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Abstract

Biased signaling, differential activation of distinct signaling pathways, is currently at the center of
pharmacology. Reliable characterization of biased ligands requires robust scales applicable to all
ligand classes: agonists, neutral antagonists and inverse agonists. To this end, constitutive receptor

activity should be included in the models.

Quantification of GPCR biased signaling

G protein-coupled receptors (GPCRs) are key players of cell signaling that are found inserted in
the cell membrane and transmit the signals embodied in the structure of ligands from outside to
inside the cell [1]. GPCRs signal not only through G proteins but also through other proteins, e.g.,
B-arrestin [2]. Differential engagement of these multiple signaling pathways (biased agonism) may
have therapeutic implications. For example, typical opioid analgesics (such as morphine) directed
to the p-opioid receptor yield beneficial effects through the G protein but unwanted effects through
B-arrestin [3]. Similarly, it was suggested that antipsychotic drugs selectively activating B-arrestin
via the dopamine D2 receptor might present benefits versus simple inverse agonists [4]. Likewise,
B-adrenergic receptor blockers like carvedilol functioning as antagonists of G protein—mediated
signaling and agonists of B-arrestin—-mediated signaling could have clinical benefits [5]. Moreover,
it has been reported that [3-arrestin—biased agonists of the angiotensin type | receptor stimulate
cardiac contractility while also antagonizing some harmful effects of the receptor mediated

through G proteins [5].

Robust scales to quantify biased agonism are a fundamental need in pharmacology. These scales

should have certain properties, as pointed out by Kenakin et al., [6]: “It is essential for such a scale
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not to be affected by differences in receptor density, as these are system factors that often vary
between cell types”. To define a scale of biased agonism a mathematical model is needed. The
Black and Leff operational model of agonism (Box 1) considers two steps for the generation of a
pharmacological effect [7]: the binding of agonist to the receptor and transduction of binding into
effect. A single parameter in the model, © or operational efficacy, quantifies the ability to generate
a pharmacological effect. t determines the maximum response to a particular agonist thus
differentiating full and partial agonists (Box 1 Eg. 5) and also affects the potency of the ligand
(Box 1 Eq. 6). Because t is proportional to receptor density (Box 1 Eg. 3), Alog(t) between two
agonists in a particular pathway is independent of receptor density and provides a scale with which
to quantify differences between agonists. If we take one of these agonists as the reference ligand,

AAlog(t) may serve as a scale for biased agonism between pathways [8].

However, the concentration-effect curve is also influenced by the equilibrium dissociation constant
Ka because, as a component of agonist potency (Box 1 Eq. 6), it too determines the location of the
curve along the concentration axis. Consequently, the ratio of t to Ka, termed the transduction
coefficient log(t/Ka), has been proposed to quantify biased agonism [6]. For the reasons outlined
above, since Alog(t/Ka) is independent of receptor density in a given pathway it is an appropriate
scale to quantify the differences between the agonist of interest and the reference ligand. Finally,

AAlog(t/Ka) measures biased agonism between two pathways for the particular agonist.

The classical operational model of agonism [7] (Box 1) does not account for constitutive receptor
activity, that is, signaling by receptors in the absence of ligands, and thus inverse agonists, ligands
which yield a response lower than constitutive receptor activity, are excluded from the analysis of

biased agonism. Since inverse agonists are part of the ligand space, their potential therapeutic
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effects should not be excluded from routine screening analyses of biased agonism. In a recent
paper [9] we used a model, the Slack and Hall operational model [10], which includes constitutive
receptor activity (Box 2), and allows for the quantification of ligand bias independently of 'system
bias'. Both the free receptor and the ligand-bound receptor produce a stimulus (Box 2 Eq. 2). € is
the intrinsic efficacy of the ligand: the value of ¢ determines whether ligands are agonists (e > 1),
neutral antagonists (¢ = 1), or inverse agonists (¢ < 1). It was proposed [9] that log(e) and log(e/Ka)
can work as scales for biased agonism. Importantly, because both & and Ka are ligand-receptor
molecular properties, these scales do not depend on receptor density and thus a reference

compound is not required to eliminate system dependence.

Receptor bias

We refer to the inherent bias of the receptor in the absence of ligands as ‘receptor bias’. As shown
in Box 2 Eq. 5, the basal response depends on Em, n and y. Em is the maximum response of the
system, n is a slope parameter and y is the ratio of [R]y, the total receptor concentration, to Kg, the
value of the stimulus that produces half-maximal effect. y determines the value of the basal
response. Increasing x from 0 makes the effect increase from O towards Em. Thus, x is an
appropriate parameter to quantify receptor bias. As mentioned above, because y is proportional to
receptor density then standardization is needed. One method would be to measure the constitutive
receptor activity along each pathway simultaneously or at an overlapping range of receptor
densities to allow comparison of activity at a specific receptor concentration. In a similar way to
previous studies which used t [8] and t/Ka [6] for quantification of biased signaling, we propose

x (at constant receptor density) as a property to identify receptor bias between two pathways.



89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

Ligand bias

A given receptor can be unbiased (Alog(y) = 0) or biased (Alog(y) # 0) between two pathways.
Addition of a ligand may alter the bias of the receptor by changing its inherent tendency to favor
a given pathway. To quantify ligand bias we need to remove the receptor bias component. When
using the log (1) [8] or the log (t/Ka) [6] scales a reference ligand is needed to remove the effects
of receptor density and/or tissue properties related to transduction efficiency and coupling [6]. This
is because T contains both the receptor density and the tissue component of K in its definition
(Box 1). An alternative way to quantify ligand bias, which does not need a reference ligand, is to
use intrinsic efficacy. Scales based on log(e) or log(e/Ka) [9] can serve this purpose (Box 2).
Because standardization within pathways is unnecessary, a single A measures ligand bias between
two pathways. However, the Alog(e/Ka) scale can produce counter-intuitive results. As stated in
[9], when the affinities differ log(e/Ka) cannot differentiate between the two properties of a ligand
which is an inverse agonist for one pathway (e1 = 0.01 and Ka1 = 10°°) and a neutral antagonist for
another (g2 = 1 and Kaz = 10™). In this case, log(e/Ka), the bias of this ligand, would be zero, yet
it can be argued that this is not the case since the ligand clearly has differential effects. This

problem needs further development which is beyond the scope of this article.

Concluding remarks

Reliable quantification of biased signaling is fundamental for drug discovery programs.
Consideration of constitutive receptor activity widens their scope by including inverse agonists.

Inclusion of biased agonism within the framework of a mathematical model, such as the Slack and
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Hall operational model of agonism [10], ensures that the pharmacological properties derived from
constitutive receptor activity would be properly analyzed within a robust theoretical framework.
Yet, the value of a pharmacological model resides in its applicability. We propose that the
approach presented here should be incorporated into screening analyses of biased agonism. Thus,
testing the practicality of quantitative approaches based on constitutive receptor activity in real

pharmacological assays will let us know their feasibility.

References

1. Weis, W.I. and Kobilka, B.K. (2018) The Molecular Basis of G Protein-Coupled Receptor Activation. Annu
Rev Biochem 87, 897-919.

2. Smith, J.S. et al. (2018) Biased signalling: from simple switches to allosteric microprocessors. Nat Rev
Drug Discov 17 (4), 243-260.

3. Siuda, E.R. et al. (2017) Biased mu-opioid receptor ligands: a promising new generation of pain
therapeutics. Curr Opin Pharmacol 32, 77-84.

4. Urs, N.M. et al. (2017) New Concepts in Dopamine D2 Receptor Biased Signaling and Implications for
Schizophrenia Therapy. Biol. Psychiatry 81 (1), 78-85.

5. Wisler, J.W. et al. (2018) Biased G Protein-Coupled Receptor Signaling: Changing the Paradigm of Drug
Discovery. Circulation 137 (22), 2315-2317.

6. Kenakin, T. et al. (2012) A simple method for quantifying functional selectivity and agonist bias. ACS
Chem. Neurosci 3 (3), 193-203.

7. Black, J.W. and Leff, P. (1983) Operational models of pharmacological agonism. Proc. R. Soc. Lond. B.
Biol. Sci 220, 141-162.

8. Burguefio, J. et al. (2017) A Complementary Scale of Biased Agonism for Agonists with Differing Maximal
Responses. Sci Rep 7 (1), 15389.

9. Hall, D.A. and Giraldo, J. (2018) A method for the quantification of biased signalling at constitutively
active receptors. Br J Pharmacol 175 (11), 2046-2062.

10. Slack, R. and Hall, D. (2012) Development of operational models of receptor activation including
constitutive receptor activity and their use to determine the efficacy of the chemokine CCL17 at the CC
chemokine receptor CCR4. Br. J. Pharmacol 166 (6), 1774-1792.



142

143

144

145

146

147

148

149

Acknowledgements

This study was supported in part by Ministerio de Economia y Competitividad (SAF2014-58396-
R and SAF2017-87199-R). B.Z. was the recipient of a CSC (China Scholarship Council)

fellowship.

Competing interests

The authors declare no competing interests.



150

151

152

153

154
155
156
157

158

159

160

161

162

163

164

165

166

167

168

Box 1
The Black and Leff operational model of agonism

The Black and Leff operational model of agonism [7] is depicted in Scheme 1.

KA KE
AR

A+R E

Scheme 1. An agonist, A, binds to receptor, R, to form agonist-receptor complex, AR, which
transmits a signal leading to the observed pharmacological effect, E. Ka is the agonist-receptor
equilibrium dissociation constant and Kg is a constant determining the efficiency of signal
transduction by AR.

The concentration of occupied receptors, [AR], is given by Eqg. 1.

S

1)
With [R], =[R]+[AR]
A logistic equation is proposed for the transduction of receptor occupancy into effect:

E,[AR]

E =
K" +[AR]"

(2)

Where En is the maximum effect of the system and n is a factor related to the slope of the
concentration-effect curves. Ke is the value of [AR] which elicits E=(1/2)Em. Low values of Kg

result in higher values of E for a given [AR].

The concentration-effect equation (3) results from the substitution of Equation 1 into 2.

E.t"[A]

Kt AD + AT ©)
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In the Black & Leff model (Scheme 1), the receptor exerts the pharmacological effect only after
the binding of the agonist. Thus, signaling by the receptor by itself, constitutive receptor activity,

is not included in the model and the basal response (E when [A] equals 0) is 0.
E[A]:O =0 4
The response at saturating concentrations of ligand is:

E.T
Ealnw = e (5)

The 1 parameter determines the ligand’s efficacy. High t values give Ejaj... values close to En
(full agonists) whereas low 1 values give Ejaj-. Vvalues significantly lower than En (partial

agonists).
1 and Ka determine ligand potency as reflected by ECsq, the [A] value causing half Eja}- ..

Ka

ECy = m (6)

High potency corresponds to low values of ECso. Low ECso values result from low Ka and high t

parameters.

Box 2

The Slack and Hall operational model of agonism
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The Slack and Hall operational model of agonism [10] is depicted in Scheme 1.

Ka

Stimulus |

(S)

Scheme 1. An agonist, A, binds to receptor, R, to form the agonist-receptor complex, AR. Ka is
the agonist-receptor equilibrium dissociation constant. Both R and AR produce a stimulus: [R] and
g[AR], respectively. € measures the ‘intrinsic efficacy’ of A.

The concentration of occupied receptors, [AR], is given by Eq. 1.

[AR]=—E]T+[§] (1)

With [R], =[R]+[AR].
The stimulus S is the sum of the stimuli produced by R and AR.

S=[R]+¢[AR] )
A logistic equation is proposed for the transduction of stimulus into effect:

E-—20 @)
K +S"

Where En is the maximum effect of the system and n is a factor related with the slope of the
concentration-effect curves. Ke is the value of S which elicits E=(1/2)Em. Low values of Kg result

in larger values of E for a given S.

The concentration-effect equation (4) results from the combination of Equations 1 to 3.

Enx"(Ka +2A]’
(Ka +[AD" +2"(Ky +e[A]

E= (4)

10
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With x = [ET]

E

In contrast with the Black & Leff model (Box 1), the free receptor is able to exert an effect. Thus,
signaling by the receptor alone, constitutive receptor activity, is included in the model and the

basal response (E when [A] equals 0) is not 0.

n

E.x

v ©)

Eao

The response at saturating concentrations of the ligand is:

B EmSan
1+&"y"

Elalo (6)

The combined parameter gy determines the efficacy of the system. High &y values give E[a]--
values close to En (full agonists) whereas low €y values give Efa}-.. values significantly lower than

Em (partial agonists).

The potency of the ligand is:

ECy, = KA((ZSnX" +g" +1)Un —(X" +e"y" + z)lm)

S(Xn +e'y" + 2)“n —(28“)(" +¢g" +1)Un 0
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