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SUMMARY

The properties of high affinity nicotine-binding sites in rat brain
were studied by monitoring the kinetics of L-[°H]nicotine binding
to whole brain membrane preparations, including both total
membranes and membrane subfractions. Although nicotine ap-
peared to bind to a single class of sites, with an apparent
equilibrium dissociation constant of 2-3 nm, the binding kinetics
were biphasic at all temperatures and at all nicotine concentra-
tions tested. An initial rapid binding process, with an association
rate constant of around 0.02 min~' nm~" at 0°, was followed by
a slower binding process. Both the rate and the proportion of
binding that occurred by the slower process were dependent on
the nicotine concentration. By comparison, the kinetics of dis-
sociation were first order at all concentrations, with a rate
constant of 0.04 min~' at 0° The rates of both association and

dissociation increased significantly with temperature, but there
was no change in the apparent affinity of the sites. The same
results were obtained with several different membrane prepara-
tions, including whole brain membrane preparations, detergent-
permeabilized membranes, P-2 fractions, and synaptosomes.
The results were found to be consistent with a two-state model.
Analyses based on this model indicate that the binding sites can
assume two different conformations, one having a high affinity
(Ko = 1 nm) and the other a low affinity (K, = 150 nm) for nicotine.
It was estimated that approximately 60% of the sites are in the
low affinity conformation in the absence of ligand. However, the
evidence that nicotine binding can facilitate a shift in
the conformational equilibrium, favoring the high affinity state.

Although nicotinic cholinergic receptors at the mammalian
neuromuscular junction have been thoroughly characterized
(1-4), much less is known about the nature of nicotinic recep-
tors in the brain. Putative receptors in the brain were originally
identified by their ability to bind «-bungarotoxin (5), a potent
nicotinic cholinergic antagonist at the neuromuscular junction.
However, the functional significance of a-bungarotoxin-bind-
ing sites is not clear because attempts to block neural trans-
mission with this ligand have been unsuccessful (6-8).

More recently, equilibrium binding studies have revealed
sites in the brain that bind nicotinic agonists, such as acetyl-
choline (9) and nicotine (10-12), with high affinity. The binding
properties of these sites, as well as their regional distribution
in the brain, are clearly different from those of the toxin-
binding sites (10, 13). Moreover, high affinity agonist-binding
sites can be solubilized and separated chromatographically from
the a-bungarotoxin binding component (14, 15), indicating that
the two reside on distinct molecules.

The high affinity binding components identified by nicotine
and acetylcholine share many common features. For example,
the equilibrium binding properties of sites labeled by
[®*H]acetylcholine and [*H]nicotine, including the apparent af-
finity and the maximum number of sites, are essentially the

same (16, 17). The binding of both ligands is effectively in-
hibited by nicotinic cholinergic agonists (9, 18), and the regional
distributions of nicotine- and acetylcholine-binding sites in the
brain, determined autoradiographically, are similar, if not iden-
tical (13). In addition, chronic nicotine administration in vivo
results in the up-regulation of both [*H]acetylcholine and
[*H]nicotine binding (19, 20). There is also evidence from
lesioning studies that in some parts of the brain the sites labeled
by both agonists are located presynaptically on catecholamine
axons (21, 22). It has been suggested that these sites may play
a neuromodulatory role by controlling neurotransmitter release
(23). Based on these lines of evidence it seems likely that the
sites labeled by acetylcholine and nicotine represent a unique
class of nicotinic cholinergic receptors in the brain.

It has been suggested that high affinity agonist-binding sites
in the brain may be related to nicotinic receptors present at
autonomic ganglia (18). This hypothesis is based on the fact
that the most effective competitive inhibitors at these sites are
also potent ganglionic agonists. However, several anomalies
demand explanation. For example, in view of the relatively high
agonist concentrations that are necessary to elicit ganglionic
responses in vivo (24), the significance of the high affinity
binding observed in vitro must be questioned. This, together
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with the fact that classical nicotinic antagonists are poor com-
petitive inhibitors of nicotine and acetylcholine binding, has
led some investigators to hypothesize either that high affinity
sites labeled by nicotinic agonists are substantially different
from peripheral nicotinic receptors (18), or that they are non-
cholinergic (25). A possible explanation that has been offered
for these anomalies is that the equilibrium binding properties
determined in vitro reflect the conversion of low affinity sites
to a high affinity, agonist-selective state (18).

If conversion from a low affinity to a high affinity state
occurs, it is reasonable to suspect that it would be observable
kinetically. Interconversion of receptor conformers has, in fact,
been reported for other cholinergic systems, including musca-
rinic receptors in chick heart (26) and nicotinic receptors from
Electrophorus (27) and Torpedo (28) electric tissue. Such con-
formational transitions are characterized by complex binding
kinetics and have been related to the process of receptor desen-
sitization in vivo (28). We previously observed that the binding
of L-[*H]nicotine to rat brain membranes exhibited complex
kinetics, not explainable by multiple binding sites (12). These
studies have now been extended in order to define a model that
adequately describes the kinetics of nicotine binding to high
affinity sites in vitro. The results indicate that a two-state
model, based on a single class of sites that can assume either a
low affinity or a high affinity conformation, is sufficient to
account for the binding kinetics. Since this model predicts that
nicotine will stabilize the high affinity conformer, it is consist-
ent with the fact that a single class of high affinity sites is
observed at equilibrium.

Materials and Methods

Animals. Female Sprague-Dawley rats (100-200 g) were purchased
from the Harlan Co. (Indianapolis, IN). Animals were housed sepa-
rately in hanging stainless steel wire cages and were maintained on a
12-hr light/dark cycle (7 a.m.~7 p.m.). They received standard Purina
Rat Chow (No. 5001) and water ad Libitum.

Tissue preparation. Rats were anesthetized with 70% CO, prior
to killing by decapitation. Whole brains were removed, rinsed with ice-
cold buffer, and homogenized at 0-4° in 10 volumes of buffer (w/v)
using a Brinkmann Polytron, setting 6, for 10 sec. The preparative
buffer consisted of NagHPO,, 8 mMm; KH;PO,, 1.5 mM; KCl], 3 mMm;
NaCl, 120 mM; EDTA, 2 mM; Hepes, 20 mM; iodoacetamide, 5 mMm;
and PMSF, 0.1 mM (pH 7.4 at 0°). The inclusion of protease inhibitors
was necessary to avoid possible binding artifacts, based on previous
studies (12). The homogenate was sedimented by centrifugation (50,000
X g, 20 min, 0°). The pellet was resuspended in distilled, deionized
water, (6%, w/v) and incubated for 1 hr on ice. Membranes were
recovered by centrifugation as above, and resuspended in the assay
buffer at a concentration of around 1 mg of protein/ml. The composi-
tion of the standard assay buffer was the same as the preparative
buffer, with the addition of MgCl;, 1 mM, and CaCl;, 2 mM, and the
elimination of EDTA, iodoacetamide, and PMSF.

For experiments that utilized subfractionated membranes, P-2 frac-
tions (i.e., myelin, membrane fragments, synaptosomes, and mitochon-
dria) and synaptosomal fractions were prepared and characterized
according to previously described methods (29). In all preparations, the
initial homogenization step was carried out in the presence of EDTA,
PMSEF, and iodoacetamide, as above. After recovery of P-2 and synap-
tosomal fractions, the membranes were resuspended in distilled, deion-
ized water (5%, w/v), and incubated for 1 hr on ice. Membranes were
then recovered by centrifugation, as above, and resuspended in the
standard assay buffer.

For experiments utilizing permeabilized preparations, unfraction-
ated membranes were prepared from whole brain and resuspended in
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assay buffer containing 0.5 mg/ml saponin for 1 hr on ice before being
used in incubations. This concentration of detergent was sufficient to
permeabilize the membranes (30) but did not reduce net specific bind-
ing.

For all membrane preparations, protein was determined according
to the method of Lowry et al. (31).

Equilibrium binding assays. The assay mixture typically con-
sisted of 0.2-0.4 mg of membrane protein in a final incubation volume
of 0.5 ml. The concentration of nicotine was varied from 0.1 to 200 nM,
using only L-[*H]nicotine. Incubations were performed at 0° for 2 hr in
a temperature-controlled cryobath (Exacal Ex-700). Assays were initi-
ated by addition of the membrane suspension with rapid mixing. Blank
incubations contained 100 uM L-nicotine salicylate. Incubations were
terminated by adding 5 ml of ice-cold assay buffer, followed by rapid
filtration under vacuum through a double thickness of Gelman type A/
E glass fiber filters (pore size 0.3 um), using a Brandel multi-manifold
tissue harvester. Filters were presoaked in 0.1% poly-L-lysine at 4°, to
reduce nonspecific binding (18). Following the initial filtration, filters
were washed three times with cold assay buffer containing 0.1% poly-
L-lysine (5 ml each) and air dried. Filters were then placed in counting
vials and mixed vigorously with 20 ml of liquid scintillation fluid
(Scinti-Verse II, Fisher Scientific Co.), before quantification of radio-
activity. Samples were counted in a Beckman LS-7000 liquid scintil-
lation counter at 50% efficiency. All determinations were in triplicate.
Specific binding to membranes was determined as the difference in
binding between samples containing unlabeled L-nicotine salicylate
(100 uM) and those which contained none. Equilibrium binding data
were analyzed using an iterative least squares algorithm called LI-
GAND (32), on an HP-86 microcomputer.

Binding kinetics. The time course of nicotine binding was deter-
mined by incubating fixed concentrations of L-[*H]nicotine (1, 2, 5, 10,
30, 50, 100, and 200 nM) with 0.25 mg of membrane protein for varying
amounts of time at 0°, 22°, or 37°. Incubations were terminated at
successive time points by rapid filtration, as described above. The
dissociation kinetics were followed by first incubating a fixed concen-
tration of radiolabeled nicotine with 0.25 mg of membrane protein,
until equilibrium was achieved, at 0° (2 hr), 22° (20 min), or 37° (5
min). This incubation was followed by isotopic dilution with an excess
of unlabeled nicotine salicylate (1 mM), or by volumetric dilution (1:50)
with assay buffer. Samples were rapidly filtered at successive times
thereafter, followed by quantification of bound radioactivity. For each
time point total binding and blanks were determined in triplicate.

Kinetic analyses. The kinetic analyses in the present studies were
based on an exact (linear) solution to the differential equations for the
cyclic model of receptor desensitization originally proposed by Katz
and Thesleff (33), assuming buffered ligand concentrations (see Results
for detailed mechanism). This assumption was considered reasonable
since the concentration of sites (ca. 0.05-0.1 nM) was well below the
apparent Kp and the concentrations of ligands were always 10- to
2,000-fold higher. The concentration of receptor species as a function
of time can be expressed as follows:

Celt) = 5 X, ¥y - e M
Cuult) =i‘_§‘ X - Yy e @
Ce'(t) = ,é X; - Yy - 7%t ®
Ciult) = ,.):3‘ X; - Y, - e )

where C(t) represents the concentrations of the unliganded (R, R’)
and liganded (RL, R’L) forms of the low and high affinity states,
respectively. The X; are functions of Y;; as follows:
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X; = [Det(Y)]j/Det(Y) j=1,2,3,4, ®)
where
1 111
Detv) = (3% 72 V2 v
Yo Ye Y Y

and [Det(Y)]j = Det(Y) with the jth column replaced by the initial
concentrations of the four species, Cg(0), Cr(0), Cr’(0), and
Cz(0).

Forj=1,2,3, 4, the Y;; in Det(Y) are functions of Zj and the eight
rate constants that define the model (&, . . . ks) as follows:

=1 (6)
Yaj = (Rike(Ss — Z;) + keks(S: — Z;))/D; (7)
Yaj = (Rikake — Ry kaks

+ ke(S: ~ Z;)(S, - Z;))/D; ®)
Y= ((S1—Z;)(S:— Z;)(Ss - Z;)

— kaky(Sy = Z;) = kika(Ss — Z;))/D; )

where S, = ky + ki, So = ko + ks, Sy = ki + ke, Si = ks + ks, D; =
ke(S2— Z;)(Ss — Z;) + kakyks — kskyks, and k,, ks are pseudo-first order
rate constants.

The exponential coefficients (Z;) can be expressed as follows:

Z,=0 (10)
Zy = 2(—a/3)2COS(Q/3) + A/3 (11)
Zy = 2(—a/3)2COS(Q/3 + 2x/3) + A/3 (12)
Z,=2(—a/3)"*COS(Q/3 + 4x/3) + A/3 (13)

where COS(Q) = (~b/2)/(—a*/27)'%, a = (3B — A*)/3, b = (-2A° +
9AB - 27C)/217, and

A=k +ky+hks+ki+ks+kethy+ke
B=Fki(ks + ks) + (k2 + ks) (ks + kr)

+ ksky + ka(ky + ke + ks + k1)

+ke(ky + ky + ks + k1) + ka(ky + ko + ks + ko + ko)
C=kyksks + kekskr + kakskn

+ ki(koks + kokr + kyks + kokr)

+ ke(Rakr + Ry ks + kakr)

+ ka(koke + kike + Raks + Raks + krky + Ry ks)

The equilibrium dissociation constant can be expressed as a function
of the rate constants, as follows:

Kuq = (kakoks + kekeks)/(Rzkskr + kikeks)

This model was adapted to an HP-86 microcomputer and manual
iterative curve-fitting procedures were carried out by varying the rate
constants within experimentally determined limits. Parameter esti-
mates were obtained either experimentally or by manual iterative
curve-fitting and confirmed by statistical curve-fitting analyses on
individual data sets, using PCNONLIN (Statistical Consultants Inc.,
Lexington, KY) (see Results).

Materials. The following chemicals were obtained from Sigma
Chemical Co. (St. Louis, MO): poly-L-lysine hydrobromide, iodoaceta-
mide, PMSF, and saponin. The salicylate salt of L-nicotine was pre-
pared by standard methods (34) and recrystallized from alcohol. L-
[*H]nicotine (N-methyl-[*H], specific activity 75.7 Ci/mmol or 60.4 Ci/
mmol), purity > 99%, was obtained from New England Nuclear Corp.
(Newton, MA) and stored at —20° in an ethanol solution. Glass fiber
filters, Gelman type A/E, were purchased from American Scientific

Products (McGraw Park, IL). All other chemicals were of the highest
grade commercially available.

Results

Equilibrium binding. To assess the number of classes of
nicotinic sites present in membrane preparations, the equilib-
rium binding of L-[*H]nicotine was monitored, using a rapid
filtration method previously described (12, 18). A Scatchard
analysis of the data from several experiments is presented in
Fig. 1. A single class of high affinity binding sites was consist-
ently observed. These sites were saturable over the concentra-
tion range 1-200 nM and had an apparent affinity (K;) for
nicotine of 2-3 nM. The maximum number of sites was esti-
mated to be around 200 fmol/mg of membrane protein. A more
detailed description of the equilibrium binding properties of
these sites has been presented elsewhere (12).

Association kinetics. To obtain a detailed picture of the
association kinetics, the time course of nicotine binding was
followed. The time resolution achievable with the rapid filtra-
tion method was around +15 sec. Initial experiments utilized a
nicotine concentration equivalent to the equilibrium dissocia-
tion constant (2 nM). At this concentration nonspecific tissue
binding was less than 5% of the total and did not change with
time. The results indicated that nicotine binding was biphasic
(Fig. 2A). A rapid binding phase, characterized by a pseudo-
first order rate constant (k) of 0.08 min™?, was followed by a
second binding process that was roughly 5 times slower. At this
concentration of nicotine (2 nM) the fast phase binding ap-
peared to be complete in 20 min (Fig. 2A, inset). The slower
process continued until equilibrium was reached, at approxi-
mately 3 hr. The relative contributions of the fast (B;) and
slow (B,) binding components were estimated by linear regres-
sion of the slow phase portion of the semilog plot (Fig. 2A,
inset) and extrapolation to zero time. At 2 nM nicotine about
40% of the total binding was accounted for by the slow binding
process. By difference, 60% was attributable to the rapid bind-
ing process.

Bound/Free (fmoles/mg/nM)

T T \J T L} T T v T

40 80 120 160
Bound (fmoles/mg protein)

Fig. 1. Equilibrium binding of L{*H]nicotine to rat brain membranes.
Membranes were isolated from adult female brain tissue, as described
under Materials and Methods, and 0.20-0.40 mg of membrane protein
were incubated with amounts of radiolabeled nicotine (0.1-200
nM) in a total volume of 0.5 mi for 2 hr at 0°. Nonspecific binding was
determined from blank incubations that contained 100 um L-nicotine
salicylate. The data shown represent the combined results from five
separate binding experiments, each done in triplicate. Scatchard analysis
waspu(fgé)medusmacomputeﬂzedmettwd(UGAND)prevbus!yde-
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Fig. 2. Kinetics of L{*H}nicotine binding to rat brain membranes. Mem-

branes isolated from whole brain (0.25 mg of protein) were incubated
with 2 nm radiolabeled nicotine for varying amounts of time (0-3 hr) at
0° in a total volume of 0.5 ml. The amount of specific binding was
deteminedateachtmebyrapidﬂtratim as described in the text. Blank

incubations contained 100 um L-nicotine salicylate. The results shown
are representative of four separate experiments, done in triplicate. A.
Association kinetics. The association rate constant (k) was estimated
from the initial slope of the semilog plot (inset) and the isomerization rate
constant (k,) was determined from the slope of the slow phase binding
component (20 min-3 hr), by linear jon. B. Dissociation kinetics.
Membranes were incubated for 2-3 hr and then dissociation was initiated
by the addition of excess unlabeled L-nicotine salicylate (1 mm). The
dissociation rate constant (k-,) was determined from the slope of the
semilog plot (inset).

Dissociation kinetics. The dissociation kinetics were
monitored by isotopic dilution with excess unlabeled nicotine.
In contrast to association, the dissociation of bound nicotine
occurred by a first order process (Fig. 2B). For membranes
equilibrated with 2 nM L-[*H]nicotine, the off-rate (k-,) was
0.04 min™! and dissociation was essentially complete in 2 hr.
The equilibrium dissociation constant, calculated from the
kinetic data (K; = k — 1/((ks — k-,)/[nicotine]), was 2 nM, in
very good agreement with the value determined from equilib-
rium binding studies.

Concentration dependence of kinetics. To evaluate pos-
sible mechanisms that could account for the observed kinetics,
the concentration dependence of association and dissociation
was determined. The time course of [*H]nicotine binding was
monitored for nicotine concentrations ranging from 1 to 200
nM. The results of several experiments are presented in Fig. 3.
The curves shown are theoretical and were fitted to the data

Kinetics of Nicotine Binding to Rat Brain Membranes 395

Bound (fmoles/mg protein)

Time (min)

Fig. 3. Concentration dependence of binding kinetics. The time course
of L{*H]nicotine binding to rat brain membranes was determined, as
described under Materials and Methods. Varying amounts of radiolabeled
nicotine (1-200 nm) were incubated with 0.25 mg of membrane protein
at 0°, for up to 2 hr. The results shown are representative of at least
three experiments, done in triplicate, at each concentration. The theoret-
ical curves were determined by iterative curve-fitting using the two-state
model described in the text.

using a two-state model, which will be described in more detail
in a subsequent section. To analyze the fast and slow phase
binding components at each concentration, the data were plot-
ted on a semilog scale, as before (Fig. 4). The data illustrate
several important points. First, the contribution of the slow
phase process to total binding, estimated by extrapolation of
the curves to zero time, increased from around 30% at 1 nM
nicotine to 60% at 30 nM. However, at higher concentrations
the amount of slow phase binding actually decreased, account-
ing for 25% of the binding at 200 nM nicotine. By comparison,
the rate of slow phase binding, as judged by the slopes of the
slow phase components in Fig. 4, was essentially unchanged at
lower nicotine concentrations (1-10 nM) but did increase sig-
nificantly at higher concentrations (30-200 nM).

The rate of dissociation of bound ligand was also determined,
following equilibration of membranes with several concentra-
tions of L-[*H]nicotine, using either isotopic dilution with ex-
cess (1 mM) unlabeled L-nicotine or volumetric dilution (1:50)
with assay buffer. The results are shown in Fig. 5. In experi-
ments based on isotopic dilution, dissociation was found to be
first order at all concentrations tested, with a rate constant
(k-1) of 0.04 min~’. In experiments based on volumetric dilu-
tion, dissociation was first order over the first 10 min (Fig. 5,
inset). Thereafter, the rate of dissociation decreased as binding
approached the new (non-zero) equilibrium point. When the
data were corrected for this decrease by subtracting the pre-
dicted equilibrium binding value, dissociation was first order
over the first 90 min. The dissociation rate constant was 0.04
min~?, in good agreement with isotopic dilution experiments.
In some experiments dissociation was followed after incubating
membranes with radiolabeled nicotine for only 2 min. The rate
of dissociation was the same as before (Fig. 5, inset). However,
the curves consistently intersected the y axis [i.e., In(B/B,,)] at
a point lower than the value actually measured prior to isotopic
dilution. Therefore, at the earliest time point, which represents
the time required for the addition of unlabeled nicotine and
immediate filtration (ca. 10-15 sec), there was evidence of a
rapid decrease in binding. Again, this decrease was significant
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log [(Be-BYBm]

10 20 30 40 50

Time (min)
Fig. 4. Concentration dependence of fast and slow phase binding com-
ponents. The data of Fig. 3 were plotted as log [(B, — B)/Bn] versus
time for each concentration of nicotine, where B is the amount bound at
timet, B, is the maximal number of sites (Bmex) present in the membranes,
and B, is the amount of nicotine bound at equilibrium for each concen-
tration, determined from double reciprocal analysis of the data of Fig. 3.
The theoretical curves were determined by iterative curve-fitting, using
a two-state model.

in terms of evaluating possible kinetic models (see below), since
it suggested the presence of a low affinity binding component
under nonequilibrium conditions.

The rate of the slow binding process (k,) was estimated at
several different nicotine concentrations (1-200 nM) from the
slopes of the slow phase binding components of Fig. 4. Between
1 and 10 nM nicotine the rate of slow phase binding was
relatively insensitive to changes in ligand concentration (Fig.
6). However, k, increased approximately 6-fold between 10 and
200 nM. This increase is characteristic of a two-state mecha-
nism (28).

The contribution of the rapid binding process was also de-
termined as a function of nicotine concentration, from the data
of Fig. 4. The amount of binding attributable to the fast phase
component (B;) was estimated from B, — B,, where B, is the
amount of slow phase binding determined from linear extrap-
olation of the slow phase component to zero time, and B, is the
total amount bound at equilibrium for each nicotine concentra-
tion. The concentration dependence of B, was biphasic (Fig. 7).
This result is also relevant to the kinetic mechanism since it
implies that the rapid initial binding process reflects the inter-
action of nicotine with two sites of different affinity. The
affinities of the two sites for nicotine were estimated from the
slopes of the two components of Fig. 7. The apparent dissocia-

In [(B/Bm) x 100)
o W e
t

—

20 40 60 80
Time (min)

In [(B/Bm) x 100]

20 40 60 80
Time (min)

Fig. 5. Dissociation kinetics of bound L{H]nicotine. Membranes were
isolated from whole brain, as described in the text, and several concen-
trations of radiolabeled nicotine (2, 10, and 30 nm) were incubated with
0.25 mg of protein at 0° until equilibrium was achieved (2-3 hr). Disso-
ciation was followed after the addition of excess unlabeled L-nicotine
salicylate (1 mm). Inset: Dissociation was followed by isotopic difution,
as above, after a 2-min incubation of membranes with 3 nm radiolabeled
nicotine (i.e., non-equilibrium binding; O); «, the amount of binding prior
to the addition of unlabeled nicotine. Dissociation was also monitored by
incubating membranes with 30 nm radiolabeled nicotine for 2 hr, followed
by volumetric dilution (1:50) with assay buffer (@).

3 -

log [Nicotine]
Fig. 6. Concentration dependence of the rate of slow phase binding. The
isomerization rate constant (k,) was estimated for each nicotine concen-

u'atimfranmeslopesofmeslawphaseuwngmpmnds(ﬁg 4), as
described in the text. Values were plotted as a function of nicotine
concentration. The theoretical curve was constructed using an analytical
solution for k,, previously derived for a two-state model (35).

tion constants indicated a high affinity component with a Ky
of around 1 nM and a low affinity component with a K; of 150
nM.

Kinetic mechanism. The basic observations of biphasic
association kinetics, first order dissociation kinetics, the con-
centration dependence of the rate of slow phase binding (k,),
and the concentration dependence of the rapid binding com-
ponent (B;) are all characteristic of a two-state mechanism
(28). Therefore, the results were analyzed according to the
following model, which is the simplest one that adequately
accounts for all of the data.

This model assumes a homogeneous population of binding
sites that can exist in either of two conformations in the
absence of ligand, one having a low affinity (R) and the other
a high affinity (R’) for nicotine (N). This model is described
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by eight rate constants (k, ... ks) and four equilibrium con-
stants (K, ... K,), where K, = ky/k,, K, = ki/ks, etc. For a
cycle such as this, knowledge of any three equilibrium constants
determines the fourth, where K, = K; - K(/K;.

The biphasic association kinetics (Figs. 2 and 3) result from
the rapid (diffusion-controlled) binding of nicotine to R and R’
which is followed by a second binding phase governed by the
relatively slower isomerizations between pairs of receptor con-
formers (i.e., R & R’ and RN « R’N). The slope of the slow
phase binding component (k,) is a measure of the overall
isomerization rate. An analytic expression has been previously
derived for k, (35) showing that it reaches limiting values of &,
+ ks at low ligand concentrations and k; + k, at high concen-
trations, and is equal to k, + k; at intermediate concentrations,
thus accounting for the “sigmoidal” shape of Fig. 6. The model
also predicts that the concentration dependence of fast phase
binding (B;) should be biphasic (as in Fig. 7), reflecting the
rapid initial interaction of nicotine with R and R’, each of
which has a different affinity for the ligand. If the affinity of
R’ >»> R, the binding of the ligand tends to stabilize R’N at
equilibrium. This would account for the apparent binding of
nicotine to a single class of high affinity sites in equilibrium
binding studies (Fig. 1). In addition, since R’N is the predom-
inant species at equilibrium, the off-rate (k_,) is determined
primarily by ks (R’'N — R’ + N), resulting in apparent first
order dissociation kinetics (Fig. 5). This rate was found to be
independent of the concentrations of nicotine with which the
membranes were initially equilibrated, a specific prediction of
the two-state model (see Fig. 5).

Kinetic analyses. The ability of the two-state mechanism
to account for the observed kinetics was further evaluated by
deriving an exact analytic solution to the model, assuming

]

6

P

[Nicotine]!
Fig. 7. Concentration dependence of fast phase binding. The contribution
of the rapid binding process (B,) to total binding was determined for
several nicotine concentrations, from the data of Fig. 4, as described in

the text. The theoretical curve was generated by iterative curve-fitting,
based on a two-state model.
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buffered ligand concentrations throughout (see Materials and
Methods). This solution was adapted to a microcomputer for
estimation of the kinetic parameters by iterative curve-fitting.
Initial estimates of the kinetic parameters were determined
from the experimental data as follows. The equilibrium disso-
ciation constants, K, and K3, were determined graphically from
the slopes of the two binding components of B, (Fig. 7). Simi-
larly, the fraction of sites represented by the high affinity
conformer was estimated from Scatchard analysis of the data
of Fig. 7 using a two-site fit, giving a value of 40%. From this
information K, could be calculated, and in turn, K, = K; - K,/
K,. The four equilibrium constants were also constrained to
yield the independently determined equilibrium dissociation
constant (K,,), where K., = K3(1 + K\)/(1 + (Ks/K1)KJ).
Initial values for six of the eight rate constants were esti-
mated by similar methods. Specifically, ks was estimated from
the initial slope of the association kinetics (Fig. 2) since at
early times the ligand binds primarily to the high affinity
conformer. The on-rate for binding to the low affinity con-
former (k;) was initially estimated to be approximately the
same as ks, but was varied independently during the curve-
fitting procedure (see Table 1). By this model the dissociation
rate constant (k-,) is a measure of ks, and &, can be calculated
from k, - K,. Initial values for k; and ks were determined from
the relationship K, = ke/k; and the limiting value of k, (= k; +
k) at low ligand concentrations (Fig. 6). The ratio of k,/k; was
obtained from K,. However, since k, could not be determined
at high enough ligand concentrations to measure the limiting
value of ks + k, (Fig. 4), these two parameters were varied
during iterative curve-fitting procedures to obtain estimates.
The results of manual iterative curve-fitting procedures
yielded the theoretical curves of Figs. 3-7. The parameter
estimates are shown in Table 1. These estimates agreed well
with statistical curve-fitting analyses of individual data sets
also shown in Table 1. Dissociation curves were also computer-
generated, by setting the initial values of R, R’, RN, and R’'N

TABLE 1
Equilibrium and kinetic constants for *H-L-nicotine binding
Method of Parameter estimates
ot initl estimation Experimental®  Statistica®
Keq (M) Equilibrium binding 33
Ky (nm) Concentration dependence 150
of B, (Fig. 7)
Kz Kz = KS’KQ/KI 0013
Ks (nm) Ks = ke/Ks 13 1.0
K Concentration 15
of B (Fig. 7)
ky (nm~' min™')  Assume ky = ks 003 0.02
ka2 (ﬂ'\iﬂ-‘) ka2 = ky-Ky 45 75
ks (min~*) Concentration dependence 022 030
of k. (Fig. 6)
ke (Min™") ks = K2-ks 0.003 0.0025
ks (v~ min~")  Slope of rapid binding 003 004
component (Fig. 2A)
ke (min~?) Dissociation constant (k—) 004 004
k7 (min™") Concentration dependence 0.006 0.006
of ke (=k7 + ke)
ke (min"") and ke = Ky-kz 0.009 0.009

* Parameter estimates were obtained by manual iterative curve-fitting of the
association and dissociation kinetic data for all nicotine concentrations as described

in the text.

° individual data sets were aiso fitted using a noniineer least squares aigorithm
(PCNONLIN) to obtain estimates for the rate constants. The data shown are for
[nicotine] = 2 nm (average of six separate experiments done in triplicate).
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to their equilibrium values for a given nicotine concentration
(N) and then decreasing the value of N 1000-fold, thus simu-
lating a volumetric dilution experiment. Final parameter esti-
mates for the model are reported in Table 1. These parameters
yielded an acceptable fit to all of the data within experimental
error (£5%).

Effects of membrane properties and tempera-
ture. Since the initial experiments were all based on total
brain membrane preparations it was important to determine
whether the heterogeneity of the membranes or membrane
physical properties were a factor in determining the kinetics of
binding. The results of several control experiments are shown
in Table 2. It was found that the rate constants for association,
dissociation, and isomerization were essentially the same for
whole brain membrane preparations and for the more purified
P-2 and synaptosomal fractions. To eliminate the further pos-
sibility that rate-limiting diffusion barriers might be present in
these preparations, membranes were permeabilized with sa-
ponin (30) prior to being utilized in kinetics experiments. The
results were unchanged (Table 2).

In order to determine the effects of temperature, binding
experiments were also performed at 0°, 22°, and 37°. Binding
was biphasic at all temperatures, and dissociation was first
order (Table 3). There was a substantial increase in the rate
constants for association, dissociation, and isomerization as
expected, but the apparent equilibrium dissociation constant,
calculated from these data, was the same at all temperatures.
Therefore, the binding properties of the sites were not appre-
ciably affected by changes in temperature over this range.

Discussion

In order to reconcile the high affinity binding properties of
nicotinic binding sites in vitro with the relatively high concen-

TABLE 2

Effects of membrane properties on kinetic parameters

Whoile brain membrane preparations, P-2 fractions, and synaptosomes were pre-
pared as described under Materials and Methods. Association kinetics were
monitored by incubating membranes (0.25 mg of protein) with 2 nM >H-L-nicotine
for varying amounts of time (0-2 hr) at 0°. The rate of dissociation was determined
by isotopic dilution of equiibrated samples (0°, 2 hr) with unlabeled L-nicotine
salicylate (1 mm). Blank incubations contained 100 um L-nicotine salicylate. Kinetic
rate constants were determined as described in the text. The results shown are
representative of at least two experiments, performed in triplicate.

Membrane preparation Rake
Association (k)  Dissociation  Isomerization (k,)
m-l
Whole brain 0.08 0.04 0.016
Permeabilized membranes* 0.06 0.04 0.020
P-2 fraction 0.08 0.04 0.017
Synaptosomes 0.07 0.05 0.017

* Membrane preparations from whole brain were incubated with 0.5 mg/mi
saponin on ice for 1 hr before incubations with radiolabeled ligand were initiated.

TABLE 3

Effects of temperature on kinetic parameters

Membranes (0.25 mg of protein) were incubated with 2 nm *H-L-nicotine for varying
amounts of time at 0°, 22°, or 37°. Blank incubations contained 100 um L-nicotine
salicylate. Kinetic rate constants were estimated as described in the text.

T Rate constant
Association (o) Dissociation Isomerization (k,)
m-l
0 0.08 0.04 0.016
22 0.70 0.40 0.280
37 1.50 0.84 0.530

trations of ligand needed to elicit a physiological response,
Romano and Goldstein (18) proposed that the equilibrium
binding properties of the sites reflected their conversion to a
high affinity, agonist selective, state. Although the present
results do not address the issue of selectivity, they do support
the notion that the high affinity binding of L-[*H]nicotine to
putative receptor sites in rat brain tissue results from agonist-
induced conformational changes. These changes are best de-
scribed by a two-state model. This conclusion is supported by
the detailed kinetic analyses as well as by the consistency of
the results with specific predictions of the model, including
biphasic association kinetics, first-order dissociation kinetics,
a relatively invariant isomerization rate constant (k,) at low
ligand concentrations, biphasic dependence of the rapid binding
process on ligand concentration, lack of dependence of the
dissociation rate on initial ligand concentration, and a small,
rapidly dissociating binding component following brief incu-
bations with the ligand.

The following alternative models were also considered but
were found to be unsuitable since none could account for all of
the experimental observations, and the data could not be fit to
exact integrated solutions to the models for any choice of
kinetic parameters.

R+ Ne RN (1A)
R'"+ NoR'N

R+ NoRNoR'N (2A)

Ra + N & RaN (3A)

Rb + N & RbN & Rb’'N

Model 1A assumes two independent binding sites with dif-
ferent affinities for the ligand (N). This model is clearly incon-
sistent with the results of equilibrium binding studies (Fig. 1).
In addition, such a model does not predict a change in the
proportion of rapidly reacting sites with increasing ligand con-
centrations. Model 2A is based on the rapid initial binding of
the ligand to a low affinity site (RN) which is then converted
to a high affinity conformation (R’N). This model was sug-
gested by Galper et al. (26) to account for the binding of
quinuclidinyl benzilate to muscarinic receptors. However, sev-
eral predictions of this model are inconsistent with the present
data. For example, since the affinity of R <« R’, the binding
that occurs during brief exposure to the ligand would be almost
exclusively to the low affinity conformer (RN). As a result,
dissociation should be more rapid under these conditions than
it is following complete equilibration (i.e., when R’N — RN is
rate-limiting). However, our findings indicate that the rate of
dissociation is the same under all conditions. This model also
predicts that the proportion of total binding attributable to the
rapid process should increase with ligand concentration,
whereas the opposite was actually observed for nicotine bind-
ing. Model 3A assumes two classes of sites, one having high
affinity (Ra) and the other low affinity (Rb) for the ligand, and
binding of ligand to the latter induces a conformational change
to a high affinity state (Rb’N). This model is also untenable,
since it predicts that the rate of dissociation cannot exceed the
isomerization rate (i.e., Rb’N — RbN) which is rate-limiting
for dissociation. However, the present data show that the off-
rate (ke) is about 3-fold higher than the isomerization rate
constant (k, = k; + kg) at low nicotine concentrations (Table
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1). Furthermore, in order to observe first order dissociation
under all conditions (Fig. 5), the isomerization rate would have
to be identical to the off-rate for the high affinity sites (RaN
— Ra + N) which would be highly fortuitous.

A more complex model than the two-state model was also
considered. It is based on the formation of diliganded receptors,
and was proposed by Prinz and Maelicke (27) to account for
the binding properties of purifted nicotinic cholinergic receptors
from Electrophorus.

R + N e RN & NRN
R’'N & NR'N

Unfortunately, because of the experimental error limits (ca.
+5%) associated with the filtration assay, the additional kinetic
parameters associated with this model were not measurable in
the present studies. Therefore, this model could not be distin-
guished experimentally from the two-state model and cannot
be ruled out as a possible alternative. However, it is interesting
to note that one prediction of the model is that the rate of
dissociation, as measured by the addition of competing ligand,
is decelerated at higher concentrations of the chasing ligand
(27). This phenomenon was not observed in the present studies,
which may be an indication of subtle differences between
peripheral nicotinic receptors and those in the brain.

The present results invite comparison with studies on pe-
ripheral nicotinic cholinergic receptor systems where a two-
state model has also been applied. For example, Boyd and
Cohen (28) used a filtration assay to study the kinetics of
[®*H]acetylcholine binding to Torpedo postsynaptic membranes.
The results were analyzed in terms of a two-state mechanism.
Their data were consistent with a high affinity conformer (K,
= 1 nM) that accounted for 20% of the total sites in the absence
of ligand and a low affinity conformer with a K; of 500 nM.
Based on the present studies, the properties of nicotine-binding
sites in the mammalian brain appear to be surprisingly similar.
The apparent affinities of the high and low affinity conformers,
with K; = 1 nM and 150 nM, respectively, compare reasonably
well with those determined for acetylcholine binding in Torpedo
tissue. The apparent equilibrium dissociation constant (K,)
for nicotine binding (2-3 nM) is slightly lower than that deter-
mined for acetylcholine (8 nM) and the percentage of sites
represented by the high affinity conformer was found to be
somewhat higher (40%) in rat brain membranes. Conversely,
the absolute kinetic rate constants determined in the present
studies are significantly lower than those reported for either
Torpedo membranes (28) or for the purified acetylcholine re-
ceptor from Electrophorus (27), by 1 to 2 orders of magnitude.
In general, lower rates of association and dissociation appear
to be typical for the binding of acetylcholine and nicotine to
membranes from mammalian brain tissue (9, 10). This led us
to explore the possibility that this phenomenon might be re-
flecting the heterogeneity of the preparations or the presence
of rate-limiting diffusion barriers, such as outside-in membrane
vesicles or postsynaptic elements. However, based on the data
of Table 2, these possibilities seem unlikely. Therefore, the
discrepancies may simply be due to methodological differences.

Some interesting comparisons can also be made with other
studies where the kinetics of agonist binding to brain membrane
preparations have been monitored. For example, Sloan et al.
(36) showed that [*H]nicotine binding to P-2 membrane frac-
tions was biphasic. The present results are in agreement with
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this observation. In contrast, the data of Schwartz et al. (9)
gave no indication of a similar phenomenon for
[*H]acetylcholine binding. These differences present an inter-
esting dilemma in view of the fact that both ligands bind to
sites in the brain with high affinity. A possible explanation
may be that acetylcholine is a relatively less stable ligand. In
our hands it was difficult to assess the true equilibrium point
for [*H]acetylcholine binding because of a slow decrease in
specific binding between 1 and 3 hr, even in the presence of
physostigmine (data not presented). This point will need to be
clarified in order to gain a better understanding of how these
ligands interact with receptor sites in the brain.

In general, the two-state model appears to be adequate for
describing the properties of nicotinic binding sites at physio-
logical temperatures. For example, the apparent affinity of the
sites, calculated from the kinetic data, did not change appreci-
ably at higher temperatures. By comparison, the results of
Table 3 indicate that the increase in the isomerization rate (k,)
with temperature is proportionally higher than either the as-
sociation or dissociation rates. This finding suggests that the
molecular properties of the sites which determine the confor-
mational equilibria may be more sensitive to temperature ef-
fects. At 37° the process of isomerization is quite rapid. The
data of Table 3 suggest a half-time of around 1 min. However,
this rate was measured at relatively low ligand concentrations
(2 nM) and therefore reflects the rate of “relaxation” (k; + ks)
of the high affinity to the low affinity conformer (R’ — R)
upon removal of agonist (28). As such it should be considered
a minimal estimate of the rate of the ligand-induced confor-
mational transition (RN — R’N) that would occur at saturating
concentrations of nicotine. It is tempting to speculate that
these conformational transitions are related to the process of
receptor desensitization in vivo. If this is the case, then desen-
sitization would occur rapidly at physiological temperature (i.e.,
within minutes) and be freely reversible. However, at this point
the predictive value of the two-state model with respect to
receptor function remains to be tested.
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