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Abstract

Muscarinic receptors in sarcolemmal membranes, digitonin-solubilized extracts, and purified preparations from porcine atria hav
revealed a shortfall in the apparent capacityNegPH]methylscopolamine, which was only about 75% of that fbt]fuinuclidinylbenzilate.
Since binding at near-saturating concentrations®sifiquinuclidinylbenzilate was inhibited fully at comparatively low concentrations of
unlabeled\-methylscopolamine, the data are inconsistent with the notion tRg(iinuclidinylbenzilate binds selectively to a subclass of
distinct, non-interconverting, and mutually independent sites. The discrepancy is resolved by adjusting the specific abtifAty] of
methylscopolamine to account for unlabeled scopolamine that was identified in some batches of the radioligand. Also, there was no shortf
in capacity wherN-[*H]methylscopolamine was devoid of scopolamine, and the predicted effect was obtained whai[fdimethyl-
scopolamine was supplemented with known amounts of scopolamine. A small discrepancy in the levels of scopolamine estimat
pharmacologically and by mass spectrometry can be attributed largely to a difference in the efficiency of ionization between scopolamir
andN-methylscopolamine. Different capacities for different radioligands are not uncommon with muscarinic and other G protein-couplec
receptors, and in some cases the effect may have been due wholly or in part to an unlabeled impurity. Binding data can be mechanistic:
ambiguous, particularly when acquired only at graded concentrations of the radioligand. The predicted effects of an unlabeled impuri
mimic or resemble those of alternative scenarios such as sequestration behind a hydrophobic barrier, a nucleotide-regulated interconver:
from one state of affinity to another, and cooperativity between interacting sites. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction amount of labeled compound can be determined readily in
absolute units.

Compounds radiolabeled to a high specific activity are  Tritium is a particularly useful nuclide owing to its
uniquely suited for studies on the binding properties of comparatively long half-life and its specific activity of 28.8
receptors and other macromolecules. Their high sensitivity Ci/matom, which is well matched to the levels of receptor
permits measurements at very low levels of labeled mate-found in many preparations. Isotopic purity approaches
rial, extending to attomole quantities in the case of some 100% in many commercial products, and the substitution of
nuclides. Also, the measured signal depends only on thetritium for hydrogen generally appears to have little or no
specific radioactivity and the efficiency of the counting discernible effect on the properties of the ligand. This equiv-
process. The former is known in advance, at least in prin- alence is often assumed, but in many cases it can be tested
ciple, and the latter usually can be measured to a high by comparing the binding of the radioligand with that of the
degree of precision. Since the specific signal is invariant, the unlabeled analogue. The synthesis of tritiated compounds

generally yields a mixture of two or more products differing
in the distribution of tritium and hydrogen atoms within the
molecule. Since the labeled and unlabeled compounds are
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a radioligand at thermodynamic equilibrium is sensitive to sham had been purified by paper chromatography; that from
radiochemical and chemical impurities [1-5]. While the NEN had been purified by HPLC (lot 3406009) or by paper
radiochemical purity typically is stated by the manufacturer, chromatography (all other lots). The absence of scopol-
chemical purity tends to have a lower profile. It has been amine fromN-[*H]methylscopolamine supplied by Amer
pointed out, however, that disregarding an unlabeled con-sham was indicated by a mass spectrum provided by the
taminant is akin to overestimating the specific activity of the manufacturer. In the case dfl-[*H]Jmethylscopolamine
radioligand [3-5]. The concentration of the radioligand from NEN, mass spectra for four lots were available from
therefore is underestimated throughout, and that, in turn, the manufacturer or were obtained at the University of
leads to artifactually low values of both the capacity and the Toronto (UT). The molar ratio of scopolamine M[3H]
potency (i.eEcsg) in a population of identical and mutually  methylscopolamine was estimated from peak height (NEN,
independent sites. UT) or area (UT), and the values are as follows: lot
In studies on cardiac muscarinic receptors, batches of the3167197, 1.2 (NEN); lot 3318049, 0.86 (NEN); lot
muscarinic  antagonistN-[°H]methylscopolamine were 3273247, 0.74 (UT, peak height), 0.76 (UT, peak area); lot
found to contain appreciable quantities of the unlabeled 3406009, nil (NEN, UT). The absence of scopolamine from

i el 3
precursor scopolamine; similarly, batches No{"H]meth- lot 3406009 was confirmed by thin-layer chromatography
ylquinuclidinylbenzilate were found to contain unlabeled 4 ried out by the manufacturer.

quinuclidinylbenzilate. In the present report, we compare
the binding of contaminatedN-[*H]methylscopolamine,

N-[*H]methylscopolamine devoid of scopolamine, and
[*H]quinuclidinylbenzilate to muscarinic receptors from

UnlabeledN-methylscopolamine hydrobromide was pur-
chased from Sigma-Aldrich. Scopolamine hydrobromide
was purchased as the dihydrate from RBI-Sigma, and the

! . ion b 3 byl of hydration state was confirmed by elemental analysis (Cana-
porcine atria. A competition betwedih{"H]methylscop dian Microanalytical Service, Ltd.). The measured compo-

amine and contaminating scopolamine can account for re-ition is as follows: C, 49.86%: H. 5.97%: N, 3.40%: O.

'Snuc;EeS ;T]Zte;’:h:{:/s'sepsgi_;gozﬁgr%ﬁ_ Igst(ta(;nt];eorlng;uzlflyam'91%' The calculated composition for different states of
indep Ies. ; WV : hydration (in percent) is as follows: anhydrous—C, 53.14;

conamiated oo re consereda, n e coseqy 7765 0 16,5 30 C, 076 1 01
' g ploy 3.48; 0, 19.89; 26H0—C, 48.58; H, 6.24; N, 3.33; O, 22.84;

the impurity and to determine the effective specific activity k . ) i
. . .. 3H,0—C, 46.58; H, 6.44; N, 3.20; O, 25.55; 46—C,
of an impure product according to a model that seems to fit. 44.74: H, 6.63: N, 3.07 O, 28.05.

The results suggest that chemical impurities have contrib-
uted to various effects used routinely to monitor the prop-
erties of muscarinic and other G protein-linked receptors. A
preliminary report of this work has appeared elsewhere [6].

2.2. Detergents, antisera, and other materials

Digitonin generally was obtained from Wako Bioprod-
ucts at a purity of nearly 100%; material of lower purity was
obtained on occasion from Roche Diagnostics7%%,
93%), ICN Biomedicals (50%), and Sigma-Aldrich (50%).
The latter products were used primarily to elute the columns
of Sephadex G-50 during the binding assays, but there was

N-[*H]Methylscopolamine was obtained as the chloride "© discernible difference when t-h.ey were used in plac-e of
salt from NEN Life Science Products, Inc. (lot 2924211, the product from Wako to solulblhze the receptor. Sodium
84.0 Ci/mmol; lot 3144205, 84 Ci/mmol; lot 3167197, 84.5 cholate was purchased from Sigma-Aldrich.

Ci/mmol; lot 3318049, 82.0 Ci/mmol; lot 3273247, 82.0 ~ HEPES was obtained as the free acid from Roche Diag-
Ci/mmol; lot 3406009, 83.5 Ci/mmol) and as the bromide nostics. EDTA was obtained as the free acid from British
salt from Amersham Pharmacia Biotech (batch 27, 78.3 Drug Houses or as the disodium salt from Bioshop Canada
Ci/mmol). N-[*H]Methylquinuclidinylbenzilate was ob Inc. Dithiothreitol, bacitracin, all protease inhibitors, trimeth-
tained as the chloride salt from NEN (lot 3248957, 83.5 Ylchlorosilane, Tween-20, and Sephadex G-50 (fine) were
Ci/mmol; lot 3329162, 83.5 Ci/mmol; lot 3329351, 83.5 from Sigma-Aldrich. Protein was estimated by the Lowry
Ci/mmol; lot 3329582, 84.0 Ci/mmol; lot 3329817, 84.0 method; the reagents and bovine serum albumin, taken as
Ci/mmol; lot 3363021, 82.0 Ci/mmol; lot 3363297, 81.0 the standard, were purchased from Pierce.

Ci/mmol). (—)-[*H]Quinuclidinylbenzilate was obtained Antisera were from the same sources as reported previ-
from NEN (lot 2824273, 43.5 Ci/mmol; lot 3186289, 52.3 ously [7]. Ascites fluid containing a monoclonal antibody to
Ci/mmol; lot 3231205, 43.5 Ci/mmol; lot 3329039, 49.0 the porcine M muscarinic receptor was obtained initially as
Ci/mmol; lot 3329907, 42.0 Ci/mmol) and from Amersham a gift from Dr. Neil M. Nathanson, Department of Pharma-
(batch 44, 48 Ci/mmol). cology, University of Washington (31-1D1), and later

All radioligands were used as supplied by the manufac- batches were purchased from Affinity Bioreagents. Re-
turer. TheN-[*H]methylscopolamine obtained from Amer agents and film for recording chemiluminescence from

2. Materials and methods

2.1. Muscarinic ligands
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western blots were purchased from Amersham (ECHy- to the binding assays. These changes were without effect on
perfilm MP) or NEN Life Science Products (Reflection).  the binding oN-[*H]methylscopolamine ofH]quinuclidin-
ABT-Sepharose used in the purification of m2 receptor ylbenzilate. Purified receptor was shown by western blot-
was prepared essentially as described previously [7]; epoxy-ting to be devoid of the alpha subunits of,&;;, Gi;, G114,
activated Sepharose 6B and FastFlow DEAE-Sepharoseand G. The sucrose gradient typically yielded 90-120 mg
were from Amersham Pharmacia Biotech. Econo-Pac HTP of protein from about 350 g of left plus right atria.
(CHT-II) and Econo-Pac P6 cartridges were purchased from  For binding assays on solubilized extracts, the sarcolem-
Bio-Rad Laboratories. Solubilized and purified receptor was mal fraction from the sucrose gradient [7] was diluted 6—-10-
concentrated as required by means of Centricon-10 andfold with ice-cold buffer A and centrifuged for 40 min at 4°
Centriprep-30 filters (Amicon) purchased from the Milli- and 100,000y (Beckman, 45Ti). The pellets were resus-

pore Corp. pended in a small volume of buffer D (Brinkmann Polytron,
setting 5, 10 sec), diluted 12-fold with the same buffer, and
2.3. Mass spectrometry centrifuged as before. This step was repeated at a dilution of

20-22-fold in buffer D, and the pellets were stored-a5°.

Spectra were obtained at the Mass Spectrometry Labo-Each pellet contained the material for one preparation of
ratory, Molecular Medicine Research Centre, University of solubilized receptor, which was sufficient for several bind-
Toronto, using a Sciex API It spectrometer (Perkin- ing experiments. To extract the receptor, the pellet was
Elmer) operated in the ion spray mode. The spectrum of thawed on ice and resuspended in ice-cold buffer D (5.5 mg
N-[*H]methylscopolamine was obtained as a full scan from of protein per mL). Nine volumes of the suspension then
m/z 152 tom/z 600. Scopolamine and unlabelBdmethyl- were mixed with 1 volume of a stock solution containing
scopolamine were characterized by full scan and by selec-4% digitonin (Wako) and 0.8% sodium cholate in buffer D.
tive ion monitoring atm/z 304 andm/z 318. Mass spectra  Solubilization was carried out according to the two-step
provided by NEN Life Science Products, Inc. were obtained procedure of Peterson and Schimerlik [8], as in the prepa-

by fast atom bombardment. ration of purified receptor [7], except that buffer D was
substituted for the imidazole-containing buffer used previ-
2.4. Preparations of m2 muscarinic receptor ously (cf. buffer D in footnote 1 and buffer A in Ref. 7). The

solubilized receptor was stored on ice until required in the
Purified m2 receptor solubilized in digitonin-cholate binding assays.
(0.1% digitonin, 0.02% sodium cholate) was prepared from  For binding assays on sarcolemmal membranes, the ma-
porcine atria via affinity chromatography on ABT-Sepha- terial collected from the sucrose gradient was diluted at least
rose as described previously [7]. Early experiments were 3-fold with ice-cold buffer B and centrifuged for 40 min at
performed on the eluant from an Econo-Pac P6 cartridge 4° and 100,00Q. The pellets were resuspended in a small
[i.e. preparation M2 in Ref. 7), which was stored on ice until volume of buffer B (Polytron, setting 5, 10 sec), diluted 20-
required for the binding assays. For later experiments, pas-to 25-fold with the same buffer, and divided into aliquots
sage of sample through the Bio-Gel P6 was omitted; rather, containing sufficient material for one experiment. The ali-
the eluate from an Econo-Pac HTP cartridge was concen-quots were centrifuged for 40 min at 4° and 150,@0@nd
trated from 6 mL to about 0.5 mL (Centricon-10), diluted to the pellets were stored at —75°.
2 mL with buffer D' supplemented with 0.1% digitonin and
0.02% sodium cholate, and then stored in aliquots (20—60 2.5. Binding assays
wnl) at —=75°. Frozen samples were thawed, diluted 15- to
25-fold with buffer E supplemented with 0.1% digitonin For binding to solubilized receptor, 50L of a solution
and 0.02% sodium cholate, and stored on ice for 24 hr prior containing all of the ligands in buffer E supplemented with
0.1% digitonin and 0.02% sodium cholate was added to 3
* Buffer solutions are abbreviated as follows: buffer A [7], 20 mM L Of the solubilized preparat_ion i_n polypropylene micro-
imidazole, 1 mM EDTA, 0.1 mM PMSF, 0.02% (w/v) sodium azide, 1 mm  Centrifuge tubes pretreated with trimethylchlorosilane. The
benzamidine, 21g/mL of pepstatin A, 0.2.g/mL of leupeptin, 20Qxg/mL reaction mixture was incubated for 45 min in assays with
of bacitracin, pH 7.60 with HCI; buffer B, 20 mM HEPES, 1 mM EDTA, N-[3H]methy|scop0|amine or for 2 hr in assays with
200 pg/mL of bacitracin, pH 8.0 with KOH; buffer C, 50 mM HEPES, 1 3py1qyinuclidinylbenzilate. The temperature of incubation

mM MgCl,, pH 7.45 with KOH; buffer D, 20 mM KHPQ,, 20 mM NacCl, ° . .
1 mM EDTA, 0.1 mM PMSF, pH 7.40 with KOH: buffer E, 20 mm  Was 30° throughout. The reaction was terminated, and the

HEPES, 1 mM EDTA, 20 mM NaCl, 5 mM MgS©0.1 mM PMsF, p4  bound radioligand was separated by applying an aliquot of
7.40 with NaOH. Buffers A-C and E were obtained by dilution of a stock the sample (50uL) to a column of Sephadex G-50 fine
solution prepared at the desired pH and at 10-fold the final concentration; (0.3 X 6.5 cm) pre-equilibrated and eluted with buffer E
protease inhibitors were added to the diluted solution as required. Buffer D supplemented with 0.017% digitonin. All of the eluant up to

was prepared from stock solutions of KIPO,, EDTA, and NaCl adjusted . . .
0 the desired pH with KOH (for KkPO,) or NaOH (for EDTA); PMSF and including the void volume was collected (1.45 mL) and

was added to the diluted solution. All solutions were titrated to the desired @SSayed for radioactivity.
pH at room temperature. For binding to sarcolemmal membranes, frozen pellets
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containing 8—10 mg of protein and prepared in buffer B presentation only and did not alter the relationship between
were thawed on ice and suspended in 5—-6 mL of buffer C the data and the fitted curve.
(Polytron, setting 5, 10 sec). Following the Lowry assay, the
homogenate was diluted with buffer C to yield a final Bobsa= Bsp T NS([P]; — Bgp) 1)
protein concentration of 0.1 g/L. Aliquots of this suspension ) ) .
(490 uL) were added to polypropylene microcentrifuge For data acquired at graded concentrations of thg radio-
tubes containing the radioligand and any other ligands dis- ligand, the value 0B, in Eq. 1 was calculated empirically
solved in deionized water (1QL) at 50 times the final ~ according to Eq. 2; the parametay, represents the Hill
concentration. The reaction mixture was incubated for 1 hr coefficient, and [R]represents the total concentration of
in assays withN-[*H]methylscopolamine and for 2 hr in  [*Hlquinuclidinylbenzilate - or N-[*H]methylscopolamine.
assays withH]quinuclidinylbenzilate. The temperature of 1he parameteB,, represents maximal specific binding,
incubation was 30° throughout, and bound radioligand was &nd ECso represents the concentration of unbound radioli
separated by microcentrifugation at 12,090for 5 min gand whenBg, equals 1/By,. Equation 2 was solved
(Beckman, Microfuge 12). _numerlcally in the manner described previously (cf. Eq. 204
For both membrane-bound and solubilized receptors, it iN Ref. 11).
was confirmed that the period of incubation was sufficient

for binding to become independent of time. The binding B — ([Pl — Bsy™ @)
profile defined byN-[*H]methylscopolamine was found to P T ECE + ([Pl — Bgp™

be superimposable after incubation of the samples for up to

2.4 hr; similarly, the binding profile defined byH]quinu- Mechanistic descriptions of the data were based on

clidinylbenzilate was the same after incubation for up to 5 Scheme 1, in whicimligands (i.e. L, i = 1, m) compete for
hr. The apparent capacity fdk[*H]methylscopolamine and & heterogeneous mixture of distinct, non-interconverting,
[®H]quinuclidinylbenzilate was compared throughout in as and mutually independent sites (i.e;, R = 1, n). The
says with both radioligands taken in parallel. Non-specific affinity of each L for the sites of clasgis represented by the
binding increased linearly with the concentration of either €quilibrium dissociation constant (i.eky = [Li][R}/
radioligand and was taken as total binding in the presence of[LiR}])-” The radioligand is shown asin Egs. 3-5 (i.ei =
0.1 or 1 mM unlabeledN-methylscopolamine. The non- k) and as iy in Eq. 6 (i.e.i = 1); the labeled complex with
specific binding of $H]quinuclidinylbenzilate to sarcolem  €ach Ris therefore LR, and LiR;, respectively, and the
mal membranes was comparatively high, representing aboutcorresponding dissociation constants KgeandKj;.
2% of the unbound ligand; nonetheless, the line of demar- Kj
cation between specific and non-specific binding was the Li + R —= LR
same regardless of whether the latter was defined by 1 mM
N-methylscopolamine or 1@M quinuclidinylbenzilate. In
solubilized preparations, non-specific binding represented
less than 0.06% of unboundH]quinuclidinylbenzilate and
0.005% of unboundN-[*H]methylscopolamine.

Assays were carried out in duplicate or triplicate for
preparations in digitonin-cholate and in quadruplicate for
membranes. Each sample was counted twice by liquid scin-

tilation  spectrometry (Beckman = LS7800, Beckman was selected as the radioligand. Capacity was formulated as
LS5000, or Packard 2100TR), and the individual values : gand. L-apacity n
.the total concentration of all sites (i.e. [R} X_4[R]])) and

were averaged to obtain the mean and standard error used i . . .
subseguent analvses. Absolute count rates were determinet e fraction thereof corresponding to those of each class (i.e.
9 yses. i = [R]/[R]y. The parametel is a scaling factor that was

by means of an external standard. Additional details regard-use d to obtain estimates of the relative capacity between

T(% the binding assays have been described elsewhere [7,9tWO or more sets of data. Whew[*H]methylscopolamine

and PH]quinuclidinylbenzilate were assayed in parallel, the
capacity for the former generally was estimated relative to
that for the latter. The values @, B,, and [R] are
shown throughout as the concentration in the binding assay

(PM).

Scheme 1

The value ofBg,in Eq. 1 was calculated according to Eq.
3. QuinuclidinylbenzilateN-methylscopolamine, and sco-
polamine were designated as ligands 1, 2, and 3, respec-
tively, and the value ok therefore depends upon whether
[*H]quinuclidinylbenzilate or N-[*H]methylscopolamine

2.6. Analysis of data

All data were analyzed according to Eq. 1, in whigdp g
andBg, represent total observed binding and specific bind
ing, respectively. The parametsiSrepresents the fraction
of unbound radioligand (i.e. [P} [P]; — Bg) that appears as
nc_)n-specn‘lc binding, Wh"?h was found to mc_rt_ease linearly 2 Comparatively low values of; are referred to as high affinity, and
with [P] for both antagonists under all conditions. Subse- higher values ok; are referred to as low affinity. Similarly, statements of
quent manipulations of the data were for the purpose of high or low potency are with reference to the value afcl.
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n
[l
Bsp = E [LkRj] n FjK_
=1 = K
= xRl 2, ©)
“ L TR .8
= fg[R] tjzl : L] o K
[Ld + Ky (1 + izl K_:) Eq. 5 can be rearranged as in Eq. Al or A2 of the Appendix,
ek takingfg as 1 and substituting [Rfor F;[R];. The resulting
expression can be simplified to one class of sites (L) and
. [Ld two ligands (n = 2) as in Eq. 6, where Lis the probe and
n TKyg L, is a contaminantf§ = [L,J/[L ;]). Equation 6 is analo-
= fR[R]th:L L] ®) gous to Eq. 3 or 4 in Ref. 4.
1+ >
=1 Kj [R];
ol
In most experiments, binding led to an appreciable re- (1 +f, K_l)
duction in the concentration of unbound radioligand under Bep = [L,R] = 2 (6)
at least some conditions. The values off flequired by Eq. 1 + L]
3 therefore were computed throughout from the correspond- <1 Lt _1)
ing implicit equations for [1], (i.e. [L;] + X4 [L;R] - [L ], 2K,

= 0, wherei = 1, m). Thus, the values plotted on the x-axis
in Figs. 2-5 denote the total molar concentration in the
binding assay. The system a@f implicit equations was
solved numerically as described previously [11].

Data also were simulated according to Scheme 2, in
which a tetravalent and presumably tetrameric receptor (R)
can bind up to four equivalents of a radioligand (P).

In some analyses, the total concentration of an unlabeled [P] [P] [P] [P]
ligandi was entered explicitly as an independent variable. In R PiR PR P3R PR
others, the value was calculated as the constant fraftdn
the total concentration of L(Eq. 4). This arrangement [P]IR] _ [PT[P,—4R] _ 11_[ «
permitsf; to be treated as a parameter, which then can be [P,R] P [PR] - Pife
optimized as required.
Scheme 2
f = [Li The parameteK is the microscopic dissociation constant
[Lide (4) for the binding of P to any site on the vacant receptor, and
p, is the cooperativity factor for binding of theh equivalent

2.7. Simulations of P to form RR. The system therefore exhibits positive

cooperativity wherp; is less than 1 and negative cooperat-

Data were simulated with respect to the free concentra- IVity whenp; exceeds 1. While a multivalent receptor could
tions of all ligands, and depletion therefore was assumed toP€ Poth cooperative and asymmetric, each asymmetric ar-
be negligible. For simulations in terms of Scheme 1, the f@gément has a symmetric equivalent when the specific

parametef, was introduced by substitutirfL ] for [L ] in signal from the ligand is invariant. It therefore is assumed
Eq. 3 to oBtain Eq. 5f(= 1 wheni = k). The definiti(;n of here that all vacant sites are equivalent at each level of
: . 5f} :

f, is strictly correct only for total concentrations, but it also occupancy.

will apply to free concentrations if neither ligand is depleted Specific binding was calculated according to Eq. 7, where
pplytotr rerfigan P each coefficient is the product of the degree of occupancy (i.e.
through binding to the receptor. The implications of Eq. 5

) . X 1-4) times the number of positional isomers. The values of
are considered further in the Appendix. [P;R] were calculated from the expansions in terms of, [R]
and [P]. Further details regarding the formulation of coop-
erative models have been described elsewhere [11].

B, = > [LR
»= 2 A Bop = 4[PiR] + 12[PR] + 12[PR] + 4[PR]  (7)

2.8. Plotting and statistical procedures

\ FIL
= xRl 2 . . .
i—1 mof The results of analyses involving multiple sets of data
Ld +Kg |1+ [Ld 21[ from replicated experiments have been presented through-
izk out with reference to a single fitted curve. To obtain the
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values plotted on the y-axis, estimates B,.4 were ad
justed according to the expressiBf,sq = Bopsa { f(Xi, 8)/ 100 1
f(x;, @}. The function f represents the fitted model. The
vectorsx; anda represent the independent variables at point
i and the fitted parameters for the set of data under consid- 80
eration; X; and a are the corresponding vectors in which
values that differ from experiment to experiment have been
replaced by the means for experiments associated with the
fitted curve. Individual values dB/,.4at the same; were
averaged to obtain the mean and standard error plotted in
the figure. The y-axis represents specific bindiriyX
throughout: that is, the value & .4less the fitted estimate
of non-specific binding at the same concentration of un-
bound radioligand [12]. 20
All parameters were estimated by non-linear regression,
and values at successive iterations of the fitting procedure

60

Specific binding (pM)

were adjusted according to the algorithm of Marquardt [13]. ok |
Affinities were optimized on a logarithmic scale (i.e. log - -5 5 -3 -
Kj). Most analyses involved multiple sets of data, and log [["H}Antagonist]

specific details regarding the assignment of shared param-_ ) o ] ] )
eters are described where appropriate. Values gfete Fig. 1. Equivalent binding profiles predicted for chemically pure and
. - impure radioligands under different mechanistic assumptions. The lines
assigned separately to data from separate experiments; Valgpown in the figure can be simulated using any of the schemes and
ues ofNSgenerally were common to all data acquired with  corresponding parametric values listed in Table 1. Binding was calculated
the same radioligand in the same experiment. with respect to the free concentration of the radioligand, and all of the lines
Weighting of the data, tests for significance, and other conform to a rectangular hyperbola.
statistical procedures were performed as described else-
where [11,14]. Weighted residuals were of comparable 3). The effects are more complex when the concentration
magnitude within each set of data. In simultaneous analysesyvaries, but a special case arises when a non-radiolabeled
individual sets of data generally made comparable contri- impurity is present with the radioligand. With two ligands
butions to the total weighted sum of squares; thus, the fits and one class of sites, the effect of an unlabeled contaminant
were not dominated by the data from one experiment or is to reduce both the apparent capacity and the apparent
group of experiments. Mean values calculated from two or affinity by the factor #f,K,/K, (Eq. 6). The analogous
more individual estimates of a parameter or other quantity effect expected with multiple ligands and multiple classes of
are presented together with the standard error. For parametsites is described in the Appendix (Eq. A2).
ric values derived from a single analysis of one or more sets  The effect of a contaminant on the binding profile de-
of data, the errors were estimated from the diagonal ele-fined by graded concentrations of a probe is illustrated in
ments of the covariance matrix. Such values reflect the Fig. 1, where the lines can be computed according to
range within which the weighted sum of squares is essen-Scheme 1 (Eg. 6) or alternative models as described in the
tially the same. Discussion. The simulations illustrate four different scenar-
ios in which the maximal binding is 100, 75, 50, or 25 pM,
and the parametric values are listed in Table 1. The mag-
3. Results nitude of the effect of the contaminant @y,,, depends
upon its affinity relative to that of the probe (i.€,/K, in
Data on the binding properties of G protein-linked re- Eq. 6). When the affinity of the probe is comparatively high
ceptors typically are analyzed in terms of Scheme 1, either (e.g.K, = 10°°, K, = 108, K,/K, = 0.1), a 3-fold molar
implicitly as a sum of hyperbolic terms or explicitly accord- excess of the contaminant is required to reduce the apparent
ing to Eq. 3 or equivalent expressions. In studies at gradedcapacity by 25%f; = 3.3); an equimolar amount of the
concentrations of the radioligand, designated below as L contaminant would reduce the apparent capacity by only 9%
unlabeled compounds generally are assumed to be absenff, = 1). When the affinity of the probe is comparatively
except when added to define the level of non-specific bind- weak (e.g.K, = 10°° K, = 10 '°, K,/K, = 10), the
ing (i.e. [LV/K; = [LJ/Ky). apparent capacity is reduced by 25% when the concentra-
If non-radiolabeled ligands are present, their effect de- tion of the contaminant is only 3% of that of the probe.
pends upon whether or not they constitute an additional Parallel changes emerge in the potency of the probe, since
variable within the system. When present at a constantthe effective concentration of ligand is consistently under-
concentration, they act to reduce the apparent affinity of the estimated owing to the presence of the contaminant.
radioligand without affecting the estimate of [R¢.g. Eq. As described in the Appendix, the effect of the unlabeled
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Table 1
Conditions for equivalent effects from different mechanistic proposals

Scheme 11§ = 1)°

Langmuir isotherri f, Scheme 11§ = 4)° Scheme 2

log ECsq Bnax log K, log K, log K,
Curve (pM) logK, = -10 = -9 =-8 i log Ky | logK,, logK, logp, logp; logp,
a —9.00 100 -9.00 0.0 0.0 0.0 1-4 -9.00 —9.00 0.0 0.0 0.0
b -9.13 75 -9.00 0.033 0.33 3.3 1-3 —9.13 4 >-5 —9.00 0.051 0.12 >4.0
c -9.30 50 —-9.00 0.10 1.0 10 1-2 -9.30 3-4 >-5 —9.00 0.18 >4.0
d —9.60 25 —-9.00 0.30 3.0 30 1 —9.60 2-4 >-5 -9.00 >4.0

For each model, the values listed in the table correspond to carebis Fig. 1. Binding was calculated with respect to the free concentrations of all ligands
in Schemes 1 and 2. The value of [’ 100 pM in Scheme 1 and 25 pM in Scheme 2.

@ Bobsd = Bmax [L :LV(ECSO + [L :IJ)

b Binding to a homogeneous population of sites when a non-radiolabeled imputis (bresent in constant molar ratid,) relative to the radioligand
(L,) (Eq. 6). Three examples are shown, differingkin. The net effect of the impurity is determined by the product,oénd the ratiok,/K..

©Binding to a heterogeneous population comprising four, equally populated classes of mutually independent Bites (i/e.for all j) (Eq. 3,k = 1,
m = 1). The sites of each class are of either high affinKy;§ or unobservably low affinityk,,) for the radioligand (L).

dBinding to a tetravalent receptor (Eq. 7) when saturation is precluded by negative cooperatithJéiH)“). The parameters were selected to yield
binding profiles congruent with those simulated according to Scheme 1, and each curve therefore has a Hill coefficient of 1. Owing to the differemce betw
macroscopic and microscopic affinity at each level of occupancy, the cooperativity fagtansip; are not 1 wherB,,,,, is either 0.75 (curvé) or 0.50
(curvec). Scheme 2 is described by a fourth degree Adair equation with respegftaglis Scheme 1 under the conditions described in footritaiove
(i.e. [R], = ¥4[R], for all j) [11].

ligand can be subsumed in an appropriate value of the specific activity 6A), the ratiof;, and perhaps a scaling
specific radioactivity. Curveb—d in Fig. 1 would be super-  factor corresponding to the quantity 14LK,;/K,). Data
imposable with curva if the specific activity of the probe  from different experimental protocols then can be pooled at
were reduced in each case by the factor +fK,/K,) (i.e. will to define the system, and the values of those parameters
0.75, 0.50, and 0.25 for curvdsd, respectively). Such a can be optimized or fixed as required. Since all of the data
correction is valid only for the particular conditions of the contribute in the analysis, the parametric values are better
experiment, since any change might affect the value of defined than when estimated frdsyp,,, Or Ecsy alone; also,
K,/K,. In that event, the effective specific activity would the value ofSAor f; can be tested for its ability to improve
change accordingly, with parallel changes in the position an otherwise unsatisfactory fit. This approach is the only

and amplitude of the binding curve (egrso and B, in practical alternative with comparatively complex models
Eq. 2). If the ratio of affinities were unfavorable (ike,/K, such as Scheme 1 with multiple classes of sites.

>> 1), even low concentrations of the impurity would ren- N-[*H]Methylscopolamine is produced by methylation
der the binding profile sensitive to changeXinor K, (i.e. of scopolamine, which therefore is a potential contaminant
f, < 1). in preparations of the radioligand. Mass spectra obtained for

The simulations in Fig. 1 illustrate how a contaminated different batches of the labeled material indicate that this
radioligand might be calibrated if used in parallel with a indeed has occurred from time to time with commercial
chemically pure radioligand, which could be the same or a products. In some batches, the concentration of scopolamine
different compound. If curva represents a pure compound has been comparable to that &f-methylscopolamine.
of known specific activity, maximal specific binding is [*H]Quinuclidinylbenzilate is produced by catalytic dehalo
equivalent to [R] (i.e.f, = 0 in Eq. 6). If curveb, c,or d genation of the-chloro orp-bromo dihalogenated precur-
represents an impure compound, maximal specific binding sor, and mass spectra indicate that the mono- and dihalo
equals [R}(1+f,K,/K,). Since the true capacity is the same compounds are consistently absent from the labeled prod-
for the pure and impure ligands, the two estimate8,f, uct. Commercially available 3H]quinuclidinylbenzilate
taken together yield the factor+f,K,/K, for the latter therefore appears to be devoid of precursor, which suggests
compound. That, in turn, can be used as described in thethat it can be used as a standard against which to assess the
Appendix to estimate the effective specific activity and chemical purity of other muscarinic radioligands. Since any
hence the effective concentration of the contaminated ra-contamination is expected to reduce the values of; IR,
dioligand. The factor +f,K,/K; also can be calculated from  andKy; ., (Eq. A2), the apparent capacity fotH]quinu-

the potencies of the two radioligands [i.ecso = K,/ clidinylbenzilate is expected to equal or to exceed that for
(1+f,K,/K,) in Eq. 6], but the value ok, must be the same  N-[*H]methylscopolamine.
or known for both compounds. A shortfall in the number of sites labeled by-[>H]

A more general approach to questions raised by an im- methylscopolamine has been typical of cardiac muscarinic
pure radioligand, and that used in the present investigation,receptors in the present investigation. With receptors puri-
is to formulate the model with explicit parameters for the fied from porcine atria, for example, the apparent capacity
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Fig. 2. Differential apparent capacity of purified m2 receptorsNgrH]methylscopolamine andfijquinuclidinylbenzilate. The assays depicted in each
panel were performed with the radioligand alone (upper curves) and together with 1 mM unlabeled NMS (baseline). Panels A and B: Parallel assays wi
[*HIQNB (O, <, O, A) and PHINMS (<, +, X, X) were carried out on two different preparations of receptor, and each panel depicts the results from one
preparation (A, N= 4; B, N = 3). Data from different experiments are represented by different symbols-{ <, +; O, X; A, X). The lot numbers for
[®HIQNB are as follows: A, 3329033; B, 2824273. The lot numbers TBljIMS are: A, 3318049; B, 2924211. Panel C: Parallel assays were carried out
with [2H]JQNB (O, 0, lot 3329907) and two different lots ofH]NMS (<, A, lot 3406009;%, X, lot 3273247) in two separate experiments, each performed

on a different preparation of receptdr (<, <; 0, A, X). Panel D: Parallel assays were carried out witH]QNB (O, 0) and PHINMS (<, A) in two
separate experiments, each of which involved radioligands from a different manufacturer (INERH]JQNB lot 3329907;<, [PHINMS lot 3406009.
Amersham:J, [H]JQNB lot 44; A, [*H]NMS lot 27); the same preparation of receptor was used throughout. The lines in each panel illustrate the best fit
of Eqg. 3 to all of the data represented in that panel taken togeftQNB and PH]NMS were designated throughout as ligands 1 and 2, respectively, and
the number of classes of sitay) (vas taken as 1 or 2, as required. For each radioligand, single valligsanidF, were common to all of the data. Single
values of [R] were common to all data from the same experiment (A-C) or from both experiments (D), irrespective of radioligand; the lower capacity for
[®*H]NMS was accommodated by a single valuefgtommon to those data. The value of [Rjus was permitted to differ among experiments, while the
relative capacity forfH]NMS and fH]JQNB was assumed to be constant. The fitted valuds ahd the mean (A—C) or fitted (D) values of [R}e as follows:

A, 0.64 = 0.02, 672+ 53 pM (N = 4); B, 0.76 + 0.03, 411+ 2 pM (N = 3); C, 0.94+ 0.03 (lot 3406009), 0.7% 0.02 (lot 3273247), 697 94 pM

(N = 2); D, 0.91+ 0.02, 763= 9 pM. Other parametric values are as follows. PanehA=(1): log K,; = —9.32+ 0.05, logK,, = —8.53 =+ 0.03. Panel

B ([°HIQNB, n = 1; [*HINMS, n = 2): log K;; = -9.64* 0.03, logK,; = —9.03= 0.13, logK,, = —7.92+ 0.67,F, yus = 0.23* 0.17. Panel Cr( =

2): logK;, = —9.66+ 0.17, logK;, = —8.29+ 0.26,F, ong = 0.39 = 0.12; logK,, = —8.77+ 0.09, logK,, = =7.57+ 0.35,F, yus = 0.30* 0.10
([®HINMS lot 3406009); logK,, = —9.74 =+ 0.70, logK,, = —8.33= 0.08,F, \us = 0.93+ 0.07 (PH]NMS lot 3273247). Panel Dn(= 2): logK,, =

—9.48+ 0.11, logK;, = —8.19* 0.42,F, ong = 0.18 + 0.10; logK,; = —8.84+ 0.09, logK,, = —7.80= 0.31,F, yus = 0.30 = 0.12. In panels A-C,
individual estimates 0B,,sqWere normalized to the mean value of {Rjr all of the curves included in the analysis, and the corresponding valBg, &

plotted on the y-axis. In panel D, the valuesRy, were calculated fronB,,,.,taken as measured; the constraintskgn F,, fz, and [R] were without
appreciable effect on the weighted sum of squaRes-(0.059).

seldom has exceeded 80% of that féJquinuclidinylben The capacity forN-[*H]methylscopolamine relative to
zilate (e.g. Fig. 2, A and B). Binding parameters obtained that for PH]quinuclidinylbenzilate was only about 0.6 with
with different batches of radioligand and four different one batch ofN-[*H]methylscopolamine in two successive
preparations of receptor are summarized in Table 2. Sincepreparations of receptor (i.e. batch 1 in preparations 1 and 2,
N-[*H]methylscopolamine and3f]quinuclidinylbenzilate Table 2). A somewhat higher value of about 0.8 was ob-
were measured in parallel in all experiments, the estimatestained with a second batch dE[*H]methylscopolamine in

of maximal binding are directly comparable for the two two additional preparations of receptor (batch 2 in prepara-
radioligands. The results suggest that most if not all of the tions 3 and 4), while the same preparations yielded a value
discrepancy in capacity derives from the radioligand rather of 0.92 with two additional batches of the radioligand
than the receptor. (batches 3 and 4 in preparations 3 and 4, respectively). The
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Table 2

Empirical characterization of specific binding to purified m2 receptors

Preparation N-[*H]Methylscopolamine [®H]Quinuclidinylbenzilate Brmax,pHinms

of receptor Batch logECs, Ny Brnax Batch logECsq Ny Brax Bmax erione
(pM) (pM)

1(3) 1 —7.36+0.18 1.02+ 0.18 176-366 1 —8.28+ 0.25 0.93+ 0.15 382-522 0.58 0.07

2 (5) 1 —8.38+0.18 1.00+ 0.10 351-488 1 —9.00+0.24 0.87+ 0.10 548-829 0.63 0.02

3(6) 2 -8.29+ 0.07 1.00= 0.04 442-574 2 —8.88* 0.06 0.94+ 0.19 538-738 0.7% 0.02

3(2) 3 -8.28+ 0.13 0.84+ 0.05 502-567 2 —-8.97+0.11 0.69+ 0.11 538-630 0.92 0.02

4(1) 2 —8.49 0.84 628 2 -9.30 0.79 758 0.83

4(2) 3 —-8.72+0.23 0.93+ 0.11 651-729 2 -9.31+ 0.01 0.80+ 0.01 737-758 0.92 0.04

4(2) 4 —8.67+ 0.02 0.89+ 0.07 672-708 3 —9.26+ 0.00 0.94+ 0.08 754-767 0.9% 0.02

Binding was measured at graded concentrationsSlfNMS and PH]QNB as illustrated in Fig. 2. The two radioligands were used in parallel in each
experiment, and the number of experiments is shown in parentheses. Data from individual experiments were analyzed in terms of Eq. 2 and Eq. 3 to obt
estimates oh,,, log Ec5o, andB,,,., for each radioligand. When,, was near or greater than 1, the valuegaf, andB,, ., were obtained from Eq. 2. When
n,, was appreciably less than 1, the valuesajf, andB,, ., were estimated according to Eq.8 € 2): B,,.,was taken as [R]andecs, was taken as the
root of the polynomiaK,,K,, + {K;1(1 — 2F,) + K, ,(1 — 2F,)} ECgo — ECS, = 0. The relative capacity foPHJNMS and PH]QNB was calculated
for each experiment (i.6B,ax grinms/Bmax Brione), and the individual estimates of lagrs,, ny, and relative capacity were averaged to obtain the means
listed in the table. Variability is indicated by the SEM (N 2) or the range (N= 2). Lot numbers for the different batches 8H[NMS are as follows: 1,

NEN lot 3318049; 2, NEN lot 3273247; 3, NEN lot 3406009; 4, Amersham lot 27. The lot numberdHi®NB are: 1, NEN lot 3329039; 2, lot NEN
3329907; 3, Amersham lot 44.

ratios of 0.6 and 0.8 were obtained with radiolabeled ma- the capacity for H]quinuclidinylbenzilate andN-[>H]
terial in which the concentration of scopolamine was 85 or methylscopolamine can be used to estimate the effective
75% of the concentration dfi-[*H]methylscopolamine, as  specific activity of the latter. The lines in each panel of Fig.
determined by mass spectrometry (batches 1 and 2, respec2 were obtained by finding the optimal ratio of capacities for
tively); ratios greater than 0.9 were found only with radio- the two radioligands (i.€g), and the fitted values are listed
labeled material apparently devoid of scopolamine (batchesin the legend. In alternative analyses, also in terms of Eq. 3,
3 and 4). the true value of [R]was assumed to be the same for both
The binding ofN-[*H]methylscopolamine with and with radioligands (i.efgz = 1), and the value of the specific
out accompanying scopolamine is compared with that of activity was optimized fomN-[*H]methylscopolamine. For
[*H]quinuclidinylbenzilate in Fig. 2C, where the data were each set of data, the second fit is equivalent to that shown in
obtained in assays with all three radiolabeled products in the corresponding panel of Fig. 2. As expected, the ratio of
each of two different preparations of purified receptor. As capacities for the two ligands equals the ratio of the optimal
estimated empirically in terms of Scheme 1 (Eq. 3), the specific activity to the specific activity stated by the manu-
relative capacity for N-[*H]methylscopolamine and facturer (i.e.SA/SA,Eq. A3 and A4. Fig. 2A, 0.63; 2B,
[*H]quinuclidinylbenzilate was 0.94 0.03 in the absence  0.76; 2C, 0.94 and 0.79; 2D, 0.91).

of detectable scopolamine and 0.7Z90.02 when the con- The differential capacity illustrated in Fig. 2 is not
centration of scopolamine was 75% of thatd{>*H]meth unique to purified receptors. The relative capacity for
ylscopolamine. The same batch SH]quinuclidinylbenzi N-[*H]methylscopolamine and3f]quinuclidinylbenzilate

late was used throughout, and both preparations of receptowas 0.74+ 0.02 (N = 5) (Fig. 3A) and 0.76+= 0.01 (N=
yielded the same result with the three radioligands. The 3) in two preparations of sarcolemmal membranes, as de-

differential capacity for two different batches &[°H] termined with the same lot of each radioligand. Similarly,
methylscopolamine, therefore, appears to have been causethe relative capacity was 0.6 0.01 (N = 4) in one
by contaminating scopolamine. preparation of sarcolemmal membranes solubilized in dig-

The binding of fH]quinuclidinylbenzilate andN-[>H] itonin-cholate (Fig. 3C) and 0.82 0.01 in another prepa-
methylscopolamine from two different manufacturers is ration of purified receptor (Fig. 3E).
compared in Fig. 2D. Both batches M{[*H]methylscopol Differences in the apparent capacity fdg[>H]methyk
amine were devoid of scopolamine, as indicated by massscopolamine and®H]quinuclidinylbenzilate cannot be -at
spectrometry, and the data are virtually superimposable.tributed to a subpopulation of independent sites accessible
Two classes of sites were required for agreement with only to the latter. The inhibitory effect of unlabeled
Scheme 1, and the curves represent the best fit obtained wittmethylscopolamine on the binding dH]quinuclidinylben
a single set of parameters for all of the data. The sum of zilate to sarcolemmal membranes, to the digitonin-solubi-
squares is not significantly less with a separate set of pa-lized preparation, and to purified receptors is illustrated in
rameters for the pair of radioligands from each manufac- Fig. 3 (right-hand panels). Assays were performed at two
turer P = 0.059). concentrations of the radioligand, and the number of sites
As described above and in the Appendix, differences in labeled at the higher concentration in the absencé-of
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Fig. 3. Binding of quinuclidinylbenzilate arfd-methylscopolamine to sarcolemmal membranes (A, B), to digitonin-solubilized extracts (C, D), and to purified
m2 receptors (E, F). Panels A, C, and E: Parallel assays WQNB (0, ¢, [0, A,00) and FH]NMS (<, +, X, X, 0) were performed with the radioligand

alone (upper curves) and together with 1 mM unlabeled NMS (baseline); different symbols denote data from different expérindents (+; 0, X; A,

X; 0,0). Panels B, D, and F: Parallel assays were carried out at near-satur@gingn@ sub-saturatingll) concentrations of°HJQNB and graded
concentrations of unlabeled NMS (N 3). The concentration of protein in the assays on sarcolemmal membranes was 0.1 g/L. For each preparation of
receptor, the lines illustrate the best fit of Eq. 3 to the data represented in both panels taken together. The fitted parametric values and detaljses the

are given in Table 3. To obtain the adjusted valueBgiplotted on the y-axis, the values of [Rjere taken as the mean of the individual values as follows:

A and B, 454+ 19 pM (N = 8); C and D, 276+ 26 pM (N = 7); E and F, 457+ 10 pM (N = 6). The mean values of log [l, for the adjustment in the
right-hand panels are: B, —8.970.01 and —8.4% 0.01; D, —9.06+ 0.004 and —7.66= 0.02; F, —9.08+ 0.01 and —7.7% 0.01. Points shown at the lower

and upper ends of the x-axis in panels B, D, and F indicate binding in the absence of NMS and in the presence of 1 mM NMS. The mean estimates
inhibitory potency (logcsg) and the Hill coefficientig,) for unlabeled NMS are as follows, at the lower and higher concentratioiBIpNB, respectively:

B, —=7.96+ 0.03 and 0.8k 0.05, —7.58+ 0.03 and 0.84+ 0.02; D, —8.17+ 0.03 and 1.07 0.06, —6.86= 0.03 and 1.06+ 0.03; F, —7.94+ 0.08 and

0.98 = 0.09, —6.81* 0.09 and 0.86+ 0.01. Individual estimates otg, and n,, were obtained for each set of data according to the Hill equation [i.e.,
(Bobsa = Bpums) o — Bpums) — {ICSY(INMS]™+icg9)} + Bpyws) — -], and the three values were averaged to obtain the means listed above.

methylscopolamine exceeded the number of sites labeled aunlabeledN-methylscopolamine near AM (Fig. 3, B, D,
apparently saturating concentrations N *H]methylscoe and F). The notion that some receptors are exclusive for
polamine (left-hand panels). Moreover, the maximal bind- [*H]quinuclidinylbenzilate therefore implies that unlabeled
ing of N-[*H]methylscopolamine was defined by radioli N-methylscopolamine is inhibitory at sites inaccessible to
gand concentrations approachingu, at least in solution radiolabeledN-methylscopolamine. While this anomaly is
(Fig. 3, C and E), while the inhibition ofH]quinuclidinyl- less apparent in membranes owing to practical limitations
benzilate was complete or nearly so at concentrations of on the highest concentration of radioligand, the non-specific
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Table 3

Affinities of [*H]quinuclidinylbenzilate andN-[*H]methylscopolamine estimated semi-empirically in terms of Scheme 1

Preparation L Affinity of quinuclidinylbenzilate Affinity oN-methylscopolamirfe Fb

log Ky, log Ky log K35 log Kz, log K5» log Kz

Sarcolemmal membranes H() -9.15+0.11 -9.16+0.20 ° -9.11+0.03 —6.72+ 0.48' } 0.33 = 0.03
H(3) —-8.69+0.08 —-7.77+0.24 °© R

Solubilized in digitonin-cholate’H (4) —10.09+ 0.05 —10.09+ 0.05 —8.83+ 0.08 —9.28+ 0.08 —8.13+ 0.34 >-57 } 0.29 = 0.01
H@3) -9.27+0.09 —-9.27+0.09 —-8.18+026 " =~

Purified in digitonin-cholate *H (3) —9.85+ 0.07 —8.96+ 0.37 —8.83+0.31 —8.93+0.06 —7.53+0.32 >-6.4 } 0.20 + 0.02
H(3) -9.02+0.13 —-8.07+057 —-7.28+036 "

Data illustrated in the paired left- and right-hand panels of Fig. 3 were analyzed according torEg. 3 ¢r 3) to obtain the fitted curves shown in the
figures and the parametric values listed in the table. QNB was present only as the radioligaritH(lboth panels of Fig. 3), while NMS was present as
either the radioligand (I= *H, left-hand panels) or the unlabeled analogue=(EH, right-hand panels). The number of experiments is shown in parentheses.
For QNB, a single value of eadk,;; was common to all of the data shown in the right-hand panel and to those data acquired at graded concentrations of
[*H]QNB in the left-hand panel. For NMS, a single value of eéichwas common to all of the data shown in the right-hand panel, and a second value was
common to those data acquired at graded concentration$Hipi1S in the left-hand panel. A difference between the two fitted values piconstitutes
a discrepancy between the model and the data. Single valligsagfre common to all of the data shown in both panels. Single values pfvR¢ common
to all data acquired within the same experiment, and single valudSefere common to data acquired with the same radioligand in the same experiment.
The lot numbers forJH]QNB and FH]NMS are as follows: membranes, 3186289 and 3144205; solubilized preparation, 3231205 and 3144205; purified
receptor, 3186289 and 3144205.

a[*HINMS and PH]QNB shared a single value of [Ryhen both radioligands were measured in parallel, and the lower capacitH|diNIS is accounted
for by anomalously weak binding at some of the sites. The corresponding valkgsfof [*H]NMS are undefined for solubilized and purified materiai
3), and the parameter therefore was mapped to obtain the lower bound as identified by a significant increase in the weighted sum Bf<sdué®ks (

At higher values oK, the parameter is without effect on the sum of squares or on the values of other parameters; the latter were evaluated with the valu
of K,5 set at 0.1 M.

P F, represents the fraction of sites exhibiting lowest affinity fs]NMS and corresponds to eithEy, or F5. The values ofF , whenn is 3 are as follows:
solubilized preparation, 0.19 0.07; purified receptor, 0.2% 0.05. The quantity - F,, approximates the relative capacity of the preparation¥diNIMS
and PH]QNB.

¢ Two classes of sites are sufficient for the model to describe the data.

dThe value exceeds the highest concentration of the radioligand but is defined by a shallow minimum in the weighted sum of squares.

©"The two parameters are indistinguishable and therefore were optimized as a single value.

binding of PH]quinuclidinylbenzilate was the same in the between the model and the data. In that event, the analysis
presence of either 0.01 mM unlabeled quinuclidinylbenzi- is essentially empirical despite the mechanistic basis of Eq.
late or 0.1 mMN-methylscopolamine. 3.

Receptors that bind®H]quinuclidinylbenzilate but not Owing to the difference in apparent capacity, at least two
N-[*H]methylscopolamine constitute an example of Scheme classes of sites are required to describe the system under all
1, which can be examined quantitatively by fitting Eq. 3 to conditions: one class that binds both radioligands, and a
the combined data illustrated in the left- and right-hand second that exhibits anomalously low affinity fk[>H]
panels of Fig. 3. The lines represent the fitted curves, andmethylscopolamine. Three classes of sites are required for
the corresponding parametric values are listed in Table 3.solubilized and purified receptors in order to accommodate
Quinuclidinylbenzilate an8l-methylscopolamine were des- a small degree of dispersion in the binding of both radioli-
ignated as ligands 1 and 2, and the corresponding affinitiesgands , = 0.76 to 0.89). In each case, the affinity of
are thereforél;; andK,. Each analysis was arranged such N-[*H]methylscopolamine for the sites labeled only by
that all of the data shared common valuesg=gfin accord [*H]quinuclidinylbenzilate is poorly defined by the data.
with the presumption that there is no interconversion among When three classes of sites are required, the vall& ois
the different states or forms of the receptor. Similarly, the defined only by a lower bound estimated by mapping. The
affinity of quinuclidinylbenzilate for each state was esti- values ofF, or F; listed in the table indicate the fraction of
mated as the single value kif; common to all data acquired  sites inaccessible thl-[*H]methylscopolamine at the cen
with [*H]quinuclidinylbenzilate as the radioligand. In con  centrations used in the assays.
trast, the affinity oN-methylscopolamine for each state was The affinities listed foN-methylscopolamine in Table 3
estimated as two parameters: one valu&gfderived from highlight the discrepancy between its binding as measured
the binding of N-[*H]methylscopolamine alone (left-hand directly and as inferred from its inhibitory effect on the
panel), and a second value derived from the inhibitory effect binding of PH]quinuclidinylbenzilate. In all preparations,
on [PH]quinuclidinylbenzilate (right-hand panel). Since the the lower capacity foN-[>H]methylscopolamine implies an
labeled and unlabeled analoguesNsmethylscopolamine  equilibrium dissociation constant that exceeds the highest
are expected to be functionally identical, any appreciable concentration of radioligand used in the assays; thus, the
difference in the two values & constitutes a discrepancy highest affinity commensurate with those data differs by
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Table 4 in which the relative apparent capacity fiNe[°*H]methyk

Assessment of Scheme 1 for binding to purified m2 receptors scopolamine and 3[-|]quinuclidinylbenzilate was 0.79+

Classes of NMS: two values ofK; NMS: one value oKy 0.02. The same batch of each radioligand was used through-

sites 1) WSSQ P WSSQ P out. Th_e datg illustrated in Fig. 4B are from three experi-
ments in which scopolamine and unlabelemethylsco-

; ‘l‘grggg 833 000001 ;‘Szfgg((llgg) 000001 polamine were characterized for their inhibitory effects at

) . y . . 3 . . . .
3 13,220 (187) 0.037 25,200 (190) 0.23 two concentratl_ons of “H]quinuclidinylbenzilate. The _
4 12,840 (183) 0.25 25,200 (187) pooled data define all of the parameters of Scheme 1, in-

- - - : cluding the concentration of scopolamine relative to that of
Data illustrated in panels E and F of Fig. 3 were analyzed according to

3 . .
Eqg. 3 (0 = 1-4), and theweighted sum of squares (WSSQ) from each N_[ H]methylscopol::_lmlne_ in assays at graded Co.ncer.]tra

analysis is listed in the table. The number of degrees of freedom is shown tiONs of the latter (i.ef; in Eq. 4 when scopolamine is

in parentheses. The radiolabeled and unlabeled analogues of NMS weredesignated as ligand 3). Such provision for contaminating

assumed to have different affinities (i.e. two valuesgf) or the same scopolamine avoids the discrepancy that otherwise occurs
affinity (i.e. one value ofKy) for each class of sites, and parameters hatween labeled and unlabeldtimethylscopolamine, and

otherW|s§ were assigned as described in the footnotes to Table_3._ Within the model can account for the data in both panels of Fig. 4
each series of analyses, the value® ofere calculated from thE-statistic

for the decrease in the sum of squares associated with each additional claséaken together. The fitted value 6f for the amount of

of sites. The fitted curves obtained with two valuesgf whenn is taken scopolamine in the assays wikh[*H]methylscopolamine is
as 3 are illustrated in Fig. 3, and the corresponding parametric values are2.3 = 0.4; the corresponding value estimated from electro-
listed in Table 3. spray mass spectrometry of a sample from the same batch of

the radioligand is 0.75.

10-fold or more from the weakest affinity inferred from the Binding profiles obtained with two batches bE[>H]
inhibition of [*H]quinuclidinylbenzilate. To confirm these methylscopolamine and aliquots from the same batch of
anomalies, the analyses summarized in Table 3 were re-purified receptor are illustrated in Fig. 5. One batch of the
peated with the parameters assigned strictly in accord with radioligand was devoid of scopolamine (ifg.= 0) (Fig.
the model: that is, the affinity dN-methylscopolamine at  5A), as indicated by mass spectra recorded by the manu-
each class of sites was assumed to be the same for bindindacturer and locally, and one contained scopolamine and
of the radioligand alone and for the inhibition dH]quinu- N-[*H]methylscopolamine in similar amounts (i.& =
clidinylbenzilate. This constraint is accompanied in each 0.75) (Fig. 5B). The latter batch was the same as that used
case by a substantial increase in the sum of squ&tes ( to obtain the data illustrated in Fig. 4A. In each case,
0.00001), and the fitted curves show marked deviations binding was measured with the radioligand taken as sup-
from the data. plied by the manufacturer (cuna and supplemented with

Inconsistencies in the affinity di-methylscopolamine  scopolamine at three different molar ratios over a 10-fold
cannot be reconciled by increasing the degree of heteroge+ange from 2 to about 20 (curvesd). The conditions of the
neity, as illustrated for purified receptors by the results experiments represented in panels A and B of Fig. 5 thus
summarized in Table 4. With different affinities for radio- mimic the assumptions underlying the simulations in Fig. 1.
labeled and unlabeleéd-methylscopolamine at each class of Also shown are data on the binding dH]quinuclidinyl-
sites, the weighted sum of squares is found to decrease frombenzilate at graded concentrations of either scopolamine or
42,470 whem is 1 to about 13,000 when is 3 or more; unlabeledN-methylscopolamine (Fig. 5D) and at graded
with a single affinity, the sum of squares is 42,940 when concentrations of the radioligand (Fig. 5C). All of the pa-
is 1 and decreases to 25,200 whreis 3 or more (Table 4).  rameters of Scheme 1 are defined by the data represented in
Thus, the asymptotic sum of squares at any valuenof panels A-D taken together. The lines represent the best fit
greater than 4 is doubled when the parameters are assignedbtained from a mechanistically consistent analysis of the
in a mechanistically consistent manner. It follows that the pooled data, and the fitted parametric values are listed in the
data are inconsistent with Scheme 1 regardless of the num4egend to the figure.
ber of classes of sites, and the model can be rejected cate- The results shown in Fig. 5 illustrate the effect of an
gorically. Similar results are obtained for the other prepa- unrecognized contaminant on the binding profile of a radio-
rations represented in Table 3. ligand, and they provide further evidence that scopolamine

The failure of Scheme 1 suggests that the inhibitory is responsible for discrepancies between the data and
effect of unlabeledN-methylscopolamine on the binding of Scheme 1. Based on the affinity of scopolamine defined by
[*H]quinuclidinylbenzilate is at least partly non-competitive the data in panels C and D of Fig. 5 (iey) and on the total
or that the estimated capacity fde[>H]methylscopolamine  concentration determined as described below, the model can
is artifactually low. The presence of scopolamine in several account for the difference in the apparent capacity of puri-
batches ofN-[*H]methylscopolamine points to an artifact, fied receptors for two different batches of the radioligand
and the anomalies that emerge from Scheme 1 are avoidedcf. panels A and B of Fig. 5) and for the changes that occur
if the unlabeled ligand is included in the analysis. The data when the radiolabeled material is supplemented with sco-
illustrated in Fig. 4A are representative of six experiments polamine. To obtain the fit shown in Fig. 5, the total con-
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Fig. 4. Contribution of scopolamine to discrepancies between Scheme 1 and the bindttjooirfuclidinylbenzilate andN-[*H]methylscopolamine to

purified m2 receptors. Panel A: Parallel assays withQNB (0, <, 0) and PHINMS (<, +, X) were performed with the radioligand alone (upper curves)

and together with 1 mM unlabeled NMS (baseline); different symbols denote data from different experiment8)(NPanel B: Parallel assays were
performed at near-saturating ( 0) and sub-saturating, A) concentrations of°H]JQNB and graded concentrations of both unlabeled NMIS ¢*) and
scopolaminel(, A); thus, each experiment comprised four sets of data (8). [PHJQNB and PH]NMS were from lots 3329907 and 3273247, respectively.

The lines illustrate the best fit of Eq. 8 € 1) to the data represented in both panels taken together. QNB, NMS, and scopolamine were designated as ligand:
1, 2, and 3, respectively. The concentration of scopolamine in panel A was defined relative to thNM$ (i.e. f; = [L4]/[L,]). Single values oK,

andKy were common to all of the data. Values I6f; were assigned separately to the data represented in each panel in order to accommodate a small
difference in the affinity of fH]JQNB as defined by graded concentrations of the radioligand (A) and that inferred from the effétJQINB on the inhibitory
behavior of unlabeled NMS and scopolamine (B). Single values gffBje common to all data from the same experiment, irrespective of radioligand, and

a single value of; was common to all of the data obtained at graded concentratioris{fMI/1S. The fitted value of, is 2.3 + 0.4, and the estimates of

affinity are as follows: log,; = —9.10* 0.02 (A, QNB), logK,, = —8.84=* 0.03 (B, QNB), logK,, = —8.28* 0.02 (NMS), and logK3, = —7.30=*

0.03 (scopolamine). Individual estimates®f,.ywere normalized to the mean value of [Rir all of the data included in the analysis (i.e. [R] 611 =

18 pM, N = 6), and the corresponding value B is plotted on the y-axis. The mean values of log]{lfor the adjustment in panel B are —7.940.01

and —8.97= 0.02. Points shown at the lower end of the x-axis in panel B indicate binding at concentrations of unlabeled antagonist below 10 pM.

centration of scopolamine was taken as the sum of thatN-[*H]methylscopolamine adjusted downward by the factor

added in the experiment plus that present WtfPH]meth- fz- The value of; decreases witfk, as shown in Fig. 6, and
ylscopolamine as received from the manufacturer; the equals 1.4 wheffy is set at 0.92. The same valuefgivas
former was entered explicitly for each value 8f.4 obtained from the analysis illustrated in Fig. 5, where

and the latter was calculated from the concentration of N-[®*H]methylscopolamine is compared with uncontami-
N-[*H]methylscopolamine and the appropriate valuefof nated N-[*H]methylscopolamine rather than with
In the case of Fig. 5A, the radiolabeled product was appar- [°*H]quinuclidinylbenzilate as in Fig. 4. When the compar-
ently devoid of scopolamine, and the valuefgivas taken ison is between two batches of the same radioligand, the
as zero. In the case of Fig. 5B, the amount of contaminating value off; is independent of.
scopolamine is given by the single valuggtommon to all The foregoing considerations indicate that different ap-
of the data, and the fitted estimate is 1:40.2. proaches yield consistent results when the valud;dé

Both values off; estimated from the binding properties inferred from binding assays. The remaining discrepancy
(i.e. 2.3* 0.4, Fig. 4; 1.4* 0.2, Fig. 5) exceed the value between the value of 1.4 and the value estimated by mass
estimated by mass spectrometry (0.75). The value of 2.3 isspectrometry appears to arise primarily from the under-
a measure of the differential capacity f¢fH]methylsco- representation of scopolamine in the mass spectrum. The
polamine and3H]quinuclidinylbenzilate (Fig. 4A). Part of  results summarized in Table 5 were obtained with samples
that difference can be attributed to the comparatively rapid prepared at molar ratios of scopolamineé\tanethylscopol-
dissociation oN-[*H]methylscopolamine from the receptor, amine between 0.20 and 2.3. The corresponding ratio based
which can lead to a loss of 3—7% of the bound radioligand on the size of the two peaks was consistently less, and a
on the columns of Sephadex G-50 used in the binding value of 0.75 was obtained when scopolamine Hndeth-
assays. No corresponding loss occurs wit]§uinuclidi- ylscopolamine were injected in equimolar amounts. The
nylbenzilate, which undergoes no appreciable dissociationdiscrepancy suggests that scopolamine ionizes less effi-
under the same conditions. The difference in the rate of ciently than does the methylated product, and it can account
dissociation also accounts, in all likelihood, for the small for most if not all of the difference ifi; between the value
difference in capacity betweerfH]quinuclidinylbenzilate of 1.4 inferred from the binding assays and that of 0.75
andN-[*H]methylscopolamine devoid of scopolamine (Fig. revealed in the mass spectrum. Scopolamine was absent
2C). To correct for loss through dissociation, the data rep- from the spectrum wheN-methylscopolamine was injected
resented in Fig. 4 were refitted with the value of [Rjr alone and therefore does not occur as a fragmentation product.
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Fig. 5. Effect of scopolamine on the binding [*H]methylscopolamine to purified m2 receptors. Panels A and B: Two lot$)NMS (A, lot 3406009;

B, lot 3273247) were compared for binding in the presence of scopolamine, which was premixed with the radioligand prior to preparing the goaed diluti
used in the assays. Aliquots from the same batch of purified receptor were used throughout. In each case, parallel assays were performed gidimthe radiol
alone (J, curvea), the radioligand plus added scopolaming, (1, A; curvesb—d), and the radioligand plus 1 mM unlabeled NMS (baseline). The molar
ratios of scopolamine tdl-[°*H]methylscopolamine in panels A and B, respectively, are as follgwst.96 and 2.06{], 6.23 and 7.024, 18.7 and 20.8.

Panel C: Binding of HJQNB was measured with the radioligand alone (upper curve) and together with 1 mM unlabeled NMS (baseline); different symbols
denote data from different experiments €N4), which included radioligand from two manufacturers, (1, NEN lot 3329907;0, A, Amersham lot 44).

Panel D: Parallel assays were performed at two concentratiodB[NB and graded concentrations of both unlabeled NS ¢) and scopolamine,

A), as described in the legend to Fig. 4. The same data are shown in Figs. 4B and 5D. The lines illustrate the best fitnofE3).FB< 0.00001) to the

data represented in all panels taken together. QNB, NMS, and scopolamine were designated as ligands 1, 2, and 3, respectively. The concentratiol
scopolamine present as a contaminant in panels A and B was defined relative to the concentratiiS [(i.e. f; = [Lo]/[L],). Single values oK; and

F, were common to all of the data. A single value of [Rhs common to all of the data represented in panels A and B; single values ofgiR]common

to the data for each pair of curves in panel C (iteunlabeled NMS) and to the data from each experiment in panel D. The vafyevat taken as zero

for the data in panel A, and the fitted valuefgitommon to all of the data in panel B is 1.390.22. The fitted estimates &f; are as follows: loK,; =

—10.03% 0.14, logK,, = —8.87= 0.09, logK,;, = —9.18+ 0.12, logK,, = —8.17* 0.08, logKg, = —8.17=* 0.16, logK5, = —7.19+ 0.08,F, = 0.67 =

0.07. Individual estimates &,,.qwere normalized to the mean value of [Rir all of the data included in the analysis ([R} 684 = 33 pM, N = 8), and

the corresponding value &, is plotted on the y-axis. The mean values of log][lfor the adjustment in panel D are —7.940.01 and —8.97= 0.02.

4. Discussion methylscopolamine and its unreacted precursor scopol-
amine.

Various preparations from porcine atria have revealed a  Three lots ofN-[*H]methylscopolamine used in the present
marked difference in the apparent capacity of muscarinic investigation were found to contain scopolamine at concentra-
receptors for the antagonidts[*H]methylscopolamine and  tions comparable to those of the radioligand €.e: 0.75-1.2
[*H]quinuclidinylbenzilate. Such differences have been in Eq. 4). The capacity forH]quinuclidinylbenzilate con
noted previously, and they typically are attributed to heter- sistently exceeded that fod-[*H]methylscopolamine from
ogeneity among the receptqusr seor to their differential those lots and from other lots for which the mass spectrum
localization within the preparation. Neither explanation is unavailable. Only when scopolamine was absent from the
seems plausible for the present data, which are inconsistenmass spectrum did the capacity f[>H]methylscopol
with the underlying premise of distinct, non-interconvert- amine approximate that foffl]quinuclidinylbenzilate (i.e.
ing, and mutually independent sites; rather, the discrepancyfg > 0.9 in Eq. 3), which appears to be consistently devoid
in capacity can be attributed to an artifact involvihg of such impurities. Different batches oéceptor behaved
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> 47 | x . n T polamine-free batch were supplemented with additional
scopolamine (Fig. 5). The difference can be attributed to the
loss of someN-[*H]methylscopolamine when the labeled
receptor is desalted on Sephadex G-50, and the higher value
of f; is therefore an overestimate. The value of 1.4 obtained
2.0r - from pharmacological assays exceeds that of 0.75 calcu-
lated from the mass spectrum, but the mass spectrum ap-
1.8k i pears to underestimate the amount of scopolamine relative
to its N-methylated derivative.

The situation that arises in the case of scopolamine
and N-[*H]methylscopolamine is comparatively benign.
Since the dissociation constant of the impurity,)lis
1.4r 7 about 10-fold higher than that of the radiolabeled probe
(Ly (i.e. Ky/K, = 0.1 in Eq. 6), small amounts of the
1.2+ - former are expected to be without appreciable effect on
1 ! ! ! L ! the binding profile of the latter. If, were 0.1, for exam-

0.0 0.8z 0.84 0.9 0.98 1.00 ple, maximal binding would represent 99% of the true
Capacity for [SH]NMS (f) capacity (i.e. #f,K,/K, = 1.01 in Eq. 6). In the present
Fig. 6. Contribution of scopolamine and the loss of bodhfPH]methyl- investigation, however, much higher levels of scopol-

scopolamine to the differential capacity fsf[3H]methylscopolamine and amine_Were present in some batChequsH]methWSC_o'
[*H]quinuclidinylbenzilate. The data represented in both panels of Fig. 4 polamine. The countervailing effect 6fon an otherwise

were analyzed in terms of Eq. 3 wify for [*HINMS fixed at different favorable value Ole/Kza therefore, was sufficient to

values between 0.9 and 1.0. The fitted valueg;ofepresenting the molar : : : :
ratio of contaminating scopolamine tHINMS (i.e. [LJ]/[L ,],), are plot- effect an appreciable reduction in the apparent capacity

ted on the y-axis. Further details of the analysis are described in the Iegendfor the radioligand. ]
to Fig. 4. When the value oK,/K, approximates or exceeds 1,

substantial effects will occur at concentrations of an impu-
rity that are comparatively low and perhaps difficult to

similarly with the same lot oN-[*H]methylscopolamine, and ~ avoid. One such example appears td\sH]methylquinu-
different lots ofN-[®*HJmethylscopolamine behaved differently ~ clidinylbenzilate, which is obtained by methylation of the
with the same batch of receptor. precursor quinuclidinylbenzilate. With purified receptors

If the scopolamine is disregarded, analyses based onfrom porcine atria, the apparent capacity f&{>H]meth-
Scheme 1 lead to a discrepancy between the differentialylquinuclidinylbenzilate was reported to be only about 12%
capacity for the two radioligands and the inhibitory effect of of that for PH]quinuclidinylbenzilate [15]. Values between
N-methylscopolamine on the binding oH]quinuclidinyl- 2 and 100% have been obtained subsequénipss spec-
benzilate: labeled and unlabeldmethylscopolamine dif-  tra provided by the manufacturer indicate that the ratio of
fer in their apparent affinity, and the ligand therefore ap- unlabeled quinuclidinylbenzilate tdN-[*H]methylquinu-
pears to inhibit at sites to which it does not bind. When cjidinylbenzilate has varied from 0.02 to 1.6 in different
scopolamine is included as an explicit variable, the paradox patches of the latter; moreover, experiments analogous to
is resolved, and Scheme 1 can account simultaneously forihose represented in Fig. 4B have shown that the dissocia-
the binding ofN-[*Hmethylscopolamine and its unlabeled tjon constant of quinuclidinylbenzilate is about 10-fold
analogue (i.e. Fig. 4). Similarly, the model is in good agree- |gwer than that of N-methylquinuclidinylbenzilaté.
ment w_ith _the_pattern of decreasing capacity th_at emergeSN-[3H]Methylscopolamine and\-[*H]methylquinuclidinyl-
when binding is rgeasured at graded concentrations of SCO-a,ijate. therefore, represent two contrasting situations in
polamme andN-["H]methylscopolamine—both pure and which the relative affinity of the radioligand and the unla-
impure—taken together over a 10-fold range of constant beled precursor is favorable on the one hand K&K, =

molar ratio (Fig. 5). 9.1) and unfavorable on the other (il¢,/K, = 10). The

The analyses also can be used to estimate the amount " o . . . :
! . S . purity of the radioligand is particularly important in the case
of scopolamine present with the radioligand, and those esti- 3 ) - )
of N-[°H]methylquinuclidinylbenzilate.

mates can be compared with the values obtained by mass It has b ted iouslv that th imal bindi f
spectrometry. Thus, the value Hffor scopolamine in one 3 as been noted previously that the maX|m3a inding o
[*H]quinuclidinylbenzilate can exceed that Nf[*H]meth-

batch of N-[°*H]methylscopolamine was 2.3 as determined ) ) o
from the difference in the apparent capacity f8f{3H] ylscopolamine and other radiolabeled antagonists in suspen-

methylscopolamine andffijquinuclidinylbenzilate (Fig. 4). ~ Sions of intact cells from chick heart [16,17] and in myo-
A somewhat lower value of 1.4 was obtained when the same
batch of contaminated-[*H]methylscopolamine and a sco- 2Sum CS and Wells JW, unpublished observations.

Scopolamine (f,)
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Table 5
Detection of scopolamine ard-methylscopolamine by mass spectrometry
ScopolamineNl-methylscopolamine Relative efficiency of scopolamine
Molar ratio Peak area Peak height Peak area Peak height
Mode A (B) © (B/A) (CIA
Selective ion monitoring 0.20 0.180.01 0.13+0.01 0.66 0.63
0.40 0.25+ 0.04 0.28+ 0.05 0.63 0.70
0.60 0.45+ 0.01 0.51+ 0.02 0.75 0.84
0.80 0.62+ 0.01 0.63+ 0.01 0.77 0.78
1.00 0.73+ 0.05 0.75+ 0.06 0.73 0.75
Full scan 0.43 0.36: 0.05 0.31+ 0.05 0.69 0.73
1.0 0.68+ 0.06 0.72+ 0.06 0.68 0.72
2.3 1.3x0.1 1.2+0.1 0.57 0.52

Scopolamine and NMS were dissolved in ethanol at a total concentration @fM@hd the molar ratios shown in the table. The two peaks were monitored
either selectively or by full spectral scan, and the size was determined by area and by height. The amount of scopolamine is shown relative to the amo
of NMS, and that ratio is shown relative to the molar ratio in the sample. Each mixture was sampled twice, and the means of the two determinagidns are list
in the table. The molar ratio corresponds to the paranfgiarEq. 4 when the radioligand iSHINMS.

cardial homogenates [10,18-20]. Similar differences have ically is indistinguishable from 1 when the population of
been found with intact 1321N1 astrocytoma cells [21] and labeled sites is known to be heterogeneous and appears as
with membranes from 1321N1 cells [22], NG108-15 neu- such to subtype-specific ligands (e.g. Refs. 28 and 39).
roblastomax glioma cells [22], and rat brain [19,23-25]. N-Methylscopolamine, therefore, shows little selectivity
Although widespread, such apparent discrepancies are holmong muscarinic subtypes, at least in membranes. Some
universal. The maximal binding oN-[*H]methylscopol- preferences emerge when receptor-containgfy mem-
amine and fH]quinuclidinylbenzilate was found to be the branes are solubilized in digitonin-cholate, including a 90-
same with intact CHO and heart cells [26,27] and with fold difference between m2 and m3 receptors [37]. None-
membranes from rat cortex [28]. With intact SK-N-SH theless, known differences in affinity are insufficient to
neuroblastoma cells, there was a difference in capacity at 0°account for the shortfalls in capacity described here or, by
but not at 37° [29]. With 1321N1 cells, the capacity of intact and large, for those reported previously. Also, receptors for
cells for N-[®*H]methylscopolamine was 70-100% of the the present investigation were obtained from porcine atria,
capacity of membranes fofHl]quinuclidinylbenzilate [30]. and cardiac muscarinic receptors generally are thought to be
In one study of 1321N1 cells and NG108-15 hybrids, a wholly or predominantly m2 [40]. Recent studies have sug-
difference was found with membranes but not with the gested that the complement of subtypes is species-depen-

parent cells [22]. dent (e.g. Refs. 41 and 42), and rat heart has been shown to
Owing to the lipophilic nature of quinuclidinylbenzilate, contain both m1 and m2 subtypes [43], but muscarinic
differences in the apparent capacity f&f>H]methylsco- receptors in porcine heart appear to be exclusively m2

polamine and JH]quinuclidinylbenzilate often have been [44,45].
attributed to a subset of receptors that are sequestered in a In studies on desensitization and trafficking, the maximal
compartment inaccessible methylscopolamine. Also, it binding of N-[*H]methylscopolamine to whole cells is
has been suggested tHé#imethylscopolamine may recog- widely used to estimate the number of receptors at the
nize pharmacologically distinct subtypes of the receptor extracellular surface and thereby to follow agonist-induced
[25]. As shown with probes such a¥H{JAF-DX 384, sub- sequestration (e.g. Refs. 46-57). The maximal binding of
type-specific antagonists can label selectively in prepara- [°H]quinuclidinylbenzilate is often used to control for
tions known or expected to contain a mixture of isoforms changes in the total number of receptors (e.g. Refs. 46-55).
[31,32]. Finally, kinetic evidence for isomerization of the Although the two radioligands are not always compared
ligand—receptor complex has led to the suggestion that somedirectly, the capacity forN-[>H]methylscopolamine has
receptors may be in a state of low affinity for charged been 50—60% of that foPH]quinuclidinylbenzilate in un-
ligands [17]. Such effects may contribute to the differential treated HEK293 cells [50,54] and 80-90% or more in
capacity found in some instances, but they cannot accountuntreated CHO cells [51,52,55]. The possible presence of
for the present data and seem unlikely to be wholly respon- scopolamine suggests that the capacity NefP°H]methyl-
sible for earlier results. scopolamine may have been underestimated in absolute
There are five known isoforms of muscarinic receptor terms, but changes attributed to sequestration typically are
[33,34]. When studied individually in membranes from expressed relative to the binding bE[*H]methylscopol-
CHO-K1 andSRB cells, they differ by less than 10-fold in  amine in an untreated control. Provided that the same batch
their affinity for N-[*H]methylscopolamine [35-38]; more-  of radioligand was used throughout the experiment, an ar-
over, the Hill coefficient olN-[>H]methylscopolamine typ- tifactual change in capacity would require that the treatment
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affect the ratio of affinities foN-[>H]methylscopolamine  of low affinity for the unlabeled ligand (i.e. 0.15 to 0.26)
and scopolamine (e.¢(,/K, in Eq. 6). Moreover, the inter-  represented only 52-58% of the shortfall in relative capacity
nalization inferred from changes in the capacity for for N-[*H]methylscopolamine and®fJquinuclidinylbenzi-
N-[*H]methylscopolamine has been confirmed by a loss of late (i.e. 0.29 to 0.45). This discrepancy has been noted
receptors from the plasma membrane, as revealed on supreviously [17,19], and the pattern resembles that described
crose density gradients [30,52] and by confocal microscopy here: namely, a subpopulation of sites exhibiting high af-
[51,52,54-56]. finity for unlabeledN-methylscopolamine and anomalously
The restricted access that can occur with intact cells is Jow affinity for the radiolabeled analogue. Since the affin-
not expected in solution, nor can it explain the differences ities of both N-methylscopolamine and scopolamine were
described here for membranes or for solubilized prepara- measured in each case, usifgijquinuclidinylbenzilate as
tions. Sequestration and subcellular localization representthe radioligand [17,23,25], Eq. 6 can be used to calculate the
specific examples of Scheme 1, as do other potential sourcegmount of contaminating scopolamine that would be re-
of heterogeneity such as differences in post—translationalquired to account for the anomaly between labeled and
processing. In each case, a differential capacity requires thatunlabeledN-methyIscopolamine. The resulting value fgf
the receptor cannot migrate from one compartment t0 an-yaries from 0.52 to 2.2, which is comparable to the levels of
other or interconvert from one form to another under the jmprity found in the present investigation. It therefore
conditions of the binding assays (e.g. see Eq. 62 in Ref. 11). seems Jikely that the apparent difference in capacity arose,

All such possibilities can be ruled out by the inhibitory 4t |east in part, from contaminating scopolamine and its
effect of unlabeledN-methylscopolamine on the binding of  ottact on the specific activity of the radioligand.

[3H]quinuclidinylbenzilat_e at near-saturating cqncentrat_ions With radiolabeled agonists, in contrast to antagonists,
of the Igtt(_ar. qu_uestrauon represer)ts a special case in tha& shortfall in the apparent capacity is generally characteris-
the Intrinsic aﬁ'g'ty of the receptor Is unchanged, and the . ¢ mscarinic and other G protein-linked receptors. Es-
exclusion of N-[*H]methylscopolamine from the relevant timates of maximal binding obtained witfiHJacetylcho-
compartment therefore must be absolute. In the likely event line, cis[*H]methyldioxolane, JHmethylfurmethide, and

of leakage, the lower capacity is a kinetic effect arising from [3H],oxotremorine-M range fr’om 15 to 75% of thc;se ob-
restricted diffusion and failure to attain equilibrium. In the tained with PH]quinuclidinylbenzilate, N-[*H]methylsco-
present investigation, however, a 2.4-fold increase in the polamine orN—[3H]methyl—4—piperidy|benziIate in mem-
time of incubation was without effect on the binding profile branes fré)m mammalian brain and heart [58—61]. Similarly

obtained for either radioligand with sarcolemmal mem- maximal binding has been found to vary 7-fold among

branes or with purified receptors. . . o
P P different radiolabeled agonists in membranes from rat cor-

In the present investigation, the inhibition dH]quinu- . . C .
clidinylbenzilate by unlabeled\N-methylscopolamine has Fex [58]. A subpopulatlor) of h'gh'aﬁm.'ty sﬂgs.for' agomsts
is expected, however, given the multiphasic inhibitory be-

been characterized by Hill coefficients near 1 (a,g> 0.8, . ) . . .
Fig. 3). This leads to the discrepancy with Scheme 1 when havior tYP'Ca”Y obs_erved N assays with a radplabeled
scopolamine is disregarded, since the inferred affinity of antagonist. Also, their sensitivity to guanyl nucleotides and

unlabeledN-methylscopolamine for all sites is comparable their relationship to efficacy attest to their funcjcional im—.
to that of N-[*H]methylscopolamine for the labeled subset pprtancg (see Refs. 10 and 62, and references cited therein).
(Table 3). These results differ from the pattern described in Finally, it has been demonstrated that labeled and unlabeled
some earlier reports on the differential capacity for AgONists ylgld results that are mutua!ly consistent in terms of
N-[®H]methylscopolamine and®fijquinuclidinylbenzilate. Schgme 1 (|..e. Eq. 3) (e.g. Ref. 58), in contrast to the pattern
With muscarinic receptors in homogenates from rat brain obtained withN-methylscopolamine (Table 3). The low
[23,25] and in whole cells from chick heart [17], the inhib- Capacity for radiolabeled agonists therefore appears to be
itory effect of unlabeled\-methylscopolamine on the bind- largely a property of the receptor, although a chemical
ing of [*H]quinuclidinylbenzilate extended over a broad impurity may have been a contributing factor in some cases.
range of concentrationnf, = 0.4 to 0.6) and appeared Muscarinic and other G protein-linked receptors are
distinctly biphasic. In terms of Scheme h & 2), the known to occur as homooligomers (e.g. Refs. 7, 63, and 64,
affinity of unlabeledN-methylscopolamine for the sites of ~and references therein). Such structures raise the possibility
each class differed by 310- to 450-fold. The higher affinity that the difference in capacity fo¢-[*H]methylscopolamine
was comparable in magnitude to that defined by gradedand PH]quinuclidinylbenzilate is a consequence of inter-
concentrations ofN-[*H]methylscopolamine, while the molecular interactions. If the oligomeric status of the cluster
lower affinity was sufficiently weak for those sites to be is retained under the conditions of the binding assays, the
unobservable in the binding of the radioligand. observed heterogeneity could arise from cooperative effects
On the basis of affinities alone, the biphasic profile traced or asymmetry. In an oligomer of otherwise identical mono-
by unlabeled\-methylscopolamine in the earlier studies is mers, the former is induced by the ligand while the latter is
consistent with a lower capacity fov-[*H]methylscopol- intrinsic to the oligomer. In both cases, the expression for
amine. In each case, however, the fraction of sites ostensiblybinding at graded concentrations of the radioligand is an
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Adair equation (e.g. Ref. 11), and the models are indistin- amine taken into accouitThe mechanistically consistent
guishable in the absence of other data. result obtained with Scheme 2 is made possible by the
In a strictly asymmetric system, heterogeneity reflects cooperative effects that can occur betw&emethylscopol-

differences in affinity that emerge when the monomeric amine and {H]quinuclidinylbenzilate at interacting sites.
units assemble to form the oligomer. If the differences Although the two models are not necessarily equivalent, a
between sites within the cluster are small or negligible for definitive choice of one over the other is likely to require
one antagonist and large for another, the apparent capacity fofndependent data.

the former could exceed that for the latter at practicable con- ~ Cooperativity can account for various effects that have
centrations of radioligand. Since the sites remain mutually €merged in the binding properties of G protein-linked re-
independent, an asymmetric oligomer rofsubunits can be ceptors and resist explanation in other_ t(_e_rms (e.0. Refs_. 7,
described in terms of Scheme 1 with the proviso that each classL0» 62 and 65-69). Moreover, the possibility of cooperative
of sites represents the fractiomdf [R],. Thus, the lines in |_nteract|ons has |mpI|cat|o_ns for the mechams_m of signal-
Fig. 1 could represent binding to a tetrameric array in which ling and suggests a functional role for the ollgomers th_at
clustering led to anomalously weak affinities at one, two, or appear to be a common feature of_receptors in G prot_e n-
three of the four sites within the cluster (cuniesl, respec- mediated systems [10,14]. Past evidence for cooperativity

tivel) (Table 1). Such i be ruled out for th among muscarinic receptors has included the inhibitory
lvely) (Table 1). Such an arrangemen can be ruied outTorthe oot of N-methylscopolamine at sites apparently labeled
present data, regardless of the valuenpkince Scheme 1

4 o only by [*H]quinuclidinylbenzilate [7]. The effect can occur
cannot account simultaneously for the binding of labeled and regardless of the relative capacity fdf[3H]methylscopol-
unlabeledN-methylscopolamine (Table 3).

_ _ ’ ) amine and JH]quinuclidinylbenzilate, which depends upon
In a strictly cooperative system, a difference in apparent the conditions and has varied from as low as 0.4 to about

capacity could arise from strong negative cooperativity in o 75 in previous studies [7,70]. Mass spectra are not avail-
the blndlng of one antagonist but not another. ThUS, the able for earlier batches dﬂ_[3H]methy|scopo|amine, but
lines in Fig. 1 can be calculated according to Scheme 2 with the method of purification was the same for all but the most
the parametric values listed in Table 1. In the absence ofrecent. It therefore seems likely that scopolamine was
cooperative interactions (i.e. lgg = 0 for all j), the system present at levels comparable to those described herd; (i.e.
behaves as a single and uniform population of mutually = 0.7-1.2), and that it was primarily responsible for the
independent sites (cun&. Maximal binding represents the  shortfall when the relative capacity fod-[*H]methylsco-
true capacity, and the microscopic dissociation constant polamine and3H]quinuclidinylbenzilate was about 0.75 or
(Kp) is numerically identical to the potency in terms of the more.

Langmuir isothermecs) or to the dissociation constant in When the relative capacity is lower than about 0.75, the
terms of Scheme JK£,-)- In the presence of strongly negative shortfall exceeds the e_xpe_cted effect_ of scopqlamine at
cooperativity (i.e. logp; > 4), the apparent capacity is known Ieve_Is of contamination. A relative capamty of 0.5
reduced to 75, 50, or 25% of the true capacity depending Would require a 9-fold molar excess of scopolamine over
upon the level of occupancy at which the cooperative effect N-[’HImethylscopolamine (i.ef = 9.4), based on the af-
occurs (curved—d). Also, there is a concomitant change in finities of scopolamine anti-methylscopolamine for puri-
the potency of the radioliganttdsg), from 1 nM (curvea) fied m2 receptors in the present investigation (i.e. Fig. 4: log

to a minimum of 0.25 nM (i.eKo/n) when only one of the ~ Ka1 = —7.31, logKz, = ~8.28). In recent studies on m2
four sites is accessible (cund. The latter effect arises receptors extracted from porcine atria in cholate-NacCl, the

. 3 .
from the difference between the microscopic and macro- apparent capacity foN-[*H]methylscopolamine was only

o L : .~ 45% of that for PH]quinuclidinylbenzilate. The batch of
scopic dissociation constants when the effective capacity is =~ 3 . . .
. o N-[*H]methylscopolamine used in those experiments was
reduced by negative cooperativity.

- . devoid of scopolamine, as indicated by mass spectrometry;
Th(_a resqlts n F',g' 1 and Tablg L |IIustr§1te that the effect in contrast, data analogous to those in Fig. 4B indicate that
of an impurity on binding to identical and independent sites

o2 ) ~ such a shortfall would require a 10-fold molar excess of
(Eq. 6) can be indistinguishable from negative homotropic scopolamine ovemN-[3H]methylscopolaminé. It follows

cooperativity between interacting sites. Both schemes pre-yo¢ the |arger differences in capacity described previously

dict a concomitant and proportionately equal decrease in

apparent capacity and in the valueeaf,. In contrast to the

notion of dlssmllar bUt_ |nerend3ent sites, both Schemes 41n the version of Scheme 2 used for this analysis, binding is expressed

also can reconcile the binding bF[*H]methylscopolamine 4 a function of the total concentrations of uniabekédnethylscopol-

and the inhibitory effect of unlabeldd-methylscopolamine  amine, N-[*H]methylscopolamine, and®ffi]quinuclidinylbenzilate. Con-

on the binding of TH]quinuclidinylbenzilate, at least under taminating scopolamine was disregarded, but the analysis otherwise was
" . . carried out in a mechanistically consistent manner. The formulation of the

some_condltlons. Indeed, the data represented in Flg. 4 are ol has been described oreviously [7,10].

described somewhat better by Scheme 2, even without the  spg p. sum cs, Pawagi AB and Wells JW, unpublished observa-

inclusion of scopolamine, than by Scheme 1 with scopol- tions.
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[7,70] arose, in part, from contaminating scopolamine and, a constant molar ratio with respect to the radioligand {j.e.
in part, from a non-competitive interaction, such as coop- = [L;J/[L,]), binding is described by Eq. 5. Taking the value
erativity. The same effect also may have contributed to the of fgz as 1 and substituting [R for F[R];, Eg. 5 can be
differential capacity in other studies (e.g. Refs. 17, 19, 23, written alternatively as Eg. Al or A2 below.

and 25), but an estimate of its magnitude would require data

on the levels of contaminating scopolamine. In the case of En: L,R] =D [RiL 4] (A1)
the present data, shortfalls in the capacity §ef°H]meth- s =1 < 1j
ylscopolamine can be explained wholly in terms of contam- Ky + [L] <1+i_22 f K_u)
ination. Cooperative or apparently cooperative effects may
have been precluded altogether, for reasons that are unclear, [Ril; L
or an intrinsically more complex system may function in a MKy [La]
manner superficially consistent with Scheme 1 under some n n <1+i22 fiZ)
conditions. _El [L,R] = _El J
i= i= 1j

(1 + Z f; K_)
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L = SAx2.22% 107 A3

Appendix , CR
An unlabeled chemical impurity affects the observed [La" = SA X 2.22% 10%2

binding of a radioligand in a manner akin to an error in the
specific radioactivity. The nature of the effect and its con- CR
sequences are examined below for Scheme 1, making the = SA (A4)
assumption that depletion is negligible for all ligands (i.e. —m g (222X 10*
[Li] = [Li])- A general expression for the binding of a 1+ E f; m—_

radioligand in a mixture ofm ligands anch classes of sites

is given by Eg. 3 in “Materials and methods.” For the moK.

particular case in which each unlabeled ligand is present at [L.) =1[Lq] <1+ > K—l‘) (A5)
i=2 ij
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If the data were analyzed with respect tg]Lrather than the value off, is a constant only when defined as the ratio of
[L,], the implicit introduction of the factor X2 ,fK;;/K;; the total concentrations of unlabeled and labeled ligands.
would avoid the artifactually low values dfy; ,,, and Since the dose-dependence of depletion will differ for li-
[Ril app that otherwise are obtained. gands of different affinity, the corresponding valued; ar

It is noteworthy that even saturating concentrations of Eqgs. A1-A8 will vary with the concentration of,L Such
the probe falil to yield an estimate of the true capacity. When variations inf; may affect the fitted estimates of parametric
the concentration of each; is a constant fraction of the values and lead to divergence between the data and an
concentration of the radioligand (i.e.;[L= f; [L,]), the otherwise appropriate model. Depletion becomes progres-
number of sites occupied by the radioligand (i.e;,R}l) is sively less as the receptor becomes saturated, however,
a constant fraction of the total number of occupied sites (i.e. and Eq. A8 becomes increasingly accurate at higher con-
214[L;R]) for each class of receptor. This is demonstrated centrations of ligand. It therefore seems likely that de-
in Eqs. A6—A8, which pertain to all concentrations of all pletion will have little effect on the apparent capacity

ligands provided that depletion is negligible. (e.9. [Rliapp in Eg. A2), since estimates of maximal

For any one class of receptor in Eq. 3)(Rhe fractional binding are determined primarily by the data at the high-
occupancy by the radioligand {Lis given by Eq. A6. est concentrations of the radioligand. Except in extreme
L cases, when the free concentration of a ligand becomes

M very small, problems associated with the mutual deple-

[Lle] Kl] (A6) tion of receptor and ligand are avoided altogether by

[Rilt E [Li] formulating the model in terms of total concentrations

— and definingf; accordingly.

'l . .
A special case arises when the probe and an unlabeled

An expression analogous to Eq. A6 can be obtained for eachIigand are of equal affinity for each Rf K,, equalsky, for

ligand present, and the fractional occupancy ¢fbR all example, Eq. A2 can be written as Eq. A9. The corre-

ligands is given by the SUBZ,[L RJ/[R;].. DiV‘d‘”Q the sponding expression with only two ligands is shown as
expression for [LRJ/[R]; (Eq. A6) by the expression for Eq. A10.

31[LRVIR;], yields the occupancy of Ry L, relative

to the total occupancy by all ligands, as shown in Eq. A7. Rl L]
Ky
[La n n <1+ f+ E fi )
[L,R] Ky i
== (A7) 2 LRl = 2 <

+[L4]

< [Li]
Z LR 250

Since [L] is a constant fraction of [ for each ligand (i.e.

2Ky
<1+f +Ef K,,)

[L;] = f[L,]), each term in the denominator of Eq. A7 can (A9)
be expressed in terms of [Land then simplified as in Eq.
A8. Rle
n n (1+f2) [ 1]
[L.] ZLRI= 3 Ky L (A10)
[L,R] Kl, 1+t +[L4]
» [L1] [L1] L _ o
2, [LiR] re .Z fi The situation described by Eq. A10 typically is encountered
! K when L, and L, represent the tritiated and unlabeled ana-
1 logues of the same ligand. In such a case, the specific
K_lj radioactivity quoted by the manufacturer generally would
=1 mi (A8) have been reduced by the factor H#¢}) from that of an
K_l' + -72K_I-- isotopically pure product. The quantity+f, therefore is
jo e N

implicit in the concentration of L as calculated from the
As illustrated by the last term of Eq. A8, the ratio of labeled rate of isotopic decay. That, in turn, compensates for the
receptor to all liganded receptor depends only upon the effect that the unlabeled ligand otherwise would have on
values of the constanfs and K;. That ratio, therefore, is B, andecsy A practical advantage of Eq. A10 relates to
independent of the concentrations of all ligands, and the the disappearance ®f,/K,, which is assumed to equal 1.
apparent capacity ([R,,p differs from the true capacity ~ The adjusted value of the specific activity is therefore a
([Rj]y) by the factor 1/(# %2, ;Ky;/K;) as shown in Eq. A2, constant provided that the labeled and unlabeled ligands
Equations A1-A2 and A6—A8 are helpful for illustrative have the same affinity for the receptor.

purposes, but they are inappropriate if binding reduces the Equation A10 admits only one radiolabeled species and,
free concentration of one or more ligands. Strictly speaking, therefore, is simplistic for many applications. Tritium gen-
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erally is incorporated at two or more positions on the parent the relative affinity of the radioligand and the impurity is
compound. Since the complete exclusion of hydrogen is unfavorable, as in the case BE[*H]methylquinuclidinyl-
unlikely, most products contain a mixture of labeled species benzilate and quinuclidinylbenzilate, even minor amounts
that supposedly are of equal affinity for the receptor; for of the latter will interfere in the binding assays. A suffi-
example, a ligand formed by methylation of a tertiary amine ciently unfavorable ratio may preclude adequate levels of

has four possible arrangementsi;C-R (L,), *H,*H,C-R purity, at least on a routine basis, and render the radioligand
(L), ®*H;*H,C-R (Ly), and*H,C-R (L,). Binding in terms of almost useless for quantitative work. The clear preference is
Scheme 1, therefore, is described by Eq. Al £ 4, to avoid impurities altogether by selecting an appropriate

f, = [L;]/[L 1]), where the specific activity of the mixture  synthetic pathway and by optimizing the conditions of syn-
can be calculated from the quantityf, + f; + f, and thesis and purification. If impurities cannot be avoided, a

the number ofg-emitting atoms per methyl group. practical recourse may be to adjust the nominal specific
n activity by comparing each batch of the product with a
> ([L4R] + [L,R] + [LsR]) standard of confirmed purity.
=1
R (1 +f, + f3)
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