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Abstract

Current operational models of agonism and allosterism quantify ligand actions at receptors
where agonist concentration-response relationships are non-hyperbolic by introduction of a
transducer slope that relates receptor occupancy to response. However, for some receptors,
non-hyperbolic concentration-response relationships arise from multiple endogenous agonist
molecules binding to a receptor in a cooperative manner. Thus, we developed operational
models of agonism in systems with cooperative agonist binding, and evaluated the models by
simulating data describing agonist effects. The models were validated by analyzing
experimental data demonstrating the effects of agonists and allosteric modulators at receptors
where agonist binding follows hyperbolic (M4 muscarinic acetylcholine receptors) or non-
hyperbolic relationships (metabotropic glutamate receptor 5 and calcium-sensing receptor).
For hyperbolic agonist-concentration response relationships, no difference in estimates of
ligand affinity, efficacy or cooperativity were observed when the slope was assigned to either
a transducer slope or to an agonist binding slope. In contrast, for receptors with non-
hyperbolic agonist concentration-response relationships, estimates of ligand affinity, efficacy
or cooperativity varied depending on the assignment of the slope. The extent of this variation
depended upon the magnitude of the slope value, agonist efficacy, and, for allosteric
modulators, on the magnitude of cooperativity. The modified operational models described
herein are well suited to analyzing agonist and modulator interactions at receptors that bind
multiple orthosteric agonists in a cooperative manner. Accounting for cooperative agonist

binding is essential to accurately quantify agonist and drug actions.

Significance statement
Some orthosteric agonists bind to multiple sites on a receptor, but current analytical methods

to characterize such interactions are limited. Herein, we develop and validate operational
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models of agonism and allosterism for receptors with multiple orthosteric binding sites, and
demonstrate that such models are essential to accurately quantify agonist and drug actions.
These findings have important implications for the discovery and development of drugs
targeting receptors such as the calcium-sensing receptor, which binds at least five calcium

ions.

Introduction

The past 30 years have seen major advances in quantifying the relationship between receptor
occupancy and response, with the operational model of agonism (Black and Leff, 1983)
representing one of the most common analytical approaches. The operational model of
agonism describes agonist effects based on agonist affinity (Ka) and observed efficacy in a
given test system. The latter is defined by a transducer ratio, t, which is a function of both
tissue- and agonist-specific components; it is the ratio of the total receptor number (Rr) and a
transducer parameter (Kg) that defines the avidity with which a given agonist-occupied
receptor complex promotes the final observed pharmacological effect. As such, the
operational model of agonism is a useful tool for quantifying agonism in a comparable
manner across different test systems (Black and Leff, 1983), and has subsequently been
extended or modified to also quantify effects of allosteric modulators and biased agonists

(Kenakin, 2012; Leach et al., 2010; Leach et al., 2007).

The operational model of agonism has been most commonly applied to characterize the
activity of agonists that display both rectangular hyperbolic or non-hyperbolic concentration-
response curves, i.e., normally empirically characterized by Hill slopes that are equal to or
different from unity, respectively. The key underlying assumption in the majority of instances

to date where an agonist concentration-response curve displays a Hill slope significantly
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different from 1 has been ascribed in the most common form of the operational model to
differences in the post-receptor machinery that transduce occupancy to response, i.e., through
introduction of a so-called “transducer slope” (n) (Black et al., 1985). For instance, steep or
shallow Hill slopes could arise due to changes in the sensitivity of one or more steps in a
receptor’s signal transduction mechanism, while the initial agonist-receptor binding event is
assumed to be characterized by a simple hyperbolic one-to-one relationship. However, for ion
channels and a number of G protein-coupled receptors (GPCRs), particularly the class C
GPCR subfamily, non-hyperbolic concentration-response relationships can also arise from
cooperative binding of multiple equivalents of the same endogenous agonist molecule prior
to any subsequent processing of the stimulus by the cellular transduction machinery. For
example, while a number of small molecule calcium-sensing receptor (CaSR) agonists
produce responses characterized by Hill slopes close to unity (Cook et al., 2015; Keller et al.,
2018), indicating a transducer slope equal to unity, it is also well established that CaSR
responses to its endogenous activator, extracellular calcium (Ca®",) and other divalent cations
are characterized by extremely high Hill slopes, ranging from 2 to 4 (Brown, 1983; Davey et
al.,, 2012; Leach et al., 2015). The most parsimonious explanation to account for these
disparate observations is that the operational transducer slope linking CaSR agonist
occupancy to response can adequately be described by a transducer slope equal to unity,
which suggests that the cooperativity observed in response to activators such as (Ca*",) ions
arises at the level of binding, not function. This is also in accord with known pharmacological
and structural studies of the CaSR that have identified multiple binding sites for Ca*", ions
(Geng et al., 2016). As a consequence, the classic operational model of agonism as applied to

concentration-response curves of non-unit Hill slopes is suboptimal for such situations.

202 ‘0z |1dy uo sfeuinor 1 34SY e Biosfeulno iadse wreyd jow wouy pepeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on November 8, 2019 as DOI: 10.1124/mol.119.118091
This article has not been copyedited and formatted. The final version may differ from this version.

MOL # 118091

Herein, we sought to develop and evaluate an operational model of agonism that describes
orthosteric agonist binding to multiple sites in a cooperative manner, referred to as the
“cooperative agonist operational model”. The cooperative agonist operational model was
superior to the original Black and Leff operational model of agonism in fitting Ca>*,-CaSR
concentration-response data. We also extended this cooperative agonist operational model to
incorporate allosteric modulation of the affinity and efficacy of an agonist that binds
cooperatively to multiple sites. This “operational model of allosterism with cooperative
agonist binding” was fitted to data describing the actions of CaSR positive allosteric
modulators (PAMs) and negative allosteric modulators (NAMs), and revealed that if
cooperative agonist binding is not taken into consideration, under- or overestimates of PAM

and NAM affinity and cooperativity can occur.

Materials and methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM), FlpIn HEK TREXx cells, blasticidin S HCI
and FBS were obtained from Invitrogen (Carlsbad, USA), whilst hygromycin B was from

Roche (Mannheim, Germany). Fluo-8 AM was from Abcam (Cambridge, MA, USA).

CaSR-expressing HEK293 cell lines

The generation of DNA and FlpIn HEK TREx cells stably expressing c-myc-tagged WT
CaSR in pcDNAS5/frt/TO have been described previously (Davey et al., 2012; Leach et al.,
2016). FlpIn HEK TREx CaSR cells were maintained in DMEM containing 5% FBS, 200
pug/mL hygromycin B and 5 pg/mL blasticidin S HCIL. To generate a tetracycline-inducible
FlpIn HEK cell line stably expressing an N terminally-truncated CaSR, N terminally-

truncated CaSR corresponding to amino acids 600-903 with an N-terminal influenza
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haemagglutinin signal peptide followed by a c-myc epitope and rhodopsin signal peptide in
pcDNA3.1+ (Leach et al., 2016) was transferred to pcDNAS5/frt/TO using BamHI and Notl
restriction sites. FlpIn HEK TREx cells were seeded into 25 cm” flasks in DMEM containing
5% FBS and allowed to reach 80% confluency. Cells were transfected with 0.5 pg
pcDNAS/frt/TO containing the N terminally-truncated CaSR plus 5 pg POG44 with
lipofectamine 2000 (1:4 DNA:lipofectamine 2000) according to manufacturer’s instructions.
The following day, cells were transferred to a T75 cm” flask, and 24 hrs later DMEM was
replaced with DMEM containing 5% FBS, 200 pg/mL hygromycin and 5 pg/mL blasticidin
S HCI. Selection DMEM was replaced every 3 days until untransfected cells had died (~10
days), and antibiotic-resistant cells were expanded and maintained in DMEM containing 5%
FBS, 200 pg/mL hygromycin and 5 pg/mL blasticidin S HCL. All cell lines were routinely
tested for mycoplasma contamination using the Lonza™ MycoAlert™ mycoplasma detection

kit.

Determination of WT and N terminally-truncated CaSR cell surface expression using FACs

FlpIn HEK TREx WT and N terminally-truncated CaSR expressing cells were seeded at
80,000 cells/well into a 96-well plate and expression was induced with 100 ng/mL
tetracycline overnight at 37°C. The following day, cells were harvested, washed in 1 x PBS
with 0.1% BSA and 2 mM EDTA (wash buffer) by centrifugation (350 x g, 4°C for 3 min)
before resuspension and 30 min incubation in 100 pL blocking buffer (1 x PBS, 5% BSA and
2 mM EDTA) containing 1 pg/mL AF647-conjugated 9E10 made in house as previously
described (Cook et al., 2015). Cells were washed as previously described and resuspended in
wash buffer containing propidium iodide. Live cell fluorescence was measured using a FACS

Canto (Becton Dickinson).
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Calcium mobilization assays

Cells were seeded in clear 96-well plates coated with poly-D-lysine (50 pg mL™) at 80,000
cells/well and incubated overnight in the presence of 0 or 100 ng mL™' tetracycline. The
following day, cells were washed with assay buffer (150 mM NaCl, 2.6 mM KCIl, 1.18 mM
MgCl,, 10 mM D-Glucose, 10 mM HEPES, 0.1 mM CaCl,, 0.5 % BSA and 4 mM
probenecid at pH 7.4) and loaded with Fluo-8 AM (1 uM in assay buffer) for 1 h at 37 °C.

Cells were washed with assay buffer prior to the addition of fresh assay buffer.

For all studies, each well was treated with a single agonist concentration. The release of Ca®";
was measured at 37°C using a Flexstation® 1 or 3 (Molecular Devices; Sunnyvale,
California). Fluorescence was detected for 60 sec at 490 nm excitation and 520 nm emission
and the peak Ca®’; mobilization response (approximately 12 sec after agonist addition) was
used for the subsequent determination of the agonist response. Relative peak fluorescence
units were normalized to the fluorescence stimulated by 1 uM ionomycin to account for

differences in cell number and loading efficiency.

Model derivation and data analysis

The derivation of operational models describing the effect of an agonist in the absence or
presence of an allosteric modulator at a receptor with multiple agonist binding sites is
presented in Appendix 1. The script input to use the two equations in the program, Graphpad

Prism, is also presented in the Appendix.

Data simulations were performed using the original Black and Leff operational model of
agonism, referred to herein as the Black and Leff model (Eq 1), or a modified cooperative

agonist operational model (Eq 2), where an additional slope (nB) was incorporated to account
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for multiple agonist binding sites and thus the steepness of the slope describing the agonist

concentration—occupancy relationship.

Enta"TTA]"
Effect= T
TA"TTA]Y +([A]HK )T
Eq1
Em nT) A nBnT
Effect= T [A]

TAnT[A]anT+([A]nB+KAnB)'1T
Eq2
where [A] is the agonist concentration, Ky is the agonist equilibrium dissociation constant; T4
is an operational measure of agonist efficacy; E,, is the maximal system response; n7 is the
transducer slope linking agonist concentration to response; and nB is the binding slope

linking agonist concentration to receptor occupancy.

For simplicity, the modified cooperative operational model of agonism (Eq 2) makes the
following assumptions:

i.  The receptor is either empty or fully occupied, and only the fully occupied receptor
exerts an effect. The lack of partially occupied receptor molecules could arise if
multiple agonist molecules bind simultaneously to the receptor, or if agonist
molecules bind sequentially with high positive cooperativity. Thus, once one binding
site is occupied, positive cooperativity drives occupancy of all other sites. The latter
scenario is most likely, hence why we have called this model the cooperative agonist
operational model.

ii.  The model cannot discern cooperativity between the multiple binding sites, thus nB
may not be the true number of binding sites. nB is therefore a binding slope

coefficient;
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iii.  Ka is a geometric mean of the microscopic dissociation constants for each binding

site.

Agonist concentration response curves were fitted to Eq 1 or 2 to quantify agonist affinity
and efficacy. When fitting experimental data to Eq 2, the transducer slope was constrained to

unity (see Results for validation of this assumption).

Data describing the interaction between glutamate and PAMs and NAMs at mGlus, or
between ACh and LY2033298 at the My muscarinic acetylcholine receptor (mAChR), were
fitted to our original operational model of allosterism (Eq 3) or to the new operational model
of allosterism with cooperative agonist binding (Eq 4). For simplicity and for the purpose of
fitting experimental data, Eqs 3-8 assume a single allosteric modulator binding site, and
therefore do not account for modulator cooperative binding.

E,,(ta[Al(Kg+aB[BD+tg[BIKA D"

ffect=
e A K+ K a Ky KA B[ AI[B])" T+ (ta[A] (K + BB+ 5 [BIK )"

Eq3

Enm(tAlA]" (Ky+aB[B])+ts[B][KAT")""
([A]"® Ky +K \ P K +K AP [BI+o[A]P[B]) " +(ta[A]” (KptaB[B]) +1a[BIKA )"

Effect=

Eq 4

where K, is the equilibrium dissociation constant of the orthosteric agonist and was fixed in
some instances to the affinity determined in radioligand binding assays (Leach et al., 2010;
Mutel et al., 2000); Kp is the equilibrium dissociation constant of the allosteric ligand; T4 and
15 are the operational efficacies of the orthosteric agonist and allosteric ligand, respectively; o
and P are the allosteric effects on orthosteric agonist affinity and efficacy, respectively (it
should be noted that B is not a reciprocal efficacy cooperativity factor (Giraldo, 2015; Leach

et al., 2007)); [A] and [B] are the orthosteric agonist and allosteric ligand concentrations,

10
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respectively; E, is the maximal system response; nT is the transducer slope linking agonist
concentration to response; and nB is the slope of agonist binding linking agonist

concentration to occupancy.

To fit the operational model of allosterism to data describing the interaction between Ca®",
and cinacalcet at the CaSR, the original operational model of allosterism shown by equation 3
was simplified, because for a full agonist like Ca®’, (i.e., one that generates the maximal
system response at submaximal receptor occupancies), Ka >> [A]. Further, because the
CaSR’s orthosteric agonist, Ca®’,, was present in the assay buffer, contaminating agonist was
included in the equations used to analyze CaSR PAM (cinacalcet) and NAM (NPS2143) data
(Keller et al., 2018). Therefore, data describing the interaction between Ca”", and cinacalcet
or NPS2143 at the CaSR were fitted to the original operational model of allosterism with
contaminating agonist (Eqs 5 and 6, respectively) or to an operational model of allosterism
with cooperative agonist binding and contaminating agonist (Eqs 7 and 8, respectively):

En([A+C](K+ap[B])+15[B][ECs0])""
[Ecso]nT(KB+[B])nT+([A+C] (Kg+aB[B])+ta[BI[ECso])""

Effect=

Eq5

where ECs is the agonist concentration that elicits a half maximal response (it should be
noted that inclusion of [ECsg] involves some simplifying assumptions that facilitate data
fitting (Aurelio et al., 2009; Giraldo, 2015)); [C] is the contaminating agonist concentration;
and all other parameters are as described for Eq 3.

E,(tA[A+C](Kp+aB[BD)+tp[BI[KA]""

Effect= ([A]Kg+K A Kg+K A [BJ+a[A+C][B])"T+(t,[A+C](Kg+op[B])+15[BIK )" T

Eq6
where [C] is the contaminating agonist concentration and all other parameters are as

described for Eq 3.

11
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Ep ([A+C]" (Kp +aB[B]) +15[BI[EC5 )"
[EC,, """ (K +[B])""+([A+C]"® (Kg +aB[B]) +15 [BI[EC5 ") "

Effect=

Eq7
where ECso, Kg, 18, 0, B, [A], [B], [C] and E,, are as described for Eq 5 and nB is the slope of

agonist binding linking agonist concentration to occupancy.

Eon(tAlA+CT" (Kg+aB[B])+15[BI[KAT")"

Effect= T T
([A+CT"PKg+K P K +K "B [BI+a[A+C]"’[B])  +(1A[A]"® (Kg+aB[B])+t5[BIKA")

Eq8
where [C] is the contaminating agonist concentration and all other parameters are as

described for Eq 4.

Simulated data was fitted to the following Hill equation:

[A]"E o
EffeCt= ﬁ
[A]"+ECs5,"
Eq9

where [A] is agonist concentration; Enax is the maximum agonist effect; ECs is the agonist

concentration that produces half the maximum agonist effect; and nH is the Hill slope.

Non-linear regression analysis was performed in GraphPad Prism 7 or 8. Potency, affinity,
cooperativity and efficacy parameters were estimated as logarithms (Christopoulos, 1998).
An extra sum of squares F test was used to determine whether data were fitted best when the
Hill slope, binding slope or transducer slope (nH, nB or nT, respectively) were significantly

different from unity, where p < 0.05 was considered significant.

12
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Results

The contribution of slope factors to agonist concentration-response relationships

We first evaluated the contribution of the agonist binding slope (nB) or transducer slope (1n7)
to the concentration-response curve of two agonists with different efficacies, by simulating
variations in nB or nT using the cooperative agonist operational model (Eq 2). We
specifically wanted to evaluate a system with cooperative agonist binding, therefore we based
our simulations on Ca’", activation of the CaSR. The Ca’’, concentration-response
relationship for the CaSR’s best characterized physiological role, inhibition of parathyroid
hormone (PTH) secretion, occurs over a Ca”", concentration range of 0.8 — 1.5 mM with an
ECsp of ~1.2 mM (Brown, 1983). Thus, for these simulations, the affinity of the agonist (Kx)
was assumed to be 1.2 mM and nB or nT were assumed to be between 1 and 3. Simulated
data was subsequently fitted to a Hill equation (Eq 9). Unsurprisingly, increasing nB or nT
increases the Hill slope of the agonist concentration-response curve (Figure 1, Table 1).
Further, increasing n7T decreases agonist potency. Interestingly, the effect of nB on agonist
potency depends on the magnitude of n7 and ta. For instance, increasing nB decreases
agonist potency for higher efficacy agonists (ta 3). However, for lower efficacy agonists (ta
1), increasing nB decreases agonist potency when n7T is <1, but increases agonist potency

when nT is >2.

We next sought to directly compare the influence of the binding or transducer slope by
simulating concentration-response curves for agonists with varying efficacies using the Black
and Leff operational model (Eq 1, which contains a transducer slope, n7) and the cooperative
agonist operational model (Eq 2, which contains a transducer and a binding slope, n7T and nB,
respectively). As can be seen in Figure 2 and Table 2, when nT or nB are equal to 1,

variations in To have an identical effect on empirical agonist concentration-response

13
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parameters (potency, Hill slope or En.x) regardless of the model. In contrast, when nT or nB
are greater than 1, variations in t4 result in major differences in the agonist concentration-
response profile predicted with the two different operational models of agonism. Specifically,
the Black and Leff model predicts that high efficacy agonists have greater potency relative to
affinity (due to amplification of the “steps” between agonist binding and response), while for
low efficacy agonists, the ECsy may be less than the K4 for curves that possess non-unity Hill
slopes. The latter was previously noted by Black and Leff (Black et al., 1985). Further, the
Hill slope decreases alongside decreases in ts. In comparison, the cooperative agonist
operational model predicts that when n7 is 1, agonist ECsp may approach but not be less than
its K4, regardless of whether nB is greater than 1, and there is no effect of T4 on the Hill slope

of the agonist concentration-response curve (Figure 2, Table 2).

Quantification of experimentally derived agonist concentration-response data

We next tested whether our simulations were recapitulated in a functional assay that
measures CaSR activation. To do so, we measured Ca’’,-mediated Ca*'; mobilization
following titration of CaSR expression using a tetracycline inducible system. In the absence
of tetracycline, the maximal response to Ca®", is approximately 50% of the maximal response
obtained under full induction of receptor expression (100 ng/mL tetracycline). In this system,
fitting a Hill equation (Eq 9) to both data sets indicated that the data were fitted best when the
Hill slope was unchanged with different receptor expression levels (i.e. different magnitudes
of t4) (p < 0.05, extra sum-of-squares F test; data not shown). For the CaSR, the small
molecule allosteric agonists, AC265347 or calcimimetic B, activate the CaSR with a Hill
slope of 1 (Cook et al., 2015; Keller et al., 2018). Similarly, when cooperative agonist
binding is prevented by removal of the CaSR’s N terminal domain and consequently the

primary Ca”", binding sites, the Hill slope for Ca**, is not significantly different to unity (see

14
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below). This provides experimental evidence that the CaSR’s transducer slope is equal to
unity, and that the steep Hill slopes observed for Ca®", at the full-length CaSR thus likely
arise from a binding slope greater than 1. Thus, when fitting CaSR experimental data to the

cooperative agonist operational model, n7 was constrained to unity.

When the data were fitted to the classic Black and Leff model, the estimated K4 was 0.2 mM
(Figure 3A, Table 3). In comparison, the cooperative agonist operational model yielded a Kx
estimate of 1.ImM, which is in close agreement with the ECsy (1.2 mM) of Ca®", for
suppressing PTH release (Brown, 1983) and Ca®’, affinity estimates for the CaSR
extracellular domain determined using spectroscopic approaches (Huang et al., 2009; Zhang
et al.,, 2014). For both analyses, data were fitted best when the binding slope (cooperative
agonist operational model) or transducer slope (Black and Leff model) were different to unity

(p <0.05, extra sum of squares F test).

To further validate our simulations in a functional assay, we next sought to quantify the
affinity and efficacy of a CaSR partial agonist. To do so, we took advantage of observations
that in comparison to at the WT CaSR (Figure 3B), Ca*", acting via the 7 transmembrane
(7TM) domain is a partial agonist at an N-terminally truncated CaSR (depicted in Figure 3C)
relative to the trivalent cation, gadolinium (Gd*",) (Figure 3D). FACs analysis confirmed cell
surface expression of the WT and N terminally-truncated CaSR (Supplemental Figure 1). We
quantified Ca>", affinity and efficacy at the N terminally-truncated CaSR using the original
Black and Leff model or the cooperative agonist operational model (Table 3). In both
instances, data were best fitted when the binding slope (cooperative agonist operational
model) or transducer slope (Black and Leff model) were not different to unity (p < 0.05, extra

sum of squares F test), consistent with a reduction in positively cooperative Ca*", binding, as
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would be expected upon removal of the four primary Ca®’, binding sites located in the N
terminal domain (Geng et al., 2016). Thus, parameters determined at the N terminally-
truncated receptor were identical regardless of the equation used to analyze the data. Ca*,
affinity and cooperativity estimates at the N terminally-truncated receptor were compared to
those determined at the full-length WT CaSR, indicating a reduction in Ca*", affinity at the N
terminally-truncated receptor in comparison to WT (Table 3), again consistent with removal
of the primary Ca®", binding sites. However, due to a lower estimate of Ca®", efficacy at the
WT receptor when WT data were analyzed using the Black and Leff model, only the
cooperative agonist operational model accurately quantified a reduction in Ca*", efficacy at
the N terminally-truncated receptor in comparison to at the WT receptor. This is consistent
with a lower Ca®’y Epa at the N terminally-truncated receptor (~60% of the maximum
response stimulated by Gd**,) in comparison to WT (~100% Gd**, Emay) (Table 3). Thus,
only the cooperative agonist operational model accurately estimated Ca*", partial agonism at

the N terminally-truncated receptor.

Quantifying allosteric interactions in systems with different degrees of cooperative agonist
binding

Having established that the cooperative agonist operational model best fitted our Ca* o-WT
CaSR concentration-response curves with Hill slopes greater than 1, we next extended this
model to allow for quantification of allosteric modulation of an agonist response. The
operational model of agonism and allosterism (Leach et al., 2010; Leach et al., 2007)
(referred to herein as the original operational model of agonism and allosterism) combines
the allosteric ternary complex models developed by Stockton et al. and Ehlert (Ehlert, 1988;
Stockton et al., 1983) and the Black and Leff operational model of agonism, to account for

allosteric effects on agonist affinity and efficacy. In our original model (Leach et al., 2007),
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the allosteric modulator can also possess intrinsic efficacy. Introduction of a slope in that
model once again assumed that the slope linked occupancy to response, not to the original
binding events, which were assumed to be described as simple one-to-one hyperbolic
functions. Therefore, we adapted this operational model of allosterism to account for
cooperative agonist binding, referred to hereafter as the “operational model of allosterism
with cooperative agonist binding”. In order to validate this operational model of allosterism
with cooperative agonist binding, we reanalyzed existing data demonstrating positive and
negative allosteric modulation at three model GPCRs with different agonist Hill slopes:
CaSR (a class C GPCR where the primary endogenous agonist, Ca®",, has a Hill slope of 2 —
4), mGlus (a class C GPCR where the primary endogenous agonist, L-glutamate, has a Hill
slope of ~1.8) (Sengmany and Gregory, 2016), and M4y mAChR (a class A GPCR where the
endogenous agonist, acetylcholine, has a Hill slope of 1) (Leach et al., 2011; Leach et al.,
2010) (Supplemental Figure 2). In all instances, nT was assumed to be unity and all allosteric

modulators were assumed to bind to a single site (i.e. the modulator binding slope is unity).

For the CaSR, we analyzed allosteric modulation of Ca**, by cinacalcet (PAM) or NPS2143
(NAM) (Leach et al., 2016) with the original operational model of agonism and allosterism
with contaminating (i.e., ambient buffer) agonist (Eq 5 or 6, respectively) and the newly
derived operational model of allosterism with cooperative agonist binding and contaminating
agonist (Eq 7 or 8, respectively) (Figure 4). Similar to our analysis of agonist concentration-
response curves, data were fitted best when the binding slope (operational model of
allosterism with cooperative agonist binding) or transducer slope (original operational model
of agonism and allosterism) were different to unity (p < 0.05, extra sum of squares F test).
Compared to the original operational model of agonism and allosterism, the estimated affinity

for Ca®", determined using the operational model of allosterism with cooperative agonist
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binding (1.4 mM; Table 4) was once again closer to the assumed Ca”", affinity based on its
ECso for suppression of PTH release (1.2 mM) and quantification of the Ca*", K, at the
extracellular domain using spectroscopic approaches (3-5 mM) (Huang et al., 2009; Zhang et
al., 2014). Further, the estimated affinity and negative cooperativity of NPS2143 were greater
(5.5- and 35-fold, respectively) when cooperative agonist binding was factored into the
analysis (Table 4). For the PAM, cinacalcet, the operational model of allosterism with
cooperative agonist binding yielded a 3-fold lower affinity estimate but an 8-fold greater

magnitude of positive cooperativity.

We next analyzed allosteric modulation of glutamate at mGlus (Eq 3 or 4) by a representative
“ful” NAM (MPEP) that completely inhibits glutamate-mediated activation of Ca®';
mobilization, a “partial” NAM (M-5MPEP) that only partially inhibits glutamate-mediated
activation of Ca®"; mobilization (Sengmany et al., 2019), a pure PAM (VU-29) and a mixed
PAM-agonist (DPFE) (Sengmany et al., 2017). Similar to analyses at the CaSR, all data were
fitted best when the binding slope (operational model of allosterism with cooperative agonist
binding) or transducer slope (original operational model of agonism and allosterism) were
different to unity (p < 0.05, extra sum of squares F test). However, for each modulator, the
affinity and cooperativity estimates were similar (within 3-fold) irrespective of the analytical
model applied (Figure 5, Table 5). Therefore, although the glutamate-mGlus concentration-
response relationship has a Hill slope greater than unity, quantification of allosteric
interactions at mGlus is largely unaffected by whether the empirical slope is assumed to be

determined by the transducer slope or the agonist binding slope.

For the My mAChR, we analyzed previously published positive allosteric modulation of ACh

by the PAM-agonist, LY2033298, in [>>’S]GTPyS binding assays (Leach et al., 2010) (Eq 3 or
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4). As expected, in the absence of cooperative ACh binding at the My mAChR, data for the
interaction between ACh and LY2033298 were fitted best by both operational models of
agonism and allosterism when the slope was not different to unity (p < 0.05, extra sum of
squares F test), and both equations therefore yielded identical estimates of affinity and

cooperativity (Figure 6, Table 6).

We next sought to establish why quantification of PAM and NAM affinity and cooperativity
were not greatly affected by the assignment of the slope at mGlus, where the glutamate Hill
slope is greater than unity. To do so, we simulated the interaction between an orthosteric
agonist and a NAM or PAM with the operational model of allosterism with cooperative
agonist binding and analyzed the simulated data with the original operational model of
agonism and allosterism. For these simulations, orthosteric agonist affinity (1 uM), ta (10),
and modulator affinity (10 nM) were held constant, and different magnitudes of positive or
negative cooperativity were examined alongside changes in the magnitude of cooperative
agonist binding. Consistent with our analysis of mGlus allosteric interaction data, when the
agonist binding slope ranged from 1 to 2, the affinity of NAMs and PAMs estimated using
the original operational model of agonism and allosterism fell within ~3-fold of the affinity
simulated with the operational model of allosterism with cooperative agonist binding.
Further, only the affinity of the full NAM (where of} is assumed to approach zero) fell outside
this 3-fold window once the agonist binding slope exceeded 2 (Figure 7A). Similarly, when
analyzed with the original operational model of agonism and allosterism, af values (0.1 —
10) were within a 3-fold range of simulated data when n7T ranged from 1 to 2. However,
where the magnitude of cooperativity exceeded 10 for a PAM, or 0.1 for a NAM, the
influence of cooperative agonist binding becomes more pronounced (Figure 7B). These

simulations confirm that the assignment of » to a transducer or binding slope would not be
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expected to greatly influence quantification of mGlus allosteric modulation of glutamate for

modulators with moderate cooperativity, consistent with our Ca®"; mobilization data.

Discussion

In the current study, we have assessed operational models of agonism and allosterism that
account for receptors whose agonists bind multiple binding sites in a cooperative manner.
The modified models accurately fit experimental data at an exemplar GPCR, the CaSR,
which has high sensitivity for Ca®", due to multiple Ca**, binding sites that are linked in a
positively cooperative manner. We show that agonist Hill slopes that differ from unity and
remain unchanged by alterations in receptor expression levels or cellular coupling
efficiencies (i.e. where 1A differs) may be indicative of cooperative agonist binding. We
demonstrate that if a steep Hill slope such as that observed at the CaSR is attributed to the
transducer slope rather than to the agonist binding slope, the Black and Leff operational
model of agonism underestimates agonist efficacy and overestimates agonist affinity.
Extension to allosteric interactions shows the importance of accounting for cooperative
agonist binding, as different models fitted to the same allosteric interaction data yield
divergent modulator affinity and cooperativity estimates. For instance, the original
operational model of agonism and allosterism estimates lower CaSR PAM and NAM
cooperativity values, and higher or lower affinity values, respectively. Data simulations
support these findings and demonstrate that the impact of cooperative binding on estimates of
modulator affinity and cooperativity is more pronounced as the magnitude of modulator
cooperativity or cooperative agonist binding is increased. This was evidenced by our
demonstration that for mGlus, where the glutamate Hill slope is ~1.8, differences in affinity
and cooperativity are within the margin of experimental error (~3-fold range). Accordingly,

for agonist-receptor concentration-response relationships with Hill slopes equal to unity, it
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does not matter whether the slope is governed by the transducer slope or the agonist binding

slope.

The operational models of agonism and allosterism with cooperative agonist binding have
important practical uses for analyzing data at receptors that possess multiple agonist binding
sites. This is particularly true for the CaSR, but also for ion channels and other GPCRs where
agonist binding coefficients differ from unity, such as GPR39, which binds at least two Zn>"
ions and responds to Zn*" with a Hill slope of 2 — 3 (Sato et al., 2016; Storjohann et al.,
2008). Similarly, cooperative binding can occur across a GPCR dimer, which may account
for the steep Hill slope at mGlus demonstrated in the present study. For instance, the mGlu,
orthosteric agonist, L.Y354740, stabilizes conformational rearrangements of a metabotropic
glutamate receptor (mGlu) subtype 2 and 4 heterodimer (mGlu,-mGlus) with a shallow hill
slope (Moreno Delgado et al., 2017), which is increased to unity when LY354740 is
prevented from binding to the mGlu, or mGluy orthosteric binding site in the dimer. In
contrast, glutamate E.x is reduced when it can bind to only one of the orthosteric sites in the
heterodimer (Moreno Delgado et al., 2017). These findings indicate negative (LY354740)
and positive (glutamate) cooperativity across the dimer, respectively. Negative cooperative
binding has also been demonstrated at several class A GPCRs dimers, including the 5-HT»q,
Aj adenosine, Hs histamine and D, dopamine receptors (Brea et al., 2009; May et al., 2011;
Sinkins and Wells, 1993; Vivo et al., 2006). Accurate quantification of ligand affinity,
efficacy and cooperativity at such receptors using functional assays is critical, particularly
where radioligand binding based methods are not available. Indeed, there are no
commercially available radioligands for the CaSR, thus pharmacological characterization,
and indeed drug discovery at this receptor, has generally relied upon functional measures of

receptor activity to quantify drug actions. However, it must be noted that experimentally
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derived pharmacological data for agonists with steep Hill slopes will likely only be fitted to
the cooperative agonist operational model and the operational model of allosterism with
cooperative agonist binding when one of either the binding or transducer slopes (nB or nT) is
known and constrained as such. This was a key advantage of analyzing pharmacological data

at the CaSR, where we showed experimentally that the transducer slope is 1.

Our findings have important implications for past and present drug discovery efforts at class
C GPCRs and beyond. Establishing SAR profiles that dictate drug affinity and cooperativity
is essential for predicting drug efficacy in vivo. However, underestimates of cooperativity at
class C GPCRs with cooperative agonist binding may explain previous observations that
class C GPCR allosteric modulators have limited cooperativity when compared to their class
A GPCR counterparts. For example, PAMs with aff values >100 have been reported for class
A GPCRs (Abdul-Ridha et al., 2014; Leach et al., 2010), whereas for the CaSR, potentiation
is at most 5-fold for many modulators (Cook et al., 2015; Diepenhorst et al., 2018; Leach et
al., 2016). Thus, for GPCRs with cooperative agonist binding, larger differences between
modulator cooperativities were likely previously unappreciated. This is important because
allosteric modulator cooperativity can predict likely clinical efficacy or adverse effect
liability. Inaccurate estimation of allosteric modulator affinity or cooperativity due to a
failure to consider cooperative agonist binding likely also impacts interpretation of structure-
function studies. If cooperativity values are narrowed, then more subtle effects of mutations

on modulator cooperativity may have been missed.

In conclusion, we have validated a method for quantifying agonist and allosteric modulator

actions at receptors that possess multiple agonist binding sites that interact in a cooperative

manner. Our operational models of agonism and allosterism with cooperative agonist binding
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more accurately quantify the actions of both orthosteric and allosteric drugs acting at GPCRs
with cooperative agonist binding and may be used for future drug discovery efforts at these

important receptors.
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Table 1. Simulation of agonist concentration-response relationships upon changes in binding or traésducer slopes and t4. Data were
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simulated using the cooperative agonist operational model (Eq 2) and a Hill equation (Eq 9) was fitted to¥imulated data to determine agonist

potency (pECsp), maximum effect (Enax) and Hill slope (nH).

Eq2
nB 0.5 nB 1 nB 2 nB 3
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nT2 |3.7 90 0.8 133 90 1.5 | 3.1 91 3.3 3.1 91 4.9

i

20z ‘0z 111dy U0 SfeuInof 134SY 1 BIoseuno

29


http://molpharm.aspetjournals.org/

Downloaded from molpharm.aspetjournals.org at ASPET Journals on April 20, 2024

S
O
o~
(@)
S
on
=
<
o~
(@)
p—
on
p—
(@
o~
(@)
g
on
p—
—
O
(@)
—
3
o |\©
—  |en
—
I+
L3
S |~
= | =

30


http://molpharm.aspetjournals.org/

MOL # 118091

Table 2: Simulation of agonist concentration-response relationships upon changes in binding orransducer slopes and t4. Data were

oW WoJ4 papeojumoq

simulated using the Black and Leff model (Eq 1) or the cooperative agonist operational model (Eq 2) %d a Hill equation (Eq 9) was fitted to
3

simulated data to determine agonist potency (pECso), maximum effect (Enax) and Hill slope (nH). %
2
;3
Eq1;nT1 Eq1;nT3 Eq2;nT1,nB 1 Eq2;nT§,nB3 Eq2;nT3,nB3
ta | PECso | Emax nH PECsy | Emax nH PECso | Emax nH pECs EmaX% nH PECsy | Emax nH
m
100 | 4.9 99 1.0 4.9 100 3.0 4.9 99 1.0 3.6 99 :é:' 3.0 3.6 100 8.9
10 [ 4.0 91 1.0 3.9 100 2.7 4.0 91 1.0 3.3 91 % 3.0 32 100 7.6
1 32 51 1.0 2.6 50 1.5 32 51 1.0 3.0 51 % 3.0 2.8 51 4.5
03 |3.0 24 1.0 24 3.0 1.4 3.0 24 1.0 3.0 24 % 3.0 2.7 3.0 3.9
0.1 | 3.0 9.0 1.0 23 0.1 1.4 3.0 9.0 1.0 3.0 9.0 3.0 2.7 0.1 3.8
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Table 3: Quantification of Ca®’, affinity and efficacy for CaSR-Ca’*; mobilization using the %)erational model of agonism. Ca®™’,

=}
concentration-response curves were generated at the WT receptor following overnight incubation of cellsgwith or without 100 ng/mL tetracycline

3
(tet) to induce receptor expression. For N-terminally truncated CaSRs, Ca®", and Gd*", concentratior%response curves were generated upon

o
induction of expression with 100 ng/mL tetracycline, where Ca®", is a partial agonist and Gd**, is a full agonist. The Black and Leff model (Eq

o
1) or the cooperative agonist operational model (Eq 2) was fitted to data to determine agonist affinity (§Ka), efficacy (Logta) or transducer or
>

binding slope (n). %
WT N-terminally truncated %aSR

Eq1 Eq 2 Eq1 qu%
pPK4 (Ka; mM) 3.7+0.3 (0.2) 3.0£0.1 (1.0) 234+02(5.0) | 2.3 i0.2§5.0)

N
Logta (ta) | 100 ng/mL tet: 0.2 £0.1 (1.6) | 100 ng/mL tet: 1.2 £0.2 (16) | 0.2 £0.1 (1.6) | 0.2 i0.1h(1.6)

0 tet: -0.01 £0.01 (1.0) 0 tet: -0.1 £0.1 (0.8)
n 6.0 3.0° 2.040.3° 1.0° 1.07

" An F test determined that data was fitted best when the binding or transducer slopes were different to unity (F data to test the hypothesis that n

differed from 1: Eq 1 p <0.0001, F ((Dfn, Dfd) 48.57 (1, 74); Eq 2 p < 0.0001, F (Dfn, Dfd) 45.78 (1, 74))
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" An F test determined that data was fitted best when the binding or transducer slopes were not differer% to unity (F data to test the hypothesis

e}
that n differed from 1: Eq 1 p <0.2282, F ((Dfn, Dfd) 1.470 (1, 101); Eq 2 p < 0.5332, F (Dfn, Dfd) 0.39%) (1, 101))
3

¥20Z ‘02 11dY uo sfeuinor 134SY e Bio'seuuno fisdse
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Table 4: Comparison of parameters describing CaSR allosteric interactions analyzed with diffelgnt allosteric models. CaSR allosteric

owl

interactions with Ca>", in intracellular Ca®"; mobilization assays were analyzed with the original operat%nal model of agonism and allosterism
3

(Eq 5 or 6) versus the operational model of allosterism with cooperative agonist binding (Eq 7 or 8) to d%rmine Ca”", potency (pECso), efficacy

0

c
(Logta), or affinity (pKa), modulator affinity (pKg), cooperativity (Logaf), transducer or binding sloges (7) and maximum system response
%)

o
«

(Em)~ 2
g

Caz+O vs cinacalcet Caz+0 vs NPS2143 m

&

Eq5 Eq7 Eq6 Eq8 3

o

pECso 3.3 £0.01 3.3+0.01 n.d. n.d. >
2

pKa (Ka, mM) n.d. n.d. 3.6+0.2 (0.3) | 2.940.1(1.3) 5
N

~

pKg (Kg, tM) 6.3 £0.04 (0.5) | 5.8 £0.1 (1.6) | 6.6 £0.04 (0.3) | 7.3 £0.1 (0.05)

Logta (Ta) n.d. n.d. 0.2+0.1(1.6) | 1.8£0.1(63)
Logts (tB) n.a. (0) n.a. (0) n.a. (0) n.a. (0)
Logap (a.f) 0.5+0.01 (3.2) | 1.4+0.1 (25) | -0.2 £0.1 (0.6) | -1.7 £0.1 (0.02)
n 2.840.1° 2.8+0.1 12 +4.0° 3.540.2°
Eo (% ionomycin) 79 +1.0 80 1.0 78 +1.0 80 +2
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" An F test determined that data was fitted best when the transducer or binding slopes were different to ugity (F data to test the hypothesis that n
3
e}

differed from 1: Eq 5 cinacalcet p < 0.0001, F ((Dfn, Dfd) 1249 (1, 2429); Eq 5 NPS2143 p < o.oogl, F ((Dfn, Dfd) 1022 (1, 908); Eq 7
3

cinacalcet p < 0.0001, F (Dfn, Dfd) 1241 (1, 2429); Eq 7 NPS2143 p < 0.0001, F (Dfn, Dfd) 504.5 (1, 9(%7))

n.d. = not determined

n.a. = no agonist activity, Logtg fixed to -100 (15 0)

20z ‘0z 111dy U0 SfeuInof 134SY 1 BIoseuno
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Table 5: Comparison of parameters describing mGlus allosteric interactions analyzed with differ

j pepeojumod

W 0.l

nt allosteric models. mGlus allosteric

e}
interactions with glutamate in intracellular Ca®'; mobilization assays were analyzed with the origi@l operational model of agonism and
3

allosterism (Eq 3) or the operational model of allosterism with cooperative agonist binding (Eq 4) %} determine modulator affinity (pKg),

o

c
glutamate or modulator efficacy (Logta or Logtg, respectively), cooperativity (Loga), transducer or bgding slopes (7) and maximum system
%)

response (Ep). %};
Glutamate vs MPEP® Glutamate vs M-SMPEP* Glutamate vs Vé@b Glutamate vs DPFE"
Eq3 Eq 4 Eq3 Eq 4 Eq3 ]%14 Eq3 Eq 4
pKa (K, uM) 6.2 (0.6)" 6.2 (0.6)" 6.2 (0.6)" 6.2 (0.6)" 6.2 (0.6)" 6.220.6)A 6.2 (0.6)" 6.2 (0.6)"
pKg (Ks, UM) 7.9 £0.1 8.4 10.1 6.8 £0.2 6.8 £0.2 6.710.2(0.2) | 6.7 iéZ (0.2) 6.0 £0.3 5.6 £0.1 (2.5)
(0.01) (0.004) (0.2) (0.2) . (1.0)
Logta (ta) 0.7£0.1 (5.0) | 1.0+0.2 (10) 0.6 £0.1 0.6 0.2 0.7 £0.03 0.7 £0.1 (5.0) 0.6 £0.1 0.8 £0.1 (6.3)
(3.9) (4.0) (5.0) (4.0)
Logts (t8) n.a. (0) n.a. (0) n.a. (0) n.a. (0) n.a. (0) n.a. (0) -0.2 +0.1 -0.4+0.1
(0.6) (0.4)
Logoaf (ap) -100 (~0)" -100 (~0)" -0.5 +0.1 -0.8 £0.2 0.3 £0.03 0.3 £0.04 0.6 £0.1 1.1 £0.1 (13)
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(0.3) (0.2) (2.0) (3 2) (4.0)
n 1740277 | 154027 | 2002”7 | 1620277 | 134017 | 12 %01 254077 | 131017
3
En (% 106 £6.0 111 £6.0 107 £6.0 123 £1.0 108 £3.0 11%@3.0 107 £2.0 105 £2.0

glutamate) §
)
" pKa was fixed to that determined in radioligand binding assays (Mutel et al., 2000) é

" Logop was fixed to -100 due to complete inhibition of glutamate-mediated stimulation of Ca*"; %nobilization, reflecting high negative

cooperativity

" An F test determined that data was fitted best when the transducer or binding slopes were different t

]
=
>
Q
n
S
=

nity (F data to test the hypothesis that

N

n differed from 1: Eq 3 MPEP p = 0.0003, F (Dfn, Dfd) 13.46 (1, 149); Eq 3 M-5MPEP p = 0.0007, F ((Dfn, Dfd) 11.96 (1, 126); Eq 3 VU29 p
Q
N

i

=0.0015, F (Dfn, Dfd) 10.45 (1, 144); Eq 3 DPFE p = 0.0062, F (Dfn, Dfd) 7.587 (1, 294); Eq 4 MPEP p = 0.0002, F (Dfn, Dfd) 14.33 (1,

149); Eq 4 M-5MPEP p < 0.0001, F ((Dfn, Dfd) 22.26 (1, 126); Eq 4 VU29 p = 0.0003, F (Dfn, Dfd) 13.97 (1, 144); Eq 4 DPFE p < 0.0001, F

(Dfn, Dfd) 24.13 (1, 294))

n.a. = no agonist activity, Logtg fixed to -100 (15 0)

* Values derived by fitting previously reported experimental data (Sengmany et al., 2019)

® Values derived by fitting previously reported experimental data (Sengmany et al., 2017)
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Table 6: Comparison of parameters describing My mAChR allosteric interactions
analyzed with different allosteric models. M4y mAChR LY2033298 interactions with ACh
in [*>S]GTPyS binding assays were analyzed with the original operational model of agonism
and allosterism (Eq 3) or the operational model of allosterism with cooperative agonist
binding (Eq 4) to determine agonist or modulator affinity (pKa or pKg, respectively), agonist
or modulator efficacy (Logrta or Logtg, respectively), cooperativity (Logaf}), transducer or
binding slopes (#) and maximum system response (En). Values obtained from fitting Eq 3

and Eq 4 to the data were identical and are therefore only presented in a single column.

ACh vs LY2033298"

Eq 3 and Eq 4

pKa (Ka, pM) 6.0 (1.0)°
pKg (K, uM) 5.9 40.3 (1.3)
Logta (Ta) 0.9 £0.1 (7.9)
Logts () 0.540.2 (3.2)
Logaf (af) 0.7 £0.3 (5.0)

n 1.0
Em (% ACh max) 11245.0

* Data analyzed is from (Leach et al., 2010)

" pKa was fixed to that determined in radioligand binding assays (Leach et al., 2010)

" An F test determined that data was fitted best when the transducer or binding slopes were
not different to unity (F data to test the hypothesis that n differed from 1: Eq 3 p = 0.5766, F

((Dfn, Dfd) 0.3129 (1, 172); Eq 4 p = 0.4541, F ((Dfn, Dfd) 0.5629 (1, 172))
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Figure Legends

Figure 1. nT and nB differentially contribute to agonist concentration-response
relationships. Simulations demonstrating the influence of n7T or nB on concentration-
response relationships for agonists with different efficacies (ta). Data were simulated using
the cooperative agonist operational model (Eq 2), where the affinity of the agonist (Ka) is 1.2
mM and nT or nB are between 1 and 3. Curves through the data are the fits to a 4 parameter

Hill equation (Eq 9), where parameters describing the fits are shown in Table 1.

Figure 2. Cooperative agonist binding influences agonist concentration-response
relationships. Simulations demonstrating the influence of agonist efficacy (ta) on agonist
concentration-response relationships when the slope is governed by the transducer slope (n7,
Black and Leff operational model of agonism) or by the agonist binding slope (nB,
cooperative agonist operational model). Data were simulated using the Black and Leff model
(Eq 1) or the cooperative agonist operational model (Eq 2), where the affinity of the agonist
(Ka) is 1.2 mM and nT or nB are between 1 and 3. Curves through the data are the fits to a

Hill equation (Eq 9), where parameters describing the fits are shown in Table 2.

Figure 3. Ca’*,-CaSR concentration-response relationships fit well to the cooperative
agonist operational model. (A) Ca’’;-mediated Ca®’; mobilization at the WT CaSR
following overnight receptor induction with 100 ng/mL tetracycline (tet) or in the absence of
tetracycline. Data are mean + SD from 4 independent experiments performed in duplicate.
Curves through the data are the fits to the Black and Leff model (blue line) or the cooperative
agonist operational model (red line), where parameters describing the fits are shown in Table
3. Although both models fit the data, the cooperative agonist operational model more

accurately predicts the expected affinity of Ca*", at the CaSR (Table 3). (B) Gd*", and Ca*",
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concentration-response curves at the WT CaSR following overnight receptor induction with
100 ng/mL tetracycline. Data are mean + SD from 4 independent experiments performed in
duplicate. Curves through the data are the fits to a 4 parameter Hill equation. (C) N
terminally-truncated CaSR snake diagram. (D) Gd’', and Ca®’, concentration-response
curves at an N terminally-truncated CaSR following overnight receptor induction with 100
ng/mL tetracycline. Data are mean + SD from 5 independent experiments performed in
duplicate. Curves through the data are the fits to the cooperative agonist operational model,

where parameters describing the fits are shown in Table 3.

Figure 4. Allosteric modulation at the CaSR is fitted well by an operational model of
allosterism with cooperative agonist binding. Allosteric modulation of Ca®’,-mediated
Ca®’; mobilization at the CaSR by NPS2143 (NAM) or cinacalcet (PAM). Data were
previously published (Leach et al., 2016) and are mean + SD from at least 11 independent
experiments performed in duplicate. Curves through the data are the fits to the operational
model of allosterism with cooperative agonist binding and contaminating agonist (Eq 7 for

cinacalcet and Eq 8 for NPS2143), where parameters describing the fits are shown in Table 4.

Figure 5. Allosteric modulation at mGlus is fitted well by an operational model of
allosterism with cooperative agonist binding. Allosteric modulation of glutamate-mediated
Ca”’; mobilization at mGlus by MPEP (full NAM), M-5MPEP (partial NAM), VU-29 (PAM)
and DPFE (ago-PAM). Data were previously published (Sengmany et al., 2019; Sengmany et
al., 2017) and are mean + SD from at least 3 independent experiments performed in duplicate
previously published. Curves through the data are the fits to the operational model of
allosterism with cooperative agonist binding (Eq 4), where parameters describing the fits are

shown in Table 5.
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Figure 6. Allosteric modulation at the M4y mAChR is fitted well by an operational model
of allosterism with no cooperative agonist binding. Positive modulation of ACh-mediated
[**SIGTPyS binding by LY2033298 (ago-PAM) at the M, mAChR. Data were previously
published (Leach et al., 2010) and are mean + SD from at least 3 independent experiments
performed in duplicate. Curves through the data are the fits to the operational model of
allosterism with cooperative agonist binding (Eq 4), where the Eq was fitted best when n=1

(i.e. no cooperative agonist binding). Parameters describing the fits are shown in Table 6.

Figure 7. Modulator affinity and cooperativity are influenced by assignment of the slope
in the operational model of allosterism. Simulations demonstrating the influence of the
agonist binding slope on estimated modulator affinity and cooperativity when interaction data
are analyzed using the original operational model of allosterism. Interaction data between an
orthosteric agonist and a NAM or PAM were simulated with the operational model of
allosterism with cooperative agonist binding. Orthosteric agonist affinity (1 uM), t4 (10), and
modulator affinity (10 nM) were held constant, and different magnitudes of positive or
negative cooperativity were examined alongside changes in the magnitude of cooperative
agonist binding. The simulated data were analyzed with the original operational model of
allosterism, and LogKp (A) or Logap (B) estimates were plotted against the agonist binding

slope.
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Appendix

Cooperative agonist operational model
A model of signal transduction by a receptor with nB binding sites is displayed in the

equilibrium:

Kaj Ka2 Ka3 Kg
(nB)A+ R & AR + (nB-1)A & AR + (nB-2)A & A3R + (nB-3)A=..<A 3R —E

Where Kg is the value of AngR that elicits half the maximal system effect and agonist affinity

for each site can be described by the equilibrium dissociation constants:

[Al[R] [Al[AR] [Al[A2R]

Al = —[AR] » A = —[AZR] s Ba3 = —[A3R] , ClC
We see that

[AI"®[R]

AR =KAnB, where K, is the geometric mean of the individual
nB

K1 XKap XKz XK=

equilibrium dissociation constants.

For simplicity, the receptor is considered either empty (R) or fully occupied (AsR):

Ka nB

K
(nB)A+R & A R — E

[A]"[R]
[AnB R]

KAIIB —
The total receptor concentration can be expressed as:

[Ro]=[R] +[AR]

where

_ K\"[AR]

[R] [ A]nB
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therefore

_ Ka\"P[A5R]

[Ro] = (A +[AsR]

KAnB
[Ro] =[A R] ([A]nB +1>

KAnB+[A]nB>

[Ro] =[AnBR] ( [ A]nB

Receptor occupancy is thus denoted:

[Ro][A]"™
KAnB +[ A] nB

[AgR]=
In accordance with the scheme of the operational model of agonism, the logistic function for

the transduction of occupancy into response is:

_ En[AGR]Y
KEHT+[AHBR]HT 2

where nT is a logistic slope factor describing the transduction of agonist binding into a response

(the transducer slope).

Using the previous expression of [A,gR] gives:

. ([Ro][A]nB )“T
m KAnB+[A]nB

[RJIA™® \"
nT 0
< ()

E=
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Multiplying numerator and denominator by (Ka"™ + [A]"®)"" gives:

nBnT

_ En[Ro]"'[A]
KEnT(KAnB+[A]nB)nT+[RO]nT[A]anT

R

Dividing through by Kg and redefining K_O as T gives an operational model of agonism for a
E

receptor with nB binding sites (Eq 2 in the main text):

EmTA aT [ A] nBnT

E= nT
(KAHB+[A]HB) +TAnT [A]anT

For use in Graphpad Prism or similar software, the above equation is described by the following
notations, where nT or nB will likely need to be fixed to a known or theoretical value to fit real
experimental data to this equation, and where a “Basal” response parameter is introduced to
accommodate ligand-independent effects that deviate from zero:

KA=10"LogKA

A=10"X

tau=10"Logtau

Part]=(Em-Basal)*tau*(A”nB)

Part2=tau*(A”nB)+(A"nB)+(KA”nB)

Y=Basal+(Part]"nT)/(Part2”nT)
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Operational model of allosterism with cooperative agonist binding

In a ternary complex consisting of a receptor (lacking constitutive activity), an orthosteric
agonist that binds nB binding sites, and an allosteric modulator, the stimulus-generating species
are AR, BR and A,gRB. A model of ligand-receptor interactions in this ternary complex is
displayed in the equilibrium:

Kp

KAnB

K o
(nB)A+R &> A zR :B+R < BR:and AzR +B &= A RB

where

[A]"*[R] _ [BI[R] o K5 _[AwRI[B]

K nB= — —
A TTARR] TP BR] M

« [A ,RB]

From the latter expression we obtain:

_ Kg[AsRB]
[AsRI[B]

Assuming the pharmacological effect (E) is a function of the total stimulus (St) arising from

the sum of the stimuli generated from each individual ligand-bound receptor species, then:

St=SA,zrTSBRTSA, 4R

It is further assumed that the stimulus (S) generated from each individual ligand-bound receptor
species is proportional to the product of the intrinsic efficacy of the ligand (¢) and the
concentration of the ligand-bound receptor species, thus:

SAnBR=8AnB [AgR]; Spp=¢p [BR];SAnBRBzeAnBB [A,zRB]; and SAHBB=BSAnB
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where g4 _denotes the intrinsic efficacy of the orthosteric agonist, eg denotes the intrinsic

efficacy of the allosteric modulator, and [ is a coupling factor that describes the effect of the
allosteric modulator on the intrinsic efficacy of the orthosteric agonist when the two ligands

are bound to the same receptor.

Thus, the effect (E) of an agonist in the presence of an allosteric modulator is processed through

the following logistic equation

B EmSTnT
KSHT+STHT

where E,, denotes the maximum possible response, Ks denotes a constant that governs the
efficiency of stimulus-response coupling and nT denotes a logistic slope factor (the transducer

slope).

If we consider the total receptor concentration:

[R()]= [R] + [AnBR]+ [BR] +[AnBRB]

where

[R,I[A]™

[ApR]= " (1+ a[B]) KB (1 N [B])

[R,][B]
A nB A nB
[B](HGI[( | >+KB (1+5<] B>

A A

[BR]=

and
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[A,sRB]= RJIAT” :

nB - ]
[A]nB (H (xI[<BB]) +KAnB (é * (xI[<BB])

EmSTnT

substituting the above terms into E= - gives the following operational model of

Kg"T+S7
allosterism at a receptor with nB orthosteric agonist binding sites (Eq 4 in the main text):

B (Al AT (K +oBIB]) i [BIKAT™) "

E:
([AT™K K\ ™Ky +K "B [B+o[A]™[B])" +(tA[A]™ (Kpt+aB[B])+t5[BIK A ")

where

€a,5Ry]

and

eg[Ry]

For use in Graphpad Prism or similar software, the above equation is described by the following
notations, where nT or nB will likely need to be fixed to a known or theoretical value to fit real
experimental data to this equation:

KA=10"LogKA

KB=10"LogKB

tauA=10"LogtauA

tauB=10"LogtauB

A=(10"X)

alpha=10"Logalpha

betta=10"Logbeta

B=10"LogAllo

Part1=tauA*(A”nB)*(KB+alpha*betta*B)+tauB*B*(KA”nB)
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Part2=(A”"nB)*KB+(KA"nB)*KB+B*(KA”nB)+alpha*(A*nB)*B
Stim=Part1/Part2

Y=Basal+((Em-Basal)*(Stim”nT))/((Stim"nT)+(1"nT))

For the purposes of the current study, the model has been simplified further to enable analysis
of data when the orthosteric agonist is a full agonist. Therefore, equation 4 in the manuscript
reduces to:

En(Tal AT (K B [B]) + o [BIKA™)"
KAanT (KB+[B])HT+(TA [A]HB (KB+aB [BD-H:B [B]KAHB )nT

Dividing through by 4™, and defining [ECso]=Ka/t4 yields the following expression:

. En([A]"™ (Kg+aB[B]+15 [BI[ECs,]"™)"
[EC,, ™ (K +[B])"+([A]™ (K +aB[B]) +15 [ BI[ECso]"™) "
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Supplemental Figure 1: Cell surface expression levels of WT and N terminally
truncated CaSR. Cell surface expression + SD was determined via FACS analysis as

described in the methods section.
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Supplemental Figure 2: Concentration-response relationships for endogenous agonists at
three different GPCRs. ACh acting at the M4 mACh receptor (blue) has a Hill coefficient
equal to 1. Glutamate acting at mGlus (red) has a Hill coefficient of ~1.8, whereas Ca®", acting
at the CaSR (black) has Hill coefficients ranging from 2-4. Data + SD are replotted from (Leach

et al., 2016; Leach et al., 2010; Sengmany et al., 2016).
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