J. Biochem. 2010;147(5):743-749 doi:10.1093/jb/mvq007

THE JOURNAL OF
BIOCHEMISTRY

Kinetics of agonist-induced intrinsic fluorescence changes
in the Torpedo acetylcholine receptor

Received September 8, 2009; accepted January 12, 2010, published online January 31, 2010

Hideki Kawai'* and Michael A. Raftery'?’

"Department of Pharmacology, University of Minnesota Medical
School, Minneapolis, MN 55455; and 2Department of Biochemistry,
University of Minnesota, St. Paul, MN 55108, USA

*Hideki Kawai, Department of Bioinformatics, Faculty of
Engineering, Soka University, Hachiouji, Tokyo 192-8577, Japan,
Tel: +81-42-691-9396, Fax: +81-42-691-9312,

E-mail: kawai@soka.ac.jp

“In memory of Dr Michael A. Raftery.

The nicotinic acetylcholine receptor from Torpedo
electric organs is a ligand-gated ion channel that under-
goes conformational transitions for activation and/or
desensitization. Earlier work suggested that intrinsic
fluorescence changes of the receptor monitors Kinetic
transitions toward the high-affinity, desensitized state.
Here, using highly purified membrane preparations to
minimize contaminating fluorescence, we examined
kinetic mechanisms of the receptor as monitored by
its intrinsic fluorescence. Fluorescence changes were
specific to the receptor as they were blocked by
a-bungarotoxin and were induced by agonists, but
not by the antagonist hexamethonium. Acetylcholine,
carbamylcholine and suberyldicholine showed only one
kinetic phase with relatively fast rates (t;; =0.2—1.25).
Effective dissociation constants were at least an order
of magnitude higher than the high affinity, equilibrium
binding constants for these agonists. A semirigid ago-
nist isoarecolone-methiodide, whose activation constant
was ~3-fold lower than acetylcholine, induced an addi-
tional slow phase (#;;=4.5-9s) with apparent rates
that increased and then decreased in a concentration
dependent manner, revealing a branched mechanism
for conformational transitions. We propose that the
intrinsic fluorescence changes of the receptor describe
a process(es) toward a fast desensitization state prior to
the formation of the high affinity state.

Keywords: acetylcholine/a-bungarotoxin/
isoarecolone/nicotinic/receptor kinetics.

Abbreviations: ACh, acetylcholine; ANTS,
8-amino-1,3,6-naphthalene trisulfonic acid disodium
salt; o-BTx, a-bungarotoxin; Carb, carbamylcholine;
IAS, 5-(iodoacetamido)salicylate; Isoarecolone-Mel,
isoarecolone-methiodide; nAChR, nicotinic
acetylcholine receptor; SbCh, suberyldicholine.

The Torpedo nicotinic acetylcholine receptor (nAChR)
is a pentameric ion channel composed of four homol-
ogous subunits—two o subunits and each of B, vy, &
subunits (/, 2). It is generally agreed that, under equi-
librium conditions, each receptor carries two high
affinity binding sites at the interfaces formed by o—y
and a—9d subunits (3—6). Accumulating evidence indi-
cates that, within the high affinity sites, there are two
mutually exclusive, allosterically coupled, subsites that
are ~15-20A apart depending on conformational
states of the receptor (7—12). In addition to the high
affinity sites, there is evidence for the presence of the
low affinity agonist-specific sites, whose properties are
consistent with their participation in receptor activa-
tion (/3—15). Thus, the high affinity sites may involve
in receptor function other than receptor activation.

Agonist binding to the receptor induces conforma-
tional changes to open the channel rapidly and to
desensitize it more slowly (/6). Understanding the
mechanisms of conformational changes is fundamen-
tally important, and, to this end, fluorescence changes
that accompany agonist binding to the receptor have
been useful to monitor kinetic behavior. Investigators
have utilized non-covalent extrinsic fluorescent probes
(17—19), fluorescent cholinergic ligands (20—23) and a
covalently attached fluorescence probe (10, 14, 15, 24)
to detect conformational transitions of the receptor,
but the rate constants were too slow to account for
receptor activation and were attributed to desensitiza-
tion processes. A protein that contains tryptophan res-
idues in its primary sequence can be examined for
conformational transitions by monitoring intrinsic flu-
orescence changes of the amino acid derived from
alteration in the surrounding environment. The use
of such intrinsic fluorescence was attempted with solu-
bilized nAChR and membrane bound nAChR. Despite
its relatively high quantum yield, the solubilized recep-
tor did not produce a fluorescence change after mixing
with various cholinergic ligands (25). Barrantes and his
colleagues have used the membrane-bound nAChR
from Torpedo marmorata and have been able to
detect intrinsic fluorescence quenching of the receptor
upon binding of cholinergic ligands (26—28). As was
the case for extrinsic probes, the conformational tran-
sitions observed were slow and probably corresponded
to a desensitization process(es).

Here, we have investigated the intrinsic fluorescence
change induced by acetylcholine (ACh), carba-
mylcholine (Carb), suberyldicholine (SbCh) as well as
isoarecolone-methiodide (isoarecolone-Mel)—an ACh
analog with a dihydropyridine moiety between the
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acetyl group and the quaternary amine (29). This semi-
rigid ligand is a very potent agonist at the neuromus-
cular junction (30, 31). In contrast to previous studies,
the membrane preparations used were alkali-treated to
remove auxiliary proteins (32—34), thus minimizing
contaminating fluorescence. All agonists induced a
kinetic phase with apparent rates about an order of
magnitude greater than those previously reported
(26—28) while the kinetics with isoarecolone-Mel con-
tained an additional phase with a slow rate.

Materials and Methods

Materials
Carbamylcholine chloride and acetylcholine chloride were from
Sigma Chemical Co. Suberyldicholine diiodide was from Aldrich.
Hexamethonium chloride dihydrate was from Mann Research
Laboratories (Orangeburg, NY); Isoarecolone-Mel was provided
by Dr Charles E. Spivak (National Institute of Drug Abuse,
Baltimore, MD). 8-amino-1,3,6-naphthalene trisulfonic acid diso-
dium salt (ANTS) was from Invitrogen/Molecular Probes Inc.
nAChR-enriched membrane fragments were prepared from
Torpedo californica (Aquatic Research Consultants, San Pedro,
CA) as described previously (34). The concentration of the receptor
was measured by a DEAE disc assay (35).

Thallium(l)-flux stopped-flow experiments

Membrane vesicles loaded with ANTS were prepared and TI*-flux
stopped-flow experiments were conducted as described previously
(36). Briefly, fast kinetic fluorescence quenching of ANTS following
entry of TI" into the vesicles was measured using an SF.17MV
MicroVolume stopped-flow spectrofluorimeter apparatus (Applied
Photophysics Ltd., Leatherhead, UK) with a xenon arc lamp
(150 W) for excitation at 370 nm. Fluorescence traces were analyzed
for rates and amplitudes using a modified Stern—Volmer equation:

Ay

O = ki =e®

+ kot + Ao,

where F(¢) is the fluorescence intensity at time 7, 4; is the fluores-
cence intensity in the absence of TI*, K is a Stern—Volmer constant
for a fluorophore, T, is the maximum concentration of TI* inside
the vesicles, k is the apparent rate constant of TI" flux, k is the rate
of TI" leak through the membrane, 4, is the fluorescence intensity
fir the baseline. The concentration—rate curve was fitted with the
sigmoidal equation:

log[&} = nlog[L] — nlogK,,
kmax - kapp

where k,p,, is the apparent rate of fluorescence quenching at each
ligand concentration, k. is the maximum rate of quenching, n is
the Hill coefficient, [L] is the free ligand concentration and K, is an
apparent activation constant for channel opening.

Ligand-induced intrinsic fluorescence changes

Kinetic measurements of intrinsic fluorescence changes were con-
ducted using the SF.17MV stopped-flow apparatus with excitation
wavelength of 282 nm, and a bandpass filter was placed in the exci-
tation beam to reduce stray light. Emission was recorded using a
filter with 300 nm cutoff. An equal volume of the Torpedo membrane
fragments and Torpedo Ringers buffer (20mM HEPES, pH 7.4,
250mM NaCl, 5mM KCI, 4mM CaCl,, 2mM MgCl,, 0.02%
NaNj3;) with or without a ligand(s) were rapidly mixed to give a
final receptor concentration of 20nM (in o-BTx binding sites)
throughout the experiments. Unless otherwise stated, each kinetic
trace was fit with the following two exponential model equation:

F(t) = Ao + Aflexp(—kpt)] + Agexp(—ks0)] + kot,

where F(7) is the fluorescence level at time t, A, is the equilibrium
fluorescence level, kr and kg are the apparent rates of the two pro-
cesses, Ar and A are the amplitudes corresponding to the apparent
rates, and kg is the slope of the base line to correct for photolysis
effects. The Carb-induced kinetic traces in the absence or presence
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of various concentrations of hexamethonium were analyzed by
assuming A;=0 (i.e. a single exponential model).

In order to enhance the resolution of biphasic kinetics, split time
scales of 0.2 and 25 (0.2/2s), 2 and 20s (2/20s), and 10s (or 5s) and
50 [10 (or 5)/50s] were used. The rate constants for the 10 (or 5)/
50s time scale were similar to those of the 2/20s time scale. The
kinetic traces of the 0.2/2s time scale could not be analyzed consis-
tently and accurately since the initial 100ms of the early signals
contained random fluorescence changes in these time ranges.
Overall, the kinetic traces obtained with 2/20s time scale provided
a good description of intrinsic fluorescence kinetics. For mechanism
fitting, the rate constants for any phase in which the time scale of the
reaction was <2.5 times or more than 25 times the half-life of that
phase were excluded (24). Furthermore, since each split time con-
tained 200 data points, rate constants whose half-life contained <15
data points were also eliminated. The apparent rate constants were
averaged for each set of experiments and plotted as a function of
ligand concentrations.

RESULTS

Kinetics and specificity of agonist-induced intrinsic
fluorescence changes

Rapid mixing of membrane fragments and cholinergic
agonists resulted in a time-dependent reduction of
intrinsic fluorescence of the nAChR. The Carb-
induced fluorescence change (Fig. 1A, trace b) was
blocked by pretreatment of the membrane fragments
with «-BTx (Fig. 1A, trace c), indicating the fluores-
cence change was specific for this agonist binding to
the receptor. This specificity was further evidenced
since the antagonist hexamethonium blocked the
Carb-induced intrinsic fluorescence change in a con-
centration dependent manner with a half-maximal
inhibition of 1.32 + 0.29 mM (Fig. 1B). No significant
intrinsic fluorescence change was observed with this
antagonist alone. The components of the Kkinetic
traces included a linear decrease in fluorescence, due
to photolysis of the receptor protein as demonstrated
by closing the excitation light path with a shutter and
observing that the fluorescence level returned to the
level prior to the shutter closing when it was reopened
at later times.

Concentration dependent effects of acetylcholine,
carbamylcholine and suberyldicholine

As demonstrated previously (27, 28), ACh, Carb (data
not shown), and SbCh (Fig. 2) induced a change in
intrinsic fluorescence of the receptor protein and this
effect was concentration dependent. The apparent
rates for the fast phase were consistently observed
for these ligands. However, slow rates were not
obtained as observed for isoarecolone-Mel (see
below); therefore, only the fast phase was considered
for further analysis.

Assuming that (i) the fluorescence decrease reflects
conformational transitions of the receptor upon bind-
ing of a ligand and that (ii) the binding of a ligand is
rapid and diffusion controlled (i.e. >10°M~'s™"), the
following simple sequential mechanism was consistent
with our observations:

Scheme I
Ky

ko
R+L ——RL —RL
ko
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Fig. 1 Agonist-specific effects of intrinsic fluorescence changes.

(A) Representative traces of intrinsic fluorescence changes upon
rapid mixing of membrane preparations with or without a-BTx
pretreatment (~40min) and Torpedo Ringers in the absence or
presence of Carb. The final a-BTx concentration was 30 nM. Traces:
(a) Membrane fragments alone (control). (b) One hundred micro-
molar Carb. The parameter values obtained from the fit to the two
exponential model equations were A¢=9.30mV, ky=1.81 s7h
A;=15.1mV, k;=0.047s~". (c) 100 uM Carb with o-BTx-treated
membrane fragments. (B) Concentration dependence of apparent
rates (k) for hexamethonium alone (open circle) or in the presence of
100 uM Carb (filled circle). For filled circles, each rate was an aver-
age of at least five data (mean + SD). The line was drawn assuming
the following sigmoidal model: rate (s™') =ko+ (kmax — ko)/

[1 + (10™8H/101081C0y") " \where kg is the minimum rate, kpyqy is the
maximum rate, [L] is the concentration of a ligand

(i.e. hexamethonium), ICs is the half-maximal inhibitory constant,
and n is the Hill coefficient. The parameter values were as follows:
ko=0.0065"", kmax=0.795"!, ICso=1.11mM and n=1.15. For
open circles, each rate (mean + SD) was an average of at least
four data.

In this mechanism, the ligand L rapidly complexes
with the receptor R forming a ligand—receptor com-
plex RL with an equilibrium binding constant K;. RL
then isomerizes to R'L with a forward rate constant k».
The receptor in the R’L conformation may slowly con-
vert to the RL form with a backward rate constant k_,.
The relaxation rate equation describing this mecha-
nism is:

_1__kalL]
Tp X + ] + k_s. (1)

An iterative procedure of non-linear regression was
used to fit concentration—rate curves of the fast phase

Kinetics of Torpedo nicotinic acetylcholine receptors
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Fig. 2 Intrinsic fluorescence kinetics of suberyldicholine. (A) A trace
of intrinsic fluorescence change induced by 7.5 uM SbCh (shown in
dots for clarity) was fitted with the two exponential model equation
(solid line; A;=9.55mV, k;=1.83s"", 4,=11.6mV and
ky=0.0415s"") and the single exponential equation (dashed line;
A;=9.77mV, ky=1.525""). The dashed line is overlapping with the
solid line almost completely. Inset: the trace was expanded for clarity
and to show no significant difference in data fitting between the two
equations. (B) Concentration dependence of the apparent fast rates
(k) for SbCh. Each date point represents # =3 (mean + SEM).
The apparent slow rates (k) were mostly undetected. The solid

line shows a sequential model (Scheme 1) fitting with Eq. (/).

The parameter values were K; =3.03 uM, k,=3.06 s~ and
k_,=021s""

Table 1. Parameters of Scheme I for agonist-induced intrinsic
fluorescence kinetics

Parameter Carb ACh SbCh
K; (LM) 133 5.14 3.03
ko 57 3.16 2.93 3.06
koo (s7h 0.27 0.29 0.21
K1 K> (uM) 12.0 0.51 0.20

to Eq. (1) using InPlot4 (GraphPad, Inc.) with no
assumption for any parameters (Fig. 2B). The param-
eter values thus obtained are listed in Table I and
compared with values for ACh and Carb as controls.
The binding constant obtained for SbCh was
3.03 £0.76uM (n=3), comparable to previously
reported values (27). The forward rate constant was
too slow to account for receptor activation; thus the
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Fig. 3 Stopped-flow TI"-flux concentration—rate curve for
isoarecolone-Mel. An example of the dose—response curve

for receptor activation by isoarecolone-Mel. Curve fitting

with the sigmoidal equation gave the following parameter
values: Koot = 18.0 tM, kmax = 1055~ and nyy’ = 1.84. The
apparent rate for 0.5mM Carb for this particular membrane
preparation was 41.5 + 14.0s". Error bars are standard errors
of the mean (SEM) for multiple data points (n>3) at each
concentration used.

intrinsic fluorescence changes are likely monitoring
conformational transitions of the receptor to a high
affinity or desensitized state. The overall effective dis-
sociation constant (K4) can be calculated using the
equation: Ky= K K>/(1+ K). The estimated values
for ACh, Carb (determined for comparison), and
SbCh were 0.46, 11.0 and 0.19uM, respectively,
which are at least 10-fold higher than the equilibrium
dissociation constants of desensitized receptors
(~10nM for ACh and SbCh, ~0.1 uM for Carb), indi-
cating that this mechanism does not fully account for
conformational transitions of the receptor to the high
affinity or desensitized state and may possibly involve
a mute step(s) (see Discussion section).

TI" -flux response studies using

isoarecolone-Mel

We then examined the interaction between
isoarecolone-Mel and the nAChR. We first determined
the properties of receptor activation by the semirigid
ligand using TIT-flux stopped-flow spectrofluorimetry
and found that isoarecolone-Mel activated the nAChR
with a dissociation (activation) constant of 32.0 =
8.4 uM and Hill coefficient of 1.4 & 0.2 (mean =+ stan-
dard error; n=3; Fig. 3). The value of activation con-
stant was approximately 3-fold lower than that of ACh
(87.0 uM).

Concentration-dependent effects of
isoarecolone-Mel on intrinsic

fluorescence changes

We then examined intrinsic fluorescence changes
induced by this agonist. In addition to fast rates that
were similar to those for the agonists discussed above,
kinetic traces induced by isoarecolone-Mel contained a
second phase with slow rates that were within the cri-
teria for the sum of two exponential equations (Fig. 4).
The apparent slow rates increased at low concentra-
tions and then decreased at high concentrations. This
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Fig. 4 Intrinsic fluorescence Kinetics of isoarecolone-Mel. (A) A trace
of intrinsic fluorescence change induced by 5 puM isoarecolone-Mel
was fitted with the two exponential model equations (solid line;
Ar=13.4mV, ky=1.99s"" 4,=9.1mV and k;=0.135s"") and the
single exponential equation (dashed line; A;=14.7mV,
ke=1.125Y). Inset: the trace was expanded to show a significant
deviation from the single exponential model. (B and C)
Concentration dependence of the apparent fast and slow rates for
isoarecolone-Mel. Each date point represents 7 =4 (mean = SEM).
The solid lines show a branching model (Scheme II) fitting with Eq.
(2) for the fast phase and with Eq. (3) for the slow phase.

phenomenon can be described by the following
branched mechanism:

Scheme 11

K, K
R+2L === RL+L == RIL,
kl, 15—1’ k2, Kz'
Cy G

This scheme was initially proposed from kinetic stu-
dies using ethidium bromide, an extrinsic fluorescent
probe, to monitor ligand-induced conformational
transitions of the receptor induced by Carb (79, 37).
Studies with  5-(iodoacetamido)salicylate  (IAS)-
labelled nAChR confirmed this scheme and further
developed it to include a fast isomerization step prior
to the isomerization to C; (24). Using ethidium bro-
mide, Carb-induced fluorescent changes showed (at
least) two concentration dependent kinetic phases;
one phase being a hyperbolic fast phase, the other
being an increase followed by a decrease in rate for a
slow phase. In this scheme, two ligands rapidly
pre-equilibrate before each form of ligand-bound
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Table II. Parameters of Scheme II for isoarecolone-Mel-induced
intrinsic fluorescence Kinetics

Parameter Isoarecolone-Mel
K, (1M) 1.5

K> (uM) 3.0

ki (s7h) 0.26

k_y (s7hH 0.072

kY (s7h 2.62

ko s7h 0.60

K]K]/ (HM) 0.42

KK |K) (uM) 2.46

receptor (RL and RL,) isomerizes to C; and C,,
respectively. A high concentration of L favours the
formation of RL,, which is then converted to C,
with a relatively fast rate. At a low concentration of
L, mono-liganded receptor (RL) slowly changes its
conformation to C;. This phase disappears as the
di-liganded form of the receptor—ligand complex pre-
dominates when the ligand concentration is increased;
thus resulting in the increase-then-decrease slow rates
in a concentration dependent manner. The relaxation
rate equations describing Scheme II are for the fast
phase (step 2):

g [LI*/K K> > ,
e 2(1+[L1/K1+[L12/1<11<2 the @

and for the slow phase (step 1),

ol =k L2 YK, )
1 +[L]/K:i + [LF/ K KK, -

These two equations were used to fit the concentra-
tion—rate curves for the two phases (Fig. 4B and C,
Table II). A good fit was obtained with K;=1.5uM,
K>=3.0uM, ky’=2.62s"", and k_y'=0.60s~" for the
fast phase and k,’=0.26s"" and k_,/=0.072s"" for
the slow phase using the values of K;, K> and K,
(=k_5'/k5"). The rate constants for the fast phase
(step 2') were in good agreement with the values
obtained for the kinetic studies using ethidium bro-
mide (/9, see also 24). The rate constants for the
slow phase (step 1), however, were an order of mag-
nitude greater than those from the ethidium monitored
kinetics. This may be a function of the ligands used in
the two studies, i.e. Carb in the ethidium studies versus
isoarecolone-Mel used here.

Discussion

The observed concentration dependent changes in
intrinsic fluorescence were due to the nAChR and spe-
cific to agonists since (i) «-BTx preincubation of the
membrane preparation abolished Carb-induced fluo-
rescence quenching, (ii) an antagonist, hexametho-
nium, did not induce fluorescence changes, and (iii)
Carb-induced fluorescence quenching was blocked by
hexamethonium in a concentration dependent manner.
The absence of hexamethonium-induced kinetics was
consistent with previous studies (/9), where the

Kinetics of Torpedo nicotinic acetylcholine receptors

antagonist exhibited only weak concentration depen-
dency in its kinetics monitored using the extrinsic flu-
orescent probe ethidium bromide. In contrast,
agonist-induced kinetics contained at least one phase
with a relatively fast rate (#;,=0.2—1.2s). Although
some slow rates were also detected with ACh, Carb
and SbCh, consistent slow rates were only obtained
for the semirigid agonist isoarecolone-Mel.

Previously, we have demonstrated that another
semirigid agonist, arecolone-methioide, also induced
slow rates consistently, but the kinetic model that fits
the show rates was a sequential mechanism and thus
was distinct from the branched mechanism observed
here for isoarecolone-Mel (38). Agonists such as
ACh and Carb are flexible ligands that adapt their
structures at the agonist binding sites as the
ligand—receptor complex changes its conformation
(39). Such structural changes will be restricted in semi-
rigid agonists, which possess a dihydropyridine ring
between the acetyl group and the quaternary amine.
Thus, the consistent detection of the slow rates
observed in this and previous work might be due to
the structural rigidity of semirigid agonists.
Meanwhile, different kinetics of the slow rates
observed for the two semirigid agonists that structur-
ally differ only at the position of the acetyl group
(position 3 for arecolone-Mel versus position 4 for
isoarecolone-Mel in the dihydropyridine ring) suggests
that the agonist binding sites of nAChRs are highly
sensitive to ligand structure for inducing different con-
formations of nAChR. This is consistent with the
observations that the determinants of ligand recogni-
tion in the agonist binding sites are diverse and that
specific recognition of various ligand structures by dif-
ferent amino acids determines ligand activity (11, 40).

For ACh, Carb and SbCh, the observed kinetics was
consistent with the simple sequential mechanism
(Scheme I) in agreement with previous reports
(27, 28). However, our results indicate that the final
conformational state does not appear to represent
the high affinity desensitized state in contrast to these
authors’ interpretation. The pathway to the final state
(R’L in Scheme I) had an overall dissociation constant
that was at least 10 times higher than the equilibrium
dissociation constants of these agonists, indicating that
the scheme does not entirely describe the desensitiza-
tion process described originally by Katz and Thesleff
(16). One possible interpretation of this is that the
intrinsic fluorescence kinetics monitors the formation
of a distinct state of receptor conformation because
the slow phase is simply mute for these agonists (i.e.
ACh, Carb and SbCh) using intrinsic fluorescence.
Alternatively, the final conformational state observed
here may be an intermediate in the pathway to the
desensitized state and the scheme can be considered
to be only partial in terms of the desensitization
process.

The fluorescence change previously attributed to the
initial binding step of SbCh (27) was not detected here.
In addition, the rate constants k, and k_, for ACh and
Carb were an order of magnitude larger than the
values obtained in these previous studies. These discre-
pancies may be due to the difference in membrane
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preparations and in the improvement in signal detec-
tion by improved instrumentation. It was noted that
the k, of ~3s™' was an order of magnitude greater
than the rate of slow desensitization obtained using
agonist binding and ion-flux studies (20, 41, 42) but
was consistent with the rate constants for fast desensi-
tization reported using ion flux studies (i.e. 2—8s ")
(29, 41, 43), suggesting that the fast phase detected
using the intrinsic fluorescence changes describes the
formation of a fast desensitized state but not of a
slow desensitized state.

In contrast to ACh, Carb and SbCh, isoarecolone-
Mel allowed routine detection of an additional phase
with a slow rate and thus contained two kinetic phases.
Scheme II accounts for the binding of two agonists
to each receptor molecule. This mechanism suggests
that one molecule of isoarecolone-Mel binds to one
of the two sites and induces a slow conformational
transition to C;. At high ligand concentrations, a
second ligand induces the formation of C, with a
faster rate. An effective dissociation constant for
second ligand binding can be approximated by K
(UM) = K,K5Y' /Ky, giving a value of 2.46 uM. This
value is much greater than the value for the formation
of C;, which can be estimated to be K;K;"=0.42 uM,
suggesting a significant difference in the affinities for
the two forms of the receptor.

The forward rate constants of the slow phase for
isoarecolone-Mel were in the range of 0.08—0.15s"
(t1 ~4.5-9s) (cf. Fig. 4C). The rate constants for
the slow phase (step 1’) were an order of magnitude
higher than the values obtained for agonists with ethi-
dium bromide. It was suggested from the ethidium
kinetics that R — RL — C; pathway describes the
slow desensitization process to the high affinity equi-
librium state described previously (/6) since the value
of KK, obtained for Carb (i.e. 0.10 uM) was in good
agreement with the equilibrium dissociation constant
of the agonist from direct binding studies (/9). The
overall dissociation constant of C; formation for
isoarecolone-Mel (K;K;"=0.42uM) appears to be
higher than an expected dissociation constant for this
agonist obtained from equilibrium displacement stu-
dies with [’H]-Carb (0.097 uM, Kawai and Raftery,
unpublished observations). Therefore C; may be an
intermediate conformation toward the high affinity
desensitized state. Since the slow rates were consistent
with those from the kinetic studies with IAS (24), the
isomerization step prior to C; formation observed with
IAS may be mute in the intrinsic fluorescence kinetics.
Thus, the R — RL — C; pathway described here may
be a partial description of the slow desensitization pro-
cess toward the high affinity state. Overall, the intrinsic
fluorescence kinetic mechanism (Scheme II) was
consistent with that proposed for ethidium- (/9) and
IAS-monitored (24) conformational transitions.
Although a particular kinetic step(s) may be unobser-
vable depending on the fluorescence probe used, the
consistency of observed kinetic mechanisms using
these various types of fluorescent probes strongly sup-
ports the validity of the proposed mechanism of recep-
tor conformational transitions.
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