Chapter 6

Allosteric Modulation of Muscarinic Receptors

Jan Jakubik and Esam E. El-Fakahany

Abstract

Allosteric ligands modulate binding and function of muscarinic receptors in a different way than orthosteric
ligands. Unlike orthosteric ligands their effects are limited by a cooperativity factor. This imparts them
unique properties, including cooperativity-based selectivity, functional selectivity and restoring of physio-
logical-like space and time pattern of signaling under pathological conditions. Therefore, allosteric modula-
tors of muscarinic receptor are intensively studied as possible therapeutics of pathological conditions
including Alzheimer’s disease and schizophrenia. Research of allosteric modulation has pioneered the way
for a whole class A of G-protein coupled receptors and has had an impact beyond its own field. We review
principles of allosteric modulations and their implications for proper design of binding as well as functional
experiments and for proper data analysis. We demonstrate immense complexity of allosteric modulation of
functional responses. Such complexity is reflected in the inability to determine individual microscopic con-
stants in allosterically modulated systems. Therefore, the effects of a given allosteric modulator can be
characterized by only two macroscopic parameters, namely a change in the agonist potency and efficacy. We
also discuss distinct properties of allosteric interactions that are specific to muscarinic receptors.
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1 Historic Overview

The concept of allosterism was formally introduced into the field
of enzymology by Monod et al. [1, 2] in their description of a
generalized model of oligomeric enzymes that contained a number
of “stereo-specifically different, non-overlapping receptor sites.”
The substrate was said to bind at the “primary” or “active” site.
On the other hand, an “allosteric effector” (from the Greek word
“allo” meaning “other”) was defined as a molecule that binds to a
site other than the primary binding site. In pharmacology, the term
orthosteric ligand denotes a compound that binds to the same
binding site as endogenous ligand (neurotransmitter or hormone),
while a ligand that binds to other sites on the receptor is termed
allosteric. Allosteric ligands influence (modulate) binding and
effects of orthosteric ligands in a different way than orthosteric
ligands. In the pioneering work by Clark and Mitchelson,
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gallamine was found to shift the concentration-response curves of
acetylcholine in inhibiting the heart atrium to the right but the
magnitude of the shifts was smaller than expected for conventional
competitive receptor antagonists [3]. They proposed that galla-
mine interacts with a secondary allosteric site on the receptor. This
notion was later confirmed in radioligand binding studies [4].
Subsequently, a wide variety of allosteric modulators of muscarinic
receptors was identified including toxiferous alkaloids [5], the
L-calcium channel blocker verapamil [6], the potassium channel
inhibitor 4-aminopyridine [7], inhibitors of acetylcholinesterase
[8-10], strychnos and vinca alkaloids [11], and antibiotics like
staurosporine [12]. Numerous site-directed mutagenesis studies
located allosteric binding sites for most allosteric modulators to the
extracellular domain of the receptor, namely between the second
and the third extracellular loops [13-20]. For further details see
review by Jakubik and El-Fakahany [21]. This has been recently
confirmed by crystallographic studies [22]. Allosteric modulation
of muscarinic receptors has been intensively studied for decades for
its perspective role in therapy of many pathological conditions
including Alzheimer’s disease and schizophrenia [23, 24].

2 Principles of Allosteric Modulation

2.1 Allosteric
Modulation of Ligand
Binding

By definition, allosteric ligands bind to a site on the receptor that is
spatially distinct from that of endogenous ligands of the receptor.
Consequently, binding of an allosteric ligand (A) and an orthosteric
ligand (L) to the receptor (R) is not mutually exclusive, i.e., both
ligands may bind to the receptor to form a ternary complex LRA
(Scheme 1). Binding of allosteric modulators induces a change in
the conformation of the receptor that results in changes in binding
and/or effects of the orthosteric ligand. The law of microscopic
reversibility of thermodynamics dictates that binding of orthosteric
ligand L affects binding of allosteric ligand A in the same way in
which the allosteric ligand A affects binding of the orthosteric
ligand L. A situation when L and A mutually strengthen each oth-
er’s binding is called positive cooperativity, i.e., formation of the
ternary complex LRA leads to increase in the affinity of both ligands,
that is a decrease in the equilibrium dissociation constants of ortho-
steric ligand (Kp) and allosteric ligand (K,) (thus a<1) (Scheme 1,
Fig. 1 upper graph, green curve). The opposite situation when L
and A mutually weaken their binding is called negative cooperativ-
ity. Under negative cooperativity formation of the ternary complex
LRA leads to a mutual decrease in affinity, that is an increase in
equilibrium dissociation constants of orthosteric ligand (Kp) and
allosteric ligand (K,) (thus a>1) (Scheme 1, Fig. 1 upper graph,
red curve). In other words, binding of L to R is stronger or weaker
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in the presence of A in case of positive or negative cooperativity,
respectively. In rare situations the two ligands form a ternary com-
plex with the receptor without mutually changing their affinities is
called neutral cooperativity (a=1) (Fig. 1 upper graph, blue curve).
In this particular case the affinity of L for R or AR is the same. This
knowledge is very important in design of binding experiments.

KD
L+R+A=———_ZLR+A
K, a,

ak,
L+RA == LRA

Scheme 1 Scheme of allosteric interaction. An orthosteric ligand L binds to the
receptor R with equilibrium dissociation constant K, and an allosteric modulator A
binds to the receptor R with equilibrium dissociation constant K,. The orthosteric
ligand L and the allosteric modulator A can bind concurrently to the receptor R to
form a ternary complex LRA. Binding of one ligand to the receptor changes the
equilibrium dissociation constant of the other ligand by factor of cooperativity o

In general ligand association is a fast process that closely parallels
ligand diffusion to the receptor. Thus allosteric effects on ligand
binding are usually manifested in changes in ligand dissociation; by
slowing or accelerating dissociation in case of positive and negative
cooperativity, respectively (Fig. 1 lower graph). Because changes in
kinetics of ligand binding do not strictly follow changes in ligand
affinity, binding of an allosteric agent with neutral cooperativity may
be detected by changes in the rate of dissociation of an orthosteric
ligand. As changes in ligand kinetics are not possible without forma-
tion of the ternary complex they become a hallmark of allosteric
interaction and the most straightforward way to identify it.

It should be noted that effects of allosteric modulator on both
equilibrium and kinetic binding and on functional eftects of ortho-
steric ligands is limited by a cooperativity factor a. For example, in
Scheme 1, with increasing concentrations of the allosteric modula-
tor A the equilibrium dissociation constant of the orthosteric
ligand L changes from its original value Ky, until it reaches a value
ax Kp. Further increase in the concentration of A does not bring
further change in Kp. That is in contrast to competition of two
orthosteric ligands for the same site where changes in binding of
one orthosteric ligand are proportional to the concentration of the
other orthosteric ligand without a maximal limit (see Chapter 3,
Fig. 5). The level of maximum effect of allosteric modulator (also
known as “ceiling effect”) would confer safety under conditions of
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Fig. 1 Allosteric modulation of binding. Theoretical curves of tracer equilibrium saturation binding (upper
graph) and tracer dissociation (lower graph) in the absence (black) or in the presence of positive (green), nega-
tive (red) or neutral (blue) allosteric modulator. Tracer binding (in binary LR and ternary LRA complexes) is
expressed as a fraction of total receptor number Ry (upper graph) or fraction of complexes at start of dissocia-
tion (lower graph). A positive allosteric modulator causes an increase in tracer affinity (decrease in tracer
equilibrium dissociation constant Ky) (upper graph) and slow down of tracer dissociation (lower graph). A nega-
tive allosteric modulator causes a decrease in tracer affinity (increase in tracer equilibrium dissociation con-
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2.2 Anomalies
in Allosteric
Modulation

of Functional
Response
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overdosage. This represents an advantage of development of
allosteric receptor modulators for therapeutics purposes.

A conformational change of the receptor induced by an allo-
steric ligand has different effects on binding of structurally differ-
ent orthosteric ligands as well as structurally different receptor
subtypes. Thus, the factor of cooperativity @ depends on combina-
tion of all three constituents of allosteric interaction: the receptor
and the orthosteric and allosteric ligands. For example eburnamo-
nine decreases affinity of the agonist arecoline at the muscarinic M,
receptor, but has no effect on the affinity of the agonist arecaidine
propargyl ester. Interestingly, it increases the affinity of the agonist
pilocarpine. In contrast, eburnamonine decreases the affinity of all
three agonists at M; and M; muscarinic receptors [11].

Allosteric modulators may affect receptor activation by mecha-
nisms additional to effects on binding of an orthosteric agonist to
the receptor. Thus for a given pair of allosteric modulator and
orthosteric agonist, positive cooperativity in binding does not nec-
essarily translate into an increase in agonist potency in functional
assays and may even lead to “allosteric quenching of agonist effi-
cacy” [25, 26]. Moreover, an allosteric modulator that exerts neg-
ative binding cooperativity with an agonist at equilibrium may
potentiate agonist-induced activation of the receptor due to accel-
eration of agonist binding [27].

Another feature of allosteric modulators of muscarinic receptors
is their ability to activate the receptors in the absence of agonists. For
example, partial stimulation of accumulation of inositol phosphates
and inhibition of accumulation of cAMP in response to strychnine-
like allosteric modulators has been reported [28]. A whole new class
of potent allosteric agonists has been reported recently [29-31].

3 Promises of Allosteric Targeting of Muscarinic Receptors

3.1 Selectivity by
Targeting Less
Conserved Domains

3.2 Conservation
of Space and Time
Pattern of Signaling

Muscarinic receptor subtypes share high structural homology in
the transmembrane domains where the orthosteric binding site is
located. On the other hand, domains out of membrane are less
conserved. Targeting allosteric domains allows achieving binding
selectivity to an extent that is not possible by orthosteric ligands.
Allosteric modulators exhibit a wide range of selectivity for differ-
ent muscarinic receptor subtypes. For example, while prototypical
allosteric modulators like alcuronium and gallamine display selec-
tivity towards M, receptors [32], strychnine is M; selective [11]
and WIN compounds are M, selective [33].

Theoretically, a positive allosteric modulator of acetylcholine that
has no efficacy on its own would only induce an action when the
endogenous acetylcholine is released. Consequently, its action
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3.3 Absolute
Selectivity

would be restricted in space and time to those regions of the body
where signaling is actually taking place. Thus, space and time pat-
tern of signaling could be restored under pathological conditions
of diminished acetylcholine release, e.g., degeneration of choliner-
gic neurons in certain brain areas in Alzheimer’s disease.

Theoretically, absolute selectivity is achieved by having an allosteric
agent with the intended positive or negative cooperativity in combi-
nation with the orthosteric ligand at one subtype of the receptor
and neutral cooperativity at the rest of the subtypes. Selectivity may
be derived from binding and/or activation cooperativity. As proof
of concept such cooperativity-based binding selectivity for thio-
chrome at the M, muscarinic receptor has been reported [34].

4 Analyzing Allosteric Modulation of Ligand Binding

4.1 Allosteric
Modulation of Tracer
in Saturation Binding
Experiments

The methodology of radioligand binding at muscarinic receptors is
described in detail in a previous chapter. Here we only describe the
setup and data analysis of experiments with allosteric ligands. The
major complication of radioligand binding experiments with allo-
steric modulators is the lack of suitable allosteric radioligands. So
far only a few radiolabeled allosteric ligands are available. These
include tritiated ABA-type like compounds (Fig. 2) dimethyl-W84
[35], derivatives of a-truxillic acid anatruxonium and truxillonium
[36], and iodinated proteins like the muscarinic toxins MTX2 [37],
MTX1 [38, 39], and MTX7 [40]. Tritiated ABA-type compounds
have relatively low affinity and extremely high nonspecific binding
in comparison to orthosteric antagonists that make their use as
tracers difficult. Fluorescent labeling and detection of binding by
FRET seems to be the way to reduce nonspecific binding [41, 42].
Muscarinic toxins display very slow kinetics that lead to kinetic arti-
facts [37, 40]. None of muscarinic radiolabeled ligands are avail-
able commercially. Thus almost all binding studies of muscarinic
allosteric ligands are conducted indirectly and their binding param-
eters are inferred from changes in binding of orthosteric tracers.

Equilibrium dissociation constant of the allosteric ligand K, and
factor of cooperativity « can be determined from a series of experi-
ments of tracer saturation binding. Equilibrium dissociation con-
stants in Scheme 1 are defined as follows:

Ky :% (1a)
(AL .

bR
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Fig. 2 Radiolabeled allosteric modulators. ABA-type compounds that have
been experimentally tritiated. Dimethyl-W84 (6-[dimethyl-[3-(4-methyl-1,3-
dioxoisoindol-2-yl)propyl]azaniumyllhexyl-dimethyl-[3-(4-methyl-1,3-
dioxoisoindol-2-yl)propyljazanium),anatruxonium(1,1’-[(2,4-diphenylcyclobutane-
1,3-diyl)bis(carbonyloxypropane-3,1-diyl)]bis(1-ethylpiperidinium)) and truxillo-
nium (bis[4-(1-methylpiperidin-1-ium-1-yl)butyl]2,4-diphenylcyclobutane-1,3-
dicarboxylate)

truxillonium
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[L][R4]
D= [LRA] (Ic)
- [ffl]g]l] (1d)

Total number of receptors is sum of free receptors and binary and
ternary complexes:

[R:]=[R]+[LR]+[RA]+[LRA] (2)
Fraction of receptors occupied by tracer L:
[LR]+[LRA] [LR]+[LRA]

[R]  [R]+[LR]+ [RA]+ [LRA] )

Multiplying the numerator and denominator of the fraction on the
right side of Eq. (3) by 1/[L][R] gives:

[LR] . [LRA]
LR+ [ira) [L][R][]R] "
®] [’ [LR]_ [Rd] (L]
[ZI[R] [L][R] [Z][R] [L][R]
Substituting Eq. (4) by Eq. (1a):
L+ [LRA]
LR+ [rd] K, [[A] 5
[&] 1 1 [R4]  [LRA4]
Ky [L] [L][R] [L][R]
Substituting Eq. (5) by Egs. (1b) and (1¢):
1 [4]
[LRI+[IRA] Ky~ ak,K, 6
®] 1.1 [ (
K, [L] aK,K, [L]K,
After simplification:
[ea]+era] - (AL 72

[£]+ s

where Kp' is the apparent equilibrium dissociation constant of the
tracer in the presence of allosteric modulator A that is given as:
K, +[A]

K =K _ 7b
o =Ko ] a (76)



4.2 Displacement
Binding Experiments
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For saturating concentrations of the allosteric modulator
([A]> K,) Eq. (7b) can be reduced to:

(4] _

K]') :KD X m aKD (8)

As can be seen, an allosteric modulator affects the tracer equilib-
rium dissociation constant (Eq. 7b) without a change in binding
capacity (Eq. 7a). Maximum change in the equilibrium dissocia-
tion constant is given by the cooperativity factor a (Eq. 8). In case
of positive cooperativity the tracer’s equilibrium dissociation con-
stant decreases with increasing the concentration of the allosteric
modulator (Eq. 7b; Fig. 3, upper graph). Such eftects are unique
to allosteric interaction and thus positive allosteric modulators are
casily identified. In case of negative cooperativity the tracer’s equi-
librium dissociation constant increases with increasing the concen-
tration of an allosteric modulator (Eq. 7b; Fig. 3, lower graph).
At first glance this is similar to competition of orthosteric ligand
with the tracer for the same binding site (Fig. 4). However, as
stated above, at negative cooperativity the decrease in tracer affin-
ity has its limit given by the cooperativity factor a, while the effects
of a classical competitive interaction are directly proportional to
the competitor’s concentration without a limit. While plotting of
tracer equilibrium dissociation constant against concentration of a
competitor gives a straight line (with slope equal to 1 and constant
equal to 1) (Fig. 5, circles) plotting tracer equilibrium constant
against the concentration of a negative allosteric modulator gives a
hyperbole with asymptote equal to the cooperativity factor a
(Fig. 5, squares). It can be seen that deviations from competitive
behavior are more obvious at high concentrations of a negative
allosteric modulator. Likewise, plotting tracer equilibrium dissocia-
tion constant against the concentration of a positive allosteric
modulator gives an inverse hyperbole with asymptote equal to the
cooperativity factor a (Fig. 5, triangles).

When equilibrium dissociation constant of the allosteric ligand
K, and factor of cooperativity a are determined from a series of
experiments of tracer saturation binding (like in Fig. 3) Eq. (7a) is
fitted to data and apparent equilibrium dissociation constant of the
tracer Kp, is determined for each concentration of the allosteric
modulator A. Then the obtained Ky, values are plotted against the
concentration of A (like in Fig. 5) and Eq. (7b) is fitted to data to
determine the equilibrium dissociation constant of allosteric mod-
ulator K, and the cooperativity factor a.

Determination of the equilibrium dissociation constant of the allo-
steric ligand K, and factor of cooperativity « from a series of exper-
iments of tracer saturation binding is laborious and expensive.
Binding parameters of an allosteric ligand can be determined in a
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Fig. 3 Allosteric modulation of tracer saturation binding. Effects of positive
(a=0.1) (upper graph) and negative («=10) (lower graph) allosteric modulators
on tracer saturation binding. Abscissa, the concentration of tracer L is expressed
as a logarithm of the ratio to its equilibrium dissociation constant K;. Ordinate,
tracer binding is expressed as a fraction of total receptor number R;. Legend, the
concentration of allosteric modulator A is expressed as a ratio to its equilibrium
dissociation constant K. A positive allosteric modulator concentration depend-
ently decreases tracer Ky, while a negative allosteric modulator concentration
dependently increases tracer K,
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Fig. 4 Competition with tracer saturation binding. Effects of a competitor on tracer
saturation binding. Abscissa, concentration of tracer L is expressed as the loga-
rithm of the ratio to its equilibrium dissociation constant K. Ordinate, tracer bind-
ing is expressed as a fraction of total receptor number Ry. Legend, concentration of
competitor X is expressed as ratio to its equilibrium dissociation constant &
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Fig. 5 Shifts in equilibrium dissociation constants. From Figs. 3 and 4 shifts in
equilibrium dissociation constant caused by negative allosteric modulator
(a=10) (squares), positive allosteric modulator («=0.1) (friangles) and competi-
tive ligand (circles) are expressed as the logarithm of the ratio of tracer apparent
equilibrium dissociation constant K, in the presence of the second ligand to
tracer equilibrium dissociation constant A in its absence. Abscissa, concentra-
tion of the second ligand is expressed as logarithm of the ratio of second ligand
concentration to its equilibrium dissociation constant
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simpler way by measuring the effects of increasing concentrations
of an allosteric modulator on binding of a single concentration of
the tracer. Binding of tracer L at fixed concentration in the pres-
ence of various concentrations of allosteric modulator A is described
by Eq. (7) (Fig. 6). It is more convenient to express the data as a
fraction of the tracer binding in the presence of the allosteric mod-
ulator than its binding in the absence of the allosteric modulator
(Fig. 7) that is given:

[Z][R,]

[L]+K1') [L]+KD
IR Tk, )
[L]+K,

After substitution of Eq. (9) with Eq. (7b):
L|+K
Y= L]+ Ky (10)

K, +[4]
[L]+ K, x X, +[4]/a

When the equilibrium dissociation constant of allosteric modulator
K, and the cooperativity factor a are determined by measuring
binding at a single concentration of the tracer and various concen-
trations of allosteric modulator Eq. (10) is fitted to data expressed
as ratio of tracer binding in the presence of A to the tracer binding
in the absence of A (like in Fig. 7). Equilibrium dissociation of the
tracer Kp has to be determined in separate measurements. Precise
concentration of the tracer L used in the assay should be deter-
mined by counting total radioactivity added to the sample and
division by specific radioactivity of the tracer and sample volume.
It can be seen from equations describing allosteric binding that
the equilibrium dissociation constant of an allosteric modulator
K, and cooperativity factor a are interdependent parameters.
Overestimation of « leads to underestimation of K, and vice versa.
Thus a wide range of concentrations of A has to be used. For
proper determination of a a saturating concentration of A has to
be used to reach a curve plateau. This plateau defines @ according
to Eq. (9) where for a saturating concentration of A the apparent
equilibrium dissociation constant of tracer K, becomes aKp. The
value of a K, has to be determined properly for accurate determina-
tion of K. The value of a K, corresponds to the inflection point of
the binding curve. The latter is best determined by measuring bind-
ing at several concentrations close to the inflection point (aKj,).
Positive cooperativity is easily spotted as an increase in tracer
binding to free receptors (Figs. 6 and 7, upper graphs). The frac-
tion of free receptors decreases with increasing tracer concentra-
tion. For positive allosteric modulators with strong cooperativity
the fraction of free receptors may be limiting. If a saturating
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Fig. 6 Effects of an allosteric modulator on binding of the tracer at a fixed con-
centration. Effects of various concentrations of a positive («=0.1) (upper graph)
and negative («=10) (lower graph) allosteric modulators at indicated on the
abscissa on binding of the tracer at fixed concentration indicated in legend.
Abscissa, concentration of allosteric modulator is expressed as logarithm of ratio
to its equilibrium dissociation constant K. Ordinate, the tracer binding is
expressed as a fraction of total receptor number Ry. Legend, concentration of the
tracer L is expressed as ratio to its equilibrium dissociation constant K;. A posi-
tive allosteric modulator concentration dependently increases tracer binding,
while a negative allosteric modulator concentration dependently decreases
tracer binding. Changes in tracer binding are more obvious at lower concentra-
tions of the tracer
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Fig. 7 Effects of an allosteric modulator on binding of the tracer at a fixed concen-
tration. Effects of a positive («=0.1) (upper graph) and negative («=10) (lower
graph) allosteric modulators at various concentrations indicated on the abscissa on
binding of the tracer at a fixed concentration indicated in the legend. Abscissa,
concentration of allosteric modulator is expressed as logarithm of the ratio to its
equilibrium dissociation constant K,. Ordinate, tracer binding is expressed as a
fraction of its binding in the absence of allosteric modulator. Legend, concentration
of the tracer L is expressed as a ratio to its equilibrium dissociation constant Kp. A
positive allosteric modulator concentration dependently increases tracer binding
while a negative allosteric modulator concentration dependently decreases tracer
binding. Changes in tracer binding are greater at lower concentrations of the tracer
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concentration of the tracer is used it is difficult to reliably determine
the cooperativity factor a because subtle differences in the level of
plateau represent huge differences in a. So in binding experiments
with strong positive allosteric modulators low concentrations of
the tracer (below its Kp) are desired to prevent full receptor occu-
pancy at saturating concentrations of the allosteric modulator.
However too low concentration of the tracer gives low and unreli-
able control binding in the absence of allosteric modulator. Thus a
compromise between the size of allosteric change and the quality
of control binding has to be achieved. In the model case of positive
cooperativity with a=0.1 a tracer concentration equal to its Ky
gives sufficient (>80 %) increase in tracer binding and sufficient
proportion (almost 20 %) of the receptors remain free at saturating
concentrations of the allosteric ligand (Fig. 7, upper graph).

Negative binding cooperativity can be distinguished from
competitive binding by incomplete inhibition of tracer binding,
resulting in a plateau in the displacement curve (Figs. 6 and 7,
lower graphs). The higher the concentration of tracer, the higher
the level of the plateau (less complete inhibition of tracer binding)
(Fig. 7). Thus, detection of strong negative cooperativity requires
the use of a tracer concentration several times higher than its dis-
sociation constant Ky, to get incomplete inhibition of tracer bind-
ing. However, the ratio of specific to nonspecific binding decreases
with increasing tracer concentration, indicating that extremely
high concentrations of the tracer should be avoided. It must be
noted that allosteric modulators with very high cooperativity fac-
tors (a>100) would cause almost complete inhibition of tracer
binding, making them indistinguishable from competitive binding.
A more experimental setup in this special case is to construct satu-
ration curves for the tracer in the absence and in the presence of
increasing concentrations of the allosteric modulator. The appar-
ent equilibrium dissociation constant of the tracer Kp, is deter-
mined for each concentration of the allosteric modulator A (like in
Fig. 3, lower graph) and plotted against concentration of A (like in
Fig. 5, squares) and Eq. (7D) is fitted to data.

Ligands with weak (either positive or negative) cooperativity
induce small changes in tracer binding. As can be seen in Eq. (9)
the lower concentration of L the greater the change in fractional
binding. Thus low concentrations of the tracer are desired to mag-
nify changes induced by weak allosteric modulators. It can be dem-
onstrated using Eq. (10) that even for ligands with very weak
cooperativity (0.9<a<1.1) lowering tracer concentration below
0.1xKp does not bring further increase in allosteric effects.
Maximum attainable increase in tracer binding by positive alloste-
ric modulators with a=0.9 is 10 % of the control binding and,
analogically, maximum attainable decrease in tracer binding is 10 %
by very weak negative allosteric modulators with a=1.1. Such
small changes may be problematic to detect and are usually consid-
ered as neutral cooperativity.
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4.3 Allosteric
Modulation of Tracer
Binding Kinetics

Protocol A: Determination of K, and a in equilibrium experiments
(96-well plate setup)

1. Determine the equilibrium dissociation constant Ky, of [SH|NMS
in saturation binding experiments in a buffer of your choice at
25 °C (see previous Chapter 3).

2. Add membranes, about 20 fmol of receptors per well.

3. Add [*H|NMS to a final concentration around 0.5 x Ky, (when
positive cooperativity is expected) or 2x Kp (when negative
cooperativity is expected) for 60 min at 25 °C in a final incuba-
tion volume of 0.4 ml.

4. Add tested allosteric modulators to final concentrations rang-
ing from 10 nM to 100 uM (9 concentrations at 0.5 log con-
centration steps). Make samples of control binding in the
absence of allosteric modulator, samples of nonspecific bind-
ing in the presence of 1 pM atropine alone and in the presence
of 100 pM allosteric modulator (to verify that the allosteric
modulator does not change nonspecific binding).

5. Seal the plate and incubate for 20 h at 25 °C (see justification
below for the long incubation time).

6. Filter samples though GF/C filters or a filtration plate. Wash
with ice-cold deionized water for 6 s.

7. Determine the exact tracer concentration used in the experi-
ment by counting added radioactivity divided by specific
radioactivity and incubation volume (0.4 ml).

8. Fit Eq. (10) to specific binding expressed as a fraction of con-
trol. Use Kp, of [*HINMS determined in saturation binding
experiment and exact radioligand concentration L from step 7.

Usually association of substrates or ligands with enzymes or recep-
tors is a fast process, being controlled by diffusion. Under such
conditions a change in the affinity of the orthosteric radioligand by
an allosteric modulator is manifested mainly as a change in the dis-
sociation rate of the tracer. Allosteric modulation of the radioli-
gand rate of dissociation in an ideal model system with constant
association rate by positive (a=0.1) and negative (a=10) allosteric
modulators is shown in Fig. 8. A positive allosteric modulator con-
centration dependently slows down tracer dissociation. The slow-
down is limited by the factor of cooperativity a, in this case 10-times
at maximum. Inversely, a negative allosteric modulator concentra-
tion dependently speeds up tracer dissociation. Again, the effect is
limited by the factor of cooperativity a, reaching a maximum of a
tenfold change in this particular case.

However, muscarinic receptors are far from ideal. Almost all
muscarinic allosteric ligands, regardless of being positive or nega-
tive modulators, slow down both association and dissociation of
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Fig. 8 Allosteric modulation of tracer binding kinetics. Effects of a positive
(a=0.1) (upper graph) and negative («=10) (lower graph) allosteric modulator
on binding kinetics of the tracer. Abscissa, time is expressed as folds of dissocia-
tion halftime of tracer-receptor complex LR in the absence of allosteric modula-
tor A. Ordinate, the tracer binding is expressed as a ratio of tracer L binding to its
binding at the start of dissociation. Legend, concentration of allosteric modulator
A is expressed as a ratio to its equilibrium dissociation constant K,. A positive
allosteric modulator concentration dependently slows down tracer dissociation
while a negative allosteric modulator concentration dependently speeds up

tracer dissociation
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orthosteric ligands. The orthosteric binding site of the receptor is
located deep within transmembrane helices so association is rela-
tively slow and may be accelerated by allosteric modulators [27].
The binding site for allosteric ligands is located between the sec-
ond and the third extracellular loops, being close to the path that
an orthosteric ligand takes during association and dissociation.
Thus, bound allosteric ligands usually represent a physical obstacle
(steric hindrance) for orthosteric ligands on their way to and away
from the muscarinic receptor [43]. It is noteworthy that effects on
the kinetics of binding of an orthosteric ligand allows for identifi-
cation of agents with neutral cooperativity, since these agents do
not change affinity of the tracer in equilibrium experiments.
Furthermore, effects on the kinetics of tracer binding distinguish
allosteric modulators with very strong negative cooperativity from
competitive agents.

Mechanistically, orthosteric ligand L. may bind only to free
receptor R and is not able to bind to complex of receptor and allo-
steric ligand RA. In Scheme 1 reaction L+RA to LRA is not pos-
sible (Scheme 2).

The orthosteric ligand L and allosteric modulator A can bind
concurrently to receptor R and form a ternary complex. The
orthosteric ligand L has to bind first to R followed by binding of A
to form the ternary complex LRA. If the receptor is already
occupied by an allosteric ligand the orthosteric ligand has to “wait”
until the allosteric ligand dissociates. Dissociation of the ortho-
steric ligand from the ternary complex LRA must take place in the
reverse order, i.e., the allosteric ligand has to dissociate first to
make way for dissociation of the orthosteric ligand. Thus, this
sequential arrangement of binding has profound effects on binding
kinetics of an orthosteric ligand as demonstrated in the example of
slowing down of binding kinetics of [’ H]NMS at M, muscarinic
receptors by alcuronium. With increasing concentrations of the
allosteric modulator alcuronium the proportion of free receptors
decreases and thus association of the orthosteric tracer [*H]NMS
decelerates, even though alcuronium is a positive allosteric modu-
lator (Fig. 9, upper graph). Concurrently, increasing the concen-
tration of alcuronium is associated with exerting stronger steric

KD
L+R+A LR +A
K, a,
L+ RA LRA

Scheme 2 Scheme of allosteric interaction with allosteric hindrance
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Fig. 9 Slowdown of [*HINMS binding kinetics by alcuronium. Time courses of
association (upper graph) and dissociation (lower graph) of 100 pM [*HINMS at
M, muscarinic receptors in the absence (black curves) or in the presence of
alcuronium at the concentrations indicated in the legend. Upper graph: [PHINMS
binding at the time points indicated on the abscissa is expressed as pmol per mg
of protein. Alcuronium concentration dependently increases equilibrium binding
and slows down the rate of association of [*HINMS. Lower graph: binding at the
time point indicated on the abscissa is expressed as percent of [(HINMS binding
at the start of dissociation. Alcuronium concentration dependently slows down
the rate of dissociation

hindrance of [PH]NMS dissociation (Fig. 9, lower graph).
Retardation of the on and off biding kinetics of orthosteric ligands
by allosteric ligands is proportional to the concentration of the
allosteric ligand and is unlimited. Thus extremely long incubation
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Fig. 10 Artifacts of non-equilibrium binding. Binding of 100 pM [*H]NMS to M,
receptors after 3 h of incubation at 25 °C in the presence of alcuronium at the
concentrations indicated on the ashcissa is expressed as percent of [*HINMS
binding in the absence of alcuronium (circles). Equilibrium is not reached in the
presence of alcuronium at a concentration of 10 pM and higher. The red curve
represents binding under equilibrium (K, =250 pM, «=0.32)

times (hours or even days) are required to reach equilibrium of an
orthosteric radioligand at high concentrations (over 100-times of
equilibrium dissociation constant) of an allosteric ligand [11].

Non-equilibrium binding leads to kinetic artifacts as shown in
Fig. 10 where equilibrium binding is not reached at 10 pM of
alcuronium and higher, causing the binding curve to appear bell-
shaped (black curve) instead of being sigmoidal (red curve). In such
experiment equilibrium may be reached faster by preincubation of
receptors with the orthosteric tracer (e.g., 1 h with [SH|NMS) to
allow it to bind without slowing-down by the allosteric modulator.
Adding a positive allosteric modulator to the preformed [*H]NMS-
receptor complex will result in an increase in bound radioactivity.
Thus binding lower than control binding (like in Fig. 10) cannot be
observed. The situation is more complicated in the case of negative
allosteric modulators, where prolonged time may be necessary to
allow the tracer to dissociate from the receptor and for binding the
allosteric agent to the receptor to reach equilibrium. Lack of equi-
librium after the addition of a negative allosteric modulator would
lead to underestimation of the factor of cooperativity.

Extremely long incubation times needed to reach equilibrium
may be avoided by inferring allosteric modulator binding from
changes in tracer kinetics. Because of arrangement of allosteric and
orthosteric sites on muscarinic receptors dissociation of the ortho-
steric ligand from ternary complex is impossible. Thus observed
rate of dissociation limits to zero with increase in concentration of
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allosteric modulator. Observed dissociation rate is inversely pro-
portional to receptor occupancy by allosteric modulator. Receptor
occupancy is given by saturation binding isotherm with apparent
equilibrium dissociation constant of allosteric modulator K, .
Observed dissociation rate ko is thus given by Eq. (11)

, K,

kg = kyx ——2— (11)
[4]+ K,

where %, is dissociation rate constant of the tracer in the absence of
allosteric modulator. At saturating concentrations of A dissociation

of tracer occurs only from ternary complexes and thus K becomes
aK,. For [A]> aK, Eq. (10) simplifies to:

ak,
[4]

Moreover, at high concentrations of A dissociation of tracer is
monophasic and thus observed dissociation rate constant kog can
be determined in a single time-point measurement and the equilib-
rium dissociation constant of allosteric modulator at the ternary
complex (aK,) determined without prolonged incubation needed
to reach equilibrium (Protocol B). An example of determination of
apparent equilibrium dissociation constant of the allosteric modu-
lator methoctramine at M, muscarinic receptors from changes in
[P*H]NMS dissociation is shown in Fig. 11. The disadvantage of
this approach is that only @K, can be determined (not o and K,
separately). However, this approach is sufficient for screening
purposes (e.g., in structure—function relationship studies where
similar @ and K, values are expected for similar compounds).
Moreover, in specific conditions (like in the case of methoctramine
that binds with high affinity to the orthosteric site and with low
affinity to the allosteric site) kinetic experiments are the only way
for assessing the apparent equilibrium dissociation constant [42].

k(,)ff = kyx (12)

Protocol B: Determination of apparent equilibrium dissociation
constant in dissociation experiments (96-well plate setup)

1. Determine the equilibrium dissociation constant K, of [*H]
NMS in a buffer of your choice at 25 °C in saturation binding
experiment and the dissociation rate constant k. of [ S H|NMS
in dissociation experiments (see previous Chapter 3).

2. Add membranes, about 10 fmol of receptors per well.

3. Add [3BH]NMS to a final concentration 3 x K, for 60 min at
25 °C in a final incubation volume of 0.2 ml.

4. Initiate dissociation by the addition of 0.2 ml of atropine in a
final concentration of 1 pM either alone or in combination
with the tested allosteric modulator in concentrations ranging
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Fig. 11 Dependence of the dissociation rate of [*H]NMS from M, receptors on the
concentration of methoctramine. Observed rate dissociation constants (k) are
plotted against the concentrations of methoctramine. Fitting Eq. (12) to data
yields K, around 2.8 pM ( pK, =5.55+0.5; means+SEM, n=4). Data are
means = SEM of 3—4 independent experiments performed in quadruplicates

from 10 pM to 1 mM (5 concentrations at 0.5 log concentra-
tion steps). Make samples of control binding (no addition/
dilution) and samples of nonspecific binding in the presence of
1 pM (added prior step 3). Sums to 32 samples, one third of
96-well plate, when performed in quadruplicates.
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5. Incubate samples for three times of the half-life of ligand dis-
sociation (about 10 min for M,, 45 min for M,;, M3, and My,
and 3 h for M;).

6. End dissociation by filtering samples through GF/C filters or
filtration plates. Wash with ice-cold deionized water for 6 s.

7. Calculate the observed dissociation rates ko from decrease in
specific binding as negative natural logarithm of fractional
binding divided by dissociation time.

8. Plot calculated ko values against the concentrations of the
tested allosteric modulator and fit Eq. (12) to data.

4.4 Three Many compounds of interest like orthosteric agonists are not can-

Ligand System didates as useful tracers because of their low affinity. As explained
above, neither are allosteric modulators suitable for radiolabeling.
For investigation of allosteric interaction of non-labeled ortho-
steric ligands and non-labeled allosteric modulators a procedure
employing three ligands (orthosteric tracer L, non-labeled ortho-
steric ligand B, and non-labeled allosteric modulator A) has been
devised as depicted in Scheme 3 [11].

Orthosteric tracer L binds to the veceptor R with equilibrium dissocintion
constant Kp, orthostevic non-inbeled ligand binds to the veceptor R with
equilibrium dissociation constant Ky and allosteric modulator binds to the
receptor R with equilibrium dissociation constant K. The binding of
orthosteric ligands L and B is mutually exclusive but the allosteric moduln-
tor A can bind concurrently to the receptor R occupied by either of the ortho-
stevic ligands and form a ternary complex LRA or BRA. Alpha and f are
foctors of binding cooperativity of A with L and A with B, respectively.

In this procedure allosterically induced changes in the affinity
for non-labeled orthosteric ligands are reflected in changes in the
binding of an orthosteric tracer. The following relations apply
besides those described in Eq. (1) in the three ligand system:

_[B][R]
B_W (13a)
KS K.D
L+BR+A - -B+L+R+A- ~LR+A
‘.ﬁ |T A
BK,) | K, ak,
vl BK v| ak v
D
L + BRA . B+L+RA LRA

Scheme 3 Interaction of two orthosteric ligands and one allosteric modulator
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_[B][”4]
" [BRA]

(13b)

And Eq. (2) becomes to:
[R;]=[R]+[LR]+[RA]+[LRA]+[BR]+[BRA] (14)

Analogously to derivation in Egs. (3)—(7a, b) apparent dissociation
constant of the orthosteric tracer L in the presence of the allosteric
modulator A and the orthosteric ligand B is derived as:

[B](K, +[4]/ B)+Ky(K, +[4])

Ko =Ko x Ky (K, +[4]/a)

(15)

And the ratio of tracer binding in the presence of A and B to the
absence of A and B becomes:

[L]+K,
[B](K, +[4])/ B)+ K, (K, +[4])
K, (K, +[4]/a)

Y:

(16)

[L]+ K, x

Experimental setup is similar to measurement at a fixed concentra-
tion of the tracer and various concentrations of the allosteric mod-
ulator. In this three ligand system two curves are measured. One in
the absence of the non-labeled orthosteric ligand and one in the
presence of a fixed concentration of the orthosteric ligand (Fig. 12).
In control curve (in the absence of B) equilibrium dissociation
constant of allosteric modulator K, and factor of cooperativity a
are determined by fitting Eq. (10) to data. These parameters are
then used for fitting Eq. (16) to binding data measured in the pres-
ence of B. Equilibrium dissociation constants of the tracer K, and
of the orthosteric ligand Kj have to be determined in separate
measurements. The precise concentration of the tracer L used in
the assay should be determined by counting total radioactivity
added to the sample and division by specific radioactivity of the
tracer and sample volume. Inhibition of tracer binding by B in the
absence of A has to correspond to inhibition calculated using equi-
librium dissociation constants K, and Ky and concentrations of L
and B (see Chapter 3, Eq. (13)).

A low concentration of the tracer has to be used when study-
ing allosteric modulators that exert positive cooperativity with the
tracer (Fig. 12 upper graph) to get a clear increase in tracer bind-
ing by allosteric modulators. Vice versa, a high concentration of
the tracer has to be used in case of allosteric modulators with
negative cooperativity (Fig. 12 lower graph) to get incomplete
inhibition of tracer binding by the allosteric modulator. The con-
centration of B should be chosen based on the factor of
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cooperativity f. Low concentrations of tracer (in relation to Ky)
are suitable in case of positive cooperativity between A and B but
leave little room for quantification of negative cooperativity and
vice versa. Moreover the concentration of L (in relation to Kp)
also aftects the range of appropriate concentrations of B. Higher
concentration of B is required when a higher concentrations of L.
(in relation to Kp) is used to reach the same inhibition of tracer
binding. In case of negative cooperativity between A and B with
increase in concentration of A binding of B becomes weaker and
thus inhibition of the tracer binding smaller. As a result the curves
of inhibition of tracer binding in the absence and in the presence
of B move closer with increasing the concentration of A (Fig. 12,
red and green curves). On the other hand, positive cooperativity
between A and B leads to strengthening of binding of B and
therefore stronger inhibition of tracer binding. As a result the
curves of tracer binding in the absence and the presence of B show
more diversion with increasing the concentration of A (Fig. 12,
magenta and yellow curves).

There are several parameter combinations under which it is
very hard or impossible to determine the factor of cooperativity S.
One is the case of studying a combination of an allosteric modula-
tor with strong cooperativity with another with weak cooperativity
(negative or positive). This is because on the one hand a low con-
centration of the tracer is a prerequisite for measurements of weak
(either positive or negative) cooperativity and on the other hand a
high concentration of the tracer is required for measurements of
strong cooperativity systems. In such situation a series of tracer
saturation binding has to be performed to determine the apparent
equilibrium dissociation constant of the tracer Kp,' in the presence
of various concentrations of A and one concentration of B. Then
Ky, has to be plotted against concentration of A and Eq. (15) fitted
to data (Fig. 11).

Bitopic ligands that bind both to the orthosteric and allosteric
sites at muscarinic receptors have been proposed [44] and subse-
quently identified [42, 45, 46]. Binding of a bitopic ligand B to
the allosteric binding site prevents binding of the allosteric ligand
A and vice versa (Scheme 4).

K K

L+BR+A = —B+L+R+A<——|R+A
K, ak,,
ak.

B+L+RA == LRA

Scheme 4 Interaction of an orthosteric, an allosteric, and a bitopic ligand
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Fig. 12 Effects of an allosteric modulator on binding of a tracer at a fixed concentration in the presence of a
non-labeled orthosteric ligand. Effects of a positive (upper graph) and negative (lower graph) allosteric modu-
lator A at various concentrations indicated on the abscissa on binding of the tracer L at a fixed concentration
indicated in the legend, in the absence (black curves) or in the presence of orthosteric ligand B at a fixed
concentration indicated in the legend. Abscissa, concentration of allosteric modulator is expressed as loga-
rithm of ratio to its equilibrium dissociation constant K,. Ordinate, the tracer binding is expressed as a fraction
of tracer binding in the absence of allosteric modulator. Legend, factors of cooperativity 5 of A and B binding.
Orthosteric ligand B decreases tracer binding (color curves). In case of negative cooperativity between A and
B (red and green curves) A concentration dependently weakens the binding of B that results in smaller inhibi-
tion of tracer binding (curves are getting closer to control curve). In case of positive cooperativity between A
and B (magenta and yellow curves) A concentration dependently strengthens the binding of B that results in
greater inhibition of tracer binding (curves are getting apart from control curve)

The orthosteric ligand L and allosteric modulator A can bind
concurrently to the receptor R and form a ternary complex
LRA. Binding of the bitopic ligand B is mutually exclusive both
with binding of L and A. The ternary complex cannot be formed
upon binding of B. Equation (16) does not fit the data as fractional
binding of the tracer in the presence of A and B and the absence of
Aand B is:

[L]+K,
 [BIK, + Ky (K, +[4])
Ky (K, +[4]/a)

Y= (17)

[L]+K,
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5 Analyzing Allosteric Modulation of Functional Responses

5.1 Effects

of Allosteric
Modulators

on Functional
Response Under
Equilibrium

Muscarinic receptors are spontaneously active that is manifested by
activation of second messenger pathways in the absence of agonists
[47—49]. Such receptor spontancous activity implicates that in the
absence of the agonist there is a balance between two forms of the
receptor (active Ry and inactive R;) with non-zero Ry number. The
thermodynamically complete description of interaction between a
agonist and an allosteric modulator on functional receptor is thus
described by the cubic ternary complex model (Scheme 5).

The receptor exists in an inactive conformation R; and an
active conformation R,. The ratio of R, to Ry is given by the activa-
tion constant Kscr. The agonist L and allosteric modulator A bind
to inactive receptor R; with equilibrium dissociation constants K,
and K, respectively. Effects of an allosteric modulator on the func-
tional response of the receptor to the agonist are complex. Besides
allosteric modulation of agonist binding (factor of cooperativity a)
an allosteric modulator affects spontaneous activation of the recep-
tor (factor cooperativity y) and agonist-induced receptor activation
(factor of cooperativity §). If effects of the allosteric modulator on
spontaneous activation of the receptor are positive then the alloste-
ric modulator activates receptors even in the absence of agonists.
Such allosteric modulators have been identified [28-31]. The
overall effect of an allosteric modulator on the formation of the
ternary complex with the active receptor LRAA is given by multi-
plication of these three factors of cooperativity (a, y, 6). If the
resultant of multiplication is greater than 1 then the effect of the
allosteric modulator on agonist potency is negative even if L and A
have positive binding cooperativity.

K
LRAs Wher_, R,A
V dayK
| By
LRI * > LRA 6GBKD
aky!
v
YK
RA AL R
KD K -
A B
% AA
R : Kacr N

Scheme 5 Cubic ternary complex model
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G-proteins bind to the receptor in both activation states
(spontaneously active and agonist bound). Effects of agonists on
G-protein binding to receptor are described by next cubic ternary
complex model (Scheme 6).

G-protein G binds to the receptor in its inactive state Ry with
equilibrium dissociation constant Kg. There is mutual allosteric
modulation of G-protein binding and receptor activation (factor of
cooperativity ¢). Agonist L allosterically modulates binding of G to
R; (factor of cooperativity 7), receptor activation (factor of coop-
erativity /) and G-protein binding induced by receptor activity
(factor cooperativity ). The aggregate effect of agonist on
G-protein binding is given by multiplication of these three factors
of cooperativity (¢, 5, ). It is obvious that an increase in concen-
tration of G (overexpression of G) leads to activation of receptor.
Thus the aggregate effect of agonist is dependent on the receptor
to G-protein ratio and is, generally speaking, system dependent.

Besides modulation of receptor activation and agonist binding
described in Scheme 5 an allosteric agent can also allosterically
modulate G-protein binding to the receptor and receptor agonist
complexes (Scheme 7).
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Scheme 6 Agonist effect on G-protein binding and receptor activation
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Scheme 7 Effect of an allosteric modulator on G-protein binding
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G-proteins can bind both to receptors in inactive (Scheme 7,
left cube) and active (Scheme 7, right cube) conformation. As
described in Scheme 6 G-protein binds to free receptor in the inac-
tive conformation with equilibrium dissociation constant K and
to the active conformation with £ K. In addition to modulation of
agonist binding (a), receptor spontaneous activation (y) and
agonist-induced receptor activation (6) an allosteric modulator
affects G-protein binding to Ry (k) and R, (7x) and effects of ago-
nist on G-protein binding (4). Similar to an agonist, effects of an
allosteric modulator depend on the receptor to G-protein ratio.
Moreover, effects of an allosteric modulator depend on the direc-
tion (activation or inhibition) and magnitude of agonist effects.
The overall effect of an allosteric modulator is given by multiplica-
tion of all factors of cooperativity involved in transition from state
in the absence of A (Scheme 6) to state in the presence of A
(Scheme 7) (all factors of cooperativity except €, f, n and ().

Conversions between complexes with bound G-protein have
to be added for the scheme describing interactions between recep-
tor, G-protein, agonist and allosteric modulator in order for the
model to be thermodynamically complete (Scheme 8).

All eight receptor-G-protein complexes are interchangeable in
a step-by-step manner with equilibrium dissociation constants
resulting from Scheme 5 through 7. Moreover, G-protein activa-
tion is initiated by release of GDP from the G-protein as a result of
negative cooperativity between agonist and GDP [50]. There are
four receptor-G-protein complexes with bound allosteric modula-
tor in the interaction scheme. Allosteric modulators may affect
GDP affinity (and thus activation of G-protein) differently at these
four complexes.

Effects of allosteric modulators on functional response depend
on the nature of the agonist and system. The ratio of receptor to G
proteins affects system basal activity. Systems with high R to G
ratio have low basal activity and high receptor reserve. As a result
agonists have high efficacy and potency. On the other hand,
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Scheme 8 Conversions between various receptor-G-protein complexes
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5.2 Effects
of Allosteric
Modulators

on the Kinetics
of Functional
Responses

systems with low R to G ratio have high basal activity and no receptor
reserve. As a result agonists have both low efficacy and potency.
Effects of both positive and negative allosteric modulators on
agonist potency (shift in apparent K in the presence versus in the
absence of L) (a, y, §) are weaker at systems with high R to G ratio
due to high receptor reserve. High basal activity of the system
decreases agonist efficacy (shift in ratio of active species in the pres-
ence versus in the absence of L). At systems with high basal activity
effects of positive allosteric modulator on efficacy are weaker. On
the other hand, effects of negative allosteric modulators on agonist
efficacy may be stronger (if § <zxA).

Full agonists, due to strong positive cooperativity /3, act as ago-
nists at all systems (regardless of R to G ratio). Allosteric modula-
tors may act as agonists (activate receptors in the absence of an
orthosteric agonist) [28] or inverse agonists depending on the fac-
tor of cooperativity y, activation constant Kycr and receptor to
G-protein ratio [51]. Allosteric modulators that have weak positive
cooperativity y act as partial agonists in a system with high R to G
ratio and as inverse agonists at a low R to G ratio. As evident,
effects of allosteric modulators on functional responses to an ago-
nist are very complex. It is technically unfeasible to experimentally
isolate and determine individual constants and factors of coopera-
tivity. From a practical point of view only the overall effect of an
allosteric modulator on the potency and efficacy of a given agonist
in a given system could be determined.

Although a change in agonist potency induced by an allosteric
modulator usually follows change in agonist affinity [52, 53] it has
been reported that allosteric modulators may have different eftects
on agonist binding and agonist-mediated functional responses
[25]. Moreover, effects of allosteric modulators on functional
responses may also differ over time. This is exemplified by the
dichotomous effects of the allosteric modulator rapacuronium on
acetylcholine equilibrium binding on the one hand and on the
kinetics of acetylcholine binding on the other hand [27]. For
example, although rapacuronium exerts negative cooperativity
with binding of acetylcholine to all muscarinic receptor subtypes at
equilibrium it accelerates the rate of acetylcholine binding at odd-
numbered subtypes. At low concentrations it transiently increases
the potency and efficacy of functional responses to acetylcholine at
odd-numbered subtypes (Fig. 13). The time between acetylcholine
release and termination of its action by acetylcholinesterase is in the
range of a fraction of a second. Therefore, effects of allosteric mod-
ulators in the early non-equilibrium stage of receptor signaling are
physiologically more relevant than effects on acetylcholine equilib-
rium binding that does not occur in vivo. Thus fast functional
assays that much better simulate physiological conditions are more
suitable for screening of potential allosteric modulators of neuro-
transmission than long-lasting equilibrium binding experiments.
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Fig. 13 Effects of rapacuronium on the kinetics of [**S]GTPyS binding. Membranes
were preincubated for 60 min in the presence (open symbols) or in the absence
(closed symbols) of 1 pM rapacuronium. Then [*¥S]GTPyS was added simultane-
ously with buffer (circles) or 10 pM acetylcholine (squares). Incubations were
terminated at the times indicated on the abscissa. The increase of specific [*S]
GTPyS binding is expressed as fmol per pg of protein (fop) and as fold increase
of specific binding under basal conditions (bottorn). Data are means + SE of val-
ues from three independent experiments performed in quadruplicates

The advantage of [¥S]GTPyS binding as a measure of receptor
functional response (Fig. 13) is that it can be easily scaled up for
high-throughput screening. Its disadvantage is that an agonist must
be present during incubation lasting minutes that is still far from
physiological conditions. Moreover, the resulting signal is the sum
of functional response over the whole time-course of incubation.
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Methods that allow real-time measurement of functional responses
and transient application of agonist are more appropriate. Such
methods include microfluorometry of intracellular calcium release
[54] (see Protocol C) or measurement of conformation changes of
the receptor by fluorescence resonance energy transfer between two
dyes attached to one receptor (see Chapter 8).

Protocol C: Measurement of allosteric modulation of a functional
response by microfluorometry of intracellular calcium

1.

10.

11.

12.

Seed CHO cells stably expressing muscarinic receptors on
24 mm-diameter microscope cover glass in 35 mm-diameter
Petri dish and cultivate them until about 80 % confluency.

Optional: If CHO cells express M, or M, receptors transfect
cells with Gy5,16 G-protein to couple these subtypes to phos-
pholipase C [55].

. Prepare DMSO solutions of 2 mM Fura-2AM and 20 %

Pluronic F-68 and mix them 1:1.

Wash cells with warm Krebs-HEPES buffer (KHB; final con-
centrations in mM: NaCl 138; KCl 4; CaCl, 1.3; MgCl, 1;
NaH,PO, 1.2; Hepes 20; glucose 10; Probenecid 1; pH
adjusted to 7.4).

. Load cells with Fura-2 by incubating them in 0.5 ml KHB and

10 pl of solution from step 4 for 1 h at 37 °C.
Remove KHB, wash cells with fresh KHB.

Assemble the cover glass in superfusion chamber and place
under a fluorescence microscope. Record Fura-2 emission
(>470 nm) at 380 and 340 nm emissions twice a second.

. Expose cells to increasing concentrations of an agonist (e.g.,

carbachol or acetylcholine 10 nM to 10 pM) for 5 s. Allow
cells to rest for 3—-5 min between stimuli.

Analyze the ratio of Fura-2 emissions at 380 and 340 nm exci-
tation to determine half-efficient concentration (ECsy) and
maximum stimulation.

Expose cells to the tested allosteric modulator (1 pM to 1 mM)
for 5 s to check for possible agonist/inverse agonist effects of
the allosteric modulator by itself. Allow cells to rest for 3—5 min
between stimuli.

To determine the effects of an allosteric modulator on agonist
potency expose cells for 5 s to agonist at a concentration around
its ECs (for positive cooperativity slightly below and for nega-
tive cooperativity slightly above ECsg) alone and then in mix-
ture with increasing concentrations of the tested allosteric
modulator. Allow cells to rest for 3-5 min between stimuli.

To determine effects of allosteric modulator on maximum
response to agonist expose cells for 5 s to agonist in saturating
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concentration alone and then in mixture with increasing
concentrations of the tested allosteric modulator. Allow cells
to rest for 3-5 min between stimuli.

6 Conclusions

Allosteric modulation of muscarinic receptors is an interesting phe-
nomenon with great potential for drug discovery and pharmaceu-
tical application. However, detailed studies and understanding are
limited to simple systems due to complexity of allosteric interac-
tions. Another limitation is that allosteric modulators of muscarinic
receptors generally have affinity that is too low to make them suit-
able radiolabeled tracers. This necessitates complex experimental
arrangements to quantify binding parameters of these agents.
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