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ABSTRACT

We have reported previously that amiodarone interacts with
muscarinic receptors via a novel allosteric site. This study pres-
ents mechanistic details on the nature of that interaction. Ami-
odarone enhanced the maximal level of agonist-stimulated re-
lease of arachidonic acid (AA) from Chinese hamster ovary cells
that expressed M; muscarinic receptors; this enhancement
was observed for acetylcholine and for the partial agonist pilo-
carpine. A similar effect of amiodarone was observed when
pilocarpine was used to stimulate inositol phosphate (IP) me-
tabolism, but not when acetylcholine was used. Subsequent
studies showed that the IP response exhibited a much larger
receptor reserve than the AA response, and reduction of that
reserve by receptor alkylation unmasked amiodarone’s en-
hancement of the maximal IP response to acetylcholine. Mod-
ulating the receptor reserve also revealed acetylcholine’s

greater affinity (K,) for the conformation of the receptor that
mediates the AA response. The amiodarone analog N-ethyl-
amiodarone (NEA) did not alter maximal agonist response but
merely reduced agonist potency (that is, it appeared to be an
antagonist). However, the action of NEA could be clearly dis-
tinguished from the action of the orthosteric antagonist NMS.
Demonstration of this point was facilitated by an elaboration of
Hall’s allosteric two-state model; this new model represents a
system composed of two ligands that compete with each other
at the orthosteric site and two ligands that compete with each
other at the allosteric site. In conclusion, amiodarone competes
with NEA at a novel, extracellular, allosteric site to enhance the
maximal stimulation evoked by acetylcholine and pilocarpine in
two different responses.

Introduction

Allosteric modulation uses receptor sites that are physi-
cally distinct from the orthosteric site; the orthosteric site is
the binding site for the endogenous hormone or neurotrans-
mitter. Targeting these alternate sites provides several po-
tential benefits over the conventional approach of developing
orthosterically acting ligands. The benefits can include in-
creased receptor subtype selectivity, decreased toxicity, and
the ability to retain spatial and temporal signal patterning
(Ellis, 1997; Bridges and Lindsley, 2008). The muscarinic
acetylcholine (ACh) receptor family has become a model sys-
tem for allosteric interactions of class A G protein-coupled
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receptors (GPCRs), partly because a great deal is known
about the location of one of the muscarinic allosteric sites
(May et al., 2007). All of the muscarinic receptors are sus-
ceptible to allosteric modulation and, for a subset of allosteric
ligands, a “common site” has been established. The ligands
shown to act at this common site include gallamine, obi-
doxime, alcuronium, strychnine, and hexamethylene-bis-[di-
methyl-(3-phthalimidopropyl)ammonium]dibromide (W84)
(Ellis and Seidenberg, 2000; Trankle et al., 2003). Moreover,
the high degree of sequence homology in the orthosteric ace-
tylcholine binding site has impeded the development of use-
ful subtype-selective orthosteric ligands (Jones et al., 1992).
It is believed that targeting regions of the receptor with
greater sequence divergence (i.e., allosteric sites) will facili-
tate the discovery of more subtype-selective compounds and
allow therapeutic exploitation of the different subtypes (Wess
et al., 2007; Langmead et al., 2008). In agreement with this
view, the current set of subtype-selective ligands generally

ABBREVIATIONS: ACh, acetylcholine; GPCR, G protein-coupled receptor; W84, hexamethylene-bis-[dimethyl-(3-phthalimidopropyl)ammonium]
dibromide; ATSM, allosteric two-state model; TCM, ternary complex model; CTCM, cubic ternary complex model; NMS, N-methylscopolamine;
PAM, positive allosteric modulator; 4L-ATSM, four-ligand allosteric two-state model; NEA, N-ethylamiodarone; AA, arachidonic acid; PB,
phosphate buffer; PBS, phosphate-buffered saline; CHO, Chinese hamster ovary; EM-BSA, Eagle’s basal medium with 20 mM HEPES and 2
mg/ml fatty acid-free bovine serum albumin; IP, inositol phosphate; POB, phenoxybenzamine ; NAM, negative allosteric modulator.
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act at allosteric sites (Shirey et al., 2008; Bridges et al., 2009;
Marlo et al., 2009).

Several models have been proposed to describe how an
allosteric ligand can affect a receptor’s binding and response
profile (Weiss et al., 1996; Christopoulos and Kenakin, 2002;
Ehlert, 2005). The allosteric two-state model (ATSM; Fig. 1)
is a mechanistic representation of allosteric modulation of
response (Hall, 2000). It is an extension of the two-state
model (for review, see Leff, 1995) that incorporates and
builds on the ternary complex model (TCM; Stockton et al.,
1983; Ehlert, 1988) used to describe multiple receptor bind-
ing states attained in the presence of both an allosteric and
an orthosteric ligand. In the ATSM, additional receptor
states provide the model with the flexibility to address novel
forms of ligand-receptor interaction, whereas multiple coop-
erativity parameters provide useful means for describing
allosteric modulation. The ATSM is formally equivalent to
the cubic ternary complex model (CTCM) of Weiss et al.
(1996), although, as Hall (2000) has pointed out, the inter-
pretations of some of the parameters differ markedly in the
two models. As such, the ATSM reflects both the disadvan-
tages and the advantages of the CTCM; that is, its complexity
makes it more suitable for descriptive simulation than for
parameter estimation, but it provides a representation of
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allosteric modulation that is entirely consistent with mecha-
nistic principles of receptor activation. As Weiss et al. (1996)
articulated, these models possess “an elegance that can be
described in four words: comprehensiveness, symmetry, gen-
eralizability, and completeness.”

We have characterized the allosteric effects of amiodarone
on muscarinic receptors and established that it interacts
with a novel site (Stahl and Ellis, 2010). An enhancement of
the M; response was observed for a number of full and partial
muscarinic agonists, including ACh. When amiodarone was
included in ACh concentration-response curves, there was an
increase in the level of maximum response elicited from My
receptors. The allosteric nature of this interaction was sup-
ported by binding studies demonstrating that amiodarone
did not interact with the orthosteric ACh binding site.

The goal of this study was to develop a more complete
understanding of the allosteric effects of amiodarone by fo-
cusing on the M, receptor. We begin by showing that amio-
darone inhibits the binding of N-methylscopolamine (NMS)
in an allosteric manner at the M; subtype. Despite this
negative cooperativity toward NMS, we refer to amiodarone
as a positive allosteric modulator (PAM) throughout this
article on the basis of its ability to enhance functional re-
sponses to the endogenous agonist ACh. Two different re-

L(1 + aKA + BMB + a3ydKAMB)
1+ KA+ MB +yKAMB
+L(1 + aKA + BMB + affydKAMB)

Response=

L(1 + o, K A, + o, KA, + B;M; B, + 3,M,B,

+ 0y B171161,K,A; M By + 0, B17,,8,,K,A,M; B,
+010,71201,K,AM,B, + 0, 3,75,6,,K,A,M,B,)
1+KA +KA,+M;B;, + M,B,
+711KA M, By +7,,K,A M, B, + 75, KA, M By +7,,K,A,M,B,
+L(1 + o, K A, + 0, KA, + B,M, B, + B,M,B,

+ 0y B171161,K,A; M By + 0, B,71,8,,K,A, M, B,

+ 0531721021 KA, M B + 0,3,7,,0,,K,A,M,B,)

Fig. 1. The allosteric two-state model and the four-ligand allosteric two-state model. The ATSM is presented in the upper left (Hall, 2000). The
associated equation presents the response equation Hall developed from this model, color-coded to better illustrate its relationship to the model. The
4L-ATSM, at the lower left, is an extension of the ATSM that can accommodate two orthosteric ligands (A; and A,), and two allosteric ligands (B; and
B,) such that there is competition between two ligands at each binding site. The associated equation reflects the response equation for this new
model, similarly color-coded to articulate its relationship to the original ATSM response equation. The parameters used in the new model are

defined in Table 1.
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sponses mediated by the M, receptor were used to investigate
the PAM activity of amiodarone. Although it initially ap-
peared that amiodarone enhanced ACh action in only one of
the responses, we have found that reduction of the magni-
tude of receptor reserve (by receptor alkylation) reveals sim-
ilar PAM activity in both measures of response. Finally, by
applying simulations generated from the newly developed
four-ligand allosteric two-state model (4L-ATSM; Fig. 1), we
conclude that amiodarone and its quaternary analog N-ethyl-
amiodarone (NEA; Fig. 2) act at a common allosteric site on
the extracellular domain of the receptor.

Materials and Methods

Materials. [PHINMS (82 Ci/mmol) was purchased from
PerkinElmer Life and Analytical Sciences (Waltham, MA); [myo-
3H]inositol (20 Ci/mmol) and [®*H]arachidonic acid (AA; 100 Ci/
mmol) were purchased from American Radiolabeled Chemicals
(St. Louis, MO). N-Ethylamiodarone was obtained from IQSynthe-
sis (Maryland Heights, MO). All other reagents were purchased
from Sigma-Aldrich (St. Louis, MO).

Cell Culture. CHO cells stably transfected with the human M,
receptor were used for all binding and response assays. Cells were
cultured in F-12 medium supplemented with 5% fetal bovine serum,
100 units/ml penicillin, and 100 pg/ml streptomycin, and growth
conditions were 37°C in 5% CO, and 100% humidity.

Membrane Preparation. Membranes were collected by harvest-
ing cells in ice-cold 5 mM PB (1 mM KH,PO, and 4 mM Na,HPO,,
pH 7.4). Cells were homogenized on ice, with three 15-s pulses of a
Bio Homogenizer from Biospec Products, Inc. (Bartlesville, OK) and
centrifuged at 50,000g for 30 min. The supernatant was discarded,
and the pellet was resuspended in ice-cold 5 mM PB and stored, in
aliquots, at —70°C.

[PHINMS Binding. For binding experiments, amiodarone was
dissolved in dimethyl sulfoxide, the concentration of which was
maintained below 1% for all assays; all other reagents were dissolved
in buffer or deionized water. Equilibrium binding studies were per-
formed as described previously by Ellis and Seidenberg (1999) and
Stahl and Ellis (2010). In brief, these studies were performed in PBS
with 1 mM CaCl, and 1 mM MgCl,, pH 7.4, for 1 h at 25°C. Binding
was measured with 1 nM [PH]NMS, and nonspecific binding was
determined in the presence of 1 uM atropine. Binding assays were
terminated by rapid filtration through GF/B glass fiber filters (pre-
treated with 0.1% polyethylenimine) on a cell harvester (Brandel
Inc., Gaithersburg, MD) to trap membranes, and the filters were
rinsed twice with ice-cold 40 mM PB, pH 7.4. Bound radioactivity
was measured by liquid scintillation counting (LS6500; Beckman-
Coulter, Fullerton, CA).

Intact cell binding was performed by incubating cells with 1 nM
[PHINMS in PBS with 1 mM CaCl, and 1 mM MgCl,, pH 7.4, for 30
min at 25°C. Nonspecific binding was determined with 3 uM atro-
pine and accounted for approximately 1% of total binding. After the
incubation, cells were rinsed twice with PBS and solubilized in 1%
SDS; the solubilized cells were transferred to scintillation vials and
counted by liquid scintillation counting (LS6500; Beckman-Coulter).

Amiodarone

N-ethylamiodarone

Fig. 2. Molecular structures of the two allosteric ligands used in this
study.

[®*H]Arachidonic Acid Release. Measurement of [*H]AA release
was performed as described in Stahl and Ellis (2010). CHO cells were
seeded on 48-well plates (Greiner Bio-One GmbH, Frickenhausen,
Germany) at a density of 2.9 X 10* cells/well in 0.25 ml of F-12
medium. Cells were incubated until they attached (approximately
3 h), and the media were exchanged for media containing 0.025 uCi
of [*H]AA per well. The cells were then grown for 16 to 20 h before
the assay was performed. [PH]AA release was measured in Eagle’s
basal medium with 20 mM HEPES and 2 mg/ml fatty acid-free
bovine serum albumin (EM-BSA). Cells were rinsed twice with EM-
BSA, followed by the addition of EM-BSA media containing experi-
mental agents (concentrated stock solutions of all experimental
agents were prepared in deionized water) and incubated for 1 h at
37°C. The assay was terminated by aspiration of the media, and the
amount of [PHJAA released was determined by liquid scintillation
counting (LS6500; Beckman-Coulter).

[*H]Inositol Phosphate Metabolism. The protocol used for
measuring inositol phosphate (IP) metabolism was adapted from
Ellis et al. (1990) and Bymaster et al. (1999). In brief, cells were
cultured in 24-well plates (Falcon; BD Biosciences Discovery Lab-
ware, Bedford, MA) at a density of 5 X10* cells/well in 0.5 ml of F-12
medium. Cells were incubated until they attached, and the media
were exchanged for medium containing 2 uCi of [myo-*H]inositol per
well followed by overnight incubation. The following day, cells were
rinsed and incubated in Eagle’s basal medium with 20 mM HEPES
and 10 mM LiCl for 15 min. After the preincubation, Eagle’s basal
medium with 20 mM HEPES and 10 mM LiCl and the appropriate
experimental agents was added (concentrated stock solutions of all
experimental agents were prepared in deionized water), and the
assay was allowed to proceed for 30 min at 37°C. After 30 min, the
cells were placed on ice, the media were removed, and 0.5 ml of
ice-cold methanol was added and allowed to sit for 5 min. Then 0.5 ml
of ice-cold water was added to each sample. Before application of the
sample, Dowex columns (100—200 mesh) were treated with 3 M
ammonium formate in 0.1 M formic acid and rinsed with 0.1 M
formic acid. A portion of each sample (0.8 ml) was transferred to a
column, after which the columns were rinsed with 0.1 M formic acid
and eluted into scintillation vials with 0.8 M ammonium formate in
0.1 M formic acid. The amount of [PH]IP collected was determined by
liquid scintillation counting (L.S6500; Beckman-Coulter).

Receptor Alkylation. Where noted, receptor number was re-
duced by treatment with the irreversible antagonist phenoxyben-
zamine (POB). The protocol was similar to that used by Leff et al.
(1993). Specifically, POB was dissolved in ethanol and stored at
—20°C. It was diluted in Eagle’s basal medium with 20 mM
HEPES immediately before use, and the ethanol concentration
was maintained below 1%. Cells were incubated in the medium
containing POB for 30 min at 37°C. After incubation, two quick
washes were performed followed by three 5-min washes. All
washes were in Eagle’s basal medium with 20 mM HEPES. In the
case of measuring IP metabolism, the three 5-min washes were
performed in the presence of 10 mM LiCl. After the washes, intact
cell binding, AA release, and IP metabolism were measured in the
manner described above.

Data Analysis. Binding and response studies were analyzed us-
ing the empirical four-parameter equation.

Top — Bottom

Y = Bottom + 1 + 10000 -9

(D)

where X is the log of the concentration of the ligand used, Y is the
amount of binding or response, Cy, is the concentration of the ligand
that produces 50% of the maximal effect, Top and Bottom are the top
and bottom plateaus of the curve, and n is related to the Hill slope for
the curve. To determine significance in changes of potency and
maximal response between curves, the curve fits were evaluated by
F test, using Prism (Graphpad Software, Inc., San Diego, CA). The
stated parameter values were derived by computer generated curve-

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

PHARM

aspet’

fitting estimates of mean and S.E.M. Where indicated, the ¢ test was
used to determine significance (p < 0.05), based on calculated means
and S.E.M. values.

Data from equilibrium binding studies were fit to the allosteric
ternary complex model (modified from Ehlert, 1988)

B
y_ XIBul -

K, + [A]
X0+ 5l

where X and A represent the concentrations of the orthosteric and
allosteric ligands used, respectively, Y is the amount of binding, Ky
and K, refer to the dissociation constants for each ligand, B, , is the
value for saturation binding, and « is the binding cooperativity
exhibited between the two ligands. In this formulation, @ < 1 is
indicative of negative cooperativity.

The 4L-ATSM presented in Fig. 1 was employed for response
simulations. The parameters used to construct the model are defined
in Table 1. These parameters represent specific receptor or ligand
constants: equilibrium association constants of ligands for their re-
spective sites on the receptor (K and M); intrinsic efficacy values
corresponding to a ligand’s ability to stabilize the active state of the
receptor (« and 3); the receptor isomerization constant (L); and two
parameters that describe how ligands cooperatively modulate each
other’s effects on binding or activation (y and §). The parameter
values used to generate the simulations are stated in Table 2. The
equation defines response as the ratio of receptors in the active
conformation to the total receptor number, R, ;,o/Riota1 (S€€ Appen-
dix). In the simulations based on the model, the parameters of
interest are y and 6. The other parameters are set to values that are
reasonable and convenient. For example, K; and M, are arbitrarily
set to 1, L is set to 0.01 to indicate negligible basal activity, and « is
set to 100 to indicate robust agonist activity that can be modulated
up or down. Finally, B is set to 1 to indicate that the allosteric ligand
possesses no agonist activity by itself (in agreement with amioda-
rone’s observed properties).

Results

Amiodarone Allosterically Inhibits [PHINMS Bind-
ing at Muscarinic Receptors. Our previous studies indi-
cated that, at the M;, M,, and My subtypes, amiodarone
produced incomplete inhibition of [PHINMS binding. In this
study, the inhibition of the binding of 1 nM [*H]NMS was
examined at the M, subtype. As presented in Fig. 3, amioda-

TABLE 1
Definition of parameters for the four-ligand allosteric two-state model
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rone inhibits [PHINMS binding with a logICs, value of
—5.3 £ 0.2. In agreement with the previously reported
findings, amiodarone inhibits [PH]NMS binding in an in-
complete manner, the lower asymptote for inhibition being
significantly different from zero. That is, amiodarone in-
hibits [PHINMS binding to only approximately 65% of spe-
cific binding. Under these conditions, it is possible to de-
termine the affinity of amiodarone (logK,) and
cooperativity between amiodarone and NMS («) using the
TCM (eq. 2). The best-fit values from the model are logK,
= —5.8 and « = 0.25.

The Level of Maximal AA Release, for ACh and Pilo-
carpine, Is Enhanced in the Presence of Amiodarone
at M; Receptors. In Fig. 4A, 10 uM amiodarone elevates the
maximal release of AA elicited via M, receptor activation.
The maximal response to ACh is elevated by 48 = 7.5%, and
pilocarpine’s maximal response is elevated by 105 * 5.5%
(the maximal response for pilocarpine was 14 * 0.8% of the
maximum for ACh). In Fig. 4B, 30 uM amiodarone caused
elevation of the maximal response of ACh, at M3, by 70% over
acetylcholine alone; this increase was highly significant (see
Fig. 4 legend). The ACh potency in the presence of amioda-
rone (logEC;, = —6.9 = 0.05) was shifted leftward only
slightly with respect to the control curve (logEC;, = —6.8 =
0.07); this shift did not achieve significance.

TABLE 2
Parameter values used to develop the simulations presented in Fig. 9

Parameter Name Simulation Values

K, 1
K, 1

L 0.01
M, 1
M, 1

oy 100
ay 1

By 1

B 1
Y11 0.3
Y12 0.03
Y21 1
Y22

811 10
815 1
[ 1
820

Parameter Name Parameter Definition

A, [Orthosteric ligand 1]

A, [Orthosteric ligand 2]

B, [Allosteric ligand 1]

B, [Allosteric ligand 2]

K, Association constant of A,

K, Association constant of A,

L Receptor isomerization constant

M, Association constant of B,

M, Association constant of B,

a; Intrinsic efficacy of A,

a, Intrinsic efficacy of A,

By Intrinsic efficacy of B,

Bs Intrinsic efficacy of B,

Y11 Binding cooperativity between A, and B;
Y12 Binding cooperativity between A; and B,
Vo1 Binding cooperativity between A, and B,
Yoo Binding cooperativity between A, and B,
8y Activation cooperativity between A, and B,
S Activation cooperativity between A; and B,
[ Activation cooperativity between A, and B;
8y Activation cooperativity between A, and B,

0.4

Specific [’HJNMS Binding
=
2

0.2

0.0 T T T T \
-8 -7 -6 -5 -4 -3

log[Amiodarone]

Fig. 3. [PHINMS equilibrium binding is incompletely inhibited by amio-
darone. Amiodarone inhibited [PHINMS binding at the M, receptor. The
bottom plateau of the binding inhibition curve is significantly different
from zero (p < 0.0001). Each point is the average of three experiments
expressed as mean = S.E.M.
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Amiodarone Enhances Maximal IP Metabolism
Stimulated by Pilocarpine, but Not ACh, at the M,
Receptor. Amiodarone also exhibited PAM activity on ago-
nist-stimulated IP metabolism. In the case of pilocarpine,
amiodarone caused a significant elevation of the maximal
level of IP metabolism (Fig. 5A). The logEC;, value for pilo-
carpine was also shifted leftward from —5.9 = 0.07 to —6.2 =
0.05 in the presence of amiodarone. Pilocarpine stimulated
IP metabolism to 65 * 3.3% of the maximal response for ACh.
The presence of 30 uM amiodarone did not enhance the
maximal response elicited by ACh, but there was a leftward
shift in ACh potency of approximately a 2-fold, from logICj,
values of —7.4 £ 0.04 to —7.8 = 0.05 (Fig. 5B). These findings
demonstrate that amiodarone affected IP metabolism and AA
release in a qualitatively similar manner; in both cases,
amiodarone acted as a PAM. However, these studies do raise
the question of why the maximal stimulation of IP metabo-
lism by ACh was not enhanced by amiodarone.

IP Response Is Subject to a Larger Receptor Reserve
than AA Response. The ability of amiodarone to enhance

2.57

o
Q@

N
(@]
i

Response

—
E

o
Q

0.0 T T

ACh ACh + Pilocarpine Pilocarpine +
Amiodame Amiodame

2.0

1.6" /§
7

1.21

0.8

Response

10 8 -6 -4 =2
log[ACH]

Fig. 4. Amiodarone enhances agonist-stimulated [PHJAA release at the
M; receptor. A, 10 uM amiodarone displays allosteric effects that cause
the elevation of the response stimulated by 100 uM ACh and 1 mM
pilocarpine. The effect of amiodarone on the M, concentration-response
curve of ACh is presented in B. The response stimulated by ACh is
presented in the absence (@) and presence (O) of 30 uM amiodarone.
Release of [PHJAA stimulated by ACh was elevated in the presence of
amiodarone (p < 0.0001). ACh potency was slightly enhanced, but this
enhancement did not achieve significance. Each point is the average of
three experiments expressed as mean = S.E.M. *, p < 0.05.

response in one of the two response assays may be the result
of different receptor reserves. This was investigated by de-
termining the maximal response obtained in IP metabolism
and AA release, after pretreatment with increasing concen-
trations of the irreversible antagonist POB. Treatment with
POB has been shown to cause a concentration-dependent loss
of muscarinic binding sites (Eglen and Harris, 1993; Leff et
al., 1993). Confirmation of the presence of a receptor reserve
traditionally depends on the demonstration that the ability
to produce a response is disproportionately preserved, rela-
tive to the loss of receptors. When the receptor reserve is very
large, the initial effect of irreversible antagonism is to shift
the response curve to the right with negligible loss of maxi-
mal response. As greater numbers of receptors are inacti-
vated, the maximal response is attenuated, and the EC;,
typically approaches the K, value of the agonist (see Furch-
gott, 1955). In Fig. 6, maximal response (at saturating ago-
nist concentration) is presented as a function of the fraction
of [PHINMS binding sites remaining after POB pretreatment.
We have chosen to analyze this data with an equation that
assumes that both binding and response are adequately rep-
resented by simple hyperbolic functions. If A is the concen-
tration of agonist and the fractional response, Y, is repre-
sented by A/(A + EC;,), whereas fractional occupancy, X, is
represented by A/(A + K,), then Y can be represented as a
function of X,

Response

8 6 4
log[Pilocarpine]

1.24
1.04
0.84

0.64

Response

0.44
0.24

0.01

log[ACH]

Fig. 5. Amiodarone enhances the maximal stimulation of [*H]IP metab-
olism induced by pilocarpine at the M, receptor. IP metabolism stimu-
lated by pilocarpine (A) and ACh (B) is presented in the absence (H) and
presence ([J) of 30 uM amiodarone. In the presence of amiodarone, the
maximal response stimulated by pilocarpine was elevated, but maximal
stimulation by ACh was not enhanced. Amiodarone did cause an increase
in potency of both ACh and pilocarpine (see Results). Each point is the
average of three experiments expressed as mean + S.E.M.
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X

Y= X1-r)+r

(3)
where r = EC;,/K,. When r = 1, response is directly propor-
tional to the number of binding sites remaining; the presence
of a receptor reserve corresponds to r values that are signif-
icantly less than one. One advantage of this approach is that
it is not necessary to make assumptions as to whether a given
agonist has the same K, toward different responses (if dif-
ferent responses are due to different conformations of the
receptor, there is no reason that K, must be a shared value;
see Hall and Langmead, 2010). Based on eq. 3, the best-fit
values were determined for r (Table 3); it is clear that ACh
benefits from a much larger receptor reserve in the IP re-
sponse than it does in the AA response. Of the four curves
shown in Fig. 6, only one, the ACh/IP response, can be said to
have clearly reached a ceiling of maximal effect. On the other
hand, only the pilocarpine/AA response is directly propor-
tional to occupancy (i.e., » = 1). Also shown in Table 3 are the
ECj, values for ACh and pilocarpine at the two responses. In
each case, the K, values are calculated (as ECyy/r). Most
interestingly, ACh displays a 4-fold higher affinity for the
conformation of the receptor that mediates the AA response,
relative to the conformation mediating the IP response.
After POB Pretreatment That Significantly Reduces
IP and AA Response, Amiodarone Can Potentiate the
Maximal Stimulation of Both Responses by ACh. Based
on initial studies, 1 uM POB was selected as an effective
concentration of pretreatment for investigating the influence
of receptor reserve on the response studies. After pretreat-
ment with POB, application of 30 uM amiodarone along with
ACh caused a significant elevation of the maximal level of IP
metabolism (and AA release, as would be expected) compared
with that of ACh alone (Fig. 7A). In light of these findings, a
more complete picture of the effects of amiodarone on ACh-

1.2+
1.0
0.8+
2
£ 0.6
y
& 0.4+
0.2+ - |P - Ach
= |P - Pilocarpine
0.0+ -o- AA - Ach
-©- AA - Pilocarpine

L] L] ) L] L) L] L]

00 02 04 06 08 1.0 1.2
Fraction of Binding
Sites Remaining

Fig. 6. AA release and IP metabolism exhibit different degrees of receptor
reserve. Stimulation of both responses was measured with saturating
concentration of a full or partial agonist after pretreatment with POB.
These measures of response, after POB treatment, are expressed as a
function of the fraction of receptors remaining (measured by binding of
1 nM [*HINMS to intact cells). For IP metabolism, ACh exhibited a large
receptor reserve, whereas the partial agonist pilocarpine experienced a
much smaller degree of reserve. For AA release, ACh exhibited a much
smaller degree of receptor reserve, similar to that of pilocarpine in IP
metabolism. Pilocarpine exhibited no receptor reserve in stimulating AA
release. Data points are the individual points from three different exper-
iments. The best-fit curves are generated using eq. 3, and the r values are
presented in Table 3.
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stimulated IP metabolism was pursued. Cells were pre-
treated with POB followed by generation of ACh concentra-
tion-response curves in the presence and absence of
amiodarone. In Fig. 7B, POB pretreatment caused a right-

TABLE 3

Parameter values obtained from the quantification of receptor reserve
in Fig. 6

Response & Agonist r logEC5," C?}g}}?\?d
AA release
ACh 0.3 = 0.04* —6.8 = 0.07 -6.3
Pilocarpine 1.1+0.14 -5.7 = 0.04 -5.7
IP metabolism
ACh 0.02 = 0.004* —-7.4+0.04 —-5.7
Pilocarpine 0.4 = 0.08* -5.9 £ 0.07 -5.5

“ ECjy, values are from Figs. 4B, 5, A and B, and 8.
K, values calculated as ECjy/r.
* Value significantly different from 1; P < 0.05.
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Fig. 7. After POB pretreatment, amiodarone causes elevation of the
maximal IP metabolism and AA release stimulated by the M, receptor.
Pretreatment with 1 uM POB was found to be effective at inhibiting the
ACh maximal response. A, upon POB pretreatment, ACh maximal re-
sponse was inhibited by 32% for IP and 55% for AA release. After
pretreatment, amiodarone caused significant elevation of both responses
(*, p < 0.05). B, ACh concentration-response curves demonstrate the
inhibitory effect of POB pretreatment on ACh-mediated IP metabolism
(M) and the significant potentiation caused by amiodarone on both ACh
potency and maximal response ((J; p < 0.01). Each point is the average of
three experiments expressed as mean + S.E.M.
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ward shift in ACh potency to logEC;, of —6.0 = 0.06, as
would be expected with a marked reduction of the receptor
reserve. Amiodarone caused a leftward shift of potency to
—6.3 = 0.05. Amiodarone not only produced enhancement in
ACh potency but also elevated the maximal response stimu-
lated by ACh from 60 to 76% of the control maximal response
(a relative increase of 25%).

NEA Reverses Amiodarone’s Potentiation of Maxi-
mal Response at the M; Receptor. We wanted to evaluate
the interactions between amiodarone and an agonist in the
presence of an additional orthosteric or allosteric agent to
compare with the predictions of the 4L.-ATSM. Stimulation of
the AA response by pilocarpine was the preferred choice in
these studies because the analysis of receptor reserve had
demonstrated that it was in agreement with the occupancy
model (Fig. 6). In addition, amiodarone caused a larger en-
hancement of maximal AA release when pilocarpine was
used as the agonist (Fig. 4A). In Fig. 8A, amiodarone en-
hanced the maximal degree of AA release that pilocarpine
was able to induce via the M, receptor. The logECy, of pilo-
carpine (—5.7 = 0.04) was not significantly enhanced by the
presence of amiodarone. NMS is a competitive antagonist
and interacts with the orthosteric binding site on the recep-
tor. As would be expected, NMS caused a rightward shift in
the logEC;, of pilocarpine, to —4.2 = 0.03. NMS also pro-
duced a rightward shift in the pilocarpine response curve in
the presence of amiodarone (logECy,, —4.3 = 0.04), but the
elevation of the maximal response caused by amiodarone was
not affected. The quaternary analog of amiodarone, NEA,
was also investigated using this paradigm. NEA (Fig. 8B)
caused a parallel rightward shift in the pilocarpine curve of
similar magnitude to that caused by NMS (logEC;,, —4.0 =
0.04). However, unlike NMS, NEA markedly attenuated ami-
odarone’s enhancement of the pilocarpine maximal response;
NEA shifted the logEC;, for this curve to —4.2 = 0.03.

Simulations of the 4L-ATSM. The 4L-ATSM (Fig. 1) is a
new expansion of the ATSM that describes the functional
consequences of two ligands competing at the orthosteric site
and two different ligands competing at the allosteric site. In
the 4L-ATSM, the central receptor transition (R 2 R¥) rep-
resents the isomerization from the inactive to the active
state. The peripheral receptor states indicate multiple bound
ligands that can modify that isomerization. The associated
equation in Fig. 1 is the functional consequence of the model,
color-coded to illustrate the relatedness of the equation to the
model and also to Hall’s original model (see Appendix for
derivation). Simulations were generated from this equation
to illustrate the predictions of the model when applied to the
experimental paradigms used in Fig. 8. These two paradigms
were 1) the presence of one allosteric and two orthosteric
ligands and 2) the presence of one orthosteric and two
allosteric ligands. The parameter values in Table 2 were
selected so that the theoretical ligands would be compara-
ble with pilocarpine (A;), NMS (A,), amiodarone (B,), and
NEA (B,).

Competition between an orthosteric agonist and a neutral
orthosteric antagonist causes a rightward shift in the agonist
concentration-response curve; this characteristic is evident
in the simulation shown in Fig. 9A. The orthosteric antago-
nist also produces the expected rightward shift in the pres-
ence of a PAM that elevates maximal response, but the
orthosteric antagonist does not reverse the elevation of the

upper asymptote caused by the PAM. Conversely, competi-
tion between two ligands at a common allosteric site will
produce response curves of a much different nature (Fig. 9B).

A g
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-AA- 10nM NMS

= 10uM Amiodarone + 10nM NMS
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-~ 10uM NEA

1.6- = 10uM Amiodarone + 10 uM NEA
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0.0

9 7 5 3
log[Pilocarpine]

Fig. 8. NEA and NMS exhibit qualitative differences in their modulation
of amiodarone’s effect. In A and B, the [PHJAA release mediated by
pilocarpine at M, is presented in the absence (O) and presence ([]) of 10
uM amiodarone. Amiodarone caused an increase in the maximal response
without a significant change in pilocarpine potency. A, the concentration-
response curve of pilocarpine was rightward-shifted by the competitive
antagonist NMS (A). In the presence of amiodarone, NMS caused a
similar rightward shift in the response curve but did not reduce the
enhancement of maximal response caused by amiodarone (A). B, 10 uM
NEA caused a rightward shift in the concentration-response curve of
pilocarpine (0). The pilocarpine response curve in the presence of amio-
darone was also shifted rightward by NEA and, moreover, the enhance-
ment of maximal response caused by amiodarone was markedly attenu-
ated by NEA (#). Each point is the average of three experiments expressed
as mean = S.E.M.
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The presence of the negative allosteric modulator (NAM)
causes a rightward shift from the control agonist response
curve. When the same inhibitory concentration is applied to
agonist response, in the presence of the PAM, it is clear that
this interaction differs from the case of the orthosteric an-
tagonist. In this PAM + NAM curve, the elevation of the
upper asymptote is attenuated by the presence of the NAM
because of the competition for occupancy of the common
allosteric site. The striking similarities between these simu-
lations and the experimental data in Fig. 8 reinforce the
expectation (based on their common structure) that amioda-
rone and NEA compete at a common allosteric site.

Discussion

The ability of amiodarone to inhibit the binding of
[PHINMS to M,, M,, and M; muscarinic receptors has been
reported previously (Stahl and Ellis, 2010). The present work
extends the study of amiodarone’s effects on binding to in-
clude the M, subtype (Fig. 3). In agreement with the pro-
posed allosteric mechanism of action, amiodarone does not
completely inhibit binding at the M; subtype. Incomplete

1.0
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0.8- - Agonist + PAM
,/
- /< Agdonist + PAM + Antagonist
X, 0.6
2 Agonist
2 o 4.
z .
0.24 <— Agonist + Antagonist
,/
0.0- =
0.01 1 100
[Agonist]
1.0
B
0.8 Agonist + PAM
- .
& 06 - Agonist + PAM + NAM
s |\ fJ g Agonist
< 0.41
/ /7 .
/ / «——— Agonist + NAM
0.21 //
0.0- ——————
0.01 1 100
[Agonist]

Fig. 9. Simulations of the 4L-ATSM illustrate the effects of competition
at either the orthosteric or allosteric site. In A and B, the effects of an
agonist alone are represented by the solid thin line, whereas the effects of
the agonist in the presence of a PAM that elevates maximal response are
represented by the thick solid line. A, a competitive antagonist causes a
rightward shift in the agonist response curve in the presence (thick
dashed line) and absence (thin dotted line) of the PAM. The competitive
antagonist is not able to reverse the enhancement of the upper asymptote
caused by the PAM. B, a NAM that is neutral on efficacy causes a
rightward shift in the agonist response curve in the absence (thin dotted
line) and presence (thick dashed line) of a PAM. It is noteworthy that the
enhancement of the upper asymptote caused by the PAM is reversed by
the NAM. Table 2 indicates the parameter values that were applied to the
4L-ATSM equation in Fig. 1 for these simulations.
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binding inhibition is convincing evidence that a ligand does
not compete for the same site as the radioligand (Christopou-
los and Kenakin, 2002). In the application of allosteric the-
ory, the focus has usually been on binding cooperativity, a
point embodied in the TCM in which the binding cooperativ-
ity is a shared modulatory value that the two ligands possess
when they are bound to a common receptor. However, it is
recognized that allosteric ligands are capable of modulating
efficacy (Ehlert, 1988), and a number of groups have ob-
served allosteric modulation of agonist efficacy at GPCRs
(Urwyler et al., 2003; Sharma et al., 2008; Bridges et al.,
2009). Our previous studies found that amiodarone was
able to allosterically enhance agonist-stimulated response at
the M; receptor, without any potency enhancement. We have
now demonstrated that amiodarone potentiates AA release
mediated by the M, receptor (Fig. 4). This enhancement in
maximal response was accompanied by a trend toward a
leftward shift in ACh potency. These findings demonstrate
that amiodarone affects M;- and M;-mediated responses
similarly.

In this study, we show that amiodarone causes elevation of
maximal ACh-mediated AA release but not maximal ACh-
mediated IP metabolism (Figs. 4B and 5A). One explanation
for differential potentiation is that IP metabolism is subject
to a large receptor reserve, and the maximal response is
therefore not able to be elevated, whereas stimulation of AA
release is not subject to such a significant receptor reserve.
The ability of amiodarone to enhance both responses elicited
by the partial agonist pilocarpine is in agreement with this
concept. The finding of markedly different reserves suggests
in turn that the two responses are independent, not sequen-
tial. Furthermore, ACh displays different K, values for the
responses (Table 3); this implies that different conformations
of the receptor are responsible for the two responses. In fact,
a large body of evidence in the literature demonstrates the
independence of these responses. For example, Burch et al.
(1986) found that both responses were linked to a,-adrener-
gic receptors via G proteins, but that different agents could
inhibit one response without affecting the other. Conklin et
al. (1988) reported that short-term treatment of A9L cells
with the protein kinase C activator phorbol 12-myristate
13-acetate inhibited the activation of IP metabolism by M,
receptors but enhanced the muscarinic AA response. Perez et
al. (1996) identified a mutation in «;z-adrenergic receptors
that induced constitutive activity in the IP response, al-
though the AA response was unaffected. Kurrasch-Orbaugh
et al. (2003a) found that different 5HT,, receptor agonists
possessed opposite functional selectivity for the two re-
sponses in NTH-3T3 cells; indeed, these authors also found
different magnitudes of receptor reserve for the two re-
sponses. Finally, Berg et al. (1998) found that 5HT,. ago-
nists possessed different affinities for the active states that
lead to IP and AA responses in CHO cells. These authors
suggested that these different affinities are the cause of the
phenomenon known as agonist-directed trafficking of recep-
tor stimulus.

It is worth noting that the use of screening assays that
exhibit large receptor reserves may preclude the discovery of
PAMs with properties similar to those of amiodarone. That
is, the ability of amiodarone to enhance the maximal IP
response elicited by ACh was not apparent until the reserve
was eliminated. This may be one reason why allosteric mod-
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ulators that elevate maximal response without altering po-
tency to a significant extent are so rarely discovered. In
addition, the sensitivity of this type of PAM to the degree of
receptor reserve may present therapeutic advantages in
some cases. For example, if a pathological condition was
caused by a loss of receptors in a particular tissue that
resulted in a significant reduction in the receptor reserve,
such a PAM could enhance response in the affected tis-
sue, although tissues with intact receptor reserves would be
unaffected.

The remaining question is why amiodarone is so effective
at enhancing the maximal effect of ACh in the AA response,
even though there is an indication of some receptor reserve.
The likely answer is simply that the degree of reserve is
small. Comparison of the ACh/IP curve to the ACh/AA curve
in Fig. 6 illustrates that the IP response clearly reaches a
ceiling as more and more receptors are left intact; the AA
response possess no such ceiling effect. However, there is a
further possibility. Studies have indicated that GPCRs are
capable of differentially activating multiple G proteins (e.g.,
Akam et al., 2001) and that receptor-mediated AA release is
mediated by multiple parallel pathways that are initiated by
distinct G proteins (Kurrasch-Orbaugh et al., 2003b; Hecquet
et al., 2006). It is possible that a larger receptor reserve is
associated with one of these pathways and that amiodarone
acts predominantly on the pathway with the smaller degree
of reserve. Further studies will be required to address this
possibility.

As described under Introduction, the ATSM is a mechanis-
tic model that is useful for understanding response modula-
tion in the presence of an allosteric ligand. Two of the pa-
rameters of the model, binding cooperativity (y) and
activation cooperativity (8), represent the forms of modula-
tion an allosteric ligand may induce on agonist response
curves. That is, positive values of either parameter will cause
an enhancement of agonist potency, and positive activation
cooperativity may additionally cause an enhancement of
maximal response if there is not a system-dependent limit to
response. Studies of the effects of amiodarone on agonist-
stimulated [*H]AA release at the M, receptor (Fig. 8) were
compared with simulations based on the response equation of
the 4L-ATSM (Fig. 9). The simulations demonstrate that the
41-ATSM is capable of elegantly replicating the ability of
amiodarone to enhance maximal response without enhancing
agonist potency; this is accomplished by stipulating a posi-
tively cooperative & and negatively cooperative vy, each of
which counterbalances the other’s effect on potency (see Ta-
ble 2). Of course, in the case of a single orthosteric and
allosteric ligand, the 4L-ATSM reduces to the ATSM. Hall
(2000) used the ATSM to simulate the opposite case, where
efficacy is reduced because of a negative 8, but potency is
unchanged because of a positive v, to replicate results ob-
tained by Litschig et al. (1999) at the metabotropic glutamate
receptor metabotropic glutamate receptor 1. In a similar set
of findings, Price et al. (2005) demonstrated an allosteric
inhibition of maximal response combined with an increase in
agonist potency.

The most striking effect of amiodarone is its ability to
enhance the maximal responses elicited by acetylcholine and
pilocarpine. The quaternary analog NEA lacks this property
entirely. Sharma et al. (2008) reported a similar switch from
positive to negative allosteric modulation caused by differen-

tial methylation of adjacent positions in a phenyl ring in a
series of metabotropic glutamate receptor 5 ligands. They
termed this a “molecular switch” in the compound and noted
that allosteric modulators can be especially sensitive to dra-
matic shifts in pharmacological properties as a result of
slight changes in structure. Indeed, NEA simply shifts the
agonist concentration-response curves to lower apparent po-
tency in a manner that superficially resembles the effect
produced by the orthosteric antagonist NMS (Fig. 8). Based
on their close chemical structures, NEA would be expected to
act at the same site at which amiodarone acts. The ATSM is
well suited to describing response cooperativity between one
allosteric ligand and one orthosteric ligand, as we have em-
phasized above. In order to quantitatively describe and com-
pare the behavior expected of an antagonist such as NMS,
which interacts competitively at the orthosteric site, with an
allosteric antagonist that interacts competitively with amio-
darone at its allosteric site, a more expansive model was
needed. Fortunately, as noted under Introduction, the ATSM
shares with the CTCM the feature that it can readily be
generalized. We have expanded the cubic ATSM to a tetra-
cubic model that accommodates two orthosteric ligands and
two allosteric ligands simultaneously; we call this four-ligand
version of the model the 4L.-ATSM. The two models and their
equations of response are presented in a color-coded manner
in Fig. 1 to permit visual appreciation of the relationships
between the models and also to articulate the relationship
between the models and their respective equations. Simula-
tions based on the 4L-ATSM used parameter values consis-
tent with an orthosteric agonist (A4,), an orthosteric antago-
nist (A,), an allosteric ligand that promotes positive
activation cooperativity but negative binding cooperativity
with A; (B;), and an allosteric ligand that promotes only
negative binding cooperativity with A; (B,). The curves re-
sulting from these simulations are consistent with the exper-
imental data and reinforce the expectation that amiodarone
and NEA interact with a common allosteric site. Further-
more, the quaternary nature of NEA indicates that this site
lies on the extracellular portion of the receptor.

In conclusion, amiodarone interacts with a novel allosteric
site on muscarinic receptors. In the present study, we have
focused on characterizing the ability of amiodarone to act as
a PAM on responses elicited by activation of the M, receptor.
This PAM activity is expressed as an elevation of maximal
response, with little or no enhancement of agonist potency. In
terms of Hall’'s ATSM, this is accomplished by simultaneous
positive activation cooperativity and negative binding coop-
erativity. Most interestingly, amiodarone’s PAM activity is
readily apparent in the AA response, but not in the IP re-
sponse. However, when the receptor reserve for the latter
response is dramatically reduced, amiodarone’s ability to
enhance the maximal response of ACh is unmasked. Further-
more, the determination of the magnitude of the receptor
reserve allowed for the calculation of agonist affinity (K,)
and demonstrated that ACh has greater affinity for the con-
formation of the receptor that is associated with the AA
response. Finally, the amiodarone analog NEA lacks amiod-
arone’s positive activation cooperativity but exhibits negative
binding cooperativity. The ability of NEA to reverse the PAM
effects of amiodarone is consistent with these two ligands
competing at a common allosteric site.
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Response. Following the law of conservation of mass, the
following equation defines the total population of receptors,
[R];o¢a1 @s all of the possible permutations of receptor states
that the presence of four ligands can produce.

[R ] total

PHARM

[R]+[A;R]+[AsR]+[RB4]+[RB,]
+[ARB,]1+[ARB;y]+[ARB]+[ARBy]
+[R*]+[AR*]+[AsR*]+[R*B4]+[R*B,]
+[AR*B1]+[A1R*B,]+[AyR*B1]+[AsR*Bs]

The parameters in Table 1 can be used to substitute terms in
the previous equation as

[Rliotal [RI(1+K,[A ]+ K,[Aq]l +M,[B]+M,[B,)

+y1 K M1 [A ] [B 1]+ y1:K1M 5 [A4](B,]

+ Y01 KoM [As] [B 1]+ yos KoM [A] (Bl

+L(1+a K [A ]+ K, (Aol + BiM 1 [B1] + BoM [ Bsl

+ a1 B1y11011 KM 1 [A1][B 1]+ a1 Bay12612K:1M5[A1][Bs]
+ 01231721521K2M1[A2] [B4]+ QoBsY02820K oM o [A,][B:])

In the model, response is defined as the sum of all of the
active conformations of the receptor, [R], ... (B* A;R¥,
B.R*, etc.). A mathematical expression of response can then
be defined as the fraction of the total receptor population,
[R], that exists in the active conformation:

[R*]+[AR*]+[A,R*]+ [R*B4]+[R*B,]
[Rl.ctive +I[AR*B{]+[AR*B,y]+[AsR*B ]+ [AR*B,]
[Rltotal [R]+[AR]+[AsR]+[RB4]+[RB,]
+[ARB,]+[ARB,]+[A;RB,]+[AsRB,]
+[R*]+[AR*]+[A,R*]+[R*B,]+ [R*B,]
+[AR*B ]+ [AR*B,]+[AsR*B]+[AsR*By]

This equation is also amenable to substitution in a manner
similar to that above:

[R ] active
[R] total a

L+ oK LA ]+ aoKoLIAsl+ B1M LB+ BsM,LI[Bs)
+ a1 B1y11811 K LM [A{][B 1]+ 01 Boy12812K 1 LM 5[A4](B]
+ g 121021 Ko LM 1 [A o] [B 1]+ oo y29820K o LM 5[A,] [Bs]

1+ K1 [A]+K5[A]l+ M4 [B1]+M,[Bs]

+¥1:K: M4 [A4][B 1]+ v1.K1M ,[A4][By]

+ ¥21 KoM 1 [A 5] [B1l +v20K oM [A5] [B,]
+L+ oK LIA ]+ ;Ko LIA ]+ B1M LB+ BoM L [By]
+ a1 B1Y11811 KM LIA{][B 1]+ 01 Boy1281:K 1MoL I[A4][B]
+ atpB1Y21021 KoM 1 LA ] [B 1]+ atsBoy20800KoMoL[A,] [Bs]

This equation can be further simplified:

L(1+ 1M [B1]+BM,[B,]
+ 01K [A1](1+ B1711811M+1[B1]+ B2y12612M 5[ B5])
[R]active_ +aK5[A5](1 Jr1311/21321]‘41[31] + 32722522M2[Bz] )
[Rlgotal 1+M,[B]+M,[B,]
+ K1 [A](1+ 1M1 [B1]+y12M,[Bsl)
+Ko[Ao)(1+y91:M1[B1] + yeoM 5 [Bs])
+L(1+B1M[B1]+B2M,[Bs)
+a K1 [A1(1+ B1y11811:M1[B 1] + Boy12812M 5[ Bs])
+ oK [A ] (1+ B1y91691M 1 [B 1]+ BoyedeoM 5 [Bs)))

&
:
0

Binding. The equation that expresses ligand binding is
comparable with that used for receptor response in that it
identifies a subset of receptor states as those relevant for
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investigation. The important receptor states in binding ex-
periments are all those labeled with the orthosteric radioli-
gand A; (i.e., A;R, A;RB;, etc.). All of the possible states of
bound orthosteric radioligand are expressed as follows:

[A1lbouna=[A:R],[A1RB1],[ARB,] AR, [AR*B1],[A . R*B2,)]

From this definition of bound receptor forms, the fractional
occupancy of the radioligand can be expressed:

[A 1] bound _
[R ] total

[A\R],[A1RB],[A:RB,],[AR*],[A1R*B1],[A1R "B,
[R]+[ARI+[A,R]+[RB,]+[RB;] +[A:RB ] +[A,RB;]
+[AsRB11+[AsRBs] + [R*] + [AR¥]+ [A,R*] + [R*B]
+[R*Bs] +[AR*B1]+[A1R*B,] +[A,R*B,] +[A;R*By)]

Using the parameters expressed in Table 1, the previous
equation can be rewritten:

[A 1] bound _
[R ] total

KL [A ]+ 11K [A M [B1]+ v12K1 [A 1M 5[ Byl + K4 [A L
+a181v11611K1[A 1M+ [B1]L + o1 B2y12612K 1 [A 1My [B5] L
1+ K4 [A]+K5[Asl+ M4 [B1]+M,[B,)
+y1: K1 [A 1M [B1] +v1.K, [A 1M 5[ Bs]

+ Y21 Ko[A ] M [B1]+ v22 Ko[A sl M5 [Bs)
+L+ 1K1 [A1]L+ 0o Ko[Ao] L+ 1M [B1]L + BoM[Bs] L
+a181v11811 K1 [A 1M [B11L + 01 B2 y12612K 1 [A11M 4 [ B, L
+ 9 B1Y21821Ko[A sl M1 [B1]1L + 098920809 K 5 [A o] M5 [ By L

This equation can be simplified:

K1 [A](1+y1:M 1 [B1]+v1:M,[Bs]

+ i L(1+ B1y11811:M1[B 1]+ Boy12812M[Bs]))
1+ K [A]]+Ky[Asl + M [B1]1+ M, [Bs)
+K;[A1](y11M1[B1]+ v12M,[B2])
+K[A ] (yo1M 1 [B 1]+ yo2M5[B,])
+L(1+ o K [A ]+ aoKo[Agl + B1M 1 [B1] + BoM,[Bs)
+ o K1 [A1]1(B1y11811M 1 [B 1]+ B2y12812M 5[ Bs])

+ s Ko[A1(B1Y2182:M 1 [B1]+ Boy22820M 5 [B5))

[A 1] bound _
[R ] total
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