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ABSTRACT

In prior work, we have shown that it is possible to estimate the product of observed
affinity and intrinsic efficacy of an agonist expressed relative to that of a standard agonist smply
through the analysis of their respective concentration-response curves. In this report, we show
analytically and through mathematical modeling that this product, termed intrinsic relative
activity (RA)), is equivalent to the ratio of microscopic affinity constants of the agonists for the
active state of the receptor. We also compared the RA; estimates of selected muscarinic agonists
with a relative estimate of the product of observed affinity and intrinsic efficacy determined
independently through the method of partial receptor inactivation. There was good agreement
between these two estimates when agonist-mediated inhibition of forskolin-stimulated CAMP
accumulation was measured in Chinese hamster ovary cells stably expressing the human M
muscarinic receptor. Similarly, there was also good agreement between the two estimates when
agonist activity was measured on the ileum from M, muscarinic receptor knockout mice, a
convenient assay for M3 receptor activity. The RA; estimates of agonists in the mouse ileum
were similar to those estimated at the human M3 receptor with the exception of 4-(m-
chlorophenyl-carbamoyl oxy)-2-butynyltrimethylammonium (McN-A-343), which is known to
be an M; and M4 selective muscarinic agonist. Additional experiments showed that the response
to McN-A-343 in the mouse ileum included a non-M3; muscarinic receptor component. Our
results show that the RA; estimate is useful a useful, receptor-dependent measure of agonist

activity and ligand-directed signaling.
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INTRODUCTION

Drug discovery often involves testing compounds in high throughput screens to
determine their activity at specific receptors. The process not only identifies useful drugs but
also helps to explain how variation in the structure of a compound alters its pharmacological
activity. With regard to agonists at G protein coupled receptors (GPCRs), the most common
measurements of functional activity are the maximal response (Emax) and the concentration of
agonist required for half maximal response (ECsp). These parameters can vary for the same
agonist, however, depending upon the coupling protein through which the receptor signals (e.g.,
G protein) and the nature of the response being measured. What is needed is a measure of
agonist activity that is dependent solely on the agonist-receptor interaction and not on
downstream elements in the signaling cascade.

To identify such a measure it is useful to consider that the activity of an agonist can be
anayzed at different, internally consistent, hierarchical levels as summarized in Figure 1.
Ultimately, agonist action depends on the microscopic affinity constants of the agonist for the
ground and active states of the receptor (Colquhoun, 1998; Ehlert, 2000). These parameters have
been estimated at ligand-gated ion channels through the analysis of single channel activity
(Colguhoun and Sakmann, 1985), but it isimpossible to estimate all of these parameters through
the analysis of a downstream response at GPCRs. If we take a less detailed view of agonist
action and consider the activity of a population of receptors, it is possble to determine the
relationship between the agonist concentration and the fraction of the receptor population in the
active state. At aligand-gated ion channel, this measurement represents the ensemble average or
whole cell current elicited by the agonist. At a GPCR, this activation function is known as the
stimulus, and it can be estimated through the analysis of a downstream response using the
method of partial receptor inactivation (Furchgott, 1966). The analysis yields estimates of the
concentration of agonist required for half maximal receptor activation (observed dissociation

constant) and the maximal level of receptor activation at 100% receptor occupancy (observed
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intrinsic efficacy). Affinity and efficacy are not fundamental constants unique to the specific
agonist-receptor complex; rather, these parameters are complex functions of the microscopic
affinity constants of the ground and active states of the receptor as well as other constants
(Ehlert, 2000; Ehlert, 2008). This complexity is manifest, in part, by their dependence on the
concentration of GTP and on other proteins that physically interact with the receptor (e.g., G
proteins). Thus, although observed affinity and intrinsic efficacy are more invariant than the
empirical paramters, ECsy and Enwx, they are not solely dependent on the agonist-receptor
complex. Also, the requidite data for estimating observed affinity and intrinsic efficacy are
rarely obtained in high throughput screens.

In the present report, we show analytically and through mathematical modeling that the
microscopic affinity constant of an agonist for the active state of the receptor is proportional to
the product of its observed affinity and intrinsic efficacy and that this relationship holds when
there are different active states of the receptor signaling through different G proteins. We have
previously shown that it is possible to estimate the product of observed affinity and intrinsic
efficacy of an agonist expressed relative to that of a standard agonist smply through the analysis
of their respective concentration-response curves (Griffin et al., 2007; Ehlert, 2008). This
estimate is known as the intrinsic relative activity (RA;) of the agonist. In this report we also
show that the RA; values of agonists, estimated from their concentration-response curves, are
equivalent to the product of observed affinity and intrinsic efficacy determined through the
method of partial receptor inactivation. These assays were carried out on Chinese hamster ovary
cells stably expressing the human M, muscarinic receptor (CHO hM,, cells) and on the ileum
from M, muscarinic receptor knockout mice (M, KO), which is a convenient assay system for
M3 activity. Thus, although observed affinity and intrinsic efficacy are complex functions of
microscopic constants, their product expressed relative to that of a standard agonist yields a
single, fundamental parameter; namely, the microscopic affinity constant of the active state of

the receptor expressed relative to that of the standard agonist. This constant is solely dependent
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on agonist-receptor complex and is easily estimated from the agonist concentration-response

curve using global nonlinear regression analysis.
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METHODS

Mice. The muscarinic M, receptor knockout (M, KO) and the M,/M3 double receptor knockout
(M2/M3 KO) were generated previously by Matsui et al. (2002; 2000) in the C57BL/6 mice.

Only male knockout mice were used in our studies.

Isolated ileum. Mice were euthanized with CO,, and the ileum was dissected out and mounted
in an organ bath containing Krebs-Ringer-Bicarbonate buffer (KRB buffer; 124 mM NaCl, 5
mM KCI, 1.3 mM MgCl,, 26 mM NaHCO;3;, 1.2 mM KH,PO,4 1.8 mM CaCl, and 10 mM
glucose) gassed with O,/CO; (19/1). Contractions were measured and recorded as described
previously (Matsui et al., 2003). For each tissue, the contractile responses were normalized
relative to the contraction elicited by KCI (50 mM). Competitive muscarinic antagonists were
allowed to incubate with the tissue 30 min prior to measuring contractile response to an agonist.
When 4-DAMP mustard (N-(2-chloroethyl)-4-piperidinyl diphenylacetate) was used, it was first
cyclized at 37°C for 30 min to allow formation of the aziridinium ion as described previously
(Thomas et al., 1992). Isolated ileum was incubated with 4-DAMP mustard (10 nM) for 20 — 40
min, depending upon the agonist. We always estimated the dissociation constant of the standard
agonist in the same experiment in which that of a test agonist was estimated. The entire process

was repeated for each test agonist.

CAMP accumulation. CHO cells stably transfected with the human M, muscarinic receptor
(CHO hMy) were provided by Acadia Pharmaceuticals (San Diego, CA) and cultured in
Dulbecco’'s modified Eagle’'s medium (DMEM) containing 10% fetal bovine serum, penicillin-
streptomycin (100 units/ml) and G 418 (0.3 mg/ml). The cells were grown in a humidified
atmosphere at 37°'C with 5 % CO,. We used the [*H]adenine prelabeling method of Schultz et al.
(1972) to measure cAMP accumulation in detached CHO cells, essentialy as described
previously (Griffin et al., 2007). The incubations with agonist were carried out at 37°C for 12
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min in KRB buffer containing isobutylmethylxanthine, gassed with O,/CO, (19/1). Ultimately,
[*H]cAMP was separated from [*H]ATP using a method similar to that described by Salomon et
a. (Salomon et al., 1974). Prior to use, 4-DAMP mustard was cyclized as described above in
experiments on the ileum. The dissociation constant of each agonist was estimated in separate
experiments using the method of partial receptor inactivation with 4-DAMP mustard. For each
test agonist, a control concentration-response curve to the standard agonist carbachol was

measured in the same experiment.

Estimation of observed affinity and relative efficacy: A modification of Furchgott’s method
of partial receptor inactivation (Furchgott, 1966) was used to estimate the dissociation constants
of agonists.  Following partial receptor inactivation with 4-DAMP mustard, agonist
concentrations were interpolated on the control concentration-response curve (X;) corresponding
to the responses (R’) of the concentration-response curve measured after partial receptor
inactivation. For experiments on cAMP accumulation in CHO hM, cells, the agonist

concentrations were interpolated using the following equation:

( Vi

_ T-R’
Xi - EC50 T(Eimax_l\ . R, (l)
L1007 "7

where T, Enax, ECsp and n represent the parameters of the control concentration response curve.
These are defined as the amount of CAMP accumulation stimulated by forskolin in the absence
of agonist (T), the maximal percent inhibition of CAMP accumulation elicited by the agonist
(Emax), the concentration of agonist causing half-maximal inhibition of CAMP accumulation
(ECsp) and the Hill slope (n). These parameters were estimated from the concentration-response
curve by nonlinear regression analysis using the dose-response function in GraphPad Prism 4.0
(GraphPad Software Inc., San Diego, CA). For experiments on the ileum from M, KO mice, the

following equation was used to interpolate agonist concentrations:
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in which Eqwx and ECsp denote the maximal response and concentration of agonist eliciting half
maximal response for the control concentration-response curve, n denotes the Hill slope, and B
denotes the resting tenson measured in the absence of agonist. After determining pairs of
equiactive agonist concentrations from the concentrati on-response curves under control (X;) and
4-DAMP mustard treated conditions (X’), the data were fitted to the following equation by

nonlinear regression analysis (Ehlert, 1987):

X'qKobs (3)
Kobs + (1_ q) X

LogX =Log
in which Kq,s denotes the observed dissociation constant of the agonist, and q denotes the
fraction of residual, active receptors after inactivation with 4-DAMP mustard. The relative
efficacy values of agonists were estimated using the principles outlined by Furchgott and
Bursztyn (1967). Knowing the dissociation constants of the agonists, it is possible to plot
response against log receptor occupancy for each assay system (i.e., CHO M, and M, KO ileum).
The response-occupancy plots of the standard agonist and each test agonist for a given assay

system were fitted ssimultaneously by global nonlinear regression analysis to the following

logistic equation:

o"M
Ay @
o"+

m

T

in which O denotes receptor occupancy, m denotes the transducer slope factor, Mgs denotes the
maximum response of the system and 7is a parameter in the operational model (Black and Leff,
1983) related to intrinsic efficacy (&), receptor density (Ry) and the sengitivity of the signaling
pathway (Ke) (i.e., 7= &R/Kg). Regression analysis was done sharing the estimate of Ms,s and m
among the curves and obtaining unique estimates of zfor each agonist. The efficacy of the test

agonist X (&) expressed relative to that of a standard (&) is simply calculated as:
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Estimation of RA;: Two methods were used to estimate RA; — a null method and a method
based on the operationa model. The former is independent of the relationship between
occupancy and response, and the latter is based on a logistic relationship between the two. The
theoretical basis for estimation of RA; is given by Griffin et al. (2007) and step-by-step
ingtructions for its estimation are given by Ehlert (2008). For the null method, equiactive agonist
concentrations for the standard () and test (X) agonists are determined using a procedure similar
to that described above for Furchgott analysis. The logarithms of the equiactive agonist
concentrations were fitted to the following equation by nonlinear regression analysis.

10('09(X)+|09(P)+|09(RAi )+log(Ky )

|Og(Y) - 10'09%) (1_ 10('09(P)+|09(RAi )))+ 10('09(F’)+|09(KY ) (6)

in which log(Ky) denotes the log dissociation constant of the standard agonist, log(P) denotes the
log ratio of the dissociation constant of the test agonist divided by that of the standard
(log(Kx/Ky)) and log RA, is defined as the log of the product of the observed affinity (1/Kx) and
intrinsic efficacy (&) of the test agonist divided by those of the standard agonist (1/Ky and &y,

respectively):
ié‘
KY Y KX‘(:Y
= = XX 7
AT ke, )
gX
KX

As described previoudy (Griffin et al., 207), if the standard agonist is a full agonist, then there
are an infinite number of parameter estimates that give a least squares fit. This infinite solution
set consists of a single estimate of log(RAI), and an infinitely large, inversely correlated set of
valuesfor log(Ky) and log(P). To obtain the least squaresfit, log(Ky) is set to an arbitrarily high

constant (e.g., -1) during regression analysis. Regression analysis yields the best estimate of

10
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log(RAi) and an estimate of log(P) that is perturbed from its true value depending upon the
arbitrary constant to which Ky was set during regression analysis. Regardless, it is possible to
obtain an accurate estimate of Kx by simply multiplying the constant to which Ky was fixed
during regression analysis by the estimate of P. Accordingly, using logarithms, log(Kx) is
calculated as:

log(K) = log(K,) +log(P) (8)

In summary, if the standard agonist is a full agonist, regression analysis yields estimates
log(RAI) and ultimately, the log dissociation constant of the test agonist (Iog(Kx)).

For estimating RA; using the operational model, the concentration-response curves of the
standard and test agonists are analyzed simultaneously by global nonlinear regression analysis

using the following two equations:

Y- @0y w ©
_ 10 (10'09(Y)+10|09(KY))N
( ) + 1O(|og(KY)+log<R>))N
(10109(X))NM
Y= log(X) log(Ky ) )V a0
(om0 (L0190 410/

(10(|og(r<x y+log(R)+log(RA, )))N

In these equations, M denotes the maximum response of the system, N denotes the transducer
slope factor, and R denotes the ratio #/Ky. Global nonlinear regression analysis is done fitting
equation 9 to the concentration-response curve of the standard agonist and equation 10 to those
of the test agonists. As described previoudly (Griffin et al., 207), if the standard agonist is a full
agonist, then there are an infinite number of parameter estimates that give a least squares fit.
Thisinfinite solution set, however, consists of a single estimate of log(RA) and an infinite set of
log(Ky) values bounded by the range, log(Ky) is greater than or equal to its actual value.

Therefore, it is possible to obtain a least squares fit by setting log(Ky) to an arbitrarily high

11
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constant (e.g., -1) for the global nonlinear regression analysis. During regression analysis, the
estimates of M and N are shared among the curves, and unigue estimates of log(R), log(Kx) and
log(RA)) are obtained.

Materials. The muscarinic agonists including carbachol, oxotremorine-M, oxotremorine,
arecoline, pilocarpine, bethanechol, McN-A-343 as well as isobutylmethylxanthine, tetrodotoxin,
atropine, G 418, adenine and neutral alumina were obtained from Sigma-Aldrich (St. Louis,
MQO). Other reagents were obtained from the following sources, pirenzipine (Research
Biochemicals, Natwick, MA), DMEM and penicillin-streptomycin (Invitrogen, Carlsbad, CA),
[*H]adenine (Perkin-Elmer Life and Analytical Sciences, Boston, MA), forskolin (Calbiochem,
San Diego, CA) and Dowex AG 50W-X4 (Bio-Rad, Hercules, CA). S-Aceclidine was
synthesized as described previously by Ringdahl (1979).

12
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RESULTS

Mathematical Moddling

Relationship between RA; and the microscopic affinity constants of agonists. As described
previously, the RA; value is equivalent to the product of observed affinity and intrinsic efficacy
of an agonist expressed relative to that of a standard agonist. All that is required for estimation
of RA, are the concentration-response curves of the agonists. First, we show analyticaly that the
product of observed affinity and intrinsic efficacy of an agonist, expressed relative to that of
another agonig, is equivalent to the corresponding ratio of microscopic affinity constants of the
agonists for the active state of the receptor. In our analysis, we assume that the receptor isin
equilibrium between ground (R) and active states (R* and R**) as shown in Figure 2. Two
active states of the receptor were considered so that it would be possible to address the question
of ligand-directed signaling, which involves the preferential coupling of different active states to
different coupling proteins (e.g., G proteins). The details of our solution are given under
“Appendix”, and a schematic summary of our results is shown in Figure 3. The Figure shows
the active state of the agonist-receptor complex plotted againgt the concentration of agonist.
Curves for two agonists, A and B, are shown. The maximum of their receptor activation
functionsis equivalent to observed intrinsic efficacy (&) and the concentration of agonist required
for half maximal formation of the active receptor complex is equivalent to the observed
dissociation constant (Kops). The mathematics described under “Appendix” show that the
product of observed affinity (1/Kqapsg) and intrinsic efficacy (&) of agonist B divided by the
corresponding product for A ((/Kowsa) €a) 1S equivalent to the microscopic affinity constant of
agonist B for the active state (Ky) divided by that for agonist A (Ky').

Next, we simulated agonist concentration-response curves and estimated the RA; value of
an agonist relative to a standard agonist. From this analysis, it is possble to determine the

dependence of the RA; value on the microscopic affinity constants of the agonists. Our moddl is

13
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based on the assumption that the stimulus (i.e., product of receptor occupancy and observed
intrinsic efficacy, (see Furchgott (1966)) is proportional to the amount of active, agonist-receptor
complex in the form of a quaternary complex consisting of agonist, receptor, G protein and
guanine nucleotide (AR*GX) (Ehlert, 2000; Ehlert and Rathbun, 1990). We used methods
described previously to simulate the amount of agonist complex in the AR* GX complex based on
theoretical values for the microscopic affinity constants of the agonist for different states of the
receptor (Ehlert, 2008). To broaden the relevance of the model, we considered a receptor with
two different active states, each interacting with a different G protein. This condition accounts
for the phenomenon of ligand-directed signaling (Leff et al., 1997). A pictoria representation of
the moded is shown in Figure 4, and the details of the calculations and definitions of the
parameters are given in Ehlert (2008). Additiona details of the mode for a single active state
are described in Ehlert (2000), and a description of the equation used to do the modeling is given
under “Appendix.”

Figure 5 illustrates the results of our simulations, which were done with the concentration
of GTP set at a nearly saturating value (1 mM). The parameters of the model where chosen so
that agonist A stimulates signaling through the two G proteins, G; and G, to the same extent,
whereas agonist B exhibits a preference for signaling through G;. Panels 5a-d show theoretical
predictions for the two agonists (A and B) acting on a receptor in a dynamic equilibrium with G,
and G, (Dynamic equilibrium case). In this example, the microscopic affinity constants of
agonist A and B for the ground state of the receptor (Ky' and K, respectively) were set to the
same value (i.e,, 10°). Similarly, the microscopic affinity constants of A and B for the active
state (R*) that preferentially interacts with G; are also set to the same value (Ky' = Kp = 10%). In
contrast, the microscopic affinity constant of agonist A for the active state (R**) that
preferentially interacts with G, (K¢') was set to 10°, whereas the corresponding constant for
agonist B was assigned a lower value (K. = 10%). Using these microscopic constants and others
described under “Appendix” (independent variables) it is possible to simulate the amount of

agonist-receptor-G protein complex in the active state bound with guanine nucleotide, as well as

14
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the downstream concentration-response curve (dependent variables). This output was generated
using equations described under “Appendix.” This output also yields the dependent parameters,
observed affinity and intrinsic efficacy as well as the ECsy and Enax Of the downstream,
concentration-response curve. Panels 5a and b, show the output from the system through the G;
pathway. The amount of the active state (R*) of the receptor in the form of quaternary complex
is shown in Figure 5a for agonists A and B (AR* G;X and BR* G, X, respectively). The maximal
amount of active quaternary complex formed by agonist B (56%) is greater than that of A (37%)
even though the selectivity of agonists A and B for the R* state is the same (Ky' /Ky = Ky/Ky =
10%. The maximum is proportional to observed intrinsic efficacy of the agonist-receptor
complex for signaling through G; (g;). The different & values of the agonists is caused by
competition of the two G proteins with the two different active states of the receptor (R* and
R**). With regard to agonist A this competition is equal because Ky /Ky = K¢'/Ky = 10 In
contrast, with agonist B the competition is shifted in favor of G; because Ky/Ky > K/Ka. The
ECso values of the agonists for half-maximal formation of the quaternary complex with G; are
equivalent to the observed dissociation constant (Kos). When expressed as negative logarithms
(pKobs) the values for agonist A and B are 5.65 and 5.47, respectively. Kqps is a function of the
microscopic constants (K, Ky and Kc) aswell as other parameters. Since the K. value of agonist
B is 10-fold lower than that of A (K¢'), then the Kq,s Value of agonist B exhibits lower potency
than that of A. The plot of quaternary complex as a function of the agonist concentration
represents the stimulus, and this function was substituted into the operational model (Black and
Leff, 1983) to generate a theoretical concentration-response curve for each agonist (Figure 5b).
These were generated with an operational model having a moderately sensitive signaling cascade
(Ke = 0.03; see legend Figure 5), resulting in a receptor reserve. Even though the stimuli
generated by the agonists differ, the resulting concentration-response curves for signaling
through G; are identical, with ECsy values of 0.2 uM and E u values of 100%. The
indistinguishable curves yield an RA; value of agonist B relative to A of 1.0. This value is

equivalent to the ratio of the microscopic affinity constant of agonist B for the active state of the
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receptor (Ky,) divided by the corresponding constant (Ky') for A (i.e., Ky/Ky = 10%10° = 1.0). It
can also be shown that the RA; is equivalent to the product of affinity (1/Kgpss) and intrinsic
efficacy (&1.8) of agonist B divided by the corresponding product for agonist A. Relative to
agonist A, the higher intrinsic efficacy of agonist B is offset by a lower observed affinity,
resulting in an RA; value of 1.0. Table 1 summarizes the dependent parameters of the simulated
datain Figure 5a and b.

Figures 5¢c and d summarize the theoretical curves for responses mediated through the
R** active conformation of the receptor, which preferentially signals through a different G
protein (Gy). Panel 5c shows the theoretical curves for the active quaternary complex of each
agonist (AR** GX and BR** G.X) plotted against the agonist concentration. Since the receptor is
in a dynamic equilibrium with two G proteins, the Kqps Values of the agonists are the same as
those shown in panel 5a for signaling through Gs. In contrast the maximal amount of quaternary
complex formed by agonist B (BR**G,Ximax) 1S much less than that shown in pand 5a for the
corresponding G; complex (BR*GiXma), Which correlates with the lower KJ/K, ratio (10°)
compared to Ky/Ka (10%). Panel 5d shows the theoretical concentration-response curves of the
two agonists for eliciting a response downstream from G,.  The lower activity of agonist B is
readily apparent from the figure, and its RA; value relative to agonist A was estimated to be 0.1.
This RA; value accurately predicts the ratio of the microscopic affinity constant of agonist B for
the active state (K) relative to that of agonist A (K¢') (i.e., KJK: = 10%10° = 0.1). The
theoretical curves shown in Figure 5a-d show that agonist B directs signaling through G; relative
to G, and that this selectivity is accurately reflected in its higher RA; value for the G; response
relative to that of G,.

These simulations were repeated with the same parameters, but with the equilibrium
between the receptor and G proteins segregated into two distinct equilibriums - one for R and G,
(panels 5e and f) and another for R and G, (panels 5g and h) (Segregated equilibrium case). The
results were qualitatively similar to those shown for the Dynamic equilibrium case. One

difference is that the Kqps Value of agonist B for eliciting responses through G; is different than
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that for eliciting responses through G,. Nonetheless, the RA; values of agonist B for eliciting
responses through G; are the same in the both dynamic equilibrium and segregation cases (panel
5b and f), and the same is true for the RA; values for G, responses (panel 5d and h).

Table 1 summarizes the results of the smulations shown in Figure 5. In each case, it can
be shown that the product of observed affinity and intrinsc efficacy of agonist B expressed
relative to A is equivalent to RA;. Also, the latter estimate is equivalent to the ratio of the
microscopic affinity constant of agonist B for the active state expressed relative to that of A, and

that the RA, value is unaffected by segregation of the G proteinsinto two separate pools.

Summary of simulations using a diverse range of parameter values. We investigated a wide
range of parameter values (microscopic constants) for the model shown in Figure 5 to insure that
our conclusions were not dependent on the particular parameters used in Figure 5. These
additional simulations showed the same result; namely, that the RA; value is equivalent to the
ratio of microscopic affinity constants of the agonists for the active state of the receptor. In these
simulations, we kept the level of constitutive activity to a minimum and the affinity of guanine
nucleotide for the G protein much lower when the activated receptor is associated with it as
compared to the inactive receptor. This condition results in a high degree of negative
cooperativity between the binding of guanine nucleotide (GDP or GTP) and a highly efficacious
agonist with the receptor-guanine nucleotide complex, which is a basic requirement for agonist-
induced guanine nucleotide-exchange. With these two constraints, we found that RA; was
equivalent to the ratio of microscopic affinity constants of the two agonists for the active state of
the receptor regardless of the parameter values, including a variation in the concentration of
GTP.

Our analysis is also appropriate for a receptor system exhibiting substantial constitutive
receptor activity, because the basis of our approach rests on the agonist-induced response above
basal activity. Using our method, however, it would not be possible to compare the activity of an

agonist with that of an inverse agonist. Nonetheless, it would be possible to use an analogous
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approach to compare the activity of a series of inverse agonists with a standard inverse agonist in
a system with constitutive receptor activity. In thisinstance, if the response were defined as the
inhibition of basal activity, then the corresponding measure of RA; would be equivalent to a
relative estimate of the microscopic affinity constant of the ground state of the receptor.

A potentia criticism of our modeling is the use of a simple equilibrium constant to
describe the interaction between receptor and G protein within the membrane. This type of
constant is usually used to define the relationship between the concentrations of bound and free
ligand and receptor in solution. We do not envision this constant in the same light, but rather as
a simple constant describing a reversible interaction between two proteins in the membrane. The
two dimensional constraints of the membrane and the involvement of potential scaffolding
proteins in the interaction raises the issue of a possible limiting supply of G protein in the local
environment. We explored this issue by taking into account depletion in the concentration of G
protein as described previously (Ehlert 2000) and explored a range of ratios of G protein to
receptor, including very low ratios (0.1). Under this condition, we also varied the other
parameters described above, and in each case, found that the RA; estimate was essentially
equivalent to the ratio of microscopic affinity constants of the two agonists for the active state of

the receptor.

Biological Data

In this section, we show that the product of observed affinity and intrinsic efficacy of an
agonist, estimated by Furchgott’s method of partial receptor inactivation, is equivaent to the RA;
value estimated from the agonist concentration-response curve. These studies investigated the
human M, receptor expressed in CHO cells and the mouse M3 receptor in the ileum from M

muscarinic receptor KO mice.
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CHO-M3 cdls: CHO hM; cedlls were used as a modedl system for studying the activity of
muscarinic agonists at the human M, muscarinic receptor. All of the agonists tested dlicited a
concentration-dependent inhibition of forskolin-stimulated CAMP accumulation (Fig. 6a). The
average maximal inhibition + SEM caused by carbachol was 64.6 = 1.2 % of the stimulation
elicited by forskolin (10 uM). Most of the agonists tested behaved as full agonists and €licited
maximal responses ranging from 95.1 — 107.9 % that of carbachol. Oxotremorine-M and
oxotremorine were the most potent followed by carbachol, S-aceclidine, arecoline, pilocarpine,
bethanechol and McN-A-343. Pilocarpine and McN-A-343 behaved as partial agonists (Emax
values, 70.6 £ 2.5 % and 36.7 = 2.7 % that of carbachol, respectively). The ECsy and Enax Values
of the agonigts are listed in Table 2. The Hill slope of pilocarpine seemed unusually steep. We
have no explanation for this behavior and assume that it is due to experimental error.

To estimate the observed dissociation constants of the agonists we used a variant of
Furchgott analysis (Ehlert, 1987) to examine the relationship between equivalent tissue response
before and after partial receptor inactivation with the irreversible muscarinic antagonist, 4-
DAMP mustard. Figure 6b shows an example of the effect of 4-DAMP mustard-treatment on
responses dlicited by carbachol and oxotremorine. Incubation of CHO hM; cells with 4-DAMP
mustard (40 nM) for 20 min followed by washing caused an increase in the ECsy and a decrease
in the Eqnux values of all the agonists except pilocarpine and McN-A-343 (Table 2). The
responses to the latter agonists were completely inhibited by 4-DAMP mustard treatment. To
determine the affinities of the full agonists, we interpolated agonist concentrations on the control
concentration-response curve corresponding to equivalent responses on the curve measured after
4-DAMP mustard treatment. The average equiactive agonist concentrations are plotted in Figure
6c for all of the full agonists. Regression analysis was used to fit equation 3 to the corresponding
data from each experiments to yield an estimate of the dissociation constant of the agonist as
well as that of the residual proportion of receptors not inactivated by 4-DAMP mustard (g). The
average values of these estimates for each agonist are listed in Table 2. The effectiveness of 4-

DAMP mustard in inactivating the response varied in different experiments with the different
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agonists as manifest as variation in the q values. We assume that this variation is due to
experimental error and variation in the concentration of the aziridinium ion of 4-DAMP mustard
in each experiment on a different agonist. The dissociation constants of the partial agonists
pilocarpine and McN-A-343 were estimated through simultaneous analysis of their data with
those of carbachol using RA; analysis described under “Materials and Methods.” Knowing the
affinities of the muscarinic agonists, it is possible to estimate receptor occupancy, and hence, to
establish the relationship between occupancy and response as shown in Figure 6d for all of the
agonists. The efficacy of each agonist expressed relative to that of carbachol was estimated from
this type of plot using nonlinear regression analysis (equation 4) followed by substitution of the
corresponding zvalues into equation 5 (Table 2). Regression analysis was done for each agonist
using its own control occupancy-response relationship for carbachol. The estimates of m and
Mgs, expressed as percent inhibition of forskolin-stimulated cCAMP accumulation, did not differ
significantly among the agonists, and the average estimates + SEM were Mg, 69.6 + 4.1% and
m, 0.98 + 0.06.

Isolated ileum: The isolated ileum from M, KO mice was used as an assay system for M3
muscarinic receptor activity. It is well known that the M3 receptor elicits a direct contractile
response in the ileum from rodents (Eglen, 1997; Ehlert et al., 1997a). This tissue also contains
an abundance of M, receptors, which mediate contractile responses contingent upon activation of
other receptors including the M3 (Ehlert, 2003). To avoid a possible contribution of the M,
receptor we measured contractile activity in ileum from M, KO mice (Fig. 7a). The data from
each experiment were first normalized relative to the contractile response elicited by 50 mM
KCI. The average £+ SEM for the Ena Of carbachol was 205.6 +7.1 % rdative to the KCl
response. The data were normalized further by expressing the contractile response relative to the
Enex Of carbachol. A summary of the data can be found in Table 4, which lists ECsp, Emax and

Hill slopes. Carbachol, oxotremorine-M, oxotremorine and S-aceclidine behaved as full agonists
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(Emex Values, 98.4 — 123 % that of carbachol) whereas McN-A-343 behaved as a partial agonist
(Emax value, 17.9 + 1.4% that of carbachol).

To estimate the observed affinity constants of the agonists we used the method of partial
receptor inactivation as described above. Figure 7b shows an example of the effect of 4-DAMP
mustard treatment (10 nM) on responses elicited by carbachol and S-aceclidine after incubation
with the mustard for 40 and 20 min, respectively. Treatment with 4-DAMP mustard caused an
increase in the ECsp and a decrease in the Enax vValues of all agonists except McN-A-343 (Table
4), whose responses were completely eliminated by 4-DAMP mustard. Equiactive agonist
concentrations before and after 4-DAMP mustard treatment were estimated for each agonist as
described above, and the average values are plotted in Figure 7c. Equation 3 was fitted to the
corresponding data from each experiment using nonlinear regression analysis to yield estimates
of the affinity constant of the agonist and the residual fraction of receptors (q). The average
values for each agonist are listed in Table 4. The affinity of McN-A-343 was estimated through
simultaneous analysis of its data together with those of carbachol using the RA; analysis as
described above. Knowing the affinities of the muscarinic agonists, it is possible to plot
response against receptor occupancy (Figure 7d). The efficacies of all the agonists relative to
that of carbachol were estimated from this type of plot using equations 4 and 5 as described
above (Table 4).

In most instances, the ECsy values of the agonists after 4-DAMP mustard treatment were
larger than the corresponding observed dissociation constants. This behavior is consistent with
the existence of athreshold for contraction in the ileum (Furchgott, 1966). Knowing the relative
efficacy of McN-A-343 (0.089) and that 4-DAMP mustard treatment (10 nM, 20 min; q = 0.46)
eliminated the response to McN-A-343, we estimate the minimum value of this threshold to be

approximately 4% of the maximal stimulus elicited to carbachol.

Comparison of RA; with the product of affinity and efficacy: As previously explained, it is

possible to estimate the product of the affinity and efficacy of an agonist expressed relative to
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that of a standard agonist, simply through the analysis of their respective concentration-response
curves (Ehlert et al., 1999; Griffin et al., 2007). This estimate is known as intrinsic relative
activity (RA;)). We estimated the RA; values of agonists from the control concentration-response
curves measured in CHO hM; cells and in the ileum from M, KO mice. We used two different
methods for estimation of RA;. Thefirst isanull method, which lacks any assumption about the
relationship between the stimulus and response, and the second is based on a logistic relationship
between stimulus and response (operational model (Black and Leff, 1983)). Since all of the
concentration-response curves resembled symmetrical logistic functions, the condition for the
use of the operational model appears to have been met, and we would expect little differencein
the estimates of RA; using both methods. The RA; values of all of the agonists were estimated
using the two methods, and these are listed in Tables 2 and 4 for M, and M3 assays, respectively.
A relative estimate of the product of affinity and efficacy was calculated for each agonist.
This was done by multiplying the affinity constant of each agonist by its relative efficacy and
dividing this product by the corresponding product for carbachol. These estimates are listed in
Table 2 (M, assay, i.e.,, CHO hM;) and Table 4 (M3 assay; i.e., ileum). Figure 8a shows a
histogram of data from the CHO hM, assay, comparing the RA; estimate of each agonist with its
relative estimate of the product of affinity and efficacy. Two estimates of RA; are shown for
each agonist, corresponding to the two methods of estimation. There is general agreement
between the two estimates of RA; for each agonist, both of which are approximately equal to the
estimate of the product of affinity and efficacy. We did not include the product of affinity and
efficacy for pilocarpine and McN-A-343 in Figure 8 because these estimates were made through
analysis of the same data used to estimate RA;. It can be shown that the regression equations
used to estimate the affinity of partial agonists are degenerate forms of those used to estimate the
RA of partial agonists. The agreement between RA; and the product of affinity and efficacy for
pilocarpine and McN-A343 shown in Tables 2 and 4, therefore, is trivial. Rather, Figure 8

illustrates that when the RA, is calculated from a concentration-response curve, the estimate is
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similar to the product of affinity and efficacy calculated from a different set of data consisting of
responses measured before and after partial receptor inactivation.

We also compared the RA; estimates of the muscarinic agonists in the mouse M, KO
ileum (M3 assay) with those estimated previously in studies on the phosphoinositide response in
CHO cells transfected with the hM; receptor (Figure 8b). Thereis general agreement among all
of the estimates of RA; for each agonist with the exception of McN-A-343, whose RA; is
substantially greater in the mouse ileum compared to that of the CHO hM; cell (Ehlert et al.,
1999). These data suggest that at least part of the response to McN-A-343 in the mouse ileum is
mediated through a muscarinic receptor distinct from the Ms. Evidence presented in the

supplemental data for this manuscript support this hypothesis.
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DISCUSSION

Our overall hypothesisisthat it is possible to calculate a relative estimate of the product
of observed affinity and intrinsic efficacy of an agonist simply through the analysis of its
concentration-response curve and that this estimate is a relative measure of the microscopic
affinity constants of the agonists for the active state of the receptor.

When calculated in CHO hM;, cells by the method of partial receptor inactivation, our
estimates of the observed affinity constants of the agonists oxotremorine and oxotremorine-M
were moderately higher (pKops Values: 6.54 and 6.15, respectively) than those estimated
previously on homogenates of the rabbit myocardium (5.66 and 5.12) in the presence of GTP
(0.1 mM) (Ehlert, 1987). The mammalian myocardium is known to express an abundance of M
muscarinic receptors (Waelbroeck et al., 1986). Increasing the concentration of GTP reduces the
observed affinity of agonists at the M receptor and increases the maximal amount of GDP-GTP
exchange at G;, which should increase agonist efficacy (Ehlert and Rathbun, 1990). Perhaps the
higher affinity observed here may indicate that the concentration of GTP in the cytosol of CHO
cellsislower than 0.1 mM. When the concentration of GTP is lower, it is easier for the agonist
to induce the active conformation of the receptor, and under such conditions, the most
efficacious agonists achieve maximal receptor activation. This condition may have been met in
the present study because the relative efficacy values of arecoline, carbachol, oxotremorine-M
and oxotremorine appear to vary randomly around the value of the highly efficacious standard,
carbachol (relative efficacy = 1; see Table 2). In the rabbit myocardium, however, the agonists
exhibited the following rank order for relative efficacy: oxotremorine-M (3.6) > carbachol (2.3)
> oxotremorine (1.2) (Ehlert, 1985). Since GTP has opposite effects on observed affinity and
intrinsic efficacy (Ehlert and Rathbun, 1990), a variation in the concentration of GTP should
have little effect on the product of these two parameters, and hence, on the estimate of RA,.

The estimates of the dissociation constants and relative efficacies of carbachol,

oxotremorine and oxotremorine-M in the M, KO mouse are similar to those estimated in the
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isolated guinea pig ileum (Ringdahl, 1984; Ringdahl, 1985; Ringdahl and Jenden, 1983). Also,
the RA; values of muscarinic agonists are consistent with those measured in the CHO hM3 cell,
except for McN-A-343. Our results with pirenzepine and tetrodotoxin indicate that the response
to McN-A-343 includes activation of another muscarinic receptor subtype.

In our studies on CHO M, cells and the mouse ileum, we estimated the RA; values from
the control concentration-response curve as well as the individual parameters of observed affinity
and relative efficacy using Furchgott analysis of the control data and that obtained after partial
receptor inactivation. It was found that the product of observed affinity and intrinsic efficacy
was similar to the RA; estimate as predicted by theory. From the perspective of validating the
RA| estimate, this approach may seem like a tautology because the model has only two degrees
of freedom. If RA; (i.e, the product) and the observed affinity constant (i.e., a factor) are
calculated first, and the relative efficacy is estimated using the control concentration-response
curve together with receptor occupancy based on observed affinity, then there is a natural
tendency for the estimate of relative efficacy to equal the RA; value divided by observed affinity,
and hence, the product of observed affinity and efficacy to equal the estimate of RA;. The basis
for this tautology, however, rests on the assumption that the theory upon which the RA is based
isvalid in the first place. Our other reasons for estimating the observed affinities and intrinsic
efficacies were to determine the individual components of the RA; estimate for the specific
agonists tested as well as the extent to which a practical application of the two methods yielded
similar results. We found reasonable agreement between the two approaches.

In comparing the contractile activity of muscarinic agonists in the ileum from the mouse
and guinea pig, it is important to note that the guinea pig ileum is much more sensitive. For
example, the potency of oxotremorine in the guinea pig ileum (Ringdahl (1985); pECso, 7.87) is
approximately 30-fold greater than that measured in the mouse M, KO ileum (pECso, 6.41; see
Table 3). This large difference cannot be attributed to the lack of the M, receptor in the M, KO
mouse because there is little difference in the activity of carbachol in wild type and M, KO

mouse ileum (Matsui et al., 2002). In contrast, the potencies and relative Emax values of MCN-A-
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343 in the mouse M, KO and guinea pig ilea are approximately the same (compare this study
with Ehlert et al. (1999)). Thus, the M3 contractile response of the mouse ileum is very
insengitive, which explains perhaps, why an M; contractile mechanism for McN-A-343 is
unmasked in this tissue (see Supplementary data). The nature of the putative M; response as
well asitsinteraction with the M3 response is unclear, and it isimpossible to estimate the relative
contribution of a putative M; component to the contractile response accurately from our
antagonism studies with pirenzepine. It has previousdy been shown that the competitive
inhibition of a response mediated by more than one receptor is complex, and the extent of the
antagonism depends on the nature of the interaction between the two receptors (Ehlert, 2003).
Nevertheless, our analysis indicates that pirenzepine causes a greater antagonism of the response
to McN-A343 relative to that of carbachol in the M, KO mouse ileum (Supplementary data).
Also, it appears that part of the response to McN-A-343 is neurogenic as indicated by the small
inhibitory effect of tetrodotoxin (Supplementary data). It would seem, therefore, that our RA;
estimate for McN-A-343 is not representative of a pure M3 response, but rather, of a mixed
response.

We also show that the estimate of RA is equivalent to the microscopic affinity constant
of an agonist for the active state of the receptor expressed relative to that of the standard agoni<t.
For a G protein coupled receptor, the active state exhibits selectivity for G proteins or other
coupling proteins (e.g., G protein coupled receptor kinase), and in some instances, it appears that
agonists may select unique conformations that recruit different G proteins, resulting in the
phenomenon of ligand-directed signaling (Urban et a., 2007). Our mathematica modeling
shows that the RA; estimate accurately reflects the microscopic affinity constant of the agonist
for the active state of the receptor under these conditions. Leff et al. (1997) originally proposed
a mode for ligand-directed signaling, based on two different active conformations of the
receptor that interact with two different G proteins. If an agonist exhibits a preference for one
active state, it will tend to direct signaling through the corresponding G protein. Leff et al.
(1997) showed that the stimulus function for a given pathway differs depending upon whether
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the receptor is in a dynamic equilibrium with both G proteins at the same time or whether the
two different receptor-G protein signaling pathways are segregated in different cells. In the
former case, an agonist that preferentially directs signaling through one pathway would exhibit
the same observed affinity for the two pathways, but a differencein intrinsic efficacy, whereasin
the latter case, the same agonist would exhibit differences in both observed affinity and intrinsic
efficacy. We show that the estimate of RA is unaffected by segregation or dynamic equilibrium,
and in both cases, it accurately reflects a relative estimate of the microscopic affinity constant of
the corresponding active state.

The phenomenon of ligand-directed signaling has led some to conclude that the
transduction pathway can determine the activity of the agonist (Urban et al., 2007). Certainly,
the nature of the stimulus and concentration-response curve elicited by a specific agonist-
receptor complex can change under conditions of ligand-directed signaling. Similarly, the RA;
estimate for an agonist that directs signaling can change at the same receptor depending upon the
G protein that mediates the response. Under this condition, however, it is important to note that
the RA; estimate accurately reflects the microscopic affinity constant of the agonist for the active
receptor conformation eliciting the response, and hence, it is entirely receptor dependent. Thus,
rather than modifying signaling, G proteins simply provide a window for estimating the affinity
constants of agonists for different effector-selective, active conformations. When viewed from
this perspective, the phenomenon of ligand directed signaling is determined by the agonist-

receptor complex, yet is manifest through different coupling proteins.
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Legend for figures

Figure 1. Hierarchical levels of the analysis of agonist action: a: At the deepest level of
analysis, the activity of an agonist is determined by its microsocopic affinity constants for
ground (K,) and active (Kp) states of the receptor and the equilibrium between these states (Kg).
b: At amore superficial level of analysis, one can consider the amount agoni st-receptor complex
in the form of the active state as a function of the agonist concentration with respect to a
population of receptors. This function represents the stimulus. Its maximum is defined as
observed intrinsic efficacy (€), and the concentration of agonist required for half-maximal
formation of the active state of the receptor represents the observed dissociation constant (Kops).
The parameters € and Kqps are complex functions of the microscopic affinity constants described
in a as well as other parameters related to the coupling proteins that physically interact with the
receptor (e.g., G protein). c: At the most superficial level of analysis, agonist activity can be
defined by the behavior of its concentration-response curve for eliciting a downstream response.
The Emax and ECs of this response depend on a variety of parameters including the microscopic
affinity constants described in a.

Figure 2: Scheme for the interaction of an agonist (A) with a receptor having a single inactive
(R) and two active (R* and R**) dates.

Figure 3: Summary of the relationships among the stimuli of two agonists, A and B, and the
ratio of the microscopic affinity constant of agonist B for the active state of the receptor divided
by that for A. Theoretical plots for the amount of agonist bound to the receptor in the form of the
active state is shown for the two agonists. The curves are based on the model shown in Figure 2
and were estimated using equations 14 — 16 under “Appendix.” The maximal amounts of active,
agonist-receptor complex formed at high concentrations of A and B are denoted as &4 and &, and
the concentrations of agonists required for half maximal formation of these complexes are Kgps.a
and Kopsp, respectively. The parameter RA; denotes the product of the observed affinity and

intrinsic efficacy of agonist B expressed relative to that of A. The mathematics described under
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“Appendix” show that this parameter is smply equal to the microscopic affinity constant of
agonist B for the active state of the receptor divided by that for agonist A.

Figure 4: Model for ligand-directed signaling: The interaction of a nonselective agonist (A)
and selective agonist (B) with a receptor signaling through two different G proteins (G; and Gy)
in the presence of guanine nucleotides (GTP and GDP). The receptor exists in two different
active conformations (R* and R**), each being selective for a different G protein (G, and G,
respectively). Agonist A exhibits equivalent high affinity for R* and R**, whereas agonist B
exhibits sdlectivity for R**. The stimulus is proportional to the amount of active agonist-
receptor complex in the form of a quaternary complex consisting of agonist-receptor-G protein-
guanine nucleotide. Ultimately the amount of the latter is proportional to agonist-induced
guanine nucleotide exchange.

Figure 5: Smulation of ligand directed signaling for a receptor in equilibrium with two
different G proteins at the same time (a - d; Dynamic equilibrium case) or independently (e — h;
Segregated equilibrium case). In each case, the microscopic affinity constant of agonist A for
the two active states of the receptor (R* and R**) was the same (K = K. = 10%), whereas agonist
B exhibited selectivity for R* (K, = 10°) compared to R** K¢ = 10%). The microscopic affinity
constants of the agonists for the ground state of the receptor (R) were the same (K, = Ko’ = 10°).
The theoretical curves for the quaternary complex (a, ¢, e and g) were generated using equations
31 and 32 under “ Appendix” with theratio of G1/R = G2/R = 10 except in e where G,/R = 0 and
in g where Gi/R = 0. The theoretical concentration response curves for the agonists in panels b,
d, f and h were generated from the operational model (% response = (100 x S")/(S" + Kg); Kg =
0.03; m= 2) with the value for quaternary complex in a, ¢, e and g substituted in for the stimulus
(9), respectively. The values of the other microscopic constants in equations 31 and 32 were as
follows: Ke=7x 1072, Ki=7x 107, Kg =7 x 104, Ky = 7x 10%, K; = 7 x 10%, K; = 7 x 10, K, =1
x 10°%, K; = 1x 10%, K= 4 x 10%, K = 8 x 10%, K, = 8 x 10%, Ky = 4 x 10%, Kq =8 x 10° and K, =
8x 10°®. The concentration of GTP (X) was 1 mM.
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Figure 6: Muscarinic agonist mediated inhibition of forskolin-stimulated CAMP accumulation
in CHO hM; cells. a: Concentration-response curves of selected muscarinic agonists for
inhibiting the stimulation in cAMP accumulation dicited by forskolin (10 uM) in CHO hM,
cells. The data represent the mean values + SEM of 29 experiments for carbachol and 3 to 5
experiments for the other agonists. b: Examples of the effect of 4-DAMP mustard-treatment (40
nM, 20 min) on carbachol- and oxotremorine-M-mediated inhibition of forskolin-stimulated
CAMP accumulation. Mean values £ SEM from 5 - 6 experiments are shown. The cells were
washed after 4-DAMP mustard treatment and before measurement of the cCAMP response to the
agonists. c¢: Relationship between equiactive agonist concentrations before and after 4-DAMP
mustard treatment. d: The normalized response of selected agonists is plotted against receptor
occupancy. The shared estimates + SEM of Mg and m for this plot are 109 + 5.7 and 0.96 +
0.11, respectively.

Figure 7. Contractile activity of muscarinic agonists in the isolated ileum from the M, KO
mouse. a  Concentration-response curves of selected muscarinic agonists for eliciting
contraction in the ileum are shown. The data represent the mean values + SEM of 22, 13, 7 and
6 experiments for carbachol, oxotremorine-M, oxotremorine and S-aceclidine. b: The effect of
4-DAMP mustard on carbachol- and S-aceclidine-stimulated contractions. The ileum was
incubated with 4-DAMP mustard (10 nM) for either 40 or 20 min, respectively, depending upon
whether carbachol or S-aceclidine was used as the agonist. The ileum was washed after
treatment with 4-DAMP mustard and before measurement of the contractile responses to the
agonists. Mean values =+ SEM from 5 to 6 experiments are shown. c: Relationship between
equiactive agonist concentrations before and after 4-DAMP mustard treatment. d:  The
normalized response of selected agonists is plotted against receptor occupancy.

Figure 8: Comparison between RA; and the product of affinity and efficacy expressed relative to
carbachol in CHO hM cells (a) and the ileum from the M, KO mouse (b). Panel b aso shows
the RA; estimates determined on the CHO hM 3 cell as described previously (Ehlert et al., 1999).
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Tablel: Simulation of ligand directed signaling for a receptor in dynamic equilibrium with two different G proteins a the same

time or in segregated equilibria

Simulus Response
&K K K
Kobs, },LM e BN obs-A ECso, },LM E % RA, b c
(log molar) K e s (log molar) e K, K.
Dynamic
Equilibrium
G1 Sgnaling
, 2.26 0.202
Agonist A (-5.65) 36.7 (-6.70) 90.1
. 347 0.199
Agonist B (-5.46) 55.6 1.0 (-6.70) 99.52 1.0 1.0
G, Sgnaling
. 2.26 0.202
Agonist A (-5.65) 36.7 (-6.70) 99.1
. 3.48 2.55
Agonist B (-5.46) 5.82 0.10 (-5.59) 78.2 0.10 0.10
Segregated
Equilibria
G1 Sgnaling
. 2.34 0.0979
Agonist A (-5.63) 74.8 (-7.01) 99.7
. 2.34 0.0979
Agonist B (-5.63) 74.8 1.0 (-7.01) 99.7 1.0 1.0
G, Sgnaling
. 2.34 0.0972
Agonist A (-5.63) 74.8 (-7.01) 99.7
Agonist B (7551‘2) 24.1 010 36 (_%%% 98.0 0.10 0.10
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MOL 51276

Control 4-DAMP mustard Furchgott Analysis
Agonist
ECso, (UM) Erre” , ECso, (UM) Ermax® , Kos, (UM) c
(log molar) (%) Hill Sope 1150 rolar) (%) Hill Sope | 6 molar) £ g
. 0.09 0.16 0.29 0.55
Oxotremorine-M (-7.04 + 0.04) 1079+21 0.97+£0.08 (-6.80 + 0.09) 61.0+£26 111+£0.23 (-6.54 + 0.14) (-.26 + 0.10) 0.30+0.053
. 0.08 0.31 0.71 0.93
Oxotremorine (-7.07 £ 0.11) 107.7+£58 0.83+0.16 (-6.50 + 0.11) 63.5+53 0.88+0.25 (-615+0.20) (-0.032+0.11) 0.15+0.025
0.45 1.5 43
Carbachol (:635+ 0.05) 999410  1.07+0.05 (-583+0.09) 66.7+39 132+0.33 (536 £0.18) 1.0 0.15+ 0.053
. 0.52 43 18 1.60
Arecoline (:6.29+ 0.14) 1005+6.1 0.73+0.16 (-5.36 + 0.14) 63.8+56 1.39+0.55 (476+024)  (0.20+0.13) 0.073+ 0.010
- 0.85 5.0 11 0.98
S-Aceclidine (4607 % 0.08) 951+36  111+0.18 (-5.30+ 0.06) 61.3+25 152+0.28 (495+013) (-0.01+0083) 0.14 + 0.019
11° 0.071°
Pilocarpine | ot ooy T06%25 2471057 (4952007 (11520059
(-446+£0.16) (-0.95 + 0.051)
12 35 425 2.01
Bethanechol (a9lt017) 106697 063+011 |, l00g 77246 1472036 | a00"06e (0304 045) 0.19+0.19
30¢ 0.018°
N 15 (-453+0.13) (-1.74 +0.074)
McN-A-343 (4.82+0.16) 36.7+27 0.79+0.29 41e 0,028 °
(-439+0.19) (-1.55+ 0.080)
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(Table 2 continued)

a

The parameter estimates were calculated from data shown in Figure 6. The data represents the mean values + SEM. The mean values for
carbachol were estimated from atotal of 29 control values and 6 values measured after 4-DAMP mustard treatment from which the Furchgott
analysis was performed. The number of experiments for the other agonists was 3 — 5 for the various conditions.

The maximal responses are normalized relative to that of carbachol.

Log means + SEM values are given in parentheses beneath each estimate.

The affinity and intrinsic efficacy for pilocarpine and McN-A-343 were determined through the RA; analysis using the null method. The log
mean + SEM values are shown in parentheses beneath the estimate.

The affinity and intrinsic efficacy for pilocarpine and McN-A-343 were determined through the RA; analysis using the operational method.

Thelog mean + SEM values are shown in parentheses beneath the estimate.

38
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Table3:  Comparison between RA; values of agonists and the relative product of affinity and efficacy

in CHO M, cells ?

Relative Affinity x

Agonist Efficacy RA;, Null RA, Operational
. 8.26 4.50 4.96
Oxotremorine-M (0.92 +0.07) (0.65 + 0.05) (0.70 + 0.07)
Oxotremorin 5.68 5.60 5.21
(0.75 + 0.15) (0.75 + 0.17) (0.72 + 0.08)
1.0 1.0 1.0
Carbachol (0.0) (0.0) (0.0)
Arecoline 0.39 053 051
(-0.41 £ 0.14) (-0.28 + 0.10) (-0.29 £ 0.08)
- 0.38 0.66 0.23
S-Aceclidine (-0.42 + 0.05) (-0.18+ 0.07) (-0.64 + 0.08)
0.029
Silocarbine (-154 + 0.12) 0.038 0.016
P 0.014 (-1.42 £ 0.10) (-1.79 % 0.09)
(-1.86  0.11)
0.021 0.024 0.030
Bethanechol (-1.69 +0.25) (-1.63 £ 0.16) (-1.52 £ 0.10)
0.0027
N (-2.57 + 0.15) 0.0027 0.0030
McN-A-343 0.0030 (-2.56 £ 0.15) (-2.60 £ 0.19)
(-2.52 + 0.14)

a

39

Log mean values £ SEM from 3 — 5 experiments are shown in parentheses beneath each estimate.

202 ‘/T |11dV uo speuinor 134S Y e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Table4: Agonist activity inthe M, KO ileum ?

MOL 51276

Control 4-DAMP mustard Furchgott Analysis
Agonist
ECso, (UM) Emex " , ECso, (UM) Emex " , Kobs, (UM) c
(log molar) %) Hill Sope | 00 rolar) %) Hill Sope 11 5 molar) £ g
. 0.30 2.04 1.84 2.89
Oxotremorine-M (-6.53 + 0.07) 123+ 5.7 1.07+0.16 (-5.69 + 0.12) 67.3+69 1.07+0.19 (-5.73 + 0.14) (0.46 + .26) 0.18 £ 0.053
. 0.39 0.54 0.68 0.74+ 1.39
Oxotremorine (641 +0.17) 98.4+105 1.02+0.32 (627 £0.13) 33.0+37 262+23 (617015  (-13+020) 0.24 + 0.06
1.21 7.32 3.24
Carbachol (-5.94 £ 0.06) 999+35 111+0.14 (514+017) 444+48 0.89+0.21 (549+0.15) 1.0 0.29 + 0.06
. 3.07 7.71 2.92 0.78
S-Aceclidine (-551+0.16) 109.8+ 115 1.16+0.41 (511+0.12) 548+53 1.16+0.29 (553025  (-11+020) 0.46 +0.12
1.66° 0.093¢
MN-A-343 | o 53280_12) 17.9+14 1524052 (5762060 (1082009
(-554+0.35) (-1.07+0.06)

Parameter estimates were calculated from data shown in Figure 7. Mean values + SEM are shown. The mean values for carbachol were

estimated from a total of 22 control values and 12 values measured after 4-DAMP mustard treatment from which the Furchgott analysis was

performed. The number of replicates for the other agonists was from 6 — 7 for the various conditions.
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The maximal responses are normalized to that of carbachol.

40

UOSIOASIU) WO JBJIP AeL UOSIOA [eul) Y L "PaIEULIO) PUe pa}ipeAdod usaq Jou sey ap e sIy L

9/2TS0'80T |0W/F2TT'0T :10A Se 8002 'L SAWRAON UO pausidnd “plemiod se4 ABojoJeweyd xnasio N


http://molpharm.aspetjournals.org/

MOL 51276

(Table 4 continued)

Log mean values £ SEM are shown beneath each estimate in parentheses.

The affinity and intrinsic efficacy of McN-A-343 was determined through the RA; analysis using the null method. The log mean £ SEM
values are shown in parentheses beneath the estimate.

The affinity and intrinsic efficacy of McN-A-343 was determined through the RA; analysis using the operational method. The log mean +

SEM values are shown in parentheses beneath the estimate.

41

%720z ‘T |udy uo seulnor 134SV e Blo'seudno isdse wireyd jow wiod) papeojumod

UOSIOASIU) WO JBJIP AeL UOSIOA [eul) Y L "PaIEULIO) PUe pa}ipeAdod usaq Jou sey ap e sIy L

9/2TS0'80T |0W/F2TT'0T :10A Se 8002 'L SAWRAON UO pausidnd “plemiod se4 ABojoJeweyd xnasio N


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on November 7, 2008 as DOI: 10.1124/mol.108.051276
This article has not been copyedited and formatted. The final version may differ from this version.

MOL 51276

Table5:  Comparison between RA; values of agonists and the relative product of affinity and efficacy

in M, KOileum. @

. Relative Affinity x ' ' .
Agonist Efficacy RA;, Null RA), Operational
Oxotremorine-M 4.64 3.32 3.76
(0.67 + 0.13) (0.52 + 0.19) (0.58 + 0.11)
Oxotremorine 353 1.77 2.01
(0.55 % 0.23) (0.25+ 0.21) (0.30% 0.15)
10 1.0 1.0
Carbachol (0.0) (0.0) (0.0)
- 1.05 0.35 0.44
S-Aceclidine (0.02 + 0.35) (-0.45 + 0.19) (-0.35 + 0.21)
0.22°
N (-0.74 % 17) 0.16 0.11
McN-A-343 0.10° (-0.80+ 0.13) (-0.97 + 0.33)
(-1.02 + 0.10)

Log mean values = SEM from 6 — 7 experiments are shown in parentheses.
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(I  Ultimate determinants of agonist activity:
Agonist affinity for ground and active receptor states

A + R* L AR*

K, KoK /K,

A+R <Xa AR

Parameters: K,, K, and K,

The ability of an agonist to bind to and turn
on the receptor is determined by its
microscopic affinity constants for the ground
(K,) and active ( K},) states of the receptor. The
constant describing the spontaneous
formation of the active state is K.

b Agonist activation of the receptor population:
Observed affinity and intrinsic efficacy

100+
€
§ d
?/J/ |
= 50
= ]
= Log K ops
0 T i T T 1
7 -6 5 -4 3

Log [Agonist]

Parameters: K,,, and €

In a population of receptors, the relationship between
receptor activation and the agonist concentration is known as
the stimulus. The concentration of the agonist eliciting
half-maximal receptor activation is defined as the observed
dissocation constant ( K,;,) and the maximal level of receptor

activation is known as observed intrinsic efficacy ( &).

C Empirical parameters of the agonist concentration-response curve:

Potency and maximal response

10()*< Emax
<
4
q) E
& 50
o i
73
) Log ECsg
[
0 T . T T 1
-8 7 6 5 4

Log [Agonist]

Figure 1

Parameters: ECs) and E,,,,

The agonist concentration-response
curve yields estimates of the potency
(EC5p) and maximal effect ( £,,,,,) of
the agonist for eliciting a particular
response.
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A + R* - - AR*
Kq ‘ Kqu/Ka
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A+ R - - AR

K, ' K.K,/K,
K.

A + R** - - AR

Figure 2


http://molpharm.aspetjournals.org/

Stimulus (%)

100+

wn
T

Figure 3

-8
Log [Agonist]

_ 3 1 _BKobs—A

81—AKobs-B

K,
K,'


http://molpharm.aspetjournals.org/

@@
GW // “\\GW

A

O
o @

Figure 4

Nonselective
agonist, A

%

GTPOJ

Selective §

Q
Q
)
)
m.
~
V)

0 [1edse w.reyd jow W0.J papeo UM

GDP

“@?
k»v%ﬂg@é)

202 ‘2T |udy uosfeuInor 134SY e Biosguin

.
T

O
>
/O


http://molpharm.aspetjournals.org/

Dynamic Equilibrium
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APPENDIX

RA; and the microscopic affinity constant of the active state of thereceptor: Thefirst part of
this appendix describes the derivation of RA; in terms of the microscopic affinity constant of the
agonist for the active state of the receptor. In this analysis, we consider the case of ligand-
directed signaling, where there are two distinct active receptor states (R* and R**), which trigger
responses through different G proteins. The mode is shown schematicaly in Figure 2. The
parameter K, denotes the microscopic affinity constant of agonist A for the ground state of the
receptor (R), and K, and K. denote the microscopic affinity constants of the two active states.
These affinity constants are defined in inverse molarity units (e.g., Ka = [AR]/[A][R]). Kqand K;
define the equilibrium between the free forms of the receptor (Kq = [R*]/[R] and K, = [R**]/[R]).

We begin by deriving an equation expressing the fraction of occupied receptor in the
active state (R*) as a function of the agonist concentration. This function is equivalent to the
stimulus as defined by Furchgott (1966). Its maximum is equivalent to intrinsic efficacy (g), and
the concentration of agonist diciting half maximal formation of the active state is equivalent to
the observed dissociation constant (Kgps). Then we solve the function for £ and Kgps, and
subgtitute these functions into equation 7, which defines RA; in terms of observed affinity and
intrinsic efficacy. We repeat this process for the other active state (R**) as well as the simple
situation when thereis only one active state.

The fractional amount of agonist-receptor complex in the active state R* is defined as:

AR* AR*
R R+ R*+R**+ AR+ AR* +AR* *

11

in which Ry denotes the total receptor population. Using the definitions of the microscopic
affinity constants, it is possible to replace each agonist-receptor complex on the right side of the
equation with an expression in terms of A, R and microscopic affinity constants. For example

AR* = AKpKyR. Making these substitutions yields:
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AR* AK, K R
= 12
Rr R+ KR+K R+ AK,R+ AK K R+ AK KR
Simplifying yields:
AR* 1 13
- 1+K_ +K
R 4, K KKK,
AK K, Ky K,

This equation can be arranged in the following form, which is equivalent to Furchgott's

definition of the stimulus (Furchgott, 1966):

stimulug = AR* __AaR 14
A+ Kobs—l
in which
1
4= L Kot KK, 15
KoK,
1+ K, +K,

16

K. =
PEK, KK+ KK,

The variables stimulus;, & and Kgws1 denote the stimulus, observed intrinsic efficacy, and
observed dissociation constant of the agonist for triggering a response through R*, respectively.

Substituting in equations 16 and 15 for the observed affinity (Kops1) @and intrinsic efficacy (&) of
the test agonist and standard agonist into equation 7 under “Materials and Methods’ yields an

equation expressing RA; in terms of the microscopic affinity constants of the various receptor

states:
1 y 1+ K+ K,
1 G KK KK K KK,
KoKq
RA = 1 TK, 7K, 17

T T X
1+ Ka +Kc Kr Ka+ Kqu-i- KcKr

Ky Kq

202 ‘/T |11dV uo speuinor 134SY e Bio'sfeulno fisdse wireyd jow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on November 7, 2008 as DOI: 10.1124/mol.108.051276
This article has not been copyedited and formatted. The final version may differ from this version.

In this equation, the microscopic constants of the test agonist are denoted in the normal manner
(Ka, Kp and K¢), whereas those of the standard agonist are denoted with an apostrophe (Ka', Ky’
and K¢'). Thisequation smplifiesto:
Kb
o =—b 18
RAL =1

This equation shows that RA; value of an agonist for diciting a response through the R* state of
the receptor (RAi.1) is sSsmply equivalent to the ratio of the microscopic affinity constant of the
test agonist for the active state of the receptor (R*) divided by that of the standard agonist.

Using an analogous strategy for the R** dtate, it can be shown that the fractional amount

of agonist bound in the AR** isgiven by:

AR** 1 19
R 1+1+Kq+Kr+Ka+KbKq
AK K, KK,
Rearranging this equation yields the stimulus:
stimulug:AR**:ﬂ 20
A+ Kobs—2
in which
1
LT K +K,K 21
1+—2—>14
KCKT
1+ K, +K,
- 22

Moz =y KoK, + KK,
In equations (20 - 22) stimulus,, & and Kqys2 denote the stimulus, observed intrinsic efficacy,
and observed dissociation constant of the agonist for triggering a response through R**,
respectively. The foregoing equations for the observed affinity (Koss2) and intrinsic efficacy (&)
are subgtituted into equation 7 under “Materials and Methods’ to yield an equation expressing

RA in terms of the microscopic affinity constants of the various receptor states:
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1 o 1+ K, +K,
14 Kat KoKy K +K K + KK,
KCKF
RA- = 1 1+K, +K, 23
1 1 X
1 Ka KoKy TR KK KK,
K.'K,

in which K, K, and K. denote the microscopic constant of the test agonist, and Ky', Ky, and K¢’

denote those of the standard agonist. This equation reduces to:

KC
K,'

24

RA_,=

This relationship between RA; and the microscopic affinity constants of the agonist for the active
state of the receptor can also be shown to apply in the smple case where there is only one active
conformation of the receptor (R*). In this situation, the amount of agonist-receptor complex in

the active state is given by:

*
= 1+ Kl K 25
RT + q + a
AK K, KK,
This equation can be rearranged into the following form to define the stimulus:
stimulus= AR* = Ay 26
A+K .
inwhich
= —1K 27
1+ 2
KoKy
1+K
3 28

TR+ KK,
Substituting these equations for € and Kqys 1N to equation 7 yields an equation for the RA; value

in terms of the microscopic constants of the test agonist (Ka, Kp) and standard agonist (Ky', Ky'):
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1 1+K,
X
1+ Ka Ky '+K,'K,
_ Kl 29
RA = 1 1+K,
— X
1+K7a Ka + KK,
Ky'K,
This equation simplifiesto:
K
RA =—2 30
Kb

In summary, equations 18, 24 and 30 demonstrate that the RA; estimate of an agonist is
equivalent to its microscopic affinity constant for the active state of the receptor divided by that

of the standard agonist.

Simulation of ligand directed signaling: This part of the appendix lists the equations used to
simulate the stimulus functions illustrated in Figure 5 (i.e., equations 31 and 32). The model is
shown schematically in Figure 4, which represents a receptor in equilibrium with two G proteins
in the presence of GTP. The derivation of these mathematics has been described previousy
(Ehlert, 2008), and the relevant equations for generating the plots of the quaternary complex
against the agonist concentration are listed below for convenience. In these equations, K,, Kp,
K¢, Kq and K; are defined as described above. The equations describing the amount agonist (A)
bound in the form of the two quaternary complexes (AR*G;X and AR**G,X), consisting of
agonist, the active state of the receptor (R* and R**), G protein (G; and G;) and guanine

nucleotide (X) are:

AR G X = 1 «— ARy 31
1+ w [Al+ KARGlx
KpK KK
ARG, X = L ARy 32
KaKle [A] + KARGZX
KK KK,

in which:
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1+[AIK, + Ka% @+[AloK, + XBKy )+ Ky %(1+[A]052Kl +XB,Ka, +[ AlXet, B,7,K:K3,)
\T

KARGlx =

% (Xaﬁ171K1K21K31)

G
1+[AIK, +K,, f QL+ Al K, + XB, Ky, )+ Ky %(1+[A]051K1 + XB, K, + [AlXer, By, KK, )
T T 34

KARGlx =
% (Xazﬁz 7KKy, Kaz)

and Ry denotes the total amount of receptor and G;t and G, denote the total amount of G; and
G, in the membrane. The cooperativity constants and microscopic constants for the different

receptor complexes are defined as:

K+ KKy + KK, 35
YL+K +K,
B Ke + KKy + KK, 36
27 14K, +K,
Ky + KK, + KK,
= 37
* 1+K, +K,
Ky =K, 38
Ky =K, 39
(KK, + KKK, +KKK Ji+K, +K,) 4o
o=
(Ko + KoKy + KKK, + KK, + KK, )
(KK, + KKK + KKK A+K, +K,)
o, = 41

T K KK KKK, KK KK

KK, +K K K +KKK
— e “k g 'm “q itro tr 42
b (KKK KKK,

KK, + KKK, +K KK,

TR KK KKK, =

(KKK + KKK K+ K KKK K, + KK, +KK,)
KK+ KKK+ KKK KK + KKK + KKK,

I
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(KK K, + KKK K+ KK KKK +K K +K K, )
(KK KKK + KKK K + KKK + KKK,

Vs 45

The microscopic constants describing the equilibrium between the various states of the receptor,

thetwo G proteins (G; and G,) and guanine nucleotide (X) are:

Kez% 46 Kf:% 47
,= [[F{F*{;fé]l] 48 K, = [[R'?;% 49
Kiz[[g;—fé]l] 50 K,.:[[F?:;% 51
= [E;G]lfg] 52 K, = % 53
_ [R'exp. 56 K = IRGX] 57

° [RTGIIX] " RTG,IIX]
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