict agonist activity
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in all functional systems. A corollary to this approach is that
these same models often provide internal checks, whereby
certain predictions must coincide with the observations to
correctly ascribe drug mode of action. For this procedure to be
successful, it is imperative that the assays used to determine
drug function accurately reflect the molecular activity of the
molecule at the receptor.

There are two fundamentally different types of assay used
in drug discovery: detection of drug activity (screening) and
characterization of activity (lead optimization). Detection
assays should be robust and sensitive; however, they only
need to reveal ligand-receptor interaction and not necessarily
quantitatively correct drug parameters. In contrast, lead
optimization assays must provide predictive and accurate
measures of drug activity that can be used to characterize
activity in therapeutic systems. The activation of Gg-protein-
coupled receptors results in increases in inositol triphosphate
metabolism and calcium release in cells (Berridge et al., 2003).
There are two main and well-described fluorescent-based
assays that can be used to monitor the activation of the Ggq
pathway. On the one hand, calcium assays measure the release

ABBREVIATIONS: ACh, acetylcholine; BQCA, benzyl quinolone carboxylic acid [1-(4-methoxybenzyl)-4-oxo-1,4-dihydroquinoline-3-carboxylic
acid]; CHO, Chinese hamster ovary; DR, dose ratio; GHSR1a, growth hormone secretagogue receptor type 1a; HEK, human embryonic kidney; HR,
heart rate; IP1, inositol monophosphate; Ka, equilibrium dissociation constant of the agonist-receptor complex; Kg, equilibrium dissociation
constant of antagonist (or allosteric modulator)-receptor complex; NECA, 5’-N-ethylcarboxamidoadenosine; PAM, positive allosteric modulator;

SPA, [D-Arg’,D-Phe®,DTrp”,Leu’"]-substance P.
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of calcium flux into the cells using permeant dyes, in which
fluorescence emission increases upon binding to calcium
(Chambers et al., 2003). On the other hand, the inositol mono-
phosphate (IP1) assay measures the accumulation of IP1, which is
a metabolite of inositol triphosphate, through a competition assay
based on homogeneous time-resolved fluorescence technology
(Trinquet et al., 2011). It will be seen that both IP1 and calcium
assays function well in screening mode but differ considerably in
lead optimization mode. This paper discusses whether these
functional readouts deliver accurate data for ligand characteriza-
tion or if they lead to dissimulating and misleading profiles.

It is well known that calcium transients emanate from
hemi-equilibrium assays that do not furnish sustained agonist
responses; therefore, pharmacological procedures normally
requiring these, such as detecting inverse, partial, and
positive allosteric modulator (PAM) agonism, are precluded.
However, there are published procedures that have been used
to furnish mass action pharmacological profiles for these types
of ligands through coaddition formats, which apparently yield
the correct profiles for some of these types of ligands. It can be
shown that while these procedures apparently provide correct
qualitative patterns of drug effect, they in fact can yield
erroneous drug parameters that lead to misclassification of
drug activity. The key to identifying such dissimulations is the
application of internal checks within the mathematical models
of drug receptor pharmacodynamics. These concepts are
illustrated in the present paper with examples of five general
types of ligands [agonists, antagonists, inverse agonists, PAM
agonists, and PAMs increasing agonist efficacy (3-PAMs)].
Specifically, the results obtained suggest that the use of an
equilibrium assay based on the determination of the intracel-
lular accumulation of IP1 provides correct pharmacological
profiles, whereas nonequilibrium calcium assays provide
misleading classification of drug activity.

Materials and Methods

Cell Lines and Culture

Chinese hamster ovary (CHO) cells stably expressing the musca-
rinic M1 receptor (CHO-M1) were cultured in F-12 complete medium
complemented with 10% stromal vascular fraction and penicillin/
streptomycin/G418 at 37°C with 5% CO,. Human embryonic kidney
(HEK)293 cells stably expressing the growth hormone secretagogue
receptor type la [(GHSR1la) HEK293-GHSR1a] were cultured in
Dulbecco’s modified Eagle’s medium with 10% stromal vascular
fraction and penicillin/streptomycin/G418 at 37°C with 5% COs,.

Compounds

The following muscarinic M1 receptor ligands were used: acetylcho-
line (ACh) (Sigma Aldrich, Saint-Quentin Fallavier, France), alvameline
(Sigma Aldrich), atropine (Sigma Aldrich), benzyl quinolone carboxylic
acid [(BQCA) 1-(4-methoxybenzyl)-4-0x0-1,4-dihydroquinoline-3-
carboxylic acid] (Sigma Aldrich), carbachol (Sigma Aldrich), and
tiotropium bromide (Tocris, Bristol, United Kingdom). The follow-
ing GHSR1a receptor ligands were used: human ghrelin (Tocris)
and [D-Arg!,D-Phe® DTrp”®,Leu'!]-substance P (SPA) (Sigma
Aldrich). The following adenosine receptor ligand was used: 5'-
N-ethylcarboxamidoadenosine (NECA) (Tocris).

Cell Plate Preparation

Cells were dissociated from the flask when they reached 80%
confluence, and then spun and resuspended in the appropriate
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complemented culture medium at the desired concentration. Cells
were seeded into 96-well culture-treated plates for IP1 and calcium
experiments (Greiner Bio-One, Courtaboeuf, France) at 100 ul/well
and incubated overnight at 37°C with 5% CO; before being used in
functional assays.

Measurement of the Intracellular Accumulation of IP1

The homogeneous time-resolved fluorescence IP-One-Gq assay (IP1)
was used to measure intracellular IP1 accumulation according to the
manufacturer’s instructions (Cisbio Bioassays, Codolet, France). In
brief, on the day of the experiment, serial dilutions of compounds were
prepared in the stimulation buffer of the kit (containing 50 mM LiCl to
prevent IP1 degradation) at the desired working concentration. Cell
culture medium supernatant was removed from the plates. After a
washing step with phosphate-buffered saline, cells were treated by
addition of 70 ul/well of the different compounds and incubated for the
indicated time at 37°C, 5% COs. Then, IP1 detection was allowed by
addition of the detection reagents previously diluted in the appropriate
kit lysis and detection buffer (30 ul total). Plates were incubated for
1 hour at room temperature and the homogeneous time-resolved
fluorescence signal was recorded using a PHERAstar F'S reader (BMG
LABTECH, Ortenberg, Germany) with flash lamp excitation.

Assay parameters, such as the cellular density required to work
within the assay dynamic range or the determination of the appro-
priate stimulation time for each compound (i.e., ACh, Alvameline,
Atropine), were properly optimized with the cellular models used
(CHO-M1 and HEK293-GHSR1a).

Measurement of Calcium

After cell culture medium removal, cells were washed once with
phosphate-buffered saline and incubated for 1 hour at 37°C, 5% CO,
with 2 uM of Fluo-4 AM (ThermoFisher Scientific, Villebon sur Yvette,
France) previously diluted in Hanks’ balanced salt solution (Thermo-
Fisher Scientific) containing 20 mM HEPES, 3.3 mM Na,CO3, 1.3 mM
CaCly, 1 mM MgSQy, 2.5 mM probenecid, 0.1% bovine serum albumin,
pH7.4 (assay buffer). After dye removal, cells were washed once with
the assay buffer. Then, after addition of 50 ul/well of assay buffer, cells
were treated by addition of 50 ul/well of the different compounds
diluted in the assay buffer and the Ca%* release was measured with
a FlexStation 3 reader (Molecular Devices, Workingham, United
Kingdom). Prior to use, the cellular density as well as the Fluo-4 AM
concentration to work in nonsaturated conditions were properly
optimized with the different cellular models (CHO-M1 and HEK293-
GHSR1a).

Cells Treatment With Compounds

Compound Screening Protocols.

Agonist screening mode. In the IP1 assay, 10 uM of compounds
were incubated 60 minutes prior to signal detection while the Ca?*
flux was directly recorded upon compound addition in the calcium
assay. To observe antagonism, a selected concentration around the
ECjg values of full agonists (ACh for CHO-M1 cells and ghrelin for
HEK-GHSR1a cells) were used. For the IP1 assay, compounds at
10 uM were preincubated 30 minutes before agonist addition, followed
by an additional 30 minutes of incubation prior to detection. For the
calcium assay, the same compounds were preincubated 60 minutes
before agonist addition in pre-equilibration format or added together
with the agonist for coaddition format; and calcium release was
directly recorded upon agonist addition.

PAM screening mode. To observe the response enhancement in-
duced by the PAM in CHO-M1 cells, a selected concentration of ACh
around the ECj3y value was used. For the IP1 assay, compounds at
10 uM were preincubated 30 minutes before agonist addition, followed
by an additional 30 minutes of incubation prior to detection. For the
calcium assay, the same compounds were preincubated 60 minutes
before agonist addition in pre-equilibration format or added together
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with the agonist for coaddition format; and calcium release was
directly recorded upon agonist addition.

Compound Pharmacological Characterization Protocols.
Two modes of drug addition were used in the calcium assay when
two ligands were involved (i.e., partial agonist and antagonist or PAM
and full agonist). The first mode involved preincubation with one of the
two ligands before addition of the other (pre-equilibrium format); e.g.,
the partial agonist was added for a given period of time before addition
of a full agonist. This preincubation format was used both for the IP1
and calcium assays. In the second mode, the two ligands were added
simultaneously (coaddition format). This mode was restricted to the
calcium assay.

Measuring Agonism

Agonism is quantified by fitting concentration-response data to the
Black-Leff operational model (Black and Leff, 1983):

A" Em

AT, + (A + Ka)" W

Response =

where [A] is the concentration of the agonist; K, is the equilibrium
dissociation constant of the agonist-receptor complex; E,, is the
maximal response window of the system; 7, is the efficacy of
the agonist; and n is the slope of the concentration-response curve.
For the partial agonist alvameline, an internal check for the goodness
of fit of the data to the partial agonist model was obtained by
comparison of the agonist EC5q value for agonism and the pKgy for
antagonism. Specifically, the magnitude of the EC5, value for a partial
agonist [B] theoretically should approximate the equilibrium dissoci-
ation constant of the ligand-receptor complex (Kp) as denoted by the
relation (Black et al., 1985):

EC50:KB/(1+TB) (2)

where 75 is the efficacy of the partial agonist. In the case of low-efficacy
partial agonists (7 — 0), the EC5, value closely approximates the Ky
value.

Measuring Antagonism

Antagonism is quantified by obtaining concentration-response
curves to a full agonist, in this case ACh, in the absence and presence
of a range of concentrations of the partial agonist alvameline. The
ratios of concentrations of ACh producing 50% maximal response for
antagonists and inverse agonists and 75% maximal response for the
partial agonist alvameline, in which each curve is used to calculate
equiactive dose ratios (DRs) for ACh, are used in the Schild equation
(Arunlakshana and Schild, 1959):

log(DR — 1) = nlog[B] — pKs 3)

where [B] is the concentration of partial agonist, and n is the slope of
the regression and pKg (the — log Kg, where Kp is the equilibrium
dissociation constant of the partial agonist-receptor complex).

Simulating Effects of Coaddition of Fast and Slow Ligands

Simulations for the effect of coaddition of full and partial agonists
(acetylcholine and alvameline) were carried out for two ligands
utilizing kinetic equations, published by Motulsky and Mahan
(1984), to calculate receptor occupancy in real time. Specifically, the
receptor occupancy for the full agonist (pa) having onset and offset
rates of k; and ks, respectively, added simultaneously with a partial
agonist having on and off rates of k3 and k4, respectively, is given by
Motulsky and Mahan (1984):

_ kl[A] <k4(9_¢') +k4_Qe—Qt_k4_l/fe—.;¢>

Aoy ay Q v @

where

Q:O.S{KA +Kg +\/(Ka — Kp)? +4k1k3[A][B]} 5)
v O.S{KA + Ky — \/ (K — Kg)? + 41k A][B] } ®)
and
Ky = k1 [A] + ks )
Kg = k3[B] +ky ®)

The agonist response is then calculated from the Black-Leff opera-
tional model (eq. 1) through the transform [Al/Kax = pa/(1 — pa).

Measuring Inverse Agonism

Inverse agonism is measured as the depression of functional
basal response to the inverse agonist; the effect can be quantified
through an ECjy value from the concentration-response curve.
Since inverse agonists are antagonists of the effects of high-
efficacy agonists, the affinity of inverse agonists also can be
measured through Schild analysis (see eq. 2). An internal check of
the parameters measured with the Schild and inverse agonism
assays is obtained through the comparison of the pKg and the pECsq
for inverse agonism. Specifically, the constitutive response of the
receptor system is given by

BLTR[B]/KB +LTR
[B]/KB[]. +BL(1 + TR)] +L(rg+1)+1

Constitutive activity =

9

where A is the ratio of affinity of the inverse agonist for the active
versus the inactive receptor state (Kenakin, 2014); for inverse agonists
by definition A << 1. From eq. 9 the expression for the EC5, value for
inverse agonism is given by

7KB[L(’TR + 1) + 1]

BCso =T mr )71 a0

For all inverse agonists where A < 1, eq. 10 predicts that the ECxq
value will always be mathematically greater than the Ky value; this
functions as an internal check for mass action inverse agonism.

PAM Agonists

The model describing functional allosteric effects is an amalgam of
the Stockton-Ehlert allosteric receptor binding model (Stockton
et al., 1983; Ehlert, 1988) and the Black-Leff operational model for
agonism (Black and Leff, 1983). This model yields the equation for
the response to an agonist [A] in the presence of a given concentra-
tion of a modulator [B] as follows (Ehlert, 2005; Kenakin, 2005;
Price et al., 2005):

7A[A]/Ka(1 + aB[B]/Kg) + 78[B]/Kp
[A]/KA(1 + a[B]/Kg) + 7a(1 + aB[B|/Kp) + [B]/Kg(1 +78) + 1
an

Response =

where K5 and Ky are the equilibrium dissociation constants of the
agonist and modulator receptor complexes, respectively; 74 and 7
are the respective efficacies of the agonist and modulator; « is the
effect of the modulator on agonist affinity for the receptor (and
reciprocally the effect of the agonist on the affinity of the modulator);
and B is the effect of the modulator on the efficacy of the agonist (and
reciprocally the effect of the agonist on the efficacy of the modulator).
The allosteric modulator BQCA is characterized by comparison of
experimental concentration-response curves to acetylcholine or
alvameline in the absence and presence of various concentrations
of BQCA and subsequent estimation of the parameters 73, «, 8, and
Kz for BQCA.
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Fig. 1. Effects of single concentrations of test compounds targeting the muscarinic M1 (CHO-M1 stable cell line) or the ghrelin (HEK293-GHSR1a stable
cell line) receptors in various screening formats. For the muscarinic M1 receptor, the compounds used for screening are: full agonists, ACh and carbachol
(CChol); partial agonist, alvameline; antagonists, atropine and tiotropium; PAM agonist, BQCA; irrelevant compound, NECA; and vehicle condition,
buffer replacing tested compounds. For the ghrelin receptor, the compounds used for the screening are: full agonist, ghrelin; inverse agonist, SPA; and
vehicle condition, buffer replacing tested compounds. Agonists screening format: (A) IP1 responses to addition of various compounds at 10 uM and
60-minute equilibration and (B) effects of the same ligands in the calcium assay. Antagonists screening format: (C) IP1 response to various compounds at
10 uM, pre-equilibrated 30 minutes before addition of ECgq of ACh or ghrelin followed by 30-minute equilibration prior detection; (D) effect of the same
ligands in the calcium assay, pre-equilibrated 60 minutes before addition of ECgq of ACh or ghrelin and direct detection; and (E) effect of the same ligands
in the calcium assay coadded with ACh at ECgo with direct detection. PAM screening format: (F) IP1 response to various compounds at 10 uM, pre-
equilibrated 30 minutes before addition of EC5( of ACh or ghrelin followed by 30-minute equilibration prior detection; (G) effect of the same ligands in the
calcium assay, pre-equilibrated 60 minutes before addition of EC5¢ of ACh or ghrelin and direct detection; and (H) effect of the same ligands in the calcium
assay coadded with ACh at ECyy with direct detection.

Results inverse agonists (constitutive screening and orphans), and 4)
allosteric modulators. The panels in Fig. 1 reveal the behavior of
exemplar molecules in these classes in IP1 versus calcium
assays. The direct effects of molecules in IP1 and calcium assays
(where calcium response is measured immediately after addition

Single Concentration Screening. Figure 1 shows data
for single concentration testing of various types of molecules in
IP1 and calcium assays. At this point it is useful to describe the

two formats that have been employed for calcium transient ; . .
measurement. The first is a pre-equilibration format that adds a  °f compound) are shown in the agonist format. The requirements

test compound at time zero to allow the test compound to equilibrate of an agonist assay are robustness, low variability, and high
with receptors for a period of time and then challenges with a sensitivity to low-efficacy activation. As seen in Fig. 1A, the IP1
second compound, a reference full agonist (to gauge the effect of ~assay shows acetylcholine and carbachol to be full agonists,
the previously added compound), after the period of equilibration. A~ @lvameline to be a partial agonist, atropine (an antagonist) to
second format is where both compounds are added simultaneously, show no efficacy, an unrelated ligand for another receptor
and a single reading of response taken immediately (coaddition ~(INECA) to show no activity, and a low-efficacy PAM agonist
format). The fact that the calcium response is transient defines (BQCA) to show low, positive agonist response. The data for
which of these types of formats are optimal for calcium responses. calcium (Fig. 1B) show comparable effects for positive agonism.

There are four basic types of screens used in drug discovery. Figure 1, C-E, shows the effects of exemplar compounds in
These are designed to detect: 1) agonists, 2) antagonists, 3) an antagonist screen format [measurement of changes
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Fig. 2. Effects of ACh and alvameline on CHO-M1 cells.
Ordinates as fractions of maximal response to ACh; abscis-
sae as logarithms of molar concentrations of agonist. Dose-
response curves of ACh (filled circles) and alvameline (open
circles) using the IP1 assay (A) or the calcium assay (B).
Data from representative experiments are shown (n = 4).
Error bars represent S.D.

Alvameline

Log[Agonist]: M

produced by compounds on the effect of a concentration of
agonist that produces a substantial (i.e., 80%-90%) agonist
effect] and then determination of the effect of the test
compound on the elevated agonism. The IP1 format (Fig. 1C)
shows the agonist response of acetylcholine and carbachol,
lack of antagonism by an unrelated ligand (NECA), and
blockade by the partial agonist alvameline and the competi-
tive antagonists atropine and tiotropium. The effects of the
PAM agonist BQCA indicate no antagonism. The ghrelin
inverse agonist SPA produces blockade of the ghrelin response
as well [as a depression of the elevated basal response (inverse
agonism) in the ghrelin active IP1 assay due to constitutively
active receptors]. The IP1 assay displays a similar pattern
whatever the protocol used (pre-equilibration and coaddition
formats) (data not shown). For calcium, the two formats of pre-
equilibration versus coaddition are compared. For calcium
responses in the pre-equilibration format (Fig. 1D), the
blockade by alvameline, atropine, and tiotropium are evident
as well as the lack of effect of NECA. Interestingly, the PAM
agonist BQCA and full agonist carbachol present as antago-
nists. This is most likely due to the hemi-equilibrium nature of
the calcium transient assay and also possible desensitization
of the response after the first agonist effect (Kenakin et al.,
2006). The antagonism by the ghrelin receptor inverse agonist
SPA differs in IP1 versus calcium assays in that the inverse
agonism (negative efficacy) of SPA is shown in IP1 assays but
is not evident in calcium assays. In fact, this molecule presents
as a simple antagonist in the pre-equilibration calcium format.
In the coaddition format (Fig. 1E), the antagonist effect of
alvameline, atropine, and tiotropium and potentiation effect of
BQCA are consistent.

In the allosteric ligand detection mode, the assay is
conducted in a chemical context, namely, in the presence of a
submaximal (usually producing between 20% and 40% max-
imal response) agonist concentration. This allows the de-
tection of potentiating or antagonizing effects of the test
compound on the ambient agonist response in the system.
Figure 1F shows that the IP1 assay correctly reveals the
known positive allosteric effects of the PAM agonist BQCA
and shows no effect of the unrelated ligand NECA. In the pre-
equilibration format, the calcium assay fails to show the
positive allosteric effects of BQCA but in fact indicates this
molecule is an antagonist (Fig. 1G). In contrast, the coaddition
format for calcium does show the positive allosteric effects of
BQCA (Fig. 1H). In general, the one-shot screening format
data show that, with the exception of inverse agonism and

0 1 -
-10 -9 -8 -7 -6 -5 4 -3 -12 -10 -8
Log [Agonist]:M

pre-equilibration in the calcium assay, both assay formats
function comparably as detection assays for new molecules.

Characterization of Agonist Effect for Full and
Partial Agonists. The effects of the muscarinic full agonist
ACh and partial agonist alvameline (Watt et al., 2011) were
measured in functional assays utilizing CHO cells expressing
muscarinic M1 receptors. As seen in Fig. 2A, both acetylcho-
line and alvameline produce agonist effects increasing IP1
turnover; alvameline has an intrinsic activity of 0.36 consis-
tent with partial agonist activity in this preparation. The
intrinsic efficacy of alvameline, relative to that of acetylcho-
line, can be estimated through fitting the data in Fig. 2A using
eq. 1 based on the Black-Leff model. With global constants
n and E., the values for acetylcholine and alvameline are
KA(ACh) =1.2 /.LM, KA(alvameline) =2.0 }.LM, and relative efﬁcacy
T (alvamehne)/’f acn) = 0.069.

In calcium assays, alvameline also shows partial agonist
activity (intrinsic activity = 0.78) (Fig. 2B) with a pEC5, value
of 7.0. As seen in Fig. 2B, the calcium assay is considerably
more sensitive than the IP1 assay, causing a sinistral shift of
the ACh concentration-response curve and increased intrinsic
activity (maximal response) for alvameline. Fitting of the
Black-Leff model to these data furnishes very different values
for both Kaavameline) @and the relative efficacy of alvameline
and ACh. Specifically, a substantially lower Kaivameline) 18
required to fit the calcium agonism (0.25 uM) and the
estimated relative efficacy is considerably lower as well
(relative efficacy = T(avameline)/Tcach) = 0.0036). It should be
noted that the increased absolute potency of the agonists in
the calcium assay (due to larger receptor reserve or receptor
coupling) will not affect the relative efficacy of acetylcholine
and alvameline since the ratio cancels changes in system
sensitivity. The effect of system equilibrium on agonist re-
sponse should be considered at this point to assess the veracity
of agonist responses produced by these two types of assay.

Accurate measurements of drug activity cannot be made
without complete binding of the drug to the receptor, and
sufficient time in the form of a pre-equilibration period must
be allowed for this to occur (Paton and Rang, 1965). Measure-
ment of response before complete receptor occupancy can
result in underestimations of the potencies of both agonist and
competitive antagonists (Kenakin, 1980). However, for assays
that continuously report response in real time (such as the IP1
assay), this problem is circumvented by allowing adequate
equilibration time with the agonist, i.e., for example, as seen
with the slow onset dopamine agonist bifeprunox (Klein
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Fig. 3. Competitive receptor antagonism of muscarinic M1 receptors by atropine with the IP1 assay (A) and the calcium assay (B and C). (A) IP1
responses to acetylcholine in the absence (filled circles) and presence of increasing concentrations of atropine 0.1 uM (open circles), 1 uM (filled triangles),
and 10 uM (open triangles) with the pre-equilibration protocol (atropine preincubated 30 minutes before addition of ACh followed by 30-minute
equilibration prior detection). (B) Calcium responses to acetylcholine in the absence (filled circles) and presence of atropine 0.1 uM (open circles), 1 uM
(filled triangles), and 10 uM (open triangles) with the pre-equilibration protocol (atropine preincubated 30 minutes before determination of ACh
responses). (C) Calcium responses to acetylcholine in coaddition format (atropine and ACh added simultaneously), in the absence (filled circles) and
presence of increasing concentrations of atropine: 0.1 uM (open circles), 1 uM (filled triangles), and 10 uM (open triangles). Data from representative
experiments are shown (n = 3). Error bars represent S.D. (D) Schild regressions (eq. 3) for atropine with IP1 (filled circles) and calcium (open circles for
pre-equilibration format, and filled triangles in coaddition format); abscissae intercepts are the estimated pKg (9.0).

Herenbrink et al., 2016). In contrast, in a transient response
assay such as calcium the window for response collection is
truncated by the assay itself; therefore, increasing equilibra-
tion time does nothing to correct incomplete receptor occu-
pancy effects (Charlton and Vauquelin, 2010). This can lead to
differences in the measurement of the relative potency of
agonists of differing rates of onset to the receptor with these
two types of functional assay. For example, as shown by Unett
et al. (2013), calcium assays underestimate the potency of a
slow onset 5-hydroxytryptamine agonist dihydroergotamine
by a factor of 100 when compared with inositol phosphate
turnover while, in the same study, a set of fast acting
5-hydroxytryptamine agonists are well correlated between
the two methods.

A relevant factor in the measurement of agonist response in
calcium assays is the effect of response fade on peak height.
This is explored in the simulations shown in Supplemental
Fig. 1, where it can be seen that the transient nature of
calcium response may indeed affect the magnitude of response
in the calcium assay. The fact that the calcium response is
transient, i.e., the window for gathering of receptor response
closes due to the nature of the signal, is a limitation not shared
with the IP1 assays (Trinquet et al., 2006, 2011). To overcome
any possible kinetic effect of this nature in our study,
compounds (alvameline, atropine, SPA, and BQCA) were
preincubated in the pre-equilibration format for at least
30 minutes before determination of an agonist response.
Experimental testing of the correspondence of indices of
agonism produced by these two assays (namely, EC5, and

maximal response) with independent measures of receptor
occupancy were then obtained through antagonist studies
(vide infra).

Characterization of Antagonist Effect of Antagonists
and Partial Agonists. Antagonist is a major class of exper-
imental drug; as seen in Fig. 1, either IP1 or calcium formats
are suitable for detection of this type of activity. However,
follow-up studies on these ligands essentially dictate the
mechanism of action and behavior of the antagonists and this
is determined in lead optimization studies. Once antagonism
is detected, the effects of the putative antagonist on agonist
concentration-response curves reveal the mode of action and
potency. In this regard, both IP1 and calcium formats are
useful. Figure 3A shows the effects of the antagonist atropine
on concentration-response curves to acetylcholine production
of IP1. The dextral displacement of these curves furnish DRs
for use in the Schild equation (eq. 3); the resulting Schild
regression yields a pKg value of 9.0 with a linear regression
of slope unity indicating simple competitive antagonism
(Fig. 3D). A comparable potency for atropine (pKg = 9.0) is
shown in calcium (pre-equilibration format) (Fig. 3B) but
with the provision that the maximal responses show a
concentration-dependent depression. This is a well-known
effect of the hemi-equilibrium kinetics operative in calcium
assays (i.e., see Kenakin et al. (2006), Charlton and Vauquelin
(2010), Kenakin (2014)). With the coaddition format, the
potency of atropine is significantly underestimated (Fig. 3C),
most likely due to the fact that there is insufficient time with
this format for the antagonist to properly equilibrate with the
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Fig. 4. Effects of various concentrations of the partial agonist alvameline on ACh responses in CHO-M1 cells in pre-equilibration format (alvameline
added 60 minutes before determination of ACh responses). (A) IP1 assay: ACh responses in the absence (filled circles) and presence of increasing
concentrations of alvameline: 0.1 uM (open circles), 1 uM (filled triangles), 10 uM (open triangles), and 100 uM (open squares). (B) Calcium assay: ACh
responses in the absence (filled circles) or presence of increasing concentrations of alvameline: 0.1 uM (open circles), 1 uM (filled triangles), 10 uM (open
triangles), and 100 uM (open squares). (C) Theoretically predicted dose-response curves of a full agonist in the presence of increasing concentrations of a
partial agonist. (D) Schild regression obtained (eq. 3) utilizing the data from the IP1 assay (solid line) for the alvameline antagonism of the ACh responses.
Slope of regression = 0.92 = 0.03, 95% confidence limit (c.1.) = 0.79-1.05, pKg =5.5 + 0.027, and 95% c.1. = 5.39-5.6. Broken line shows the same regression
using data from the calcium assay: slope = 0.47. Data from representative experiments are shown (n = 3). Error bars represent S.D. Abscissae values refer

to molar concentrations.

receptors. This results in a shift to the right of the atropine
Schild regression with pKg = 7.2 (Fig. 3D). In summary, with
the pre-equilibration format, both IP1 and calcium assays
characterize atropine as a competitive antagonist with con-
sistent potency. The coaddition format with the calcium assay
reveals atropine as a neutral antagonist but gives erroneous
potency data.

The antagonist effects of partial agonists also can be
extremely useful in the characterization of these molecules.
The antagonism of muscarinic receptor responses to ACh and
alvameline was evaluated with the two assay formats to
provide indices that were then used to evaluate the agonist
parameters obtained from the Black-Leff operational model
fitting. In general, the verisimilitude of data patterns to
prediction of mathematical models provides internal checks
of agonist patterns of response. For instance, while partial
agonism is defined by a maximal response that is lower than
the maximal response of a more efficacious full agonist in the
system, it also predicts that the partial agonist will block the
effects of the higher efficacy agonist, i.e., partial agonists have
a dual nature of agonism and antagonism. As an example, this
is shown with the B-adrenoceptor partial agonist chloropractolol,
which produces 40% maximal response in rat atria (compared

with the full agonist isoproterenol) but also blocks isoproter-
enol competitively with a pKp of 8.0 (Kenakin and Black,
1978). The dual agonism and antagonism seen in vitro reflects
what is seen with these types of agonists in vivo. For instance,
the partial agonist pindolol produces increases in the heart
rate (HR) in anesthetized animals with low resting HRs
(chloralose-pentobarbital anesthesia, HR = 132 * 5 beats
per minute) but reductions in the HR in anesthetized animals
with high resting HRs (urethane anesthesia, HR = 169 * 6 beats
per minute) (Kenakin and Johnson, 1985).

The antagonism of ACh responses by alvameline produced
in the IP1 assay seen in Fig. 4A furnished DRs to yield a Schild
regression that is consistent with simple competitive antago-
nism (slope = 0.92), showing a pKjg value for alvameline of 5.5
(see the Schild regression in Fig. 4D). The pattern of partial
agonist effect on full agonist responses is consistent with the
mass action model for partial agonism as shown in Fig. 4C.
Specifically, the classic competitive model of competitive
antagonism predicts that a partial agonist will elevate
baseline response in accordance with its direct efficacy and
shift full agonist concentration-response curves to the right
(see Fig. 4C). In addition, these data are internally consistent
with the agonism data, which yielded comparable affinity with
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a pECso value of 5.6 (Fig. 2A) as well as the Kaavameline) Value
from the analysis of alvameline agonism in the IP1 assay seen
with the operational model (pK, = 5.7) (Fig. 4A).

As expected, using the calcium assay in the pre-equilibration
mode, alvameline does not produce the classic partial agonist
profile for antagonism of responses to ACh (Fig. 4B), in that
alvameline does not produce sustained agonism over the
period of pre-equilibration but does produce concentration-
dependent antagonism of ACh responses. At low doses of
acetylcholine no elevated baseline is observed, but rather an
apparent noncompetitive blockade of ACh responses is seen.
This is consistent with the known hemi-equilibrium behavior
of calcium transient assays and possible receptor desensitiza-
tion (Charlton and Vauquelin, 2010). In fact, antagonism data
from the calcium assay (pre-equilibration format) produces an
aberrant Schild plot with a slope of 0.47 and negative
logarithm of the concentration of antagonist producing a
2-fold shift to the right of the agonist dose-response curve
(pAy of 7.0), i.e., a surrogate estimate for pKg in Schild
regressions with an aberrant slope (Fig. 4D). In terms of an
internal check for the agonist profile for alvameline from
Fig. 2, the pEC5¢ value for calcium responses (pECso = 7.0)
does not furnish a pKg estimate consistent with the antagonist
activity of alvameline and mass action kinetics, i.e., the
calcium assay gives a conflicting pattern of transient response
and noncompetitive blockade that does not adhere to mass
action kinetics. It should be noted that pre-equilibration
formats sometimes express the first read (agonism) of the test
compound as the basal for subsequent events in the presence
of the first ligand; under these circumstances, the initial read
for alvameline would form the new baseline for the subsequent
challenge to ACh and the response to the additive. There is no
theoretical or practical validation for this procedure since it
cannot be known what the level of response to alvameline
would be after the 30-minute incubation and challenge with
ACh. For completeness, the data for alvameline and ACh for
the pre-equilibration protocol were calculated to show how
this method of response presentation would affect the curves
for alvameline and ACh; this is shown in Supplemental Fig. 2.
From this analysis it can be seen that simply applying the
initial read to the baseline for the alvameline + ACh effect
does not provide data that fit standard mass action partial
agonist kinetics.

With simultaneous addition of alvameline and acetylcholine
(coaddition format) in the calcium assay, an apparent classic
pattern of partial agonism for alvameline is observed (see
Fig. 5A). Specifically, the basal responses are elevated and the
responses to acetylcholine are slightly blocked by alvameline.
However, the resulting direct agonism by alvameline (as
indicated by the elevated baseline) and the Schild regression
from acetylcholine antagonism by alvameline yield a pattern
of partial agonism that is inconsistent with equilibrium mass
action kinetics. The effects of inadequate equilibration inher-
ent in the coaddition format can be simulated with kinetic
equations given by Motulsky and Mahan (1984); see Materials
and Methods. An example of the relative receptor occupancies
of a fast onset/offset full agonist (A) coadded with a slower
acting partial agonist B is shown in Fig. 5B. The hemi-
equilibrium window is the earliest receptor occupancy
imposed on the experiment by the calcium assay [the hemi-
equilibrium condition as described by Paton and Rang (1965)].
It can be seen from Fig. 5B that the response is dominated by
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the fast acting agonist. Once equilibrium has been obtained
(as can be achieved in IP1 assays), the correct relative receptor
occupancies for both ligands are observed. In the hemi-
equilibrium window, the low receptor occupancy by the partial
agonist may contribute to an elevated basal response due to
the positive intrinsic efficacy of the partial agonist in systems
with high receptor reserve. However, the correct receptor
occupancy cannot be determined since it takes longer to attain
equilibrium receptor occupancy than can be observed in the
window available to measure response. The result is that
agonism is produced with very little, if any, antagonism (see
Fig. 5C). Thus, the antagonism measured in this assay format
grossly underestimates antagonist potency, as seen in the
dextral displacement of the Schild regression shown in
Fig. 5D. In summary, it can be seen that while the IP1 assay
reveals alvameline to be a standard partial agonist, the
calcium assay gives a conflicting pattern of transient response
and noncompetitive blockade that does not adhere to mass
action kinetics and yields erroneous potency data regardless of
the protocol used (pre-equilibration and coaddition format).

Characterization of Inverse Agonists. Another possible
activity present in any antagonist molecule is negative efficacy
due to the selective affinity of the antagonist for the inactive
state of the receptor. This translates to a depression of any
constitutive receptor activity present in the system due to the
existence of spontaneously activated receptors; the ligands that
produce this effect are labeled inverse agonists (Costa and Herz,
1989; Samama et al., 1993). To evaluate this, responses to
ghrelin were obtained in HEK293 cells stably transfected with
human ghrelin receptors in the absence and presence of the
known ghrelin receptor inverse agonist SPA (Holst et al., 2003).
Using IP1, the constitutive receptor activity of the system is
demonstrated by the concentration-related depression of basal
responses by SPA (Fig. 6); the pECs, value for inverse agonism
is 7.0. The effects of SPA on ghrelin receptors also were
examined with ghrelin-induced increased calcium transient
responses in the same HEK293-GHSR1a cells. In contrast to
the effects with IP1, no changes in the basal responses to SPA
were observed in the calcium assay (Fig. 6), as expected since
the calcium assay does not support a sustained constitutively
elevated basal response due to active state receptors.

In the IP1 assay, concentration-response curves to ghrelin
are shifted to the right with concomitant depression of basal
response in a concentration-dependent manner by SPA (see
Fig. 7A). In the calcium assay, SPA also produced antagonism
of ACh responses but no changes in baseline (consistent with
Fig. 6) were observed (see Fig. 7B). This profile is not
consistent with predictions of standard mass action inverse
agonism (see Fig. 7C). The dextral displacements of the
concentration-response curves to ghrelin in the IP1 assay
yield a linear Schild regression (slope = 1.0, 95% confidence
limit = 0.9-1.1) with pKg = 7.47 and 95% confidence limit =
7.6-7.34, which agree with published binding data for SPA
(K = 45 nM; Holst et al., 2003), see Fig. 7D. In addition, the
pKg value measured in the IP1 assay is slightly lower than the
EC5¢ value for reversal of basal response (direct inverse
agonism) seen in Fig. 6 (EC59 = 0.1 uM; Ky = 33.9 nM), in
agreement with theoretical predictions (Kenakin, 2014). In
summary, while the IP1 assay demonstrates known inverse
agonism for SPA, the calcium assay does not show an inverse
agonist effect but rather presents a simple competitive
antagonist profile for this compound.
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Fig. 5. Coaddition of a fast acting agonist (ACh) and slower acting partial agonist (alvameline) in CHO-M1 cells (alvameline and ACh added
simultaneously). (A) Concentration-response curves in the calcium assay (coaddition format) in the absence (filled circles) and presence of increasing
concentrations of alvameline (open circles, 0.1 uM; filled triangles, 1 uM; open triangles, 10 wM). Data from representative experiments are shown (n = 4).
Error bars represent S.D. (B) Simulations of full agonist (broken line) and partial agonist (filled line) receptor occupancy. Full agonist: k1 = 10° Ms™ %, ko =
0.06 second " !; partial agonist: &, = 108 Ms™%; 25 = 0.01 second . (C) Hemi-equilibrium kinetic responses calculated through receptor occupancies from eq.
4 furnishing [A]/K values through pa/(1—p,) in the operational model (eq. 1) at time = 3 seconds. It can be seen that partial agonist concentrations up to
10X Kg produce no antagonism [solid lines model experimental data shown in (A)]. Only at concentrations >10X Kp is antagonism observed; see the
simulated concentration-response curves in the dashed lines). (D) Concentrations producing antagonism [dashed lines in (C)] produce a curvilinear Schild
regression with an intercept shifted to the right of the correct Kg at equilibrium.

Characterization of PAM Agonists. PAMs potentiate
agonist responses through stabilization of the agonist-promoted
active receptor state. An added degree of positive activity can be
gained with PAM agonists, which in addition to potentiation of
endogenous agonist response also can impart a direct positive
agonist response to the system through direct positive efficacy in
the modulator. An example of such a compound is BQCA
(Ma et al., 2009; Mistry et al., 2016), a PAM agonist for the M1
muscarinic receptor. Concentration-response curves to acetyl-
choline, in the absence and presence of BQCA, illustrate the
expected PAM agonist profile of BQCA in CHO cells containing
muscarinic M1 receptors as measured with IP1 response (see
Fig. 8). The pattern of responses to ACh (all concentration-
response curves fit simultaneously) with varying concentrations
of BQCA was fit to the functional allosteric equation (eq. 11)
to yield the predictive activity parameters of Kz = 5 uM,
78 = 0.24 X Tach, @ = 12, and B = 2. The effects of BQCA in the
IP1 assay are consistent with the theoretical predictions of the
functional allosteric model (Fig. 8B). It is interesting to note that
no agonism is observed for concentrations that produce acetyl-
choline potentiation (i.e., 1 uM) (see Fig. 8A); however, this is
common with PAM agonists. Specifically, since the endogenous
agonist increases the affinity of the PAM when bound to the
receptor, potentiation of PAM effects is expected to be observed

at concentrations lower than those producing direct agonism;
this is what is observed for IP1 (see Fig. 8C) (Davoren et al.,
2017). This being the case, the fact that potentiation is seen at
concentrations lower than those producing direct agonism is
consistent with expectations of this allosteric system.

FRACT Ca?* MAX

FRACT. CONSTIT. ACT.

Log [SPA]: M

Fig. 6. Effects of inverse agonist SPA on constitutive receptor activity of
HEK293-GHSR1a. Dose-response curves were obtained with the IP1 assay
(open circles) or calcium assay (filled circles). Data from representative
experiments are shown (n = 3). Error bars represent S.D. and abscissae
molar concentration of SPA (log scale).
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In contrast to the patterns of responses seen with BQCA in
the IP1 assay, the pre-equilibration format with calcium
yields transient responses that do not demonstrate predicted
PAM agonist behavior. As seen in Fig. 9A, with 30-minute
preincubation BQCA produces some measure of sinistral
displacement of concentration-response curves to ACh. How-
ever, the estimated value of a is considerably less than that
observed with the IP1 assay (@calcium = 4.5; aip1 = 12). More
importantly, the positive agonism of BQCA is not observed
and the maximal responses to ACh are distorted, most likely
due to the hemi-equilibrium nature of the calcium transient
assay and also possible desensitization of response (Kenakin
et al., 2006).

The characterization of BQCA by the pattern of calcium
responses is one of increased affinity and decreased efficacy;
however, importantly, this pattern of effect seen with BQCA is
not amenable to fit by the functional allosteric model.
Specifically, any value for « that fits the sinistral displace-
ment of any one of the concentration-response curves pre-
cludes a fractional value of 8 to concomitantly accommodate
the depressed maximal response. In fact, the test for internal
consistency of the data with the mathematical model fails in
that no combination of @ and B values can fit the complete
pattern of responses (see Fig. 9, B-D). In general, a standard
PAM agonist profile is not observed for BQCA, nor is the
allosteric nature of BQCA seen with the calcium assay
employed in the pre-equilibration format. In contrast, a
pattern of effect more consistent with PAM agonism is
observed in the calcium assay with coaddition of ACh and
BQCA. As seen in Fig. 10A, some elevated baselines due to
direct agonism and some sinistral displacements of ACh
concentration-response curves are observed. However, at-
tempts to fit this pattern to the functional allosteric model
again failed since no combination of @, 8, and 7g enabled fitting

of the complete set of concentration-response curves to the
allosteric model (see Fig. 10, B-D).

In summary, IP1 and calcium assays display different
patterns. On the one hand, the IP1 assay defines the BQCA
as a PAM agonist for acetylcholine agonism and gives values
(a, B, and 7p) that can be used to predict the effects of BCQA on
ACh responses in any functional assay varying in sensitivity
and receptor expression. On the other hand, the calcium assay
with both pre-equilibration and coaddition formats fails in the
accurate characterization of the BQCA as a PAM agonist.

Characterization of B-PAMs. PAMs potentiate agonist
responses through either an increase in the affinity of the
receptor for the agonist (cooperativity term «) and/or an
increase in the efficacy of the agonist (cooperativity term g3).
Increased affinity for the endogenous agonist will potentiate
responses only when there is appreciable endogenous re-
sponse remaining to activate the system. In cases where the
system is depleted or otherwise attenuated, it may be that an
increased affinity for the endogenous signal would not be
sufficient to restore a physiologically normal response. In
these cases, it may be that the actual efficacy of the endoge-
nous agonist may need to be increased; this is accommodated
by cooperativity factor 8 in the functional allosteric model.
Therefore, in therapeutic programs for PAMs that are
designed to revitalize failing systems (i.e., Alzheimer’s dis-
ease) it is important to differentiate potentiating effects due to
affinity («) versus efficacy (8) since the latter may be the only
molecules of value.

A prerequisite to identification of a positive B-PAM effect is
the ability to increase the maximal response in the functional
assay (Stahl et al., 2011) as in the case of alvameline, a partial
agonist. Increased maximal responses to the PAM agonist
BQCA are observed with the partial agonist alvameline with
the IP1 assay (Fig. 11A), thus characterizing BQCA as a

202 ‘0T |1dy uo sfeusnor 1 34SY e Bio'sfeulno iadse w.reydjow wou) papeojumod


http://molpharm.aspetjournals.org/

1002

Bdioui et al.

>
vy)

1.0 1 10 ¢
X | .
< 0.8 , é
E " E

. 06 + ® Control

be 100MMBOCA =
(@) A 1,MBOCA O
& 0.4 4 biommBaca <
T8 ¢ oumeaca X

0.2 9

0.0 < . -

Fig. 8. Effects of a PAM agonist BQCA on
ACh-mediated responses of CHO-M1 cells
in pre-equilibration format (BQCA added
60 minutes before determination of ACh
response) with the IP1 assay. (A) IP1
assay: dose-response curves of ACh in the
absence (filled circles) or presence of in-
creasing concentrations of BQCA: 100 nM
(open circles), 1 uM (filled triangles),
10 uM (open triangles), and 100 uM (filled
diamonds). Data from representative ex-
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B-PAM. Fitting the concentration-response curves to the
functional allosteric model (eq. 11) reveals that allosteric
cooperativity constants of « = 1.2 and B = 80 with positive
efficacy 78 = 2.875 and Kg = 70 uM fit the complete set of
experimentally derived concentration-response curves. This is in
keeping with the predictions of the functional allosteric model
(see Fig. 11B), and these data define BQCA as a positive 3-PAM
agonist for alvameline agonism. In contrast, very little sensiti-
zation and no change in the maximal response to alvameline is
observed with BQCA in the calcium assay (Fig. 12). This pattern
of responses is inconsistent with that predicted by the functional
allosteric model. A somewhat closer pattern to a 8-PAM agonist
profile was observed with the coaddition format (Fig. 13A).
However, as with the BQCA data utilizing acetylcholine,
attempts at fitting the functional allosteric model to the complete
set of curves failed (Fig. 13, B-D); thereby, precluding classifica-
tion of BQCA as a 8-PAM agonist for alvameline with calcium. In
summary, while the IP1 assay accurately defines BQCA as a
B-PAM agonist for alvameline agonism and gives consistent
values (a, B, and 1), the calcium assay fails in this character-
ization regardless of the protocol used (pre-equilibration and
coaddition formats).

Discussion

By using the appropriate experimental models and assays,
pharmacologists aim to describe how a given drug may
produce varying effects in different organs under different
physiologic conditions through a single mechanism of action.
These models thus convert descriptive data (issued from
experiments) into predictive data (which can predict the same

periments are shown (n = 3). Error bars
represent S.D. and abscissae as molar
concentrations (logarithmic scale). The
complete set of curves is fit to eq. 11
utilizing parameters Ky = 5 uM, 75 = 50,
KB =5 /,LM, TB = 0~247ACha a= 12, and B =2.
(B) Theoretically predicted effects of an
agonist in the presence of increasing con-
centrations of PAM agonist with positive
and B activity according to eq. 11. (C) Data
from (A) are recalculated to show the
dependence of sensitization of acetylcho-
line responses and direct agonism to
BQCA as a function of BQCA concentra-
tions. The fact that acetylcholine increases
the affinity of BQCA for the receptor is
reflected in the sinistral displacement of
the potentiation curve compared with the
agonist curve.

-7 -5
Log[Agonist] (M)

drug’s behavior in all tissues, including the therapeutic
setting). A critical part of this process is an accurate assess-
ment of the fit of the experimental patterns of data to the
models. In addition, the best models have rules, which can be
used in the form of mathematical relationships and equations
that can then be used to predict effects under a variety of
circumstances. As expressed by Stephen Hawking (Hawking,
1998), “What is it that breathes fires in the equations that
makes a Universe for them to describe?” An important
corollary to this idea is that mathematical models have
internal checks, which link experimental observations to
patterns predicted by the model, and these must be applied
—i.e., if the observed data do not adhere to these internal
checks then the model is a poor representation of the system.
For this assessment to be effective, good experimental practice
must be exercised to accurately reflect the mass action
effects of a drug as it interacts with its biologic target (i.e.,
preincubation of test compounds), and the assay needs to
accurately reflect the mass action kinetics of the drugs involved.

In cells, activation of a Gg-protein-coupled receptor results
in increased metabolism of inositol phosphate to cause
calcium release and other physiologic effects. These present
studies confirm that, with the exception of the inverse
agonism and the PAM agonism in the pre-equilibration
format, both IP1 and calcium assays accurately detect com-
pound effects on receptor activity in the screening mode.
However, when these two assay formats are compared for lead
optimization of compounds, differences are observed and these
differences emanate from the relative kinetics of the agonist-
ligand interaction with the receptor; if the assay does not
reflect the real-time kinetics of physiologic response
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Fig. 9. Effects of a PAM agonist BQCA on ACh-mediated responses of CHO-M1 cells with the pre-equilibration format (BQCA added 60 minutes before
determination of ACh response) with calcium assay. (A) Calcium assay: dose-response curves of ACh in the absence (filled circles) or presence of
increasing concentrations of BQCA [1 uM (open circles), 10 uM (filled triangles), and 100 uM (open triangles)]. Data from representative experiments are
shown (n = 3). Error bars represent S.D. and abscissae as molar concentrations (logarithmic scale). (B) Theoretically predicted effects of an agonist in the
presence of increasing concentrations of PAM agonist (K5 = 30 nM, 74 = 10) with positive @ and $ activity according to eq. 11. Data for control curve and
curve in the presence of 1 uM BQCA are fit with parameters a = 100, 8 = 1.0, 75 = 0, and K = 50 uM (dashed circle joins theoretical and predicted curves);
calculated curves with those parameters for 10 and 100 uM BQCA shown on solid lines differ markedly from data for those concentrations (filled
triangles, open triangles, dotted lines). (C) Data for control curve and curve in the presence of 10 uM BQCA are fit with parameters « = 150, 3=0.14, 75 =
0, and Kp = 50 uM (dashed circle joins theoretical and predicted curves); calculated curves with those parameters for 1 and 100 uM BQCA shown on solid
lines differ markedly from data for those concentrations (open circles, open triangles, dotted lines). (D) Data for control curve and curve in the presence of
100 uM BQCA are fit with parameters @ = 800, 8 = 0.058, 75 = 0, and Ky = 50 uM (dashed circle joins theoretical and predicted curves); calculated curves
with those parameters for 1 and 10 uM BQCA shown on solid lines differ markedly from data for those concentrations (open circles, filled triangles, dotted

lines).

production, then dissimulations between true mass action
drug interactions and observed functional responses can
result. For equilibrium assays such as IP1, this error can be
eliminated by simply taking measurements after the appro-
priate equilibration time; however, the transient nature of the
response of the calcium assay precludes this.

While both assay formats are suitable for the characteriza-
tion of antagonists (Fig. 3), differences are observed when the
test molecule has positive or negative efficacy on the receptor
activity. The Black-Leff operational model applied to the
direct partial agonism of alvameline (Fig. 2) yields very
different affinity and efficacy values for alvameline in the
IP1 and calcium assays, while they should be independent
parameters characterizing alvameline agonism in all systems.
At this point, the application of internal checks becomes
important to assess which set of values are correct. The IP1
assay provides antagonism of ACh responses by alvameline
(pKg = 5.5; Fig. 4D) identical to the alvameline agonism
(pECso = 5.5; Fig. 2A), which is internally consistent with the
model, thereby fulfilling the requirement of internal check
agreement; the same is not true for the calcium data. Although
antagonism is observed with alvameline, the calcium assay
produces an aberrant Schild regression that is not consistent
with competitive antagonism (Fig. 4D), which is inconsistent

with the pKg value found for IP1 (5.5) and the pEC5, value in
the calcium assay (pECsq = 7.0) (Fig. 2B).

Coaddition of partial and full agonists in the calcium assay
produced a pattern of curves closer to what would be expected for
mass action partial agonism. However, the observed agonism
did not agree with the observed antagonism. Specifically, while
the pECso value for direct agonism by alvameline was on the
order of 0.1-1 uM, these agonist responses were not linked to
any substantial degree of receptor antagonism. This pattern is
predicted by simulations of coaddition of a fast-acting full
agonist and a slower acting partial agonist, where the response
is measured at times less than those required for equilibrium
(Fig. 5, B and C). The coaddition of partial and full agonists in
the calcium assay predicts the appearance of agonism with a
severe underestimation of antagonism (Fig. 5D).

Another type of ligand that cannot adequately be identified
or profiled in hemi-equilibrium assays is the inverse agonist.
Since inverse agonism has been associated with clinical
tolerance to antagonism (Wilder-Smith et al., 1990; Deakin
and Williams, 1992), it is critical to differentiate them from
antagonists in discovery programs. While the inability of the
calcium assay to produce sustained, elevated basal responses
precludes detection of inverse agonism it is still worth
applying internal checks to the data obtained with the IP1
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Fig. 10. Effects of a PAM agonist BQCA on ACh-mediated responses of CHO-M1 cells with the coaddition format (BQCA and ACh added together) with
calcium assay. (A) Calcium assay: dose-response curves of ACh in the absence (filled circles) or presence of increasing concentrations of BQCA [100 nM
(open circles), 1 uM (filled triangles), and 10 uM (open triangles)]. Data from representative experiments are shown (n = 3). Error bars represent S.D. and
abscissae as molar concentrations (logarithmic scale). (B) Theoretically predicted effects of an agonist (K5 = 30 nM, 74 = 10) in the presence of increasing
concentrations of PAM agonist with positive a and B activity according to eq. 11. Data for control curve and curve in the presence of 100 nM BQCA are fit
with parameters a = 100, 8 = 1.0, 75 = 0, and Kg = 5 uM (dashed circle joins theoretical and predicted curves); calculated curves with those parameters for
1 and 10 uM BQCA shown on solid lines differ markedly from data for those concentrations (filled triangles, open triangles, dotted lines). (C) Data for
control curve and curve in the presence of 1 uM BQCA are fit with parameters a = 110, 8 =1.8, 75 = 0, and Kg = 50 uM (dashed circle joins theoretical and
predicted curves); calculated curves with those parameters for 100 nM and 10 uM BQCA shown on solid lines differ markedly from data for those
concentrations (open circles, open triangles, dotted lines). (D) Data for control curve and curve in the presence of 10 uM BQCA are fit with parameters
a=100,B=1.0, g = 1.55, and Kp = 50 uM (dashed circle joins theoretical and predicted curves); calculated curves with those parameters for 100 nM and
1 uM BQCA shown on solid lines differ markedly from data for those concentrations (open circles, filled triangles, dotted lines).

assay. Specifically, the internal check for inverse agonism
dictates that the ECsy value for reversal of constitutive
activity should always be arithmetically larger than the Ky
value for binding (see Results), and this was indeed the case
with the IP1 assay (see Fig. 6; Fig. 7D).

Finally, study of allosteric modulation mediated by Gq
proteins was investigated with the IP1 and calcium assays
using BQCA, a PAM agonist for the muscarinic M1 receptor.
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The standard profile of these types of ligands is the potenti-
ation of an agonist response with concomitant elevated basal
response due to the direct agonism. This was observed for
BQCA in the IP1 assay (Fig. 8), allowing the profile to be
compared with the functional allosteric model (Ehlert, 2005;
Kenakin, 2005; Price et al., 2005). This, in turn, furnished
universal allosteric parameters for effects on affinity (),
efficacy (B), direct efficacy (7), and binding (Kg) that fit the
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Fig. 11. Effects of BQCA on alvameline-mediated responses on CHO-M1 cells in pre-equilibration format (BQCA added 60 minutes before
determination of alvameline response) with the IP1 assay. (A) Alvameline dose-response curves obtained with the IP1 assay in the absence (filled
circles) or presence of increasing concentrations of BQCA [1 uM (open circles), 10 uM (filled triangles), and 100 uM (open triangles)]. Data fit with
eq. 11 using parameters a = 1.2, 8 = 80, 75 = 2.87,, and Kg = 70 uM. (B) Theoretically predicted effects of a PAM agonist with positive g effects on a
partial agonist, where the window to detect maximal response exceeds the maximal response to the partial agonist according to eq. 11. Data from
representative experiments are shown (n = 3). Error bars represent S.D. and abscissae values as molar (log scale).
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Fig. 12. Effects of BQCA on alvameline-mediated responses on CHO-M1
cells in pre-equilibration format (BQCA added 60 minutes before de-
termination of alvameline response) with the calcium assay. Alvameline
dose-response curves obtained with the calcium assay in the absence (filled
circles) or presence of increasing concentrations of BQCA [100 nM (open
circles), 1 uM (filled triangles), and 10 uM (open triangles)]. Data from
representative experiments are shown (n = 3). Error bars represent S.D.
and abscissae values as molar (log scale).

entire array of ACh concentration-response curves. The in-
ability of the calcium assay to demonstrate sustained re-
sponses precludes observation of the PAM agonist profile of
BQCA with the pre-equilibration format (Fig. 9A). While the
coaddition format provided curves that at least qualitatively
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demonstrated elevated direct agonist activity and sensitiza-
tion of ACh response (Fig. 10A), attempts to fit the resulting
pattern of curves to the functional allosteric model failed with
both pre-equilibration (Fig. 9, B-D) and coaddition formats
(Fig. 10, B-D). The calcium assay would then lead to
dissimulation in the classification of BQCA as an allosteric
ligand.

A further obfuscation of allosteric effect was observed for
BQCA in the failure to detect the 8 effect with alvameline.
Positive B-PAM activity can be an important aspect of an
allosteric PAM program since this activity is relevant to the
rejuvenation of a failing physiologic system. For example, the
D112%32 mutant of the muscarinic M4 receptor renders this
protein insensitive to ACh but the g-PAM L.Y2033298 com-
pletely restores activity to ACh (Leach et al., 2011). The
pattern of curves obtained in the IP1 assay indicated B-medi-
ated PAM activity that adhered to the functional allosteric
model (Fig. 11). In contrast, the unreliable agonist maximal
responses produced in a hemi-equilibrium calcium assay did
not reveal the g effect (nor indeed any substantial potentiating
effect) of BQCA with alvameline (Fig. 12). Although an
apparently more favorable profile was observed with the
coaddition format, attempts to fit the complete set of curves
to the functional model also failed (Fig. 13).

This study uses different classes of G-protein-coupled re-
ceptor ligands (antagonists, partial agonists, inverse agonists,
and o/B-PAMs) to demonstrate that functional assays can
drive what conclusions are drawn about the mechanism of
action of ligands and also their subsequent disposition in lead
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Fig. 13. Effects of a PAM agonist BQCA on alvameline-mediated responses of CHO-M1 cells with the coaddition format (BQCA and Alvameline added
together) and the calcium assay. (A) Calcium assay: dose-response curves of alvameline in the absence (filled circles) or presence of increasing
concentrations of BQCA [100 nM (open circles), 1 uM (filled triangles), and 10 uM (open triangles)]. Data from representative experiments are shown
(n = 3). Error bars represent S.D. and abscissae values as molar (log scale). (B) Theoretically predicted effects of an agonist (K = 225 nM, 7 = 3.5) in the
presence of increasing concentrations of PAM agonist with positive a and B activity according to eq. 11. Data for control curve and curve in the presence of
100 nM BQCA are fit with parameters a = 12, 8 = 1.8, 7 = 7, and Kg = 5 uM (dashed circle joins theoretical and predicted curves); calculated curves with
those parameters for 1 and 10 uM BQCA shown on solid lines differ markedly from data for those concentrations (filled triangles, open triangles, dotted
lines). (C) Data for control curve and curve in the presence of 1 uM BQCA are fit with parameters a = 70, 8 = 1.8, 73 =0, and Kg = 5 uM (dashed circle joins
theoretical and predicted curves); calculated curves with those parameters for 100 nM and 10 uM BQCA shown on solid lines differ markedly from data
for those concentrations (filled circles, open triangles, dotted lines). (D) Data for control curve and curve in the presence of 10 uM BQCA are fit with
parameters « = 70, 8 = 8.0, 75 = 5.0, and K = 5 uM (dashed circle joins theoretical and predicted curves); calculated curves with those parameters for
100 nM and 1 uM BQCA shown on the solid lines differ markedly from data for those concentrations (open circles, filled triangles, dotted lines).
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optimization programs. In cases where a sustained response is
required, it is obvious that the calcium assay in the pre-
equilibration format should not be used to determine drug
activity parameters. Specifically, it has been shown that a
hemi-equilibrium assay such as calcium incorrectly identifies
alvameline as a noncompetitive antagonist of muscarinic recep-
tors (as opposed to a partial agonist), does not identify the inverse
agonist activity of SPA, and does not identify BQCA as a PAM
with direct positive cooperative potentiation of the effect of
muscarinic agonist activity. Even when utilizing coaddition
of the ligand format—where apparently correct patterns of
concentration-response curves are obtained experimentally—
quantitative analyses of the data and application of internal
checks indicate that standard partial agonist activity for alvame-
line and true PAM agonist activity for BQCA cannot be verified.
In contrast, all these profiles are accurately demonstrated with
an equilibrium assay such as IP1, and were confirmed by
internal checks of parameters determined from the models.

The most prevalent reason for failure of new drug candi-
dates is lack of efficacy (Arrowsmith, 2011). Clearly, a large
part of the reason for this is our current inability to under-
stand disease and what is required to modify physiology to
reverse these processes. However, it may also be true that
inability to properly characterize the efficacy of the molecules
we advance in clinical trials plays a part in these failures. The
corollary to this idea is that any pharmacological procedure(s)
that can correctly characterize pharmacological profiles for
new compounds targeting G-protein-coupled receptors is an
obviously important endeavor, which can be addressed
through the proper use of equilibrium assays. The definition
of the true efficacy of test molecules can only be beneficial in
the discovery process, which hopefully can reduce the current
high rate of candidate failures.
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