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ABSTRACT

We studied the interactions of strychnine, brucine, and three of
the N-substituted analogues of brucine with [PH]N-methylsco-
polamine (NMS) and unlabeled acetylcholine at m1-m5 mus-
carinic receptors using equilibrium and nonequilibrium radioli-
gand binding studies. The results were consistent with a ternary
allosteric model in which both the primary and allosteric ligands
bind simultaneously to the receptor and modify the affinities of
each other. The compounds had K values in the submillimolar
range, inhibited [PHINMS dissociation, and showed various pat-
terns of positive, neutral, and negative cooperativity with
[BHINMS and acetylcholine, but there was no predictive rela-
tionship between the effects. Acetylcholine affinity was in-
creased ~2-fold by brucine at m1 receptors, ~3-fold by N-
chloromethyl brucine at m3 receptors, and ~1.5-fold by
brucine-N-oxide at m4 receptors. The existence of neutral co-

operativity, in which the compound bound to the receptor but
did not modify the affinity of acetylcholine, provides the oppor-
tunity for a novel form of drug selectivity that we refer to as
absolute subtype selectivity: an agent showing positive or neg-
ative cooperativity with the endogenous ligand at one receptor
subtype and neutral cooperativity at the other subtypes would
exert functional effects at only the one subtype, regardless of
the concentration of agent or its affinities for the subtypes. Our
results demonstrate the potential for developing allosteric en-
hancers of acetylcholine affinity at individual subtypes of mus-
carinic receptor and suggest that minor modification of a com-
pound showing positive, neutral, or low negative cooperativity
with acetylcholine may yield compounds with various patterns
of cooperativity across the receptor subtypes.

Muscarinic acetylcholine receptors couple to G proteins
and are distributed widely throughout the periphery and
central nervous system (Caulfield, 1993). The existence of
five receptor subtypes, and their differential distribution in
the central nervous system, offers scope for selective agonists
and antagonists as therapeutic agents; possible therapeutic
targets are Alzheimer’s disease, Parkinson’s disease, and
schizophrenia (Ehlert et al., 1994; Yeomans, 1995). Currently
available muscarinic drugs, however, show only modest sub-
type selectivity, perhaps because of the strong conservation
of sequence in regions considered to bind agonists (Hulme et
al., 1990).

Muscarinic receptors contain primary sites at which ago-
nists and competitive antagonists bind and one or more al-
losteric sites that mediate the effects of various agents on the
binding of ligands at the primary site (Tucek and Proska,
1995; Birdsall et al., 1996; Trankle and Mohr, 1997). Gal-
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A brief description of some of the results has been reported previously
(Birdsall et al., 1997).

lamine, a widely used neuromuscular blocking agent, also is
the prototypical muscarinic allosteric antagonist, and it
seems to act at a common site with other allosteric antago-
nists, such as obidoxime, tubocurarine, and methoctramine
(Ellis and Seidenberg, 1992; Waelbroeck, 1994). Antagonists
acting wholly or in part through an allosteric mechanism are
among the most subtype-selective muscarinic antagonists,
perhaps because the allosteric site is in a less well conserved
region of muscarinic receptors (Matsui et al., 1995; Tucek and
Proska, 1995; Birdsall et al., 1996).

Allosteric action at muscarinic receptors usually is de-
tected through the effect of an agent to inhibit the dissocia-
tion of radioligands, and compounds with such effects have
almost always been found to act as inhibitors in equilibrium
binding or functional studies (Tucek and Proska, 1995). The
report of Tucek et al. (1990) provided the first clear demon-
stration that allosteric agents could exert positively cooper-
ative effects at muscarinic receptors and provided a striking
example of the importance of the receptor subtype and na-
ture of the primary ligand on the direction of the cooperative
interaction. These authors found that alcuronium, another

ABBREVIATIONS: NMS, N-methylscopolamine; ACh, acetylcholine; CMB, N-chloromethyl brucine; BNO, brucine-N-oxide; HEPES, 4-(2-hydroxy-

ethyl)-1-piperazineethanesulfonic acid; GABA, y-aminobutyric acid.

An erratum has been published:
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neuromuscular blocking agent, increased the affinity of the
antagonist radioligand [*PH]NMS at M, receptors but reduced
it at M receptors; moreover, although alcuronium increased
the binding of [PHINMS at M, receptors, it inhibited the
binding of another antagonist radioligand, [*HIQNB, at the
same receptor subtype. There is no obvious physicochemical
characteristic of the different antagonist radioligands to ac-
count for their differing cooperative effects with alcuronium
(Hejnova et al., 1995).

The observation that alcuronium increased the affinity of
[PHINMS at m2 receptors implied that it might be possible to
develop agents that could enhance the affinity of the endog-
enous neurotransmitter ACh at the m1 receptor. Strychnine,
a glycine receptor antagonist and starting material in the
synthesis of alcuronium, also increases the affinity of
[PHINMS at m2 receptors (Lazareno and Birdsall, 1995;
Proska and Tucek, 1995) and has only ~2-fold negative co-
operativity with ACh at m1 receptors (Lazareno and Birdsall,
1995). N-Substituted analogues of strychnine show various
patterns of positive and negative cooperativity with
[PHINMS, but none increased the affinity of ACh (P. Ghara-
gozloo, S. Lazareno, A. Popham, and N. J. M. Birdsall, in
preparation).

One of our research aims has been to find compounds that
are positively cooperative with ACh at one or more musca-
rinic receptor subtypes. We describe here the characteriza-
tion of the allosteric binding properties of brucine (10,11-
dimethoxy strychnine; Fig. 1) and three N-substituted
analogues at the human muscarinic receptor subtypes. All
compounds showed neutral or positive cooperativity with
ACh at one or more receptor subtype. ACh affinity was in-
creased 3-fold at m3 receptors by CMB, 2-fold at m1 receptors
by brucine, and 1.4-fold at m4 receptors by BNO.

Experimental Procedures

Materials. [PH]NMS (84-86 Ci/mmol) was from Amersham Inter-
national. [PHJACh (75-85 Ci/mmol) was from Amersham Interna-
tional and ARC (St. Louis, MO). Strychnine HCI, brucine sulfate, and
ACh chloride were from Sigma Chemical (Poole, Dorset, UK). BNO
hydrate was from Aldrich Chemical (Poole, Dorset, UK). The prepa-
ration of the other N-substituted brucine analogues will be described
elsewhere (P. Gharagozloo, S. Lazareno, A. Popham, and N. J. M.
Birdsall, in preparation).

Cell culture and membrane preparation. Chinese hamster
ovary cells stably expressing cDNA encoding human muscarinic
ml-mb5 receptors were generously provided by Dr. N. J. Buckley
(University College London, London, UK). The cells were grown in
a-minimum essential medium (GIBCO, Paisley, Scotland) contain-
ing 10% (v/v) newborn calf serum, 50 units/ml penicillin, 50 pg/ml
streptomycin, and 2 mM glutamine at 37° under 5% CO,. Cells were
grown to confluence and harvested by scraping in a hypotonic me-
dium (20 mm HEPES plus 10 mm EDTA, pH 7.4). Membranes were
prepared at 0° by homogenization with a Polytron homogenizer

R Name
H Brucine
CH.CI N-chloromethyl Brucine

o Brucine-N-oxide

_CHTQ N-benzyl brucine

Fig. 1. Structure of brucine and its analogues.

(Brinkmann Instruments, Westbury, NY) followed by centrifugation
(40,000 X g, 15 min), washed once in 20 mM HEPES plus 0.1 mMm
EDTA, pH 7.4, and stored at —70° in the same buffer at protein
concentrations of 2-5 mg/ml. Protein concentrations were measured
with the BioRad (Hemel Hempstead, UK) reagent using bovine se-
rum albumin as the standard. The yields of receptor varied among
batches but were ~5, ~1, ~7, ~2, and ~1 pmol/mg of total mem-
brane protein for the m1, m2, m3, m4, and m5 subtype, respectively.

Radioligand binding assays. Unless otherwise stated, frozen
membranes were thawed; resuspended in a buffer containing 20 mMm
HEPES, 100 mm NaCl, and 10 mm MgCl,, pH 7.4; and incubated
with radioligand and unlabeled drugs for 2 hr at 30° in a volume of
1 ml. Membranes were collected by filtration over glass-fiber GF/B
filters (Whatman, Maidstone, UK) presoaked in 0.1% polyethyleni-
mine with a Brandel cell harvester (Semat, Herts, UK), extracted
overnight in scintillation fluid (ReadySafe; Beckman, Columbia,
MD), and counted for radioactivity in Beckman LS6000 scintillation
counters. Membrane protein concentrations (5-50 ug/ml) were ad-
justed so no more than ~15% of added radioligand was bound.
Nonspecific binding was measured in the presence of 107¢ M QNB
(an antagonist with picomolar potency) and accounted for 1-5% of
total binding. GTP was present at a concentration of 2 X 10™* M in
assays containing unlabeled ACh. Binding of [PHJACh (5-10 nM) to
m2 and m4 receptors was measured in a volume of 250 ul after a 1-hr
incubation. Data points usually were measured in duplicate. Chinese
hamster ovary cell membranes do not possess cholinesterase activity
(Lazareno and Birdsall, 1993; Gnagey and Ellis, 1996), so ACh could
be used in the absence of a cholinesterase inhibitor. Most brucine
analogues were dissolved in dimethylsulfoxide, which at the highest
final concentration of 1%, had no effect on binding. CMB was dis-
solved in water, and BNO was dissolved in buffer.

Experimental design and data analysis. The four types of
assay used in this study are described below, and the equations
shown are based on equations derived previously (Lazareno and
Birdsall, 1995). General data preprocessing, as well as the affinity
ratio calculations and routine plots of the semiquantitative equilib-
rium assay, were performed using Minitab (Minitab Ltd., Coventry,
UK). The other three assays were analyzed with nonlinear regres-
sion analysis using the fitting procedure in SigmaPlot (SPSS,
Erkrath, Germany). This procedure is relatively powerful in that it
allows the use of two or more independent variables (e.g., concentra-
tions of two drugs); this is required for the analysis of the quantita-
tive equilibrium and nonequilibrium assays. Unless otherwise
stated, data are presented as mean * standard error.

Semiquantitative equilibrium assay to estimate cooperat-
ivity between an agent and both [*(H]NMS and unlabeled ACh
and affinity of the agent for the receptor. Binding data were
obtained with a low concentration of [PHINMS (0.2 nM for m1, m3,
and m4 receptors; 0.4 nM for m2 receptor; 0.7 nMm for m5 receptor) in
the absence and presence of a number of concentrations of the agent
(typically three) in the absence and presence of a fixed concentration
of ACh (20 uM for m1 and m3 receptors; 2 uM for m2 receptor; 5 uM
for m4 receptor; 13 uM for m5 receptor). The binding of a high
concentration of [PH]NMS alone (2-5 nM) also was measured. The
data were transformed into affinity ratios [ratios of apparent affinity
of the ligand ([PHINMS or ACh) in the presence of the agent com-
pared with the affinity of ligand alone (Lazareno and Birdsall,
1995)].

The calculations are as follows. Specific binding was obtained by
subtracting nonspecific from total binding. Free radioligand (dpm)
was obtained by subtracting total binding with [PHINMS alone from
that with added dpm.

The B, value was calculated with the equation

By, - Byr- (L —Ly)

B = L-By, - LBy

(D)
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where L; and L are the high and low free concentrations of [FHINMS,
respectively, and By, and By, are the corresponding levels of specific
binding in the absence of additional ligands, respectively.

The apparent affinity constant, K; x, of [PH]NMS in the presence of
a particular concentration of test agent was estimated with the
equation

BLX

KLX N L- (Bmax - BLX)

(2)

where B, x is specific binding in the presence of test agent alone.
The apparent affinity constant, K, 5, of ACh in the presence of the
test agent alone was estimated with the equation

Kiv= Bmax(BLX - BLAX)
A A Brax(Bmax — Bix)

3

where A is the fixed concentration of ACh, and B;,x is specific
binding in the presence of both ACh and test agent.

These apparent affinities, K; y and K, x, were divided by the “true”
affinities (measured in the absence of test agent) to obtain the
affinity ratios of [PH]INMS and ACh. Values of affinity ratio of >1
suggest the presence of positive cooperativity. Values of affinity ratio
of <1 for which the asymptotic value, at high concentrations of
agent, is >0 suggest weak negative cooperativity, whereas values of
affinity ratio of <1, which tend to an asymptote of 0, suggest strong
negative cooperativity or a competitive interaction. This affinity
ratio measure is in principle independent of the fixed concentrations
of [PHINMS and ACh, and the fractional effect of the test agent on
the affinity ratio, relative to its maximal effect, corresponds to the
fractional occupancy of the agent for the receptor in the absence of
other ligands (Lazareno and Birdsall, 1995).

The assay was conducted in the presence of 2 X 10~* m GTP to
minimize high affinity ACh binding. Nevertheless, the Hill slopes of
ACh inhibition curves under these conditions were <1 (~0.8-1) at
all subtypes, which violates one of the assumptions of the analysis
(that the Hill slope of ACh binding is 1). Although this violation may
introduce a small quantitative error into the estimates of ACh affin-
ity, the value of the affinity ratio of ACh can be shown to be inde-
pendent of the slope of ACh binding (see Appendix).

Off-rate assay to estimate affinity of an allosteric agent for
the [PHINMS-occupied receptor. A high concentration of mem-
branes (2—4 mg of protein/ml) was incubated with a high concentra-
tion of [*HINMS (5 nm) for ~15 min. Then, 10-ul aliquots were
distributed into tubes that were empty or contained 1 ml of 107 ¢ M
QNB alone and in the presence of a number of concentrations of
allosteric agent (typically four). Nonspecific binding was measured in
separately prepared tubes containing 10 ul of membrane and 2 ul of
[PHINMS plus QNB. Later (~2.5 dissociation half-lives; see Table 2),
the samples were filtered. The data were transformed to rate con-
stant k¢ using the formula &, = In(By/B,)/t, where B, is initially
bound radioligand, and B, is bound radioligand remaining after time
t (min of dissociation). These values were expressed as percentage of
inhibition of the true [*HINMS dissociation rate constant (kg in the
absence of allosteric agent) and fitted to a hyperbolic function using
nonlinear regression analysis. The curves were well fitted with
slopes fixed at 1; the observed maximum inhibition was not consis-
tently different from 100% and was usually fixed to 100%, but these
points were not investigated explicitly. As with strychnine at m1-m4
receptors (Lazareno and Birdsall, 1995), the dissociation of [PHINMS
from m2 receptors in the absence and presence of various concentra-
tions of brucine was monophasic and consistent with the allosteric
model (data not shown). With the assumption of a similar behavior
by brucine and its analogues at all the muscarinic receptors, the
inhibition curves correspond theoretically to the occupancy curves of
the allosteric agents at the [*’H]NMS-occupied receptors, regardless
of whether the inhibition of [PHINMS dissociation is caused by an
allosteric change in the shape of the receptor or the trapping of the
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[PHINMS in its binding pocket by the bound allosteric agent (Laza-
reno and Birdsall, 1995).

Equilibrium assay for quantitative estimation of affinity of
an allosteric agent for the receptor and magnitude of its
cooperativity with [’SHINMS and ACh. The binding of [PHINMS
(0.2 nM for m1, m3, and m4 receptors; 0.4 nM for m2 receptors; 0.7 nM
for mb5 receptors) was measured alone and in the presence of six
concentrations of ACh, alone and in the presence of three concentra-
tions of test agent. Binding with a high concentration of [PH]NMS
also was measured, allowing the B, value to be estimated using eq.
1. The specific binding data were subjected to nonlinear regression
analysis using the equation

B Bow L K1+ a-X-Ky)
X714+ XKy + (AK)" (1 +B-X-Ky) + L-K;(1+ a-X-Ky)

(4)

where B ,x is the observed specific bound radioligand; B, ,, was
calculated with eq. 1; L, A, and X are concentrations of [*HINMS,
ACh, and allosteric agent, respectively; K;, K,, and Ky are affinity
constants for the corresponding ligands and the receptor; « and 3 are
allosteric constants of X with [PHINMS and ACh, respectively; and n
is a logistic slope factor to describe the binding of ACh. K, values for
[PHINMS from these assays were 111 = 12 (13 determinations),
337 + 34 (12 determinations), 211 = 16 (12 determinations), 78 = 7
(12 determinations), and 603 * 35 (6 determinations) pM™, corre-
sponding to log affinity values of 9.95, 9.47, 9.68, 10.11, and 9.22 M~ !
at m1-mb5 receptors, respectively.

Above a certain concentration, some allosteric agents, especially
those that exhibit neutral or positive cooperativity with [HINMS,
may slow the kinetics of [PH]NMS binding so much that the binding
does not reach equilibrium. In most cases, sufficient incubation time
was used to allow [PHINMS binding in the presence of the agent to
reach equilibrium. In a few cases, however, the highest concentra-
tion of agent would be predicted to slow [PHINMS kinetics suffi-
ciently to prevent binding equilibrium from being reached, and in
these cases the data were better fitted to the equation

—t - Rosr
Braxt = Brax + [(BLU — BLax) <9XP<TX-KX

—t ko LiKp,
1 +X-Kx+(A-K)"-(1+B-X-Ky) ] 5

where B ,x is observed specific binding under nonequilibrium con-
ditions, By ox is the predicted equilibrium binding defined in eq. 4, ¢
is the incubation time, k. is the dissociation rate constant of
[PHINMS, and By, is the initial amount of bound radioligand, set to
zero in this case. This equation assumes that the dissociation of
[PHINMS from the allosteric agent-occupied receptor is negligible
and that the binding kinetics of both ACh and the allosteric agent are
fast in comparison with the dissociation rate of [*H]NMS.

Nonequilibrium assay to estimate the affinity of an alloste-
ric agent for the receptor and its cooperativity with [SHINMS.
Solutions/suspensions of [PHINMS and membranes were prepared at
100 times their final concentration. Prelabeling of receptors was
achieved by mixing equal portions of the [PHINMS solution and
membrane suspension; the concentration of [FHINMS in the mixture
was 50 times greater than its final concentration, so almost the
entire receptor population would be labeled within 1-2 min. Tubes
were prepared containing 1 ml of allosteric agent at its final concen-
tration.

The incubation was initiated by adding unlabeled membranes or
the equilibrated membrane/ [PH]NMS mixture to the appropriate set
of tubes. There were two sets of tubes. Set A tubes received 20 ul of
the membrane/[’HINMS mixture, which had been prepared =5 min
earlier. Set B tubes received 10 ul of [PHINMS followed by 10 ul of
membranes. The incubation proceeded at 30° for ~10 [PHINMS dis-
sociation half-lives (see Table 2 and legend to Fig. 4). After dilution
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in allosteric agent, set A tubes attain equilibrium through dissocia-
tion of [PH]NMS. Kinetic-slowing effects in set A tubes are seen as an
increase in binding above the equilibrium level, whereas the equiv-
alent effect in set B tubes is seen as decreased binding. The data for
both sets of tubes were analyzed simultaneously through nonlinear
regression by fitting the specific binding data to eq. 5 with A set to
zero. By, is the initial level of binding: for prelabeled membranes of
set A tubes in the presence of 50 times the final radioligand concen-
tration, L, the initial binding is given by

Boae'50-L-K;,

BL=9750-LK&

(6)
and for the initially unlabeled membranes of set B tubes, B, = 0.

In some cases, in the presence of zero and low concentrations of
allosteric agent, binding was slightly different (<5%) between the
two sets of tubes. This was assumed to reflect differences in the B, .
values, and probably the quantity of membranes, in the two sets of
tubes. In such cases, the data of the set B tubes were scaled using
data obtained with inactive concentrations of allosteric agent.

The precision with which the parameters are defined by the data
depends on the size of the allosteric effect of the test agent; if the
agent has neutral or low cooperativity with [PHINMS, then only the
kinetic effects are clearly seen. The dissociation rate constants of
[PHINMS always were fixed to known values (0.07, 0.35, 0.08, and
0.06 min ! at m1-m4 receptors, respectively), and in some cases the
K, value of [PHINMS also was fixed. All other parameters (B,,.., @,
and Kx) were estimated.

Results

Allosteric agents affect both the equilibrium binding of
labeled and unlabeled muscarinic ligands and the dissocia-
tion of bound radioligand, and the two effects can be related
using a ternary allosteric model (Lazareno and Birdsall,
1995). We initially assessed compounds with a semiquanti-
tative equilibrium assay (Fig. 2) and a single-time point
off-rate assay (Fig. 3).

Fig. 2A shows specific [’HINMS binding at m2 and m3
receptors in the presence of three concentrations of N-benzyl
brucine, alone and in the presence of a single concentration of
ACh. The binding of [PHJACh at m2 receptors also is shown.
It is obvious from Fig. 2A that N-benzyl brucine increased
[PHINMS binding at m2 receptors, decreased [*H]NMS bind-
ing at m3 receptors, and decreased [PHJACh binding at m2
receptors. N-Benzyl brucine had similar effects on [PHINMS
binding in the absence and presence of unlabeled ACh (i.e.,
an increase at m2 receptors and a decrease at m3 receptors),
but the effects of N-benzyl brucine on the binding of unla-
beled ACh itself are not clear based on the plots of raw data
shown in Fig. 2A. When the data are transformed to affinity
ratios (Fig. 2B), however, it becomes apparent that N-benzyl
brucine decreased the binding of unlabeled ACh at m2 recep-
tors over a similar concentration range and to a similar
extent with which it inhibited [’HJACh binding at m2 recep-
tors; at m3 receptors, in contrast, N-benzyl brucine increased
the binding of unlabeled ACh. Semiquantitative estimates of
the cooperativity of N-benzyl brucine are presented in Table
1, together with data for other brucine analogues (see below).

In addition to its effects on the equilibrium binding of
[PHINMS, N-benzyl brucine acted at [PHINMS-occupied re-
ceptors to inhibit the dissociation rate of [PHINMS (Fig. 3).
N-Benzyl brucine was most potent at the [’ H]NMS-occupied
m2 receptor, with an IC;, value of ~10 um; ~3-fold weaker at

[PHINMS-occupied m1 and m4 receptors; and ~20-fold
weaker at [PHINMS-occupied m3 and m5 receptors.

Table 2 shows affinity estimates at [PH]NMS-occupied
ml-m5 receptors for brucine and three analogues obtained
with the off-rate assay. Data also are shown for strychnine.
In general, the compounds did not discriminate among m1,
m2, and m4 receptors but were ~10-fold weaker at m3 re-
ceptors and even weaker at m5 receptors. Brucine was ~3-
fold less potent than strychnine, except at m3 receptors,
where it was 10-fold less potent. The N-chloromethyl and
N-benzyl analogues of brucine had similar affinities to the
parent, whereas brucine-N-oxide was ~10-fold less potent.

Three compounds that revealed different patterns of posi-
tive cooperativity with ACh in the semiquantitative equilib-
rium assay were selected for more detailed study, both to
confirm and quantify the allosteric effects and to assess
quantitatively whether the equilibrium and kinetic effects of
the compounds were mutually consistent with the ternary
allosteric model. Brucine, CMB, and BNO were studied using
two types of assay: a nonequilibrium and an equilibrium
assay. The parameter estimates for these compounds and for
strychnine from both types of assay are summarized in Ta-
bles 3-6.

The nonequilibrium assay is based on the fact that the
effect of these agents to slow [PH]NMS dissociation (Fig. 3)
also results in slowing of [PH]NMS association, to the extent
that at high concentrations of agent, [PHINMS binding will
not reach equilibrium. In such a case, the inhibition of
[PHINMS binding reflects a nonequilibrium kinetic artifact,
but it may be mistaken for negative cooperativity. The non-
equilibrium assay simultaneously measures both equilib-
rium and nonequilibrium effects on [PHINMS binding by
starting the assay with both [PH]NMS-prelabeled and empty
receptors. The data are used to estimate the affinity of the
agent and its cooperativity with [’H]NMS (see Experimental
Procedures). Fig. 4 shows data from such an assay with CMB
at m1-m4 receptors. It is clear that at high concentrations of
CMB (=0.3 mm for at m1, m2, and m4 receptors; =1 mm for
at m3 receptors), the inhibition of [’HINMS binding to non-
prelabeled receptors reflects a failure of the binding to reach
equilibrium. In contrast, the reduction of [FHINMS binding to
both prelabeled and nonprelabeled m3 receptors by lower
concentrations of CMB reflects a negatively cooperative in-
teraction with [PHINMS.

The quantitative equilibrium assay measures inhibition of
[PHINMS binding by ACh (in the presence of GTP) in the
presence of various concentrations of the agent, allowing
estimates to be made of the affinity of the agent and its
cooperativity with both [PHINMS and ACh (see Experimental
Procedures). Data for the three brucine analogues are shown
in Figs. 5-7. The patterns of cooperative interactions with
[PHINMS and ACh are more clearly visualized by affinity
ratio plots [the affinity ratio is 1/dose ratio (i.e., the ratio of
apparent affinities of [PHINMS and ACh in the presence and
absence of the allosteric agent)]. Figs. 5-7 (insets) show affin-
ity ratios derived from the fitted values of the model param-
eters.

Tables 3—6 show that for each compound, the two types of
assay yielded similar estimates of the affinity of the agent for
the free receptor and its cooperativity with [PHINMS; the 12
values of the difference between the mean log affinity esti-
mates for the free receptor from the two types of assay in
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Fig. 2. Semiquantitative equilibrium assay with N-benzyl brucine at m2 and m3 receptors. A, Effects of N-benzyl brucine on [*H]NMS binding in the
absence and presence of unlabeled ACh (2 um at m2 receptors, 20 uM at m3 receptors) in the presence of 0.2 mm GTP and on [*HJACh binding to m2
receptors measured in the absence of GTP. Data are the mean and range/2 of duplicate measures, except for the binding of [P’H]NMS alone, which was
measured in quadruplicate. B, Affinity ratios calculated from the [PH]NMS data in A. The fractional effect of N-benzyl brucine on the binding of
[PHJACh at m2 receptors also is shown. The standard errors were calculated as described in the Appendix.

Tables 3-5 have a mean of 0.06 with a standard deviation of and these estimates from the two types of assay are in good
0.18. The product of the affinity at the free receptor and agreement with each other and with the corresponding val-
cooperativity with [PHINMS provides an estimate of the af- ues measured directly in the off-rate assay (Table 2).

finity of the compound for the [PH]NMS-occupied receptor, Table 1 shows a semiquantitative description of the coop-
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Fig. 3. Inhibition of [PH]NMS dissociation from ml-m5 receptors by
N-benzyl brucine. Prelabeled membranes were diluted into 1 um QNB
containing various concentrations of N-benzyl brucine, and after a fixed
time (20 min for m1, 4 min for m2, 25 min for m3 and m4, and 44 min for
mb), the samples were filtered. The data were transformed to rate con-
stants (see Experimental Procedures) and are expressed as percentage
inhibition of the control dissociation rate constant. The data are from a
single experiment conducted in duplicate. Lines, fit of the data to a
hyperbolic function.

TABLE 1

Estimates of cooperativity of brucine analogues with [*H]NMS and
ACh at muscarinic receptors

Values of cooperativity (shown as symbols) for brucine, CMB, BNO, and strychnine
are from the results of detailed experiments summarized in Tables 3—6.

Values for N-benzyl brucine were derived from results with the semiquantitative
equilibrium assay together with the results of the off-rate assay, each with at least
two experiments. The logic for analyzing these results is described in the Appendix.

ml m2 m3 m4 mb
Cooperativity with [PHINMS
Brucine 0 + - - ——
CMB - + — 0 _
BNO + ++ 0 0 +
N-Benzyl brucine - ++ - 0 0
Strychnine 0 ++ - + ——
Cooperativity with ACh
Brucine + — - - ——
CMB - —— ++ 0 ——
BNO 0 - ++ + -
N-Benzyl brucine - - + - -
Strychnine - —-— —— - ——

——,<0.2; -, 0.2-0.8; 0, 0.81-1.19; +, 1.2-2; ++, >2.

erativity of four brucine analogues and strychnine with
[*HINMS and ACh. The m1, m3, and m4 subtypes supported
positive cooperativity between ACh and at least one of the
compounds.

With regard to [’H]NMS binding, the degree of cooperativity
across receptor subtypes showed the pattern m2 > m4 =1 =
m1 = m3 = mb5. All the compounds increased [PH]NMS binding
at m2 receptors; BNO had small positive effects at m1 and m5
receptors; and strychnine had a small positive effect at m4
receptors. All compounds showed neutral cooperativity with
[PHINMS at one or more subtypes (i.e., the agent bound to the
receptor and affected [PHINMS dissociation rate, and in some
instances the affinity of ACh, but did not alter the affinity of
[PHINMS). All compounds except BNO showed negative coop-
erativity with [PH]NMS at one or more subtypes.

With regard to ACh, the degree of cooperativity across
subtypes showed the general pattern m3 > 1 > m4 = m1 >
m2 = mb5. ACh affinity was enhanced ~2-fold by brucine at
m1 receptors, ~1.5-fold by BNO at m4 receptors, and 3-fold
by CMB and BNO (and to a lesser degree by N-benzyl bru-
cine) at m3 receptors. There were two instances of neutral
cooperativity: with BNO at m1 receptors and CMB at m4
receptors. All the compounds were negatively cooperative to
some degree with ACh at m2 and m5 receptors. Strychnine
was negatively cooperative with ACh at all subtypes. Brucine
and N-benzyl brucine had positive cooperativity at one sub-
type and negative cooperativity at the remainder, but the
subtype supporting positive cooperativity was m1 with bru-
cine and m3 with N-benzyl brucine. These results indicate
that brucine and some analogs show a wide range of patterns
of negative, neutral, and positive cooperativity with ACh
across the receptor subtypes. Each compound has a unique
pattern of cooperativity, and there is no significant correla-
tion between cooperativity with [PHINMS and ACh (p > 0.05,
Spearman’s rank correlation), indicating that for this series
of compounds, the cooperativity with [PH]NMS of a particular
compound acting at a particular receptor is a poor predictor
of its cooperativity with ACh.

The positive effect of brucine on [PHINMS binding at m2
receptors was studied further using a range of [PHINMS and
brucine concentrations and was found to result from a con-
centration-dependent decrease in the K value of [PHINMS
with no consistent change in the B, .. value (Fig. 8). The
parameter estimates from five such experiments, giving a K,
value for [PHJNMS of 0.33 = 0.02 nM, log affinity of brucine of
4.42 + 0.01, and cooperativity of 1.49 + 0.04, are entirely
consistent with estimates of equivalent parameters obtained
with a single [PHINMS concentration and shown in Table 3.

The semiquantitative equilibrium assay (Fig. 2) also con-
tains measures of the direct binding of [PHJACh at m2 and
m4 receptors in the absence of GTP. Under these conditions,
[PHJACh binds mainly to the receptor/G protein complex,
whereas unlabeled ACh in the presence of GTP binds mainly
to the uncoupled receptor. [PHJACh binding was not increased
by any compound at m2 receptors but was increased at m4
receptors by one compound, BNO (data not shown). In further
experiments, this effect was found to be concentration depen-
dent (Fig. 9), with BNO increasing [PHJACh binding by 97 +
11% with a —log EC;, value of 3.7 = 0.2 (three experiments),
indicating that BNO has similar affinity and cooperativity with
ACh at G protein-coupled and -uncoupled m4 receptors.

Discussion

Strychnine and brucine are alkaloids isolated from Strych-
nos nux-vomica, which bind to glycine receptors with K,
values of ~10 and ~140 nwM, respectively (Mackerer et al.,
1977; Marvizon et al., 1986). These alkaloids allosterically
inhibit glycine binding (Marvizon et al., 1986), which pre-
sumably accounts for their convulsive effects in mice (Mack-
erer et al., 1977). Brucine also has been reported to have
other effects that presumably are unrelated to glycine recep-
tors (Squires and Saederup, 1987; Ebihara and Akaike, 1992;
Farrington et al., 1994). The results reported here demon-
strate that brucine also acts at an allosteric site on the
muscarinic m1 receptor, at which it binds with a K, value of
~30 pum and increases the affinity of ACh by ~2-fold. The
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TABLE 2

Estimates of [PHINMS log affinity (log M~ ') of brucine analogues at [PHINMS-occupied muscarinic receptors
Values are shown as mean * standard error (n) and were derived from the single-time point off-rate assay data as described in the text.

The dissociation times were 20, 4, 25, 25, and 44 min for m1—mb5 receptors, respectively.

The [PHINMS dissociation rate constants (min~') measured at these dissociation times were 0.075 * 0.006, 0.361 = 0.018, 0.064 =+ 0.003, 0.066 + 0.003, and 0.033 = 0.001
for m1—mb receptors, respectively, with n = 13 for m1—m4 receptors and n = 7 for m5 receptors, corresponding to dissociation half-lives of 9.2, 1.9, 10.8, 10.5, and 21 min,

579

respectively.
Receptor subtype
Analogue
ml m2 m3 m4 mb
Brucine 4.50 = 0.06 (5) 4.62 = 0.05(3) 3.21 = 0.15(5) 4.52 + 0.06 (5) 2.94 = 0.08 (2)
CMB 4.09 = 0.05 (5) 4.63 = 0.03 (4) 3.27 = 0.12 (6) 4.37 = 0.08 (6) 3.20 = 0.02 (2)
BNO 3.23 = 0.06 (6) 3.49 = 0.03 (4) 2.52 + 0.04 (6) 3.55 = 0.05 (6) 2.33 £ 0.03 (2)
N-Benzyl brucine 4.37 £ 0.05(3) 4.84 = 0.13 (3) 3.77 = 0.05 (3) 4.53 = 0.08 (3) 3.72 = 0.01(2)
Strychnine® 4.9 5.2 4.2 5.0 3.62 = 0.05 (2)
“ Values at m1—m4 receptors are from Lazareno and Birdsall (1995).
TABLE 3
Parameters for the interaction of brucine with [PHINMS and ACh at m1—mb5 muscarinic receptors
Log affinity Cooperativity
Subtype Assay . 3 . n
U d [PHINMS- d
roceupie s ach
ml Nonequilibrium 4.73 £ 0.02 4.68 = 0.05 0.87 = 0.08 3
Equilibrium 4.58 = 0.05 4.54 + 0.07 0.91 = 0.04 1.60 = 0.10¢ 5
m2 Nonequilibrium 4.25 = 0.06 4.53 = 0.04 1.91 = 0.04 3
Equilibrium 4.53 = 0.04 4.74 = 0.05 1.59 = 0.06 0.28 = 0.05 4
m3 Nonequilibrium 3.70 = 0.05 3.51 = 0.04 0.52 = 0.01 2
Equilibrium 3.52 = 0.08 292 + 0.13 0.25 = 0.03 0.52 = 0.10 4
m4 Nonequilibrium 4.63 = 0.05 4.54 = 0.03 0.84 = 0.09 4
Equilibrium 4.77 £ 0.15 449 + 0.13 0.54 = 0.06 0.33 = 0.11 4
mb Nonequilibrium
Equilibrium 4.31 = 0.06 3.29 = 0.02 0.10 = 0.02 0.07 = 0.01 2

¢ Significantly different from 1, p < 0.005, two-tailed ¢ test.

2—4-fold positive cooperativity observed here between bru-
cine analogues and ACh at certain muscarinic receptors is
similar in magnitude to the positive cooperativity between
therapeutically effective benzodiazepine tranquilizers and
GABA at GABA, receptors (Ehlert et al., 1983)

This is the first report of agents that enhance ACh affinity
through a well defined allosteric interaction at the musca-
rinic receptor [while this manuscript was in review, Jakubik
et al. (1997) reported studies of allosteric effects of brucine
and other agents on the binding of ACh and other agonists at
muscarinic m1-m4 receptors]. The binding of a different
muscarinic agonist, [*H]oxotremorine-M, was slightly en-
hanced by tubocurarine (Waelbroeck et al., 1988), an agent
that binds allosterically to muscarinic receptors and has low
negative cooperativity with [PHINMS (Waelbroeck, 1994); it
has not been possible, however, to repeat this observation
using different batches of tubocurarine (Lazareno S, unpub-
lished observations; Waelbroeck M, personal communica-
tion). The binding affinity of muscarinic agonists also can be
increased with divalent cations (reviewed in Birdsall and
Hulme, 1989) and by the sodium channel activator batracho-
toxin (Minton and Sokolovsky, 1990).

We studied the allosteric interactions of brucine and some
of its N-substituted analogues with [*PHINMS and unlabeled
ACh at muscarinic receptors by using a novel and efficient
semiquantitative equilibrium assay. This assay was suffi-
ciently sensitive to allow us to detect the small (=2-fold)
degree of positive cooperativity between brucine and ACh at
m1 receptors. Considered in conjunction with the results of
an assay to measure effects of the agent on radioligand dis-
sociation, the semiquantitative equilibrium assay can indi-
cate both the affinity of a test agent and its allosteric effect on
an unlabeled compound (e.g., the endogenous agonist of the

receptor). Factors affecting the precision of this assay and
logical considerations associated with interpretation of the
results are discussed in the Appendix.

The results of these and other assays with strychnine,
brucine, and three N-substituted brucine analogues at the
five muscarinic receptors (m1-m5) showed some clear pat-
terns as well as a rather interesting lack of pattern. All the
compounds showed similar patterns of subtype selectivity at
[PHINMS-occupied (and free) receptors, with similar affini-
ties at m1, m2, and m4 receptors and ~10-fold lower affini-
ties at m3 and mb5 receptors. Log affinity values of the three
well characterized brucine analogues at unliganded m1 re-
ceptors ranged between 4.6 and 3.4.

In contrast to this consistent pattern with respect to affin-
ity, the compounds showed very different patterns of alloste-
ric interaction with [’HJNMS and ACh across the receptor
subtypes. Instances can be seen where an agent is negative
with [PH]NMS and positive with ACh; positive with [PHINMS
and negative with ACh; negative with both ligands; or neu-
tral with [PHJNMS and positive, neutral, or negative with
ACh. Some patterns can be seen with respect to cooperativ-
ity; at m2 receptors, these compounds show positive cooper-
ativity with [PHINMS and negative cooperativity with ACh,
and three of five compounds showed neutral or positive co-
operativity with ACh at m3 receptors. Overall, however, each
compound showed a unique pattern of cooperativity with
respect to each primary ligand across the receptor subtypes,
which presumably reflects the small differences in the effect
of the chemical substitution on the affinity of the agent for
the free and liganded receptor; a 2-fold difference in affinity
in either direction is difficult to measure directly or predict,
yet gives rise to the qualitatively different effects of positive
or negative cooperativity. These results suggest that minor
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modification of a lead compound, showing low negative, neu-
tral, or positive cooperativity with the endogenous ligand at
one receptor subtype, may lead to the generation of a series of
compounds with different patterns of cooperativity across the
receptor subtypes. Most importantly for their therapeutic po-
tential, such agents may show considerable subtype specificity,
with regard to cooperativity rather than affinity (see below).

Brucine, BNO, and CMB were studied quantitatively using
three different types of assay: (1) equilibrium [*H]NMS bind-
ing with ACh, (2) [*’H]NMS dissociation, and (3) a nonequi-
librium [*H]NMS binding assay. The data were analyzed and
interpreted using the ternary allosteric model of allosteric
action, in which both the primary ligand and the allosteric
agent can bind simultaneously to the receptor, and the bind-
ing of one type of ligand to the receptor alters the affinity of
the other type of ligand. Overall, the internally consistent
results provide support for the ternary allosteric model as the
mechanism underlying the observed phenomena.

Although this model adequately accounts for the current
data, some other, more complex, models also should be consid-
ered. For example, receptors may be considered to be free or
coupled to G proteins and/or in inactive or active states, with
agonists having higher affinity for the G protein-coupled recep-
tor and/or for the active receptor state (Lefkowitz et al., 1993).
An allosteric agent might modulate agonist affinity differen-
tially at the free and coupled receptor and/or at the inactive and
active states. In addition, the allosteric agent may itself differ-
entially recognize free/coupled and/or inactive/active receptor
states. Such effects could lead to changes in both the efficacy

and apparent affinity of the agonist. These more complex mod-
els may prove to be useful in future studies and may be required
to account for the direct agonist-like effects observed with some
allosteric agents (Jakubik et al., 1996).

The fact that an allosteric agent can show neutral cooper-
ativity with ACh suggests that allosteric agents may display
a novel form of receptor subtype selectivity that we refer to as
absolute subtype selectivity, which is in contrast to the rel-
ative selectivity shown by directly acting agonists and antag-
onists. A directly acting ligand may have relative selectivity
for one receptor subtype by virtue of a higher affinity for that
subtype: such selectivity must be large for it to be useful, both
therapeutically and as a pharmacological tool. Nevertheless,
however large the selectivity of the ligand, a sufficiently high
concentration will occupy all the receptor subtypes. An alloste-
ric agent that shows positive or negative cooperativity with the
endogenous ligand at one subtype and neutral cooperativity at
the other subtypes will show absolute selectivity. Such an agent
will modulate the binding of the endogenous ligand at a single
receptor while having no effect at the other receptors, even
though the agent itself may bind to those other receptors. This
selective action would be independent of both the magnitude of
the positive or negative cooperativity at the single subtype and
of the affinities of the agent for all the receptor subtypes, and
selective action would be maintained regardless of the concen-
tration of the allosteric agent.

Allosteric enhancers of endogenous ligand affinity are
quite well known with respect to ion channel-coupled recep-
tors [e.g., at GABA, receptors (Macdonald and Olsen, 1994),
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Fig. 5. Quantitative equilibrium assay with brucine. Binding of [PHINMS (0.2 nM for m1, m3, and m4 receptors; 0.4 nM for m2 receptors; 0.7 nM for m5
receptors) was measured, after a 3-hr incubation, alone and in the presence of six concentrations of ACh, alone, and in the presence of three concentrations
of brucine. The data are the mean and range/2 of duplicate measures from a single assay. The data at m1, m2, m3, and m5 receptors were fitted to the
equilibrium allosteric model (eq. 4 in Experimental Procedures) using nonlinear regression analysis. The data with m4 receptors were fitted to the
nonequilibrium allosteric model (eq. 5) with the dissociation rate constant of [’H]NMS set to 0.065 min~'. Insets, affinity ratios [i.e., apparent affinity of the
primary ligand ([PH]NMS or ACh) in the presence of brucine divided by its affinity in the absence of brucine] derived from the values of the fitted parameters.
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Fig. 8. Saturation binding curves of [PHINMS at m2 receptors in the
presence of various concentrations of brucine. A 3-hr incubation time was
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Nonspecific binding was not affected by brucine (data not shown) and was
measured here in the absence of brucine. The data were fitted to the
allosteric model, with the value of B, shared between all curves except
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estimates in this and similar experiments, it was necessary to fix the
value of the log affinity of brucine at the [PHINMS-occupied m2 receptor
to 4.59, the value obtained (+0.02) from five off-rate assays.

3000
o total
® nonspecific
o 25004
5 g
]
0
£
£ 20004
1500+ °
2501 ¢q— —® L * > °
0 T | T T T T T T
> .50 -45 -40 -35 -3.0 -25

[brucine-NO] log M

Fig. 9. Effect of BNO on [PHJACh binding to m4 receptors. [*HJACh (8
nM) was incubated with various concentrations of BNO for 1 hr at 30°.
Data are the mean * standard error of triplicate measures for total
binding and single measures of nonspecific binding. The data were fitted
to a hyperbolic function to estimate the EC;, value and maximal effect.
The data point with 3 mM BNO was not included in the analysis. Inhibitory
effects of BNO concentrations of >1 mM were seen in two other assays. In
this assay, BNO increased binding by 93% with a —log EC, of 3.6. [PHJACh
has a K, value of 24 = 6 nM (six experiments) at m4 receptors.

N-methyl-p-aspartate receptors (Hollmann and Heinemann,
1994), strychnine-sensitive glycine receptors (Mascia et al.,
1996), P2X purinoceptors (Pintor et al., 1996), and nicotinic
cholinergic receptors (Schrattenholz et al., 1996)]. Among G
protein-coupled receptors, only the adenosine A; receptor is
known to have an allosteric site that supports positive coop-
erativity with the endogenous ligand (Kollias-Baker et al.,
1994). The current finding of positive cooperativity with the
endogenous ligand at muscarinic receptors raises the possi-

bility that other G protein-coupled receptors, perhaps including
ag-adrenergic, dopamine D,, and 5- hydroxytryptamine g/ p
receptors (Nunnari et al., 1987; Hoare and Strange, 1996; Mas-
sot et al., 1996), also may have such allosteric sites. Agents that
are positively cooperative with the endogenous ligand might not
be detected by most screening assays involving interactions
with radiolabeled antagonists or action at the receptors in the
absence of endogenous ligand. Because G protein-coupled re-
ceptors are the targets of many therapeutically effective drugs,
the presence of allosteric sites on these receptors might allow
the development of drugs with novel modes of action at known
therapeutic targets.

In conclusion, brucine and some N-substituted analogs
have been shown to enhance allosterically the affinity of ACh
at muscarinic receptors by up to ~3-fold. Each compound
showed a different pattern of cooperative interactions with
ACh and [PH]NMS across the receptor subtypes. In addition
to positive and negative cooperative effects, in some cases the
brucine analogues displayed neutral cooperativity with ACh
(i.e., the analogue bound to the receptor but did not affect the
affinity of ACh). An allosteric agent with positive or negative
cooperativity with the endogenous ligand at one receptor
subtype and neutral cooperativity at the other subtypes would
have absolute subtype selectivity. The current findings suggest
that it may be possible to develop highly receptor subtype-
selective agents showing various patterns of cooperativity with
the endogenous ligand across a range of receptor subtypes.

Appendix: Affinity Ratio Assay

The design of radioligand binding assays to screen for ligands
that are competitive with the endogenous ligand is relatively
straightforward because it can be assumed that the test agent
will have the same effect on the binding of the endogenous
ligand as it had on the binding of the radioligand. An allosteric
agent, however, could well have different effects on the binding
of different primary ligands, so screening assays must measure
allosteric effects with the unlabeled endogenous ligand in com-
petition with a radioligand and therefore are more complex.
Quantitative results can be obtained from an assay that mea-
sures the effect of a range of concentrations of allosteric agent,
each in the presence of a range of concentrations of the endog-
enous ligand, on the binding of a single concentration of radio-
ligand, but this design is inefficient if accurate quantitative
data are not required. The allosteric effect on the unlabeled
ligand also may not be visualized easily against the background
of the allosteric effect on the radioligand, so the assay requires
relatively complex nonlinear regression analysis. For our exper-
iments, the requirements were (1) an efficient assay that mea-
sured the effect of the test agent on the binding of a single
concentration of radioligand in the absence and presence of a
single concentration of unlabeled ligand, (2) that the effects of
the test agent on the binding of the labeled and unlabeled
ligands be displayed using a common measure, and (3) for
simplicity that the results be calculated rather than estimated
with nonlinear regression.

The semiquantitative equilibrium assay we devised (Laza-
reno and Birdsall, 1995) (the affinity ratio assay) has these
properties, and the common measure used to express the
effects of the test agent on the labeled and unlabeled ligands
is the affinity ratio (i.e., the apparent affinity of the primary
ligand in the presence of test agent alone divided by its true
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TABLE 4
Parameters for the interaction of CMB with [PHINMS and ACh at m1—m5 muscarinic receptors
Log affinity Cooperativity
Subtype Assay . 3 . n
Unoccupied [PHINMS-occupied 3
receptor receptor [HINMS ACh
ml Nonequilibrium 4.44 = 0.08 423 *0.11 0.63 = 0.04 3
Equilibrium 4.38 = 4.10 4.10 = 0.20 0.54 = 0.07 0.45 = 0.05 4
m2 Nonequilibrium 4.28 + 0.03 4.41 = 0.01 1.36 = 0.09 2
Equilibrium 4.22 = 0.11 4.37 = 0.12 1.38 = 0.03 0.094 + 0.019 4
m3 Nonequilibrium 3.71 = 0.03 3.42 = 0.02 0.52 = 0.01 3
Equilibrium 3.66 = 0.13 3.26 = 0.23 0.43 = 0.11 3.26 = 0.23 4
m4 Nonequilibrium 4.29 = 0.04 4.32 = 0.05 1.08 = 0.14 3
Equilibrium 4.32 = 0.03 4.32 = 0.08 1.08 = 0.09 1.03 = 0.14 4
mb Nonequilibrium
Equilibrium 3.66 = 0.04 3.26 = 0.04 0.40 = 0.01 0.055 + 0.010 2
% n = 2, log affinity at the [PHINMS-occupied receptor was fixed at 4.37 in two assays.
TABLE 5
Parameters for the interaction of BNO with [PHINMS and ACh at m1—m5 muscarinic receptors
Log affinity Cooperativity
Subtype Assay . 3 . n
Unoccupied [PHINMS-occupied
receptor receptor ["HINMS ACh
ml Nonequilibrium 3.37 = 0.08 3.53 £ 0.10 1.47 = 0.10 3
Equilibrium 3.39 = 0.11 3.57 = 0.13 1.56 = 0.20 0.96 = 0.17 4
m2 Nonequilibrium 3.13 = 0.04 3.32 = 0.03 1.55 = 0.04 2
Equilibrium 2.68 = 0.12 3.25 + 0.09 3.75 = 0.40 0.43 = 0.20 4
m3 Nonequilibrium 2.79 = 0.09 2.82 = 0.10 1.06 = 0.02 3
Equilibrium 2.73 = 0.16 2.89 + 0.15° 1.16 = 0.08 2.60 = 0.20 4
m4 Nonequilibrium 3.68 = 0.03 3.67 = 0.08 0.98 = 0.11 3
Equilibrium 3.46 = 0.11 3.47 + 0.06° 0.91 = 0.09 142 = 0.12¢ 4
mb5 Nonequilibrium
Equilibrium 2.45 = 0.07 2.65 = 0.05 1.60 = 0.08 0.78 = 0.17 2
%n = 3, log affinity at the [PHINMS-occupied receptor was fixed at 2.5 in one assay.
b n = 3, log affinity at the [PH]NMS-occupied receptor was fixed at 3.6 in one assay.
¢ Significantly different from 1, p < 0.05, two-tailed ¢ test.
TABLE 6
Parameters for the interaction of strychnine with [PHINMS and ACh at m1—m5 muscarinic receptors
Log affinity Cooperativity
Subtype Assay Unoccupied [’HINMS-occupied [BHINMS ACh n
receptor receptor
ml Nonequilibrium 5.13 5.00 0.8 0.32
Equilibrium 4.90 4.90 1.0 0.41
m2 Nonequilibrium 4.86 5.24 2.4 0.05
Equilibrium 4.96 5.28 2.2 0.15
m3 Nonequilibrium
Equilibrium 4.16 4.02 0.7 <0.1
m4 Nonequilibrium 4.78 5.07 1.8 0.14
Equilibrium 5.01 5.23 1.7 0.46
mb5 Nonequilibrium
Equilibrium 3.87 = 0.05 3.05 = 0.04 0.15 = 0.01 <0.01 2

Values at m1—m4 receptors are from Lazareno and Birdsall (1995).

affinity measured in the absence of test agent). This measure
is novel as far as we are aware and is identical formally to the
reciprocal of the dose ratio measured in assays from which
Schild plots are derived. We refer to the affinity ratio assay
as semiquantitative because it allows approximate estimates
to be made of the affinity of the test agent and its allosteric
effects on the labeled and unlabeled ligands. This is achieved
through visual inspection of the affinity ratio plots together
with a logical consideration of the affinity ratio data in con-
junction with the results of off-rate assays that measure the
kinetic effects of the agent on radioligand dissociation. The logic
assumes that the equilibrium and kinetic effects of the agent
can be related to each other by the ternary allosteric model, in
which the primary and allosteric ligands can bind simulta-
neously to the receptor and reciprocally affect the affinity of
each other for the receptor (Lazareno and Birdsall, 1995).

In this appendix, we address four issues: (1) the theoretical
effect on the value of the affinity ratio when the unlabeled
ligand binds with a slope factor different from unity, (2) the
variability of the assay, both within a single assay and between
assays, (3) effects on the observed affinity ratios of the slowing
of radioligand binding by high concentrations of allosteric
agent, and (4) the logic with which the affinity ratio assay is
interpreted in conjunction with the results from off-rate assays.

Effect of the Slope Factor of the Unlabeled Ligand on the
Affinity Ratio

We demonstrated previously that the fractional effect of a
particular concentration of allosteric agent on the affinity
ratio of both the labeled and unlabeled ligands is indepen-
dent of the concentrations of primary ligands and corre-
sponds to the fractional occupancy by the allosteric agent of

2102 ‘T Jaqwiadaq uo 1sanb Aq 6o sjeuinofiadse:w.reydjow wol) papeojumod


http://molpharm.aspetjournals.org/

PHARM

aspew

586

Lazareno et al.

the free receptor. The affinity ratio plot therefore has an
ECg, or ICs, value corresponding to the K, value of the
allosteric agent and an asymptote corresponding to the coop-
erativity between the primary and allosteric ligands. These
properties were derived with the assumption that both la-
beled and unlabeled ligands bound according to the law of
mass action [i.e., with Hill slope factors of 1 (Lazareno and
Birdsall, 1995)]. In practice, however, unlabeled agonists
often inhibit radioligand binding with slopes of <1, even in
the presence of GTP, and it is necessary to introduce an
empirical slope factor into the mechanistic model used to
analyze detailed assays with nonlinear regression. Here we
show that the affinity ratio value calculated in the affinity
ratio assay using a single concentration of unlabeled ligand is
independent of the slope factor describing the binding of the
unlabeled ligand.

In the ternary allosteric model, a receptor, R, has a binding
site for a primary ligand, which is either a radioligand, L, or
an unlabeled competitor, A, and a second binding site for an
allosteric ligand, X. K, K,, and Ky are affinity constants for
binding of the receptor with L, A, and X, respectively; and «
and B are the allosteric constants of X with L and A, respec-
tively (i.e., the affinity of L for the X-occupied receptor is aK;,
and the affinity of X for the L-occupied receptor is a:Ky, and
similarly with A, K,, and B). A binds to R with a slope factor
of n, and the receptor concentration is B, .

The specific binding of the radioligand in the presence of X
is given by

B LK, (1+a-X Ky
B 1+X'KXJFL'KL'(1+C¥'X'KX)

Bix (7)

The specific binding of the radioligand in the presence of A
and X, By A, is given by
Brax =

(8)
B L-K,-(1+ a-X-Ky
1+X-Kx+ (A-K)(1+B-X-Ky) +L-K,-(1+a-X-Ky)

The apparent affinity of A in the presence of X, K,, is
calculated as

Kew— Binax* (Bix — Brax)
ATA- Brax* (Bmax — Brx)

By substituting eqs. 7 and 8 into eq. 9, the apparent affin-
ity of A in the presence of X is

_1+B'X'KX

(9)

= T AR,
Kux 1+ XKy A K (10)
and the apparent affinity of A in the absence of X is
K, = A(nfl).KZ (11)

The apparent affinity of A, which is measured with a single
concentration of A, in both the absence and presence of X,
therefore is a function of both [A] and n, as well as K. The
affinity ratio, however, is independent of [A] and n

KAX . 1+ B - X- KX
K, 1+X-Ky
Variability in the Affinity Ratio Assay

Within-assay variability. Affinity ratios are calculated
from a number of mean values, each measured with some

Affinity ratio of A = (12)

degree of experimental error. It is useful to be able to see the
standard error (square root of the variance) of calculated
affinity ratios displayed on the affinity ratio plot, as shown in
Fig. 2. This is achieved using the equation

- af\?
var[f(vy, v. . . vm)] = E[Var(vi) . (5) ] (13)

i=1

That is, the variance of a function of uncorrelated variables is
approximately equal to the sum of the products of the vari-
ance of each variable and the square of the partial differential of
the function (Colquhoun, 1971). The variables used to calculate
the affinity ratios, r;, and r,, of the labeled and unlabeled
ligand, respectively, are the mean values of specific radioligand
binding alone, in the presence of test agent, unlabeled ligand,
test agent plus unlabeled ligand, and a high concentration of
radioligand alone, represented by L, X, A, Y, and H, respec-
tively. The symbol g represents the ratio of the low and high
concentrations of radioligand and is treated as a constant. For
simplicity, the variability of nonspecific binding also is ignored.
The equations defining r;, and r, are

B X-(H-L)
"THL-1-q-X-L-q 5 (14
) L-A-(H-LX-Y)
WY L-AHL(1-q-X-L-qH] (15)
The partial differential equations are
o H-X-(H-X)-(1-q
LT [HL(I-¢9-X-L-qHP (16)
o L-X-(L-X-(1-q
H [HL(1-q-X-L-qHP an
oy, H-L-H-L)-(1-q)
X [HL(I-q-X-L-qHF (8
A'(X*Y)'{H-LZ'(I*q)'(H*X*A)
ara +A-X[L-L-q-H +q-H-H-L)]}
LT Y L-AELO-9-X-L-qBp 9
arA_ LZ'A'(X—Y)'(I—q)-(L—X)
H Y L-AHL(I-¢9-XL-gBF 20
ors L-A-(H-L)-(L-H-(1-q~Y (L-q-H)
XY L-A-HLO-q9-X-L-qmp @V
ors L2 (H-L)-(X-Y)
A Y L-AMHL(0-¢-X-L-qH 2%
N L-A-X-(H-L) 23)

oY Y2 (L-A)[H-L-1-q -X-(L-q-H)]J

These partial differentials, together with the experimen-
tally measured variances of each variable, are inserted into
eq. 13 to obtain an overall estimate of the variance associated
with the calculated affinity ratios.

The affinity ratio assay also may be conducted without
using a high concentration of radioligand but assuming a
specified value for the affinity of the radioligand. In this
protocol, the symbol p represents the product of radioligand
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concentration and affinity. The equations defining r;, and r,
are

B X
TTL e+ -pX 24
_ L-A-X-Y) )
MUY Lo AL+ -pX] (25)
The partial differential equations are
ory, X-p+1
L~ [L-(p+1)-p-XP (26)
ary, L-(p+1)
X [L-(p+1)-p-XP @7
oy, A X-Y) [l (p+1)—p-A-X]
9L T Y- L-AP[L-(p+1)—p-XP (28)
ory_ L-A-[L-(p+1)—p-Y]
X Y-L-A)[L-(p+1)-p-XP (29)
ary L?-(X-Y)
L-A-X
aI'A (31)

Y Y L-A)-[L-(p+t1)-p-X]

The variances of the affinity ratios can be estimated using
eq. 13.

Between-assay variability. As a screening assay, useful
semiquantitative results should be obtained from a single
assay using a limited range of concentrations of test agent. It
therefore is important to assess the precision with which
affinity ratios can be measured. The between-assay variabil-
ity was assessed theoretically and experimentally.

Specific binding data from affinity ratio assays were sim-
ulated, in duplicate, with random error with a normal distri-
bution and a standard deviation of 3%, the size of variability
between duplicates that occurs typically in our assays. Fig.
10A shows affinity ratio plots obtained with various combi-
nations of cooperativity values for the labeled and unlabeled
ligands. The curves in each panel were derived from 100
simulated assays, and the error bars represent the standard
deviation. The variability of the affinity ratio is related di-
rectly to its magnitude, and the variability of the affinity
ratio of the unlabeled ligand is greater than that of the
labeled ligand. With affinity ratios of <1, the points are
sufficiently well defined to allow reasonable estimates of the
IC;, value, even with data from the unlabeled ligand. The
simulation did not take into account variation in nonspecific
binding and background radiation, which can lead to a larger
variability in the affinity ratio of the unlabeled ligand when
radioligand binding is inhibited strongly (data not shown).
The variability of affinity ratios of >1 depends on the con-
centration of radioligand, with concentrations below the K,
value providing the best precision (data not shown).

The consistency of affinity ratio plots across assays was
confirmed experimentally. Fig. 11 shows combined data from
four assays measuring affinity ratios of ['HJNMS and four
agonists in the presence of CMB at m2 receptors. CMB was
positive with [PHINMS and negative with ACh, as observed
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earlier; it also was negative with carbachol, slightly negative
with oxotremorine, and neutral with pilocarpine. The stan-
dard errors derived from affinity ratios from four assays were
small, as predicted with the simulations, and were similar to
or smaller than the within-assay estimated standard errors
(data not shown), except for oxotremorine, which in one assay
showed the same pattern as in the other assays but displaced
toward 1. In summary, the calculated within-assay standard
error gives a reasonable impression of the reliability of the
data, and the value of individual affinity ratios is consistent
between assays.

Theoretical effects of kinetic artifacts in the affinity
ratio assay. Most ligands acting allosterically at muscarinic
receptors almost completely slow the dissociation of
[PHINMS at high concentrations. Negatively cooperative
agents inhibit [*H]NMS binding at lower concentrations than
are needed to observe the effects on [PHINMS kinetics.
Agents that are neutral or positively cooperative with
[PHINMS, however, will exert kinetic-slowing effects on
[PHINMS association in the same concentration range in
which equilibrium effects are observed. If the agent slows the
kinetics of [PHINMS sufficiently, then binding equilibrium
will not be achieved and the resulting inhibition of [PHINMS
binding will be a kinetic artifact, rather than a reflection of
competition or negative cooperativity. We investigated the
effect of kinetic artifacts on the observed affinity ratios of
labeled and unlabeled ligands using simulation.

Fig. 10B shows affinity ratios calculated from binding data
simulated using eq. 5. The dissociation rate constant of
[PHINMS was set to 0.03 min %, and the incubation time was
set to 120 min. Affinity ratios were obtained with [PHINMS
(closed symbols) and ACh (open symbols); shown are observed
results (¢riangles) and values that would have been observed
at equilibrium (circles). As expected, kinetic artifacts with
[PHINMS are larger and occur at lower concentrations as the
cooperativity of the allosteric agent with [’H]NMS increases.
Even with (negative) cooperativity with [PHINMS of 0.5, ki-
netic artifacts occur with concentrations of allosteric agent
10-fold greater than its K, value; artifacts occur with even
lower concentrations if there is positive cooperativity with
ACh. Kinetic artifacts with [PH]NMS cause an artifactual
increase in the affinity ratio of ACh, which rises with increas-
ing concentrations of allosteric agent to a maximum and then
declines. The size of this artifact increases as the cooperat-
ivity with both [PHINMS and ACh increases.

Interpretation of the results of an affinity ratio as-
say in conjunction with those of an off-rate assay. If the
test agent acts allosterically according to the ternary alloste-
ric model, then the results of the affinity ratio and off-rate
assays reflect different aspects of the same interaction. Al-
though the off-rate assay provides a quantitative estimate of
a single parameter, the IC;, values, the affinity ratio assay
provides semiquantitative estimates of four parameters: the
EC;, and/or IC;, values and the direction and magnitude of
cooperativity with [PHJNMS and ACh. The objective is to
construct a scenario that is consistent with both sets of re-
sults given the following constraints: the I1C;, value of the
agent in the off-rate assay corresponds to the K, value of the
agent for the [PH]NMS-occupied receptor; the IC5, or ECs,
values in the affinity ratio assay with both [PHINMS and
ACh correspond approximately to the K, value of the agent at
the free receptor; the ratio of the K ; values of the agent at the
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Fig. 10. Affinity ratio values calculated from simulated data. A, Predicted variability of affinity ratios. Data corresponding to specific binding data
obtained empirically in an affinity ratio assay were generated using eq. 4, and normally distributed error with a standard deviation of 3% was added.
Affinity ratios were calculated using eqs. 1-3. The radioligand concentration was set to the K, value, the fixed concentration of unlabeled ligand was
the IC;, value, and the affinity of the allosteric agent for the free receptor was 106 M~ *. Data are the mean and standard deviation of 100 curves. Where
the cooperativity with labeled () and unlabeled (B) ligands is the same, only data of the unlabeled ligand are shown. B, Predicted kinetic artifacts
when high concentrations of allosteric agent prevent radioligand binding from reaching equilibrium. Data corresponding to specific binding data
obtained empirically in an affinity ratio assay were generated using eq. 5. The radioligand concentration was twice the K, value; the concentration
of unlabeled ligand was the IC;,; the affinity of the allosteric agent for the free receptor was 10° M~ !; the dissociation rate constant of [PHINMS was

0.03 min~%; and the incubation time was 2 hr.

free and [PH]NMS-occupied receptor correspond to the coop-
erativity of the agent with [*H]NMS, which should be consis-
tent with the cooperativity observed in the affinity ratio
assay; and kinetic artifacts will occur with concentrations of
agent that increase the half-time for [’HINMS dissociation to
=50 min (given an incubation time of 120 min and a K,
concentration of [PHINMS). The logic for analyzing the re-
sults is illustrated using data with N-benzyl brucine at m2
and m3 receptors (Figs. 2B and 3 and Table 1); the results
shown in Table 1 with benzyl brucine are scenarios consis-
tent with the data from at least two affinity ratio assays.
Based on the off-rate assay with m2 receptors, N-benzyl
brucine has a log affinity of 4.8 for the [PH]NMS-occupied
receptor, so kinetic artifacts are not expected with concen-
trations of <0.4 mMm (given a [PHINMS dissociation half-time
of 2 min from the m2 receptor). N-Benzyl brucine reduces
ACh affinity by 50% at a —log concentration of ~4.4, so this
is an estimate of its log affinity for the free receptor. N-
Benzyl brucine is positively cooperative with [PHINMS and
has a log affinity of 4.8 at the [PH]NMS-occupied receptor, so
its affinity at the free receptor must be <4.8, which is con-
sistent with the affinity of 4.4 estimated on the basis of its
inhibitory potency. The estimated difference in affinity is 0.4
log units (2—3-fold), which agrees with the observed affinity

ratio value of 2.5 with [PHINMS in the presence of 10 * M
N-benzyl brucine. The cooperativity with [PHINMS at m2
receptors therefore is shown as ++ in Table 1. Inspection of
the graph (Fig. 2B, m2 data) suggests that the asymptotic
level of inhibition of ACh affinity is >0, which implies that
N-benzyl brucine has low negative cooperativity with ACh.
This cooperative interaction is shown symbolically as — in
Table 1. The fractional inhibition of the binding of a low
concentration of [PHJACh by N-benzyl brucine at m2 recep-
tors was very similar to its effect on the affinity ratio of
unlabeled ACh in terms of both IC;, value and the asymp-
totic level of inhibition, suggesting that the cooperative effect
of N-benzyl brucine on ACh binding is similar at free and G
protein-coupled m2 receptors.

At m3 receptors, N-benzyl brucine inhibits [PHINMS bind-
ing by 50% at a -log concentration of ~3.8. Because its log
affinity at the [PH]NMS-occupied receptor also is 3.8, the
inhibition reflects negative cooperativity rather than a ki-
netic artifact; at a log concentration of —3.8, the binding
kinetics of [’HINMS would be only ~2-fold slower, and bind-
ing equilibrium would be attained. The negative cooperativ-
ity of N-benzyl brucine with [PH]NMS, however, indicates
that its affinity for the free receptor must be >3.8. This
discrepancy can be accounted for if N-benzyl brucine has low
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Fig. 11. Allosteric effects of CMB on [*HJNMS, ACh, carbachol, oxo-
tremorine, and pilocarpine binding at m2 receptors. Data are the mean
and standard error from four affinity ratio assays. The [PHINMS concen-
tration was 0.41 nM, and the concentrations of unlabeled ligands were 2,
10, 1, and 10 umM, respectively. The observed K, value of [PHINMS was
0.41 = 0.01 nM, and the observed log affinities of the unlabeled ligands
were 5.81 = 0.02, 5.22 + 0.03, 6.25 * 0.04, and 5.40 = 0.01, respectively.
The incubation time was 1 hr.

negative cooperativity with [PHINMS and an asymptotic
level of inhibition >0, which would cause the true IC;, value
(i.e., K;) to be less than the concentration that reduced
[PHINMS affinity by 50%. This conclusion is reflected in the
symbolic value of — in Table 1. N-Benzyl brucine increased
the affinity ratio of ACh at m3 receptors by 1.7-fold at a log
concentration of —4. Given the uncertainty concerning the
affinity of N-benzyl brucine at m3 receptors and the accuracy
of the affinity ratio data, it is not possible to predict the
affinity ratio of ACh at concentrations of N-benzyl brucine of
>10"* M, so the symbol + is used in Table 1 to describe the
positive cooperativity between N-benzyl brucine and ACh at
m3 receptors, corresponding to the affinity ratio of 1.7 ob-
served with the highest concentration used.
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Erratum

In the article by Lazareno et al. [Lazareno S, Gharagozloo P, Kuonen D, Popham A and Birdsall NJM
(1998) Subtype-selective positive cooperative interactions between brucine analogues and acetyl-
choline at muscarinic receptors: Radioligand binding studies. Mol Pharmacol 53:573-589], there was
an error in eq. 5. The corrected equation appears below. The authors regret any inconvenience
caused by this error.

- 5 5 B _t'koff —t'koff'L.KL
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