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ABSTRACT

We describe a modification of receptor theory for the estima-
tion of observed affinities (K,,s) and relative efficacies of or-
thosteric ligands in functional assays that exhibit constitutive
activity. Our theory includes parameters for the fractions of the
occupied receptor population in the active (intrinsic efficacy, ¢)
and inactive (g;) states and analogous parameters for the frac-
tions of the free receptor population in the active (e,,s) and
inactive (g;_¢,s) states. The total stimulus represents the sum-
mation of the active states of the free and occupied receptor
populations. A modified operational model is developed that
expresses the response as a logistic function of the total stim-
ulus. This function includes the standard parameters related to

affinity and efficacy (K,,s and 7) as well as a parameter propor-
tional to the activity of the free receptor complex, 7,.. Two
related parameters are proportional to the fraction of the free
(T:.sys) @nd occupied (7) receptor populations in the inactive
state. We show that the estimates of the affinity constants of
orthosteric ligands for the active (K,) and inactive (K,) states of
the receptor are equivalent to 7K,,s/7.,s and 7K ,e/T;.sys, 1~
spectively. We verify our method with computer simulation
techniques and apply it to the analysis of M, and M5 muscarinic
receptors. Our method is applicable in the analysis of ligand
bias in drug discovery programs.

Introduction

Constitutive activity is an inevitable property of any li-
gand-sensitive molecular switch that evolved to be off (R) in
the absence of endogenous ligand and on (R*) in its presence.
For whether by conformational selection,

K, K,
D + R<sD + R*<>DR*
or conformational induction,
K, K,KJK,

D + R<>DR<——DR*

activation of the receptor by the ligand (D) cannot occur
unless there is some spontaneous activation of the receptor in
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the absence of ligand (K, > 0; Fig. 1a). It is now clear that
many G protein-coupled receptors exhibit constitutive activ-
ity, particularly when overexpressed or when the appropriate
G protein is overexpressed (Seifert and Wenzel-Seifert,
2002).

Different mechanisms have evolved to minimize receptor
activation in the absence of endogenous ligand. Ligand-gated
ion channels, for example, often incorporate at least two
ligand-binding sites per channel (Hille, 2001), which in-
creases ligand induction of the active state by the nth power
of the ratio of affinity constants for active and inactive states
(K, /K,)", where n denotes the number of linked binding sites
(Monod et al., 1965; Ehlert, 2008). This greater capacity of
the ligand to induce the open state allows the channel to
exhibit a lower probability of opening in the absence of li-
gand. One of the most unique solutions to the problem min-
imizing constitutive activity is exhibited by opsin. Its cova-
lently attached ligand, 11-cis-retinal, behaves as an inverse
agonist, whereas the light-induced all-trans form behaves as
an agonist (Surya et al., 1995).

Current methods for deducing the receptor-activation func-
tion of a population of G protein-coupled receptors involve

ABBREVIATIONS: McN-A-343, 4-(m-chlorophenyl-carbamoyloxy)-2-butynyltrimethylammonium; HEK, human embryonic kidney; G418,
(2R,3S,4R,5R,6S)-5-amino-6-[(1R,2S,3S,4R,6S)-4,6-diamino-3-[(2R,3R,4R,5R)-3,5-dihydroxy-5-methyl-4-methylaminooxan-2-ylJoxy-2-hydro-
xycyclohexylJoxy-2-(1-hydroxyethyl)oxane-3,4-diol; RSS, residual sum of squares; 4-DAMP mustard, N-(2-chloroethyl)-4-piperidinyl diphenylacetate.
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Fig. 1. The simple two-state model for receptor activation and the components of the total stimulus for an orthosteric agonist. a, the equilibrium of
an orthosteric ligand (D) with a receptor having active (R*) and inactive states (R) is shown. K, and K, denote the affinity constants of D for the active
and inactive states, respectively. The equilibrium constant for the relative amounts of active and inactive states in the absence of D is denoted by K..
b, The relative amounts of receptor occupancy (DR* + DR), the stimulus (DR*), the constitutive stimulus (R*), and the total stimulus (DR* + R*) are
shown as a function of the agonist concentration. The fraction of the orthosteric ligand-receptor complex in the active and inactive states is denoted
by intrinsic efficacy (¢) and intrinsic inactivity (g;), and the fraction of the free receptor in the active and inactive states is denoted by the intrinsic

efficacy of the system (g,,,) and the intrinsic inactivity of the system (g,

sys

analyzing a downstream response using a null equation (Ste-
phenson, 1956; Furchgott, 1966) or the operational model
(Black and Leff, 1983). These innovative techniques enable
the estimation of the observed affinity constant (K,,,) of a
ligand and the intrinsic efficacy (¢) of one agonist expressed
relative to that of another, provided that there is little con-
stitutive response in the absence of orthosteric ligand. It is
also possible to obtain relative estimates of the affinity con-
stants of agonists for the active and inactive states of the
receptor (Tran et al., 2009; Ehlert et al., 2011) using modifi-
cations of these methods.

Although constitutive activity may often seem like a nov-
elty of overexpressed recombinant receptors, this type of
experimental system is often used in pharmacological re-
search and drug development (Chen et al., 1999), and appro-
priate methods for analyzing drug action in these systems
would be useful. In the present article, therefore, we describe
an extension of receptor theory that enables the estimation of
the observed affinities and relative efficacies of orthosteric
ligands, including agonists, neutral antagonists, and inverse
agonists, in receptor systems exhibiting constitutive activity.
We also show how to estimate the affinity constants of or-
thosteric ligands for active and inactive states of the receptor,
in units of inverse molarity (M~ '), whenever there is consti-
tutive activity for a simple two-state receptor system. The
method enables the estimation of K, for all orthosteric li-
gands except full inverse agonists and the K, of all ligands
having an efficacy less than one-third that of the most effi-
cacious agonist in a series. Finally, we describe how these
calculations relate to a more complicated system having mul-
tiple active receptor states.

Materials and Methods

Cell Culture. Human embryonic kidney 293 cells stably expressing
G5 (HEK 293 G_;5; provided by Dr. Olivier Civelli, University of Califor-
nia, Irvine, CA) were cultured in Dulbecco’s modified Eagle medium with
high glucose plus L-glutamine supplemented with 10% fetal calf serum, 3.7
g/l sodium bicarbonate, penicillin-streptomycin (100 units/ml and 100 pg/
ml, respectively), puromycin (0.625 pg/ml), and (2R,3S,4R 5R,6S)-5-amino-
6-[(1R,2S,3S,4R,6S)-4,6-diamino-3-[(2R,3R,4R ,5R)-3,5-dihydroxy-5-
methyl-4-methylaminooxan-2-yl]oxy-2-hydroxycyclohexyl]oxy-2-(1-
hydroxyethyl)oxane-3,4-diol (G418) (0.4 mg/ml) at 37°C in a humidified
atmosphere of 5% CO4/95% air. The plasmid encoding the human M,
muscarinic receptor (provided by Dr. Tom Bonner, National Institutes of
Health, Bethesda, MD) was transfected into HEK 293 G5 cells grown in

i-sys

), respectively.

100-mm culture plates using GeneJammer (Agilent Technologies, Santa
Clara, CA) following the manufacturer’s protocols. After 24 h, the cells were
seeded into 24-well culture plates coated with poly-D-lysine (BD Biosci-
ences, San Jose, CA) and incubated an additional 24 h before labeling with
[*Hlinositol for the phosphoinositide assay described next.
Agonist-Stimulated Phosphoinositide Hydrolysis. Agonist-
stimulated [*H]inositolphosphate accumulation was measured in ad-
herent HEK G5 cells prelabeled with [*H]inositol using a modifi-
cation of the methods described by Griffin et al. (2007). Cells were
grown in 24-well plates and incubated with [*H]inositol (2 n.Ci) for
approximately 18 h. The cells were washed, and agonist-stimulated
phosphoinositide hydrolysis was measured in the presence of lithium
in Dulbecco’s modified Eagle’s medium. The incubation with agonist
lasted 2 h, and the reaction was stopped by the addition of perchlo-
rate. Other details of the assay are described by Griffin et al. (2007).
Simulation of Agonist Concentration-Response Curves. We
generated theoretical ligand concentration-response curves exhibit-
ing constitutive activity to verify that our methods of analysis were
accurate in estimating the theoretical microscopic parameters that
were used to simulate the data in the first place. Our approach has
been described previously (Ehlert, 2000, 2011; Tran et al., 2009). It is
based on the assumption that the active state of the ligand-receptor
complex bound with G protein and guanine nucleotide (DR *GX) is
proportional to ligand-induced receptor activation and the amount of
free active receptor complex bound with G protein and guanine
nucleotide (R,*GX) is proportional to constitutive receptor activity.
We substituted an equation for the summation of these two compo-
nents of receptor activation into the operational model to simulate a
functional response downstream from receptor activation:

_ ([R#GX] + [DR,*GX))"M,,,
¥ = ([R.*GX] + [DR.*GX))" + Kg"

(D)

In this equation, m represents the transducer slope factor, M, is
the maximum response of the system, and K is the sensitivity
constant of the transduction mechanism. The model is essentially
equivalent to that described by Black and Leff (1983), but with
receptor occupancy replaced with the summation of [R,*GX] and
[DR*GX]. A complete description of the model and the equations
used to generate the active states of the RGX and DRGX complexes
is described in Ehlert et al. (2011).

Analysis of Ligand Concentration-Response Curves. Both
simulated and experimental concentration-response curves were
analyzed by global nonlinear regression analysis using Prism
(GraphPad Software, Inc., San Diego, CA) and eqs. 28, 43, 44, and
51 as described under Results. A description of how to estimate the
initial parameter estimates for these regression equations is given
in Appendix.



Results

Receptor Theory

The thesis of this article is that it is possible to estimate the
affinity constants of an orthosteric ligand for active (K,) and
inactive (K,) states of the receptor through analysis of its
concentration-response curve whenever a receptor exhibits a
detectable level of constitutive activity. In this section, we
develop a model for constitutive receptor activity and illus-
trate how the K, and K, values of an orthosteric ligand are
related to the receptor activation function. We also apply this
theory to develop an operational model that can be used to
estimate K, and K, from the concentration-response curve of
an orthosteric ligand for eliciting a downstream response at
a G protein-coupled receptor. Finally, we also develop the
requisite theory for estimating the observed affinity constant
and relative efficacy of an orthosteric ligand when there is
constitutive receptor activity.

Model for Constitutive Activity. Using the model shown
in Fig. 1a, it is possible to develop a mathematical expression
for receptor activation as a function of the orthosteric ligand
concentration when there is constitutive activity. The level of
constitutive receptor activation is determined by the con-
stant K_, which is equivalent to the ratio of active (R¥) to
inactive (R) states of the unoccupied receptor. Normally, the
value of K, is very low, but for the example shown in Fig. 1,
it has been set to an arbitrarily high value (0.43) so that it is
easy to illustrate the various receptor species as a function of
the agonist concentration (Fig. 1b). The affinity constants of
the orthosteric ligand (D) for the active (R*) and inactive (R)
states of the receptor are denoted by K, and K,,. The concen-
tration of agonist required for half-maximal formation of the
active (DR*) and inactive (DR) receptor complexes is equiv-
alent to the reciprocal of the observed dissociation constant
(K, ps), which is defined by eq. 8.

Fig. 1b tracks the various receptor species as a function of
the agonist concentration. The fraction of the unoccupied
receptor population in the active state (R*) is denoted by the
intrinsic efficacy of the system (g, ). The value of ¢ is
constant, and in the absence of agonist, it is equivalent to the
fraction of the total receptor population in the active state
(0.3). As the concentration of agonist increases, receptor oc-
cupancy of the active (DR*) and inactive states (DR) of the
receptor increases. The fraction of the agonist-receptor pop-
ulation in the active state is denoted by intrinsic efficacy (¢),
and at 100% receptor occupancy, it is equivalent to the frac-
tion of the total receptor population in the active state.

There are two useful terms that describe the fraction of
receptor complex in the inactive state. The intrinsic inactiv-
ity of the system (g, ) denotes the fraction of the free recep-
tor population in the inactive state, and intrinsic inactivity
(g;) denotes the fraction of the ligand-receptor population in
the inactive state. The relationship between these latter
terms and the intrinsic efficacy terms are:

(2)
3)

As receptor occupancy increases, the amount of consti-
tutive activity (R*) decreases because the latter is defined
as the fraction of the free receptor in the active state, and
the free receptor population decreases with an increase in

g=1—¢

€isys = 1- Esys
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receptor occupancy. The total amount of receptor in the
active state is denoted by the summation of R* and DR* in
Fig. 1b.

Using the model in Fig. 1a it is possible to express the affinity
constants of the active and inactive states of the receptor in
terms of the parameters of the receptor population:

K = SKobs (4)
P g
Eil{o s
L= g-ib (5)
i—sys
€
K.= s (6)
eifsys

These equations can be proved by deriving equations for €,
€5 E€qyer € qys» and K, and then substituting these equations
into eqs. 4 to 6 to determine whether the latter are equalities.
It has been shown that € and K, are defined by Tran et al.
(2009):

1
8 =
1 +Kch (7
o Kot KK .
obs — 1 +Kc ( )

Solving eq. 2 for € and substituting the result into eq. 7 and
simplifying yields:

1

1 Kch
+ Ka

€; =

9

The efficacy of the system (e,,,) can be derived from K_:

sYys

K.

Egys = Kc +1 (10)

Solving eq. 3 for € ,,, substituting the result into eq. 10 and

simplifying yields:

Sys?

1

m (11)

E':ifsys =

Substituting in eqgs. 7 to 11 for the corresponding parame-
ters in eqs. 4 to 6 yields:

1 K, + KK,
K, * 1+K

K, = (12)

(13)
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Fig. 2. The components of the total stimulus for a neutral antagonist (a) and an inverse agonist (b) and the stimulus component for the different types
of orthosteric ligands (c). The various receptor species and efficacy components in a and b are defined in the legend to Fig. 1. In ¢, the stimulus
represents the fraction of the orthosteric ligand-receptor complex in the active state (DR*).

K,

1+K,
1

K +1

K.

(14)

Simplification of eqs. 12 to 14 yields the equalities K, = K,
K, =K, and K, = K_, respectively, which proves the original
equations (4—6) from which they were derived.

The implications of this theory for neutral antagonists and
inverse agonists are shown in Fig. 2, a and b, respectively.
Because ligand receptor occupancy decreases the amount of
unoccupied receptor in the active state (R*), neutral antago-
nists inhibit constitutive activity and replace it with an
equivalent amount of ligand-receptor complex in the active
state (DR*), so that there is no change in the total level of
receptor activation (DR* + R*). Thus, neutral antagonists
have intrinsic efficacy, but its value (¢) is equivalent to that of
the system (g,,,). Likewise, the intrinsic inactivity of a neutral

antagonist (ei)jlis equivalent to that of the system (¢, ).

It can also be shown that an inverse agonist has intrinsic
efficacy, but its value is less than that of the system, and
its intrinsic inactivity is greater than that of the system
(Fig. 2b).

The amounts of active ligand-receptor complex (DR*) gen-
erated by an agonist, neutral antagonist, and inverse agonist
are illustrated in Fig. 2¢. Although the concept that a neutral
antagonist and an inverse agonist have intrinsic efficacy may
seem counterintuitive, these properties follow directly from
the definition of efficacy established by Stephenson (1956)
and Furchgott (1966). These concepts also yield the some-
what more intuitive conclusions that the € value of a neutral
antagonist is equivalent to that of the system and that the ¢;
value of an inverse agonist is greater than that of the system.
Regardless, eqs. 4 and 5 also apply to the estimation of the K,
and K, values of neutral antagonists and inverse agonists.

Operational Model for Constitutive Activity. The the-
ory described above applies to the activation of an isolated
receptor. G protein-coupled receptors, however, interact with
G proteins and other effector proteins to elicit a response, and
the response that is usually measured is downstream from
receptor activation. To analyze such data, the theory can be
incorporated into the operational model of Black and Leff (1983)
so that K, and K, can be estimated through the analysis of
functional responses downstream from receptor activation.

Our strategy involves 1) developing an equation that de-
scribes total receptor activation (DR* + R*) as a function of
the orthosteric ligand concentration (total stimulus) and
2) substituting this function for the stimulus in the logistic-

transducer function described by Black and Leff (1983). This
transducer function is given by:

"M,

m (15)

response =
in which s denotes the stimulus (agonist-receptor activation),
M., is the maximum response of the system, m is the trans-
ducer-slope factor, and K is a constant reflecting the sensi-
tivity of the system. M, is equivalent to the parameter E,,, of
Black and Leff (1983). Below we describe how to develop an equa-
tion for the total stimulus, which can be substituted for s in eq. 15.
The total stimulus (T) of a receptor system generated in the
presence of an orthosteric ligand is defined as:

T=ca+s (16)

in which ca and s denote constitutive activity (R*) and the
amount of orthosteric ligand receptor complex in the active
state (DR*), respectively.

Constitutive receptor activity represents a constant frac-
tion (e,,,) of the unoccupied receptor population. The relative
amount of unoccupied receptors (R/R,) decreases as the con-
centration of the orthosteric ligand (D) increases:

R_1 D
Ry D + Yk,

obs

(17

This equation shows that the fractional amount of unoccu-
pied receptors decreases proportionally with receptor occu-
pancy by the orthosteric ligand. The fractional amount of
constitutively active receptor (ca) is equivalent to the product
of the right side of eq. 17 and g, which represents the

fraction of active, unoccupied receptors.

D

ER AN ST

(18)

The parameter ¢, can be expressed in terms of measur-
able parameters of the operational model by substituting in
&, for s in eq. 15:

B _ 8SysmMsys

B 8sysm + KEfobsm (19)

In this equation, B is defined as the basal response elicited
by a constitutively active receptor in the absence of or-
thosteric ligand, and K ., is defined as:

obs

Kz

KE*OZ)S = R7T (20)



Rearrangement of eq. 19 yields:

B m
Egys = KE*DbS(W) (21)

This equation can be substituted back into eq. 18 to yield
an equation for constitutive receptor activity in the presence
of orthosteric ligand:

1

K B m 1 D
€@ = BEos\ )~ B "Dt Yk,

Simplification yields:

1
B m
Kpg_ops WV —B

sys

DK, + 1

(22)

ca = (23)

The stimulus elicited by the orthosteric ligand-receptor
complex (DR*) is simply equivalent to the product of intrinsic
efficacy (¢) and receptor occupancy:

_ eD
D+ Wk

obs

s (24)

Substituting eqgs. 23 and 24 for ca and s in eq. 16 yields an
equation for the total stimulus (7):

B 1/m
B KEfubs<Msys _ B) DS

T="DK, +1 +
D+

m (25)

Simplification yields:

B 1/m
Kg_ops ( m) + DK ¢

T= DK,,. + 1

(26)

To derive an equation for the response, the stimulus (s) in
the transducer function of the operational model (eq. 15) is
replaced by the total stimulus:

T M,

W 27

response =

Substituting eq. 26 for 7' and simplifying yields:
M.

sys

Lo (DKt 1Y
DTKobs + Tsys

response = (28)

in which 7 and

sys

are defined by:

€

= 29
T KEfobs ( )

B 1/m
’Tsys = (Msys _ B) (30)

It follows from eq. 21 that:
_ 8sys

Tsys - KEfobs (31)
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Equation 28 represents the operational model for a consti-
tutively active receptor. There are additional parameters
related to this model, which are described next. The param-
eter 7, is defined as:

€
= (32)
T KEfabs
We define 7, as:
8ifsys
Ti*sys - KE*OIJS (33)

Using egs. 4, 5, 29, 31, 32, and 33, it is possible to define the
affinity constants of orthosteric ligands for active and inac-

tive states of the receptor and the constant, K, for the
isomerization of the free receptor:

TKobs
Ky=— (34)
Tsys
TiKobs
K,=— (35)
Tifsys
Tsys
K, =—"= (36)
Tifsys

The operational model for constitutive activity (eq. 28) can
be rewritten in a form that includes K, by making the ap-

propriate substitution with eq. 34:
M

sys

( DK, + 1 )m
1+
Tsys(DKb + 1)

response= (37)

Estimation of the K, ,, of Orthosteric Ligands When
There Is Constitutive Activity. There is insufficient informa-
tion in the concentration-response curve of a single orthosteric
ligand to estimate its observed affinity constant K, , but it is
possible to do so if responses are measured before and after inac-
tivation of a fraction of the receptor population (Furchgott, 1966) or
in different cells transiently expressing different levels of receptor.
It is also possible to estimate the K, of a partial agonist if its
concentration-response curve is analyzed with that of a full agonist
(Stephenson, 1956).

First, we develop an equation based on the operational model
(eq. 28) assuming that an irreversible neutral antagonist is used to
inactive part of the receptor population. Such an agent has no
effect on constitutive receptor activity (7). The equation for the
constitutively active (ca) component of the total stimulus is derived
from eq. 18 by multiplying the receptor occupancy component by
the scalar q, which represents the fraction of the receptor popula-
tion remaining after treatment with an irreversible neutral antag-
onist:

qD
ca =gy 1— Dt e 1/K0b8> (38)
Substituting eq. 21 for ¢, yields:
_x B \(4 gD
T ea\M, -B) \" D+ l/Kobs) (39)

The equation for the orthosteric ligand component of the
stimulus (s) is derived from eq. 24 by multiplying the receptor
occupancy expression by q:
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_geD
D + Yk

obs

s (40)

Adding eqgs. 39 and 40 yields the total stimulus as defined
by eq. 16:

T—K B m 1 qD N qeD

B E_Obs<Msys - B) < D + 1/Kobs> D + Yk

obs

(41)

Simplification yields:
1

B m
m) (1 + DK,s(1 —q))

DK, +1

quKabs + KE—obs(

T =

(42)

Substituting eq. 42 for T in the logistic transducer function
of the operational model (eq. 27) yields:

Msys
1 DK, +1 m
* qDTKobs + Tsys(l + DKobs(]- - Q))

response =

(43)

This equation is used to estimate the K,  value of an
orthosteric ligand by the method of partial receptor inactiva-
tion with an irreversible neutral antagonist as described
below.

It is also possible to rearrange eq. 43 into the following
form for estimation of the K, value of the orthosteric ligand:

M,

1+ ( DK, +1 )"”
Tsys(qDKb + (1 + DKobs(l - Q)))

response =

(44)

The corresponding equation for an irreversible full inverse
agonist is developed using the following rationale. After re-
ceptor inactivation, constitutive receptor activity is reduced
to a fraction of the original value (q), and this effect is ade-
quately reflected by a reduction in the basal response of the
system (B) or in the 7., value. Alkylation of the receptor
population also reduces the orthosteric ligand component of the
stimulus to the same fraction (q) of the original stimulus. The
total stimulus, therefore, is given by the following equation:

__ b geD
D + 1/Kobs> * D + Yk,

1
B m
T = qKE*ObS<M _B> (1
s obs
(45)
Simplification yields:

sys

1+ DK,

B m
qSDKabs + qKE—obs<ﬁ>

T= (46)

Substituting eq. 46 for 7' in the transducer-response func-
tion of the operational model (eq. 27) yields an equation

describing the response after partial receptor inactivation
with an irreversible inverse agonist:
Msys
N 1+DK,, \"
qTDKobs + quys

response = < 47)

To estimate K_,, and 7, global nonlinear regression analysis is
used to fit eq. 47 to the concentration-response curves measured
before and after receptor inactivation sharing the estimates of
K e T Toyer M., and m between the curves. The parameter g is
constrained to 1.0 for the control curve and a unique estimate is
obtained for the curve measured after receptor inactivation.

Equation 47 can also be expressed in the following form for

the estimation of K,:

_ MSyS 48
response = i 1+ DK, \" (48)
quys(DKb + 1)
The analysis is done sharing the estimates K, K;,, M.,

Teys» and m between the control and “inactivated” curves and
obtaining a unique estimate of g for the inactivated curve (g
constrained to 1.0 for control).

Equations 47 and 48 can also be used to estimate K_,, and
K, of orthosteric ligands from their concentration-response
curves measured in cells transiently expressing high and low
levels of a receptor. The data from high and low receptor-
expressing cells are analyzed as described above for the con-
trol and inactivated conditions, respectively.

Estimation of Relative Efficacy. Using the method of
partial receptor inactivation, it is possible to estimate the
observed affinity constant of an orthosteric ligand using eqgs.
43 or 47, depending on the nature of the irreversible antag-
onist. This analysis also provides an estimate of the 1 value of
the orthosteric ligand. The relative efficacy of one orthosteric
ligand (e) expressed relative to that of another (¢') is simply
equal to the corresponding ratio of T values:

e T 19

g 7 (49)

Substituting in eq. 29 for 7 and simplifying proves this
equation.

Analysis of Simulated Orthosteric Ligand
Concentration-Response Curves

In this section, we generate theoretical concentration-re-
sponse curves and analyze the simulated data with the op-
erational model for constitutive receptor activity to deter-
mine whether it is possible to estimate the K, and K, values
that were used to simulate the data.

The concentration-response curves were generated as de-
scribed under Materials and Methods. A theoretical total
stimulus was generated assuming that the constitutive stim-
ulus is proportional to the active state of the free receptor
associated with the G protein bound with guanine nucleotide
(R,*GX) and that the orthosteric ligand-induced stimulus is
proportional to the corresponding active state of the quater-
nary complex (DR_*GX). The summation of the constitutive
and ligand-induced stimuli was defined as the total stimulus
(T) and used as input to the operational model (eq. 1). A
random error with a range of + 5% was added to the theo-
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Fig. 3. Simulation of the effects of partial inactivation of the receptor population with an irreversible neutral antagonist on the response to an agonist
(a) and an inverse agonist (b). The theoretical curves were generated using the operational model for the total stimulus (eq. 27) with the latter defined
as the summation of the active states of the quaternary (DR, *GX) and ternary (R, ,*GX) complexes. These were simulated using the quaternary complex
model described in Ehlert et al. (2011). The values of log K, and log K, for the orthosteric ligands were: agonist, 5.0 and 8.0; inverse agonist, 7.0 and
5.0, respectively. The microscopic state constants for the quaternary complex model were: log K,, —2.15; log K,, 2.85; log K, 8.00; log K,,,, 4.60, and
log K, —4.30. The ratio of G protein to receptor was 10, and the receptor concentration was 40 units. These parameters yield a quaternary complex

(DR *GX) function with a log K, of 5.08. The parameters of the operational model were M,

retical data to ensure that our estimation procedure was
feasible. In the remainder of this section, we illustrate how to
estimate K., relative efficacy, K,, and K,,.

Estimation of the K ,, and K, Values of an Or-
thosteric Ligand Using the Method of Partial Receptor
Inactivation. Figure 3a illustrates the theoretical concentra-
tion-response curve of a full agonist in a system with constitu-
tive receptor activity. The curves have been simulated under
control conditions and after a fraction of the receptor population
has been bound with an irreversible neutral antagonist. Recep-
tor inactivation was simulated by multiplying the ligand-
receptor component of the stimulus by the scalar, 0.005 (g). A
random error (=5%) was also added to the data. The parame-
ters for the simulation are given in the legend to Fig. 3. The
“control” and “inactivated” curves were analyzed simultane-
ously using global nonlinear regression analysis with eq. 43. In
the analysis, the estimates of M, m, K, T, and T were
shared between the two concentration-response curves, and a
unique estimate of ¢ was obtained for the inactivated curve. The
estimate of ¢ was constrained to a constant value of 1.0 for the
control curve. Regression analysis yielded estimates of 5.12 +
0.08,101.4 + 1.0, 1.16 *= 0.13, and 0.0060 =+ 0.0005 for log K.,
M, m, and g, respectively, and these were similar to those
used to generate the theoretical data (5.08, 100, 1.0, and 0.005,
respectively). The estimates of log T and log 7, were 2.22 + 0.10
and —0.51 = 0.11.

From the values of K., 7, and 7 it is possible to estimate
the K, value of the orthosteric agonist using eq. 34. This
calculation yielded an estimate of 7.84 for log K,, which is
similar to the theoretical value used for the simulation (8.0).
K, can also be estimated by global nonlinear regression analy-
sis of the data in Fig. 3a using eq. 44. When this was done
sharing the estimate of M ., m, K, K, and 7, between the
two curves and obtaining a unique estimate of ¢ for the control
(constrained to one) and “inactivated” curves, a value of 7.84 =+
0.10 was obtained for log K.

We also simulated data for an inverse agonist under con-
trol conditions and after partial inactivation of 50% of the
receptor population (¢ = 0.5, fraction of residual receptors)
(Fig. 3b). The simulated data were analyzed by global non-
linear regression analysis as described above using eq. 43. In
this situation, it is impossible to get a reliable estimate of
M, unless the data are analyzed simultaneously with those

of an efficacious agonist. For the regression in Fig. 3b we

100; m, 1.0; and log K, —1.7.

vs?

constrained the estimate of M_, to the theoretical value
(100%), which is nearly the same as that estimated in Fig. 3a
for the efficacious agonist. The estimates of log K, m, and
q (6.86 = 0.09, 1.34 = 0.28, and 0.42 + 0.04, respectively)
were similar to those used to simulate the data (7.00, 1.0, and
0.5, respectively). The microscopic constants used to simulate
the data are given in the legend to Fig. 3.

The value of K, can be estimated using eq. 34, but in the
case of a full inverse agonist, the calculation has substantial
error as indicated by the log estimate of 5.56 for the simu-
lated data in Fig. 3b. This estimate differs somewhat from
the theoretical value used for the simulation (5.0). The K,
value was also estimated by regression analysis using eq. 44
as described above, which yielded the same unreliable esti-
mate of 5.56 = 0.34. As described below, more reliable esti-
mates can be made for partial inverse agonists.

Can the agonist data be analyzed using the standard op-
erational model after subtracting the basal response from the
total response? Likewise, can the response of the inverse
agonist be expressed as percentage of inhibition of basal
activity and analyzed with the standard operational model?
In the case of the inverse agonist (Fig. 3b), fitting the stan-
dard operational model:

Msys
response = ( (50)

1+ DK,,,\"
QTD Kobs

to the data with the estimate of M, constrained so that it
cannot exceed complete inhibition of basal activity (i.e.,
M, = 20% inhibition) yielded the following estimates of
log K, (6.45 + 0.20), m (1.68 = 0.36), and ¢ (0.19 = 0.2).
These estimates have substantial error compared with the
theoretical values (7.0, 1.0, and 0.5), and the increase
in the residual sum of squares (RSS) was colossal (10-fold).
The reason for the poor fit is that partial receptor inacti-
vation increases the potency of an inverse agonist and
reduces the potency of agonists when the transducer slope
factor is equal to or greater than one. Thus, the standard
operational model does not adequately describe the behav-
ior of inverse agonists. In the case of the full agonist (Fig.
3a), there was little error in the estimate of K _,, and ¢
when eq. 50 was used to analyze the data, but with partial

agonists, the error in K ,, can be substantial (3-fold).
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Fig. 4. Simulation and analysis of the response of orthosteric ligands at a constitutively active receptor. a, the theoretical curves were generated using the
operational model for the total stimulus (eq. 27) with the latter defined as the summation of the active states of the quaternary (DR *GX) and ternary
(R,*GX) complexes. These were simulated using the quaternary complex model described in Ehlert et al. (2011). The log affinity constant of the agonists A
to D for the inactive state was 5.0, and that for the inverse agonists (E-G) was 7.0. The K, value expressed relative to K, is given in the symbol key. The
parameters of the model were the same as those given in the legend to Fig. 3. b, nonlinear regression analysis of the concentration-response curve of agonist
A according to eq. 52. During regression analysis, K; was constrained to a range of values shown on the abscissa. The corresponding estimates of log € and
the residual sum of squares are plotted against the constrained value of log K.

Estimation of the K, Values of a Series of Orthosteric
Ligands. We simulated concentration-response curves for a
series of agonists and inverse agonists in a system having
constitutive activity to determine whether it were possible to
estimate their K, and K, values (Fig. 4). The K, value of each
theoretical agonist was 10° M~ ! and that of the inverse
agonists was 107 M. The ratio of K,/K,, varied from 103 for
the most efficacious agonist (A) to 10~ 2 for the full inverse
agonist (G). The complete list of parameters for the simula-
tions is given in the legend to Fig. 4. The theoretical total
stimuli were generated using the approach described under
Materials and Methods. These were used as input to the
logistic-transducer function of the operational model (eq. 1)
to generate the simulated concentration-response curves
shown in Fig. 4a.

To estimate K, values, all of the concentration-response
curves in Fig. 4a were analyzed simultaneously using global
nonlinear regression analysis with a form of eq. 37 in which
some of the parameters are expressed as logarithms:

M

sys

10L0GD+LOGKobs +1

response =

m
1+ (1OLOGD+LOG-rsys+LOGKb T 10LOGTsys)

(51)

In this equation, LOGD, LOGtsys LOGKb, and LOGKobs
denote the logarithms of D, 7, K, and K., respectively. The
curves were analyzed simultaneously sharing the estimates
of M., m, and log 7., among the curves and obtaining
unique estimates of log K_,. and log K, for each orthosteric
ligand. Regression analysis will not yield an accurate esti-

TABLE 1

mate of the K, of a full agonist, and the nonlinear regres-
sion algorithm used might not converge on a solution. This is
not a problem because the error in the estimate of the K, of
a full agonist is inversely correlated with T such that the
product of the two (7K_,,) is constant over the domain that
yields a least-squares fit. Thus, K, can be constrained to an
arbitrarily low value (lower than the true value) during re-
gression analysis, and the resulting estimate of K, or the
product, 7K, is accurate (see eq. 34; K, = 1K 5,/7,,,). In our
case, we simply constrained the K, value of agonist A to its
theoretical value (i.e., 5.08; log reciprocal of the EC;, value
for half-maximal formation of DR *GX). Regression analysis
yielded the following estimates of the log K, values of the
orthosteric ligands B to G: 5.17 * 0.03, 5.07 = 0.01, 5.12 =
0.03, 6.90 = 0.04, 6.97 = 0.01 and 6.89 = 0.01, respectively.
These values are nearly identical to those used to simulate
the data (5.01, 5.001, 5.001, 7.00, 7.00 and 7.00, respectively).
The corresponding estimates of the log K, values for agonists
A to G (7.88 = 0.02, 6.91 = 0.01, 5.96 = 0.01, 5.38 = 0.03,
6.71 = 0.04, 6.37 = 0.01, and 5.16 = 0.09, respectively) were
also similar to their theoretical values (8.0, 7.0, 6.0, 5.301,
6.78, 6.301, and 5.0, respectively). The K_,. and K, values are
listed in Table 1. Regression analysis also yielded estimates
of M, (100.3 = 0.50), m (1.15 + 0.10), and log 7, (—0.51 *
0.005).

Estimation of the K, Values of a Series of Orthosteric
Ligands. The estimation of K, is more complicated than that
of K,. It is impossible, for example, to estimate the K, of a
single orthosteric ligand if the only information available is
its concentration-response curve measured before and after
partial receptor inactivation. In this section, therefore, a

sys

Theoretical and estimated parameters for the orthosteric ligand concentration-response curves shown in Fig. 4

Theoretical Parameters

Estimated Parameters

Ligand L a Log Relative Log
og K, Log K, Log K, Efficacy? Log K, Log K, Log K, Relative
A 8.00 5.00 5.08 0.00 7.88 = 0.02 4.29 N.D. 0.00
B 7.00 5.00 5.01 -0.93 6.91 = 0.01 5.14 5.17 = 0.03 —1.08
C 6.00 5.00 5.00 -1.93 5.96 = 0.01 5.06 5.07 = 0.01 —-1.92
D 5.30 5.00 5.00 —2.62 5.38 £ 0.03 5.10 5.12 = 0.03 —2.56
E 6.78 7.00 7.00 -3.15 6.71 = 0.004 6.94 6.90 = 0.04 -3.01
F 6.30 7.00 7.00 —3.62 6.37 £ 0.01 6.99 6.97 = 0.01 —3.41
G 5.00 7.00 7.00 —4.92 5.16 = 0.09 6.91 6.89 = 0.01 —4.53

N.D., not determined.

“ The log reciprocal of the orthosteric ligand concentration required for half-maximal formation of the DR;GX complex.
The maximal amount of DR, GX complex formed by the orthosteric ligand, expressed relative to that of agonist A.

¢ Expressed relative to that of agonist A.



method for estimating the K, values of the series of or-
thosteric ligands illustrated in Fig. 4 is described. The
method is accurate for those ligands with relative efficacies
less than one-third that of the most efficacious ligand in the
series.

The process of estimating K, consists of the following steps:

1. Determining the maximal estimate of K, that yields a
least-squares fit of eq. 52 to the concentration-response
curve of the most efficacious agonist.

2. Estimating a provisional value of € for each orthosteric
ligand by regression analysis with eq. 52 with K, . con-
strained to the maximal estimate for the most efficacious
agonist.

3. Estimating K, from the provisional € values of the ago-
nists through a series of calculations using egs. 2, 3, 32,
and 35.

4. For those agonists having an efficacy value less than one-
third that of the most efficacious agonist, the estimate of
K, is valid.

5. For the most efficacious agonist and agonists with an
efficacy not less than one-third that of the most efficacious
agonist, the value of K, represents a minimal, limiting
estimate.

The first step involves nonlinear regression analysis of the
concentration-response curve of the most efficacious agonist
(agonist A; Fig. 4) using the following equation:

M,

response = . DK, +1\" (52)
DaKobs
KE*DbS Tsys

This equation represents the operational model for consti-
tutive activity (eq. 28) with 7 replaced with ¢/K_,.. The goal
is to identify the maximal estimate of K .., that yields a
least-squares fit. Regression analysis is done iteratively with
M., m, and K,  constrained as constants equivalent to
those estimated in the K, analysis described above. An ap-
proximate estimate of K .. is obtained in the first regres-
sion by constraining € to 1.0 and estimating K ,.. In the
second and subsequent regressions, K ;. is constrained to a
constant 0.1 log unit less than that of the prior regression.
For each of these subsequent regressions, log € is constrained
to the range log ¢ < 0 (1 > ¢ > 0), and regression analysis
yields an estimate of log €. This stepwise process is continued
until the RSS no longer decreases. This occurs when the RSS
of a regression is equivalent to that of the prior regression.
That the RSS is at a minimum can be verified by doing the
regression with log K, constrained to arbitrarily low value
(e.g., —4.0) and verifying that the RSS is the same. The
maximum value of log K, .. that yields a minimum value of
the RSS is recorded as well as the provisional estimate of log
¢ for this value of log K, _,,,,. For agonist A in Fig. 4, these values
were —0.03 and —2.4, for log € and log K., respectively.

An example of how the RSS changes with a change in the
value to which K ., is constrained during nonlinear regres-
sion is shown in Fig. 4b for agonist A. The plot shows the
results of regression analysis using eq. 52 with the parame-
ters M., m, and K, constrained to constants as described
above and K, constrained to various values indicated on
the abscissa. A vertical line through each set of points shows
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the results of a single nonlinear regression step. As the value
to which log K ;. is constrained decreases from a high value
(—1.8), the RSS decreases and reaches a stable minimum
value when log K, ,. = —2.4. The estimate of log ¢ is a little
less than 0 (e slightly less than 1.0) when log K .. is equiv-
alent to its maximal value for generating a least-squares fit.

Having identified the maximal, limiting estimate for the
domain of log K, for agonist A and its associated provi-
sional log € value, the concentration-response curves of the
less efficacious orthosteric ligands are analyzed by nonlinear
regression analysis with eq. 52 with M, m, and K, con-
strained as described above and log K .. constrained to its
maximal limiting estimate (—2.4 for the data in Fig. 4).
Regression analysis yields the provisional log € values of the
orthosteric ligands. From these estimates of ¢, ¢; values are
estimated using eq. 2. Then, estimates of 7, are calculated
using eq. 32, and finally, K, is estimated using eq. 35 and the
estimates of K, 7,, and 7_,.. These values are listed in Table
1. There was good agreement between these log K, estimates
for ligands B to G (5.14, 5.06, 5.10, 6.94, 6.99, and 6.91,
respectively) and those used to simulate the data (5.0, 5.0,
5.0, 7.0, 7.0, and 7.0, respectively). The exception is in the
estimation of K, of the most efficacious agonist (A), which
exhibited a log difference of approximately 0.71 in its estima-
tion (log estimate, 4.29; log theoretical estimate, 5.0).

It can be shown that the estimate of K, approaches K,
when K .. is constrained to an arbitrarily low value during
regression analysis with eq. 52. Constraining log K, .. to an
arbitrarily low value also yields a least-squares fit as shown
in Fig. 4b. For agonist A in Fig. 4, the true value of K, lies
somewhere between the limiting value of K, estimated above
and the K,  value. The same can be said of any agonist
analyzed that has an efficacy not less than one-third that of
the most efficacious agonist in a series.

It is possible to estimate the limiting minimal value of log
K, by the method of partial receptor inactivation using an
approach analogous to that illustrated in Fig. 4b. The data in
Fig. 3a were analyzed in this manner using a modified form
of eq. 43 in which T was replaced with ¢/Kj,_,.. The ligand and
system parameters for the agonist in Fig. 3a are identical to
those of agonist A in Fig. 4. This analysis yielded a minimum
estimate of log K, of 4.35, which is similar to that estimated
above for agonist A in Fig. 4 (4.29).

If the most efficacious orthosteric ligand in a series is an
inverse agonist, the nonlinear regression analysis is done as
described above but with the regression equation modified:

M,

sys
DK, +1 \™ (53)

response =

1+
Tsys

KE —obs

DTKobs +

This equation is analogous to the operational model for
constitutive receptor activity (eq. 28, but with 7, replaced
with €., /Ky ). The regression analysis requires an esti-
mate of M, which can only be determined by the method of
partial receptor inactivation with an efficacious agonist or by
assuming that the E,, .. of a full agonist is equivalent to M.
Thus, it seems unlikely that an experimenter would know
M, without also having the concentration-response curve of
an efficacious agonist. Regardless, if M_ . is known and the
most efficacious ligand is an inverse agonist, a limiting esti-

sys
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mate of log K ., can be estimated using eq. 53 as in a
manner analogous to that described above for the most effi-
cacious agonist. This estimate can be used to calculate the
provisional € values of the inverse agonists from their corre-
sponding 7 values. Ultimately, K, values can be estimated
using eqs. 3, 32, and 35 as described above.

Estimation of the Relative Efficacy Values of a Series of
Orthosteric Ligands. It is possible to estimate the relative effi-
cacy of the orthosteric ligands in various ways based on the pa-
rameter values estimated so far. For example, the intrinsic relative
activity (RA,) of the orthosteric ligand is defined as the product of
its observed affinity and efficacy expressed relative to that of a
reference orthosteric ligand (Ehlert et al., 1999; Griffin et al.,
2007). From eq. 4, it follows that:

RA, = 8I{obs _ Kb
a S’Kobs, a ITI)’

(54)

in which ' denotes the parameters of the reference orthosteric
ligand. Rearranging eq. 54 yields:

€ _ KbKobs/

g’ B Kb/Kobs

(55)

Thus, the parameter estimates (K, and K_,.,) from the
initial regression with eq. 51 could be used to estimate rela-
tive efficacy using eq. 51 provided that the K_,, value of any
full agonist was previously determined. The relative efficacy
values of the ligands were determined in this way and there
was good agreement between the estimates and the theoret-
ical values (see Table 1). Alternatively, the concentration-
response curves could be analyzed with eq. 28 using global
nonlinear regression analysis, sharing the estimates of M.,
m, and 7.,,, among the curves and obtaining unique estimates
of K, and 7 for each orthosteric ligand. Again, the K, of
any full agonist needs to be determined previously and con-
strained as a constant during regression analysis. The rela-
tive efficacy values of the orthosteric ligands could then be
estimated from the T values using eq. 49.

Estimation of the K, Values of Orthosteric Ligands
and the K, and Relative Efficacy Values of Partial Ago-
nists Is Easy When the Hill Slope Is Equal to One. When
the Hill slope of the ligand concentration-response curve is
equivalent to one, the transducer-slope factor in the operational
model is also equal to one, and there are simple relationships
between the parameters of the concentration-response curve
and K, K., and relative efficacy. For these relationships, we
define the ECj, value as the concentration of orthosteric ligand
that elicits a half-maximal change in response from the basal

level caused by constitutive receptor activity (B) to that ob-
served at maximally effective concentrations of the ligand. We
define the effect at maximally effective concentrations of the
ligand as T, (total response at a saturating ligand concentra-
tion). For an agonist, this value is equal to the maximum total
response above background level without constitutive activity.
For an inverse agonist, 7, represents the difference between
the response measured at saturating concentration of inverse
agonist and the level of response measured in the absence of
constitutive activity. Figure 5 illustrates these terms for an
agonist (a) and inverse agonist (b).

When the Hill slope of the concentration-response curve is
equivalent to one, the K, value of an orthosteric ligand relative to
that of a reference orthosteric ligand can be expressed in terms of
the empirical parameters of the concentration-response curve:

Kb E CSO ' Tsat
RA = Ky T ECsTo 0)

In this equation the parameters of the standard orthosteric
ligand are denoted by '. We have previously defined the RA;
value as a relative measure of the affinity constant of an
agonist for the active state of the receptor (Tran et al., 2009).
It can also be shown that the K, and K_,, values of an

orthosteric ligand are described by:

Tsat
Ky =gc. B 67
MS S - Tsa
Ko = (M, ! (58)

EC50(Msys - B)

Finally, the efficacy of one orthosteric ligand expressed
relative to a reference ligand is equivalent to:

E/ _ TsatEMsys Tsat ) (59)
€ Tsat (Msys - Tsat)
where the parameters of the reference orthosteric ligand are
denoted by '. The derivation of eqgs. 56 to 59 is given in
Appendix. The equations for K_,, and relative efficacy can
only be applied in the analysis of partial agonists and inverse
agonists, because there is little difference between M, and
the T, of a full agonist. In fact, the T, of a full agonist could
be used as an estimate of M, in the estimation of K, and
relative efficacy of partial agonist.
The T,, and EC;, values of all of orthosteric ligands A to
G can be estimated from the parameters of the operational

model for constitutive activity (eq. 28) as described in Appen-

b

B Fig. 5. The definitions of EC;,, the basal
response of a constitutively active recep-
tor (B), and the total response of the re-

ceptor at a maximally effective concentra-
tion of the orthosteric ligand (T,,,) are
shown for an agonist (a) and an inverse
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dix (see egs. 61 and 70) or by nonlinear regression analysis
using a four-parameter logistic equation:

_ Tsat -B
response = B + 1 + 10"LOGEC50-LOGD)

(60)

In this equation, n denotes the Hill slope of the concentra-
tion-response curve and LOGECy, and LOGD denote the log
values of EC,, and D, respectively.

These estimates of T, and log EC;, for the data in Fig. 4
are listed in Table 2. The estimates of K, K, ., and relative
efficacy were also estimated from the 7, and EC;, values
using eqs. 57 to 59, and these estimates are also listed in
Table 2 for ligands B to G. The log efficacy values have been
normalized relative to that of agonist B. There is agreement
between these estimates of K, K., and relative efficacy and
the theoretical values listed in Table 1 after normalizing the
theoretical efficacy values to that of agonist B. This is ex-
pected because the transducer slope factor for this simulation
was equal to one (m = 1; see legend to Fig. 4).

Additional Simulations. We also simulated concentra-
tion-response curves with random error for orthosteric li-
gands under conditions of constitutive activity with different
concentrations of guanine nucleotide and with transducer
slope factors (m) that differed from one. In each case, we were
able to obtain reasonable estimates of K, and K, as well as
the receptor population parameters (K, ,, and relative effi-
cacy) except for the K, value of the most efficacious agonist
and the K, value of full inverse agonists. This analysis was
done based on the regression eqs. 28, 37, and 52 as described
above. With the most efficacious agonist, the limiting mini-
mal estimate of K, was accurate when the concentration of
guanine nucleotide was low, but with real data there is
uncertainty in knowing whether the estimate is accurate as
described in Ehlert et al. (2011).

We also considered the possibility of two active states of
the receptor and a summary of the results of these simula-
tions is given in Appendix.

Analysis of Experimental Data

M, Muscarinic Receptor-Mediated Phosphoinositide
Hydrolysis in HEK 293 Cells Overexpressing G_;5. We
previously investigated the activity of a group of muscarinic
agonists for eliciting [*’H]phosphoinositide hydrolysis in HEK
293 cells prelabeled with [*HJinositol and expressing G5
and the M, muscarinic receptor (Griffin et al., 2007). The

TABLE 2

Estimation of K,, K,
59, respectively

The parameters were estimated from the T,,, and EC5, values of the concentration-
response curves shown in Fig. 4. For the calculations, it was assumed that the T,
of agonist A was a good estimate of M. The estimate of the basal response was
20.6%.

»e and relative efficacy using equations 57, 58, and

Agonist Tour Log EC5y LogK, LogK,, Log Relative Efficacy”

A 100 —7.32 8.00 N.D. N.D.

B 96.6 -6.33 7.00 4.97 0.00
C 73.4 —5.46 6.02 4.99 —1.01
D 34.0 —5.08 5.37 5.07 —1.74
E 13.5 —6.96 6.72 6.95 —2.26
F 5.05 —6.92 6.32 7.01 —2.72
G 0.28 —6.90 5.03 6.99 —4.00

N.D., not determined.
“ Expressed relative to that of agonist B.
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cells were treated with pertussis toxin and 4-DAMP mustard
to inhibit signaling through G; and to block a small response
elicited by an endogenous M, receptor, respectively. In that
study, we analyzed the component of the response above
constitutive M, receptor activity using the standard opera-
tional model and a null equation. The background level of
[®Hlinositolphosphate accumulation in HEK 293 G5 cells
was approximately 1500 to 2000 cpm. After transient trans-
fection of the M, receptor, inositolphosphate accumulation in
the absence of orthosteric ligand increased to 3500 to 4000
cpm. Thus, approximately 2000 cpm of [*Hl]inositolphos-
phates could be attributed to constitutive activity of the M,
receptor. Figure 6a shows the results of our prior study
plotted as the total response (constitutive and ligand induced
activity) normalized relative to the T,,, of oxotremorine-M
(approximately 6000 cpm). The T, and log EC;, values
(mean = S.E.M.) of oxotremorine-M, carbachol, S-aceclidine,
R-aceclidine, and 4-(m-chlorophenyl-carbamoyloxy)-2-buty-
nyltrimethylammonium (McN-A-343) were 100 = 0.7, 94.9 =
0.6, 99.7 = 1.0, 86.1 = 0.9, and 53.5 = 1.0 for T, and
—6.79 = 0.02, —6.02 = 0.02, —5.76 = 0.03, —4.93 = 0.04, and
—5.24 + 0.11 for log EC;,, respectively.

The observed affinity constants of carbachol and oxotremo-
rine-M were determined in competitive binding assays with
[*H]N-methylscopolamine on intact HEK cells overexpress-
ing G_;5. The data in Fig. 6a were analyzed as described
above to estimate the K, the minimum value of K, K, ., and
relative efficacy, and these results are given in Table 3.
During regression analysis, the log K, values of oxotremo-
rine-M and carbachol were constrained to the values deter-
mined in the competitive binding experiments with [*H]N-
methylscopolamine (5.0 and 4.3, respectively). Regression
analysis yielded estimates of M, (106 * 2), log 7, (—0.52 *
0.03), and m (0.63 = 0.08). Relative efficacy was calculated as
the agonist 7 value expressed relative to that of oxotremo-
rine-M. The estimates of K,, K,, and their ratio are illus-
trated in the histogram shown in Fig. 6b. Because there is
potential ambiguity in the estimate of the K, value of the
most efficacious agonists (oxotremorine-M, carbachol, and
S-aceclidine), we assumed that their K, values were similar
to K, for the illustration in Fig. 6b.

M; Muscarinic Receptor-Mediated Phosphoinositide
Hydrolysis in HEK G5 Cells. We also transiently ex-
pressed the M; receptor in HEK 293 G5 cells and measured
phosphoinositide hydrolysis elicited by oxotremorine-M, carba-
chol, and McN-A-343. The data are plotted as total response
(constitutive and ligand induced activity) normalized relative to
the T, of oxotremorine-M (Fig. 7a). In these experiments, the
background level of [*Hlinositolphosphate accumulation was
similar to that observed in our prior studies on the M, receptor,
but the constitutive activity elicited by transient transfection of
the M receptor was only approximately 600 to 1000 cpm, and
T, .. values of oxotremorine-M and carbachol were much greater
(40,000—60,000 cpm of [*Hlinositolphosphates). The T, and
log EC;,, values (mean = S.E.M.) of oxotremorine-M, carbachol,
and McN-A-343 were 100 = 1.3, 110 = 2.0, and 14.3 * 0.8 for
T, and —5.97 * 0.04, —5.33 = 0.06, and —5.21 * 0.23 for log
EC,,, respectively.

The K_,. values of carbachol and oxotremorine-M were
estimated by the method of partial receptor inactivation us-
ing a 5-min incubation with the aziridinium ion of 4-DAMP
mustard (1.0 pM) as a means of inactivating a fraction of the
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Fig. 6. M, muscarinic receptor-mediated stimulation of phosphoinositide hydrolysis in HEK 293 cells expressing G, 5. a, the effects of muscarinic
agonists on [*Hlinositolphosphate accumulation are shown. The [*Hlinositolphosphate level measured in cells not transfected with the M, receptor was
subtracted from the measurements made in cells transfected with the M, receptor and normalized relative to the E, .. of oxotremorine-M. The data
are from Griffin et al. (2007) and represent the mean + S.E.M. of four to six experiments, each done in triplicate. b, analysis of the data in a yielded
estimates of the affinity constants of the agonists for the active (K,) and inactive (K,) states of the receptor. The K, value was assumed to be
approximately equal to K ..

TABLE 3
M,, receptor-mediated stimulation of [*H]inositolphosphate accumulation in HEK 293 cells expressing G5
The parameters were estimated from the agonist concentration-response curves shown in Fig. 6.

Agonist Log K, Log K, “ Log K, © Log K;,/K, ¢ Log Relative Efficacy?
Oxotremorine-M 7.69 = 0.03 3.76 5.01 = 0.08 2.7-3.9 0.00
Carbachol 6.78 = 0.02 3.46 4.32 = 0.10 2.5-3.3 -0.24
S-Aceclidine 6.62 = 0.04 3.00 3.95 £ 0.29 2.7-3.6 —0.03
R-Aceclidine 5.62 = 0.04 4.01 4.04 = 0.04 1.6 -1.11
McN-A-343 5.60 = 0.11 5.06 5.07 £ 0.11 0.54 —2.16

“ A minimum estimate of log K,,.

® The K, values of oxotremorine-M and carbachol were estimated in competitive binding experiments on intact HEK 293 cells expressing G,;5 and the M, muscarinic
receptor, and the K, values of the remaining agonists were estimated by nonlinear regression analysis using eq. 37.

¢ The range of values represents log K,/ K, — log K,/ K,.

< The log 7 value of the agonist expressed relative to that of oxotremorine-M.
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Fig. 7. M; muscarinic receptor-mediated stimulation of phosphoinositide hydrolysis in HEK 293 cells expressing G, 5. a, the effects of muscarinic
agonists on [*Hlinositolphosphate accumulation are shown. The [*Hlinositolphosphate level measured in cells not transfected with the M, receptor was
subtracted from the measurements made in cells transfected with the M; receptor and normalized relative to the E,, . of carbachol. The data represent
the mean = S.E.M. of three experiments, each done in triplicate. b, analysis of the data in a yielded estimates of the affinity constants of the agonists
for the active (K,) and inactive (K,) states of the receptor. The K, value was assumed to be approximately equal to K, ,..

receptor population. Treatment with 4-DAMP mustard had K_,,, relative efficacy, and the minimum estimate of K, as

little effect on the basal [*Hlinositolphosphate response in
HEK 293 G_;5 cells transfected with the M5 receptor. The
data were analyzed as described above in connection with
Fig. 3 to yield a log K, value for carbachol and oxotremo-
rine-M of 3.74 + 0.14 and 4.00 = 0.13, respectively.

The data in Fig. 7a were analyzed for estimation of K,

described above, and the corresponding parameter estimates
are listed in Table 4. Regression analysis yielded estimates of
M, (99.1 = 2.03), log 7, (—1.74 *= 0.25), and m (0.85 *
0.08). During the analysis, the log K, values of carbachol
and oxtremorine-M were constrained to those estimated by

the method of partial receptor inactivation. The K,, K,,, and
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M, receptor-mediated stimulation of [*H]inositolphosphate accumulation in HEK 293 cells expressing G5
The parameters were estimated from the agonist concentration-response curves shown in Fig. 7.

Agonist Log K, Log K, ® Log K, © Log K, /K, ° Log Relative Efficacy?
Oxotremorine-M 7.64 = 0.27 2.68 4.00 = 0.13 3.6—4.9 0.00
Carbachol 7.20 £ 0.27 3.31 3.74 £ 0.14 3.4-3.9 -0.18
McN-A-343 6.03 + 0.21 5.25 5.25 + 0.20 0.78 -2.85

“ A minimum estimate of log K,,.
® The K,

obs
regression analysis of the data in Fig. 7 using eq. 37.

¢ The range of values represents log K, /K ;, — log K,/ K,,.

< The log 7 value of each agonist normalized relative to that of oxotremorine-M.

K,/K, values of the agonists are illustrated in Fig. 7b and
listed in Table 4. For the histogram, it was assumed that the
K, values of oxotremorine-M and carbachol were approxi-
mately equal to K_,.. Although the E,, . value of carbachol
was greater than that of oxotremorine-M, a reasonable fit of
eq. 28 was obtained sharing the estimate of M. The param-
eters yielded a lower estimate for the efficacy of carbachol
(0.66) relative to oxotremorine-M (see Table 4).

Discussion

Most receptors evolved to be active when occupied by an
endogenous ligand and inactive when unoccupied. Because high
activity is associated with an optimum structure, multiple ac-
tive states would reduce activity from the optimum, and mul-
tiple inactive states with variable affinity would engender li-
gand induction of an inactive state over an active one. Thus,
discrete active and inactive states with high and low affinity for
the endogenous ligand, respectively, are likely properties of an
efficient, ligand-dependent molecular switch. That evolution
has selected efficient receptors can be seen in the uniform
quantal currents of single ligand-gated ion channels
(Colquhoun and Sakmann, 1985). The ensemble average of
their individual random behaviors yields a continuum of pre-
dictable, ligand-dependent activity at the level of the receptor
population. The methods of this article describe how to estimate
orthosteric ligand affinity constants for active and inactive
states of a constitutively active G protein-coupled receptor by
analyzing a response downstream from receptor activation.

We have previously shown that the product of affinity and
efficacy is proportional to the affinity constant of the agonist
for the active state of the receptor (Tran et al., 2009). When
an agonist concentration-response curve is analyzed with the
operational model, it is always possible to estimate the prod-
uct of the parameters, K, and 7 (Griffin et al., 2007; Ehlert,
2008). This product is proportional to both the product of
affinity and efficacy (Ehlert et al.,, 1999) and the affinity
constant of the active state (Tran et al., 2009). The propor-
tionality constant for the latter (r,,.) is a function of the
inherent activity of the free receptor (K,) and the sensitivity
of the downstream signaling pathway (K _,.), and it can be
estimated from the basal response of the system using the
operational model (see eqgs. 28 and 30). Thus, by dividing the
product, 1K, by 7, it is possible to estimate the affinity
constant of an agonist for the active state of the receptor.
Analogous reasoning shows that it is possible to estimate the
affinity constant of the inactive state by dividing the product,
7K ps> DY T 55 It is impossible, however, to obtain a reliable
estimate of 7,K_,, for the most efficacious agonist in a series
unless additional information is obtained. Likewise, it is
difficult to estimate 7K, for a full inverse agonist.

values of carbachol and oxotremorine-M were estimated by the method of partial receptor inactivation as described in the text, and that of McN-A-343 by

An advantage of estimating the microscopic affinity con-
stants of orthosteric ligands for receptor states is that the
latter are purely receptor-dependent properties. Although
the nature of the G protein, other effectors that come in
contact with the receptor, and the concentration of GTP can
change the activation state and observed affinity of the re-
ceptor population, these have no effect on the structure of
receptor states, per se, nor on the estimation of K, and K,,.
Thus, a unique set of receptor states can give rise to a
continuum of observed affinities and efficacies (Ehlert, 2000).

Although the existence of agonist bias in receptor signaling
(Kenakin, 2011) may seem to conflict with the simple picture
given above, it implies a set of discrete receptor states that
differentially signal through different effectors (e.g., G pro-
teins, G protein-coupled receptor kinases). It follows that the
different effectors report the activity of different receptor
states. Thus, the G protein is not so much a determinant of
drug-receptor activity so much as a window onto the different
receptor states that generate unique activities. Using our
approach it is possible to estimate the affinity constants of
these states by analyzing responses elicited through different
G proteins. Even if the estimate of the affinity constant of the
active state represents a weighted average of multiple active
states, it would still represent a receptor-dependent property
characteristic of the particular response.

Constitutive receptor systems offer an advantage for drug
discovery in that these systems enable the detection of in-
verse agonist activity and are more sensitive to agonist ac-
tivity (Chen et al., 1999). Because most potent antagonists
are likely to exhibit selectivity for the inactive state of the
receptor, constitutively active receptor systems are useful for
the direct detection of antagonist activity (Chen et al., 2000).
We show that constitutively active systems are also useful in
the estimation of microscopic affinity constants for active and
inactive states of the receptor. Constitutive activity can be
achieved by overexpression of the receptor or by increasing
the sensitivity of the transduction mechanism. The latter can
be accomplished by overexpressing the G protein, which has
been described for several receptors including the D, dopa-
mine (Senogles et al., 1990) and M; muscarinic (Burstein et
al., 1997) receptors. Although overexpression of receptors
and G proteins may lead to nonphysiological signaling and a
change in the parameters of the receptor population (i.e., K,
and ¢), the estimation of K, for the receptor state that inter-
acts with the overexpressed G protein should be unaffected.

The observed affinity constants (K_,,) of carbachol and
oxotremorine-M were approximately 10-fold higher at the M,,
receptor compared with the M. There was little difference
between M, and M, receptors with regard to the K, and K,
values of the agonists, however, although the range of the K,
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estimate was large (0.7 and 1.3 log units for carbachol and
oxotremorine-M, respectively). The increase in observed af-
finity at the M, receptor can be attributed to the greater
constitutive activity of the M, receptor relative to the M; in
HEK 293 cells expressing G, ;5. When expressed relative to
the 7 value of oxotremorine-M, the 7, value of the M, recep-
tor (0.21%) was 10-fold greater than that of the My receptor
(0.023%). The consequences of eq. 8 suggest a comparable
difference in the K, value of a highly efficacious agonist.

Analysis of single-channel recordings of the neuromuscu-
lar nicotinic acetylcholine receptor of the adult mouse yielded
estimates of 5.0 X 107 and 7.1 X 10® M~ ! for the affinity
constants of acetylcholine for the open and closed states
(Auerbach, 2010). The difference in affinity (7000-fold) cor-
responds to approximately 5.2 kcal + mol~! of available en-
ergy for inducing the open state of the channel. We estimated
affinity constants of 1.6 X 107 and 2.0 to 5.5 X 103 M~ for
carbachol at the active and inactive states of the M, receptor,
which corresponds to a 2900- to 7800-fold difference in affin-
ity (4.7-5.3 kcal - mol ). The agreement between the micro-
scopic affinity constants of acetylcholine and its carbamate
analog at nicotinic and muscarinic receptors suggest that
natural selection has sculpted optimal binding pockets for
acetylcholine on these proteins (see also Jackson, 1989).

The estimate of the K,/K, ratios of McN-A-343 at M,, and
M, receptors was very low (approximately 3.5- to 6.0-fold,
0.15-0.37 kecal + mol™ %), indicating that this M; and M,
selective muscarinic agonist has little selectivity for the ac-
tive states of M, and M, receptors and that it would be
unlikely for this agonist to elicit a response at these receptors
unless there were significant constitutive activity or a highly
sensitive system to amplify low constitutive activity. These
results have implications for native systems, such as the
guinea pig ileum, where the compound exhibits an E,,,. of
approximately 30% that of carbachol through activation of
the M, receptor. Perhaps there is substantial constitutive
activity in ileal smooth muscle that is prevented from elicit-
ing contraction by inhibitory K* currents (e.g., Ca®"-acti-
vated K" channels). Inhibition of K, channels with charyb-
dotoxin elicits spontaneous contraction of guinea pig ileum
(Hong et al., 1997). A small 3- to 5-fold selectivity for the
active state could generate a substantial contraction in a
smooth muscle with a moderate threshold for the response
caused by K" channel activity that is almost satisfied by
constitutive receptor activity.

Our method for the estimation of K, is limited in the sense
that it is never possible to estimate the K, of the most effica-
cious agonist in a series, only agonists with K,/K, ratios less
than one-third that of the most efficacious agonist. Ehlert et al.
(2011) describe this limitation in detail with regard to the esti-
mation of RI;. Our estimates of the K, values of agonists for the
M, receptor were more variable than those of the M,, receptor.
This can be attributed to 1) the greater relative error in the
estimation of the very low constitutive activity of the M, recep-
tor, 2) the limited number of agonists run in the M; receptor
assay, and 3) the wider spacing of the agonist concentrations in
the M, assay. Accurate estimation of K, depends on an accurate
estimate of constitutive activity (7,,,) and the transducer slope
factor (m) in the operational model. The error in the estimate of
the latter parameter is greatly reduced with more agonists
having a range of efficacies and a tighter geometric spacing of
agonist concentrations.

Our method of estimating the receptor-dependent K, and K,
values of orthosteric ligands through the analysis of down-
stream responses at G protein-coupled receptors has wide-
spread application in drug discovery, particularly when defined
receptor-effector systems are used (Stewart et al., 2010).

Appendix

Summary of the Analysis of Simulations Involving Two
Active States of the Receptor

Using techniques described previously (Ehlert, 2008; Tran et
al., 2009), we also investigated a model having two active states
that signal through the same G protein (model 1) and another
having two active states that signal through two different G
protein to elicit two different responses (model 2) (see Fig. 8).

The results of our analysis showed that the behavior of the
first model depends on the activity of the two states, their
relative abundances in the absence of orthosteric ligand, and
the selectivity of the orthosteric ligand for the two states. If
the relative abundances (K, ; = K, ;) and the activities of the
two active states are the same, then the estimate of the K,
value of an orthosteric agonist is approximately equal to that
of the state for which it has higher affinity, particularly when
K, ,/K, ,or K, ,/K, ;is more than 10. At lower ratios, there is
more discrepancy, but the difference is never large because of
the lack of a large difference between K, ; and K, , under this
condition. If there is a difference in the abundance (K, ; #
K_ ) or the activity of the two states, however, then the esti-
mate of K, could range from K, _; to K, ., even when K, ; > K, ,.
For example, if an active state with much lower affinity is much
more abundant or has much greater activity, then the estimate
of K, could approximate K, , even if K, ; > K, .

When there are different states that differentially couple to
different G proteins to elicit different measurable responses, then
the estimate of K, ; or K, , is accurate, provided that it is possible
to measure the constitutive activity associated with each active
state. If not, it is possible to obtain a reliable estimate of RA; as
described previously (Ehlert, 2008; Tran et al., 2009).

Derivation of Equations 56 to 59

Our strategy involves first deriving equations for T, B,
and ECj, in terms of the parameters of the operational model
for constitutive activity when the transducer slope factor is
equivalent to one (m = 1). These expressions can then be
substituted into eqs. 56 to 59 under Results to determine
whether the latter are equalities.

Ky
D + R* €«—» DR*
Model 1
K K, K. /K, R*and R**signal through one G
protein
D+R <«—» DR
Model 2

R*and R**signal through

Kc»2 5 s
different G proteins

Kb-ZKc-Z/ Ka

D + R¥* «——» DR**
Kb—2

Fig. 8. Model for a receptor with two active states (R* and R**). In model
1, both active states signal through the same G protein to elicit the same
response. In model 2, each active state signals through a different G
protein to elicit a different response.



T.,.; can be determined by evaluating the limit of the op-
erational model for constitutive activity (eq. 28) with m = 1
as D approaches infinity:

Miss 61
DK, +1 )m (61)

Doy <
DTKobs + Tsys

T = lim

Taking the limit yields:

m

T = s (62)
sat Tm ]
When m = 1, eq. 62 reduces to:
T = s 63
sat T+ 1 ( )

The equation for the basal response elicited by constitutive
activity (B) in the absence of an orthosteric ligand can be
derived by evaluating the operational model for constitutive
activity (eq. 28) when D = 0:

m
B= Tsys Msys
Toys T 1

(64)

When m = 1, eq. 64 reduces to:

TsysM sys
B =

N Teys T 1 (65)

The expression for EC,, can be derived by first considering the
range of responses elicited by an orthosteric ligand in the presence
of constitutive receptor activity. For an orthosteric agonist, this
range spans from B to T, and is equivalent to 7',,, — B. An EC,
response for an agonist occurs when the total response is equiva-
lent to half of this dynamic range plus the basal response:

responseso = B + 0.5(T,,; — B) (66)

In this equation, responses, denotes the total response
observed at the EC;, concentration of orthosteric agonist. For
an orthosteric inverse agonist, the dynamic rangeis B — T,

and an EC;, response occurs when half of this dynamic range
is subtracted from the basal response:

responsesg = B — 0.5(B — Ty,,) (67)
Both eqs. 66 and 67 reduce to the following form:
responsesy = 0.5(T,, + B) (68)

If the term, responses, in eq. 68 is substituted with the
operational model for constitutive activity (eq. 28) with EC,,
substituted for D, the following equation is generated:

M.,

1 ECSOKobs +1 "
- ECSOTKobs + Tsys

= 0.5(Ty,; + B) (69)

Substituting eqgs. 62 and 64 for T',,, and B and solving for
EC;, yields:

(ZTMTSyém + TSySm + Tm)l/m - TSy\S(T

Kobs(T(TSysm +1"+ z)l/m -

sysm + o 2)1/m

(271 ™ + T m)Vmy

(70)

ECs =

685

Functional Analysis of Constitutively Active Receptors

When m = 1, eq. 70 reduces to:

Tgs T 1

ECF’O:KO,,S(T 1)

(7D

Now it is possible to substitute eqs. 63, 65, and 71 for T ,,
B, and ECj,, respectively, into eqs. 56 to 59 to determine

whether the latter are equalities. Beginning with eq. 56,
making the appropriate substitutions yields:

Toys T 1 « ™™,
Ky, ("+1)K,/  71+1 9
Kib'_ Teys T 1 T My, (72)
(r+ DKoy 7 +1
Simplification yields:
KobsT
Kb Tsys
I?b/_ Kobs,T, (73)
Tsys

Substitution of eq. 34 for 7K, /1., yields the equality K;/
K,' = K,/K,', which verifies eq. 56. Substituting egs. 65 and

71 for T,,, and EC4, in eq. 57 yields:
M,
T+ 1
Tsys +1 TsysMsys
Ky (r+1) " 1,,+1

sz

(74)

sys

Simplification yields the equality K, = K,, which verifies eq.
57. Substituting in egs. 63, 65, and 71 for T, B, and EC,,,
respectively, in eq. 58 yields the following expression:

M M,
Ko = LR 75
obs Tsys +1 « TsysMsys ( )
K, (t+ 1) A SV |

Simplification yields the equality K_,, = K, which proves
eq. 58. Finally, eq. 56 can be rewritten in the following form

because it has been shown the RA; is equivalent to the
product of the observed affinity and efficacy of one orthosteric
ligand, expressed relative to that of another:

8I{abs _ ECSO/Tsat

'Ky’ ECs0Te (76)
Substituting in eq. 58 for K, yields:
SE(Z(‘JIW(ST% ECs'T
50(Mgys _BG50 Laat amn

e (Msys_Tsat,) _ECSOTsat,
ECSOI(Msys_B’)

This equation reduces to eq. 59, which proves the latter.

Estimation of Initial Parameter Values for Nonlinear
Regression Analysis

Below, we describe equations for estimating the initial param-
eter values for nonlinear regression analysis of concentration-re-
sponse curves using eq. 51 and the log forms of eqs. 28, 43, and 44.
The parameter estimates are denoted by ” and expressed in terms
of the empirical parameters of the concentration-response curve.
The definitions of the variables are given under Results.
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Initial Parameter Estimates for Equation 43. Equation 43
is first modified so that the independent variable D and the pa-
rameters 7, 7., and K ;. are expressed as logarithms:
response =

M sys
10(LOGD+LOGKobs) +1 >m

1+ (qu(LOGD+LOGT+LOGKobs) + 10LOGTsys(1 + (1 _ q)lo(LOGD+LOGKobs))

(78)

In this equation, LOGD, LOGt, LOGtsys, and LOGKobs
denote the log values of D, 1, 1., and K

sys? obs*

If the orthosteric ligand is an agonist, the initial parameter
estimates of M, q, and LOGT are calculated as:

M = Tsat—full (79)

"
sys

Tsa —inac EC —contro
q" = ¢ L4~ 50—control (80)

TsatfcontrolEC507inact

EC —inaci
LOG+" = 1og<L>

81
ECSO—control ( )

in which, T, ,,,; denotes the T, of a full agonist, and the sub-
scripts “controf% and “inact” denote parameters of the concentra-
tion-response curves measured before and after partial receptor
inactivation, respectively. If the orthosteric ligand is an inverse
agonist, M, must be constrained to a constant value previously
estimated from the analysis of agonist data. The initial estimates

of ¢ and LOG+ for an inverse agonist are calculated as:

_ (B - Tsatfinact)EC5ofcontrol

n = 82
q (B - Tsatfcontrol)EC507inact ( )
LOGx" =1o <#> (83)

& Msys - Tsatfcontrol

The remaining initial parameter values are estimated in
the same manner for both agonists and inverse agonists:

m’=1.0 (84)
LOGTsyS = 10g<m) (85)
LOGKObS" = IOgECBO%nact (86)

Initial Parameter Estimates for Equations 28, 44,
and 51. Equations 28 and 44 are first modified by expressing

the independent variable D and the parameters 7, 7., and K,
as logarithms as in eqs. 87 and 88, respectively:

M sys
10(LOGD+LOGKobs) + 1 )m (87)

response =

1+ (10(LOGD+LOGT+LOGKobs) + 10™s

response =
Msys
10(LOGD+LOGKobs) +1 m
1 + IOLOGTSyS(q 10(LOGD+LOGKI)) + (1 + (1 _ q)lo(LOGD+LOGKobs)))

(88)

in which LOGKb denotes the log affinity constant of the active
state of the receptor. The initial value of LOGKb (LOGKb") is
estimated as:

LOGKb" = 1o <t’7”> (89)
& EC50—contr0lB

The initial values of the other parameters in eq. 87 and all

of the other parameters in eqgs. 88 and 51 are estimated as

described above.

Authorship Contributions

Participated in research design: Ehlert, Suga, and Griffin.
Conducted experiments: Ehlert, Suga, and Griffin.
Performed data analysis: Ehlert, Suga, and Griffin.

Wrote or contributed to the writing of the manuscript: Ehlert.

References

Auerbach A (2010) The gating isomerization of neuromuscular acetylcholine recep-
tors. J Physiol 588:573-586.

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

Burstein ES, Spalding TA, and Brann MR (1997) Pharmacology of muscarinic
receptor subtypes constitutively activated by G proteins. Mol Pharmacol 51:312—
319.

Chen G, Jayawickreme C, Way J, Armour S, Queen K, Watson C, Ignar D, Chen WJ,
and Kenakin T (1999) Constitutive receptor systems for drug discovery. J Phar-
macol Toxicol Methods 42:199—-206.

Chen G, Way J, Armour S, Watson C, Queen K, Jayawickreme CK, Chen WJ, and
Kenakin T (2000) Use of constitutive G protein-coupled receptor activity for drug
discovery. Mol Pharmacol 57:125-134.

Colquhoun D and Sakmann B (1985) Fast events in single-channel currents acti-
vated by acetylcholine and its analogues at the frog muscle end-plate. J Physiol
369:501-557.

Ehlert FJ (2000) Ternary complex model, in Biomedical Applications of Computer
Modeling (Christopoulos A ed) pp 21-85, CRC Press, Boca Raton, FL.

Ehlert FJ (2008) On the analysis of ligand directed signaling at G protein-coupled
receptors. Naunyn Schmiedebergs Arch Pharmacol 377:549-5717.

Ehlert FJ, Griffin MT, Sawyer GW, and Bailon R (1999) A simple method for
estimation of agonist activity at receptor subtypes: comparison of native and
cloned M3 muscarinic receptors in guinea pig ileum and transfected cells. J Phar-
macol Exp Ther 289:981-992.

Ehlert FJ, Griffin MT, and Suga H (2011) Analysis of functional responses at G
protein-coupled receptors: Estimation of relative affinity constants for the inactive
receptor state. J Pharmacol Exp Ther 338:658—670.

Furchgott RF (1966) The use of B-haloalkylamines in the differentiation of receptors
and in the determination of dissociation constants of receptor-agonist complexes.
Adv Drug Res 3:21-55.

Griffin MT, Figueroa KW, Liller S, and Ehlert FJ (2007) Estimation of agonist
activity at G protein-coupled receptors: analysis of M2 muscarinic receptor signal-
ing through Gi/o, Gs, and G15. J Pharmacol Exp Ther 321:1193-1207.

Hille B (2001) Ion Channels of Excitable Membranes, 3rd Ed, Sinauer Associates,
Inc., Sunderland, MA.

Hong SJ, Roan YF, and Chang CC (1997) Spontaneous activity of guinea pig ileum
longitudinal muscle regulated by Ca(2+)-activated K+ channel. Am J Physiol
Gastrointest Liver Physiol 272:G962-G971.

Jackson MB (1989) Perfection of a synaptic receptor: kinetics and energetics of the
acetylcholine receptor. Proc Natl Acad Sci USA 86:2199-2203.

Kenakin T (2011) Functional selectivity and biased receptor signaling. J Pharmacol
Exp Ther 336:296-302.

Monod J, Wyman J, and Changeux JP (1965) On the nature of allosteric transitions:
a plausible model. J Mol Biol 12:88—-118.

Seifert R and Wenzel-Seifert K (2002) Constitutive activity of G-protein-coupled
receptors: cause of disease and common property of wild-type receptors. Naunyn
Schmiedebergs Arch Pharmacol 366:381-416.

Senogles SE, Spiegel AM, Padrell E, Iyengar R, and Caron MG (1990) Specificity of
receptor-G protein interactions. Discrimination of Gi subtypes by the D2 dopamine
receptor in a reconstituted system. J Biol Chem 265:4507—4514.

Stephenson RP (1956) A modification of receptor theory. Br J Pharmacol 11:379—
393.

Stewart GD, Sexton PM, and Christopoulos A (2010) Detection of novel functional
selectivity at M3 muscarinic acetylcholine receptors using a Saccharomyces cerevi-
siae platform. ACS Chem Biol 5:365-375.

Surya A, Foster KW, and Knox BE (1995) Transducin activation by the bovine opsin
apoprotein. J Biol Chem 270:5024-5031.

Tran JA, Chang A, Matsui M, and Ehlert FJ (2009) Estimation of relative
microscopic affinity constants of agonists for the active state of the receptor in
functional studies on My and M3 muscarinic receptors. Mol Pharmacol 75:381—
396.

Address correspondence to: Dr. Frederick J. Ehlert, Department of Pharma-
cology, University of California, Irvine, CA 92697-4625. E-mail: fjehlert@uci.edu




