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ABSTRACT: We have detected the binding of the fluorescent agonist RASHD to both low- and high-
affinity states of the nicotinic acetylcholine receptor (nAcChoR) using sequential mixing stopped-flow
fluorescence spectroscopy. Our approach to resolving low- and high-affinity binding was to first preincubate
receptor membranes with the fluorescent partial agonist QSHO for 15 ms to 1000 s and then to
follow the fluorescence decay upon chemical dilution into excess acetylcholine. The fast and slow decays,
reflecting Dns-G-Cho dissociation from low- and high-affinity receptors, had rates of +4¥ s* and

0.1+ 0.02 s, respectively. With increasing preincubation times, the number of low-affinity receptors
decreased while the number of high-affinity receptors increased in a B@h&concentration-dependent
manner consistent with current models for agonist-induced affinity state conversion. At receptor-activating
concentrations of Dns43Cho, the apparent rates with which high-affinity receptors formed approximated
those of ion flux desensitization, implying that the fast desensitized state has an agonist dissociation rate
that is indistinguishable from the equilibrium slow desensitized state.KgHer the low-affinity binding

site was determined to be 1M from the increase in the amplitude of the fast decay with Dg<=80
concentration with preincubation times that were sufficiently brief to minimize affinity state conversion.
Assuming a bimolecular association rate of M~! s7, a second estimate of 1M was made for
low-affinity binding. We also detected a fluorescence enhancement consistent with a conformational
isomerization of Dns-g&Cho-inhibited nAcChoRs.

The nicotinic acetylcholine receptor (nAcChdR¥ a led to the development of a variety of kinetic models such
cation-selective ligand-gated ion channel that is found at theas the one shown in Scheme 14). In the absence of
vertebrate neuromuscular junction and the electric organ of agonist, Scheme 1 considers the nAcChoR to exist in a
Torpedo(1, 2). Electrophysiologicalg, 4) studies indicate  conformational equilibrium between a low-affinity resting
that the binding of two agonist molecules rapidly leads to state (R) and a high-affinity desensitized state (D). Prior to
nAcChoR activation and ion flux. Agonists can also inhibit agonist-induced conformational conversion,—80% of
ion flux following channel opening, but this usually requires receptors are in the resting state and the remainire2D@%6
very high agonist concentratior5{7). Prolonged exposure are in the desensitized state. Agonist binding to low-affinity
to agonist converts activated nAcChoRs first to a fast resting-state receptors rapidly converts them to the open
desensitized conformational state that is characterized by lowchannel state (4R*) and ultimately to a set of closed, high-
ion permeability 8, 9 and ultimately to an essentially  affinity desensitized states. Agonist may also bind to
impermeable slow desensitized stat€)( The conversion  preexisting high-affinity desensitized receptors, but this does
of nAcChoRs to fast and slow desensitized states occurs onnot lead to channel opening. Finally, agonists may bind to
time scales of tens to hundreds of milliseconds and seconds sjte that is distinct from those which activate receptors,
to minutes, respectively. leading to blockade of the open channebR&A). In most

Binding studies reveal that agonists also induce the schemes describing nAcChoR conformational conversion, the
nAcChoR to undergo a conformational conversion from a rate of agonist binding to the activating sites on resting or
low-affinity state to one or more states of higher affinity desensitized nAcChoRs is considered to be at or near the
(11, 12. Such changes in agonist affinity are believed to |imit of diffusion (12, 14, 15. Thus, the different agonist
be related to the permeability changes detected with elec-affinities exhibited by these two states are assumed to reflect
trophysiological and ion flux techniques(, 13). This has their different agonist dissociation rates.

There is little direct data regarding the binding of agonist
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TPS, Torpedophysiological saline. ter temporal resolution, they have been unable to unambigu-
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Scheme 1 U.K.). An excitation wavelength of 290 nm was provided
A by a 150 W xenon arc lamp. The monochromator’s band-
2A+R =>AR ==A,R == A,R == A,RA pass was set to 2.5 nm. Fluorescence was detected through

|

A ﬁ a 530 nm high-pass filter on a logarithmic time base ty-
2A+D == AD=> A D=>A,D }_-‘AZD‘A

pically for either 10 or 100 s. The temperature was kept at
10.0+ 0.2°C with a circulator bath. In a typical experiment,
o . » 4—8 individual mixings were averaged to reduce noise.
ously resolve agonist binding to sites of low affinity2,  Averaged fluorescence traces were transferred to a Macintosh
16). computer and analyzed using the commercially available

In this paper, we report the use of sequential mixing analysis program Igor 3.0 (Wavemetrics Inc., Lake Oswego,
stopped-flow fluorescence spectroscopy to detect and char-OR)_

acterize low- and high-affinity agonist binding to nAcChoRs.
Our strategy was to preincubate nAcChoRs with the fluo-
rescent agonist Dnss&Cho and then to resolve agonist
binding to low- and high-affinity receptor sites from the time
course of Dns-g&Cho dissociation upon mixing with an
excess of the nonfluorescent agonist acetylcholine; under
conditions of energy transfer from nAcChoR tryptophan to
Dns-G-Cho dansyl moiety, dissociation of Dng-Cho from
nAcChoRs results in a reduction in fluorescence emission
(12). Because our sequential mixing stopped-flow technique
allows membranes to be preincubated with DpgaBo for
periods of time as brief as 15 ms prior to mixing with
acetylcholine, Dns-E£Cho binding could be detected before
the conformational equilibrium between low- and high-
affinity receptor states could be significantly perturbed by
the agonist. The Dns«Cho concentration dependence of
the apparent rate of desensitization was determined by
measuring the rate with which low-affinity receptors disap-
peared and high-affinity receptors appeared with longer
preincubation times. An increase in fluorescence intensity
was also observed with sequential mixing on an intermediate
time scale (tens to hundreds of milliseconds) that we attribute
to a conformational isomerization induced by Dns@ho
binding to the agonist inhibitory site. Our results are
discussed in terms of current models describing nAcChoR  Figure 1A shows the slow fluorescence decay obtained
activation and desensitization kinetics and a simple kinetic when nAcChoR-rich membranes were preincubated with 2
scheme is proposed to account for our data. uM Dns-Gs-Cho for either 200 s or 15 ms and then rapidly
mixed with 1 mM acetylcholine. Fitting these decays
MATERIALS AND METHODS between 1 and 50 s to an exponential equation yielded similar

Membrane Preparation and CharacterizatiorElectric rates of 0.11's* and 0.078 s* for membranes preincubated
organs were obtained frorforpedo nobiliana(Biofish for 200 s and 15 ms, respectively. However, the amplitude
Associates, Georgetown, MANative membrane fragments of the slow decay was 10-fold larger in the trace obtained
were prepared by sucrose density gradient centrifugation atusing receptor membranes preincubated for 200 s than in
4 °C as previously described and approved by the Mas- the trace obtained using membranes preincubated for 15 ms.
sachusetts General Hospital Animal Care and Use Committee Figure 1B shows the same traces as in Figure 1A with
and stored in TPS at80 °C. All membranes were used the first 250 ms expanded for clarity. Two additional
within 48 h of being thawed1(7). The number of high-  fluorescence components (a fast fluorescence decay and an
affinity agonist binding sites was determined from acetyl- intermediate enhancement in fluorescence) were observed
choline competition of (dansylaminoethyl)trimethyl- on the subsecond time scale in the trace obtained using
ammonium perchlorate bindingl® and by equilibrium membranes that had been preincubated with D& for
binding titrations using Dns+4Cho (12). The number of 15 ms. These components were absent in membranes
binding sites determined with these two techniques typically preincubated for 200 s. The fast fluorescence decay occurred
differed by less than 25%. Acetylcholinesterase activity was on a time scale of 10 ms. The intermediate fluorescence
inhibited by exposing concentrated membrane solutions to enhancement occurred over several hundred milliseconds.
1.0 mM DFP for 36-60 min. Membranes were then diluted The rates and amplitudes of these two components were
to the desired concentration with TPS. Dng&ho was determined by fitting the first second of the fluorescence trace
synthesized as previously describd®)( to a double-exponential equation. The amplitude and rate

Sequential Mixing Stopped-Flow Fluorescence Spectros- of the fast fluorescence decay in this trace were 0.057
copy. Sequential mixing stopped-flow fluorescence experi- (arbitrary units) and 1503. The amplitude and rate of the
ments were performed using an Applied Photophysics intermediate fluorescence enhancement were 0.038 and 4.7
SX.17MV stopped-flow spectrofluorometer (Leatherhead, s *. Essentially identical values for the amplitudes and rates

In a typical experiment, receptor-rich membranes were
loaded into one of the spectrofluorometer’s premix syringes
and a solution of Dns-£Cho was loaded into the other.
Receptor membranes and DngCho were then rapidly
mixed (1:1 v/v). After the desired preincubation period, the
receptor membrane/DnssCho solution was rapidly mixed
(1:1 viv) with a solution containing 2 mM acetylcholine plus
Dns-G-Cho at half the concentration present in the premix
syringe to maintain a nearly constant free Dns@ho
concentration with the second mixing step. This second
mixing step occurred within the optical cell where changes
in fluorescence emission were recorded. The time axis on
all stopped-flow fluorescence traces refers to the time after
the second mixing. The reported nAcChoR and Dgs-C
Cho concentrations are those during the preincubation period.

Computer simulations of Scheme 3 were performed by
solving the differential equations by using the program
SCIENTIST for Windows (Micromath, Salt Lake City, UT).
For each simulation, the concentration of each conformational
state was determined for the desired period of time following
the mixing of nAcChoRs with Dns+Cho.

RESULTS
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ChoR membranes (04M agonist binding sites) that have been
preincubated with 2«M Dns-Gs-Cho for times ranging from 15
Intermediate - ms to 500 s are diluted into 1 mM acetylcholine. The amplitude of

1 the slow decay increased with preincubation time (inset). The line
y is a fit of the amplitude data to a single-exponential equation
yielding an apparent rate of 0.031s
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Ficure 1: Panel A shows the change in fluorescence intensity = 7
recorded when nAcChoR membranes (@4 agonist binding sites) £ 015
that have been preincubated withu®1 Dns-G-Cho for either 15 °
ms or 200 s are chemically diluted into 1 mM acetylcholine. The g 010}
same traces are shown in panel B with the first 250 ms expanded §
to reveal the fast fluorescence decay and the intermediate fluores- 2 0.05
cence enhancement in membranes preincubated for 15 ms. The fast 2 0.00
fluorescence decay and the intermediate fluorescence enhancement - 2 1 o T 2 3
are absent in membranes preincubated for 200 s. 1010 100 10" 10 10

Preincubation Time (s)
of all three fluorescence components (fast fluorescence decay,

intermediate fluorescence enhancement, and slow fluores- 10 ¢
cence decay) were obtained by fitting all three fluorescence E
components to a triple-exponential equation. Preequilibrating R
membranes with the competitive antagonigbungarotoxin ‘o :
prior to sequential mixing (15 ms preincubation time) Eo1g
reduced the amplitudes of the fast and slow decays by more 7 §
than 95% and that of the intermediate enhancement by 65% 0.01
(data not shown). The three fluorescence components were
further characterized as detailed below using sequential 0001 L
mixing stopped-flow fluorescence spectroscopy. o1 2 12 0t 100
Slow Fluorescence Decayrigure 2 shows typical fluo- [Dns-Cg-Chol uM
rescence traces recorded when receptor membranes Wergigure 3: Panel A shows the increase in the amplitude of the slow
preincubated for the indicated times witu®l Dns-Gs-Cho decay with preincubation time. The following concentrations of

and then mixed with 1 mM acetylcholine. The rate of the Dns-G-Cho were used: «) 0.125:M, (double arrowheads) 0.25

slow fluorescence decay did not vary systematically with “M: (A)2'5/‘M’ (®) 1(4"\,{" () 2 uM, (.)h‘WM' (@) 10uM, (ﬁ)
incubation time and averaged 041 0.02 s The 20uM, (#) 404M, and () 100uM. For the 10QuM Dns-GsCho
preincuba ag A . _titration, 10 mM rather than 1 mM acetylcholine was used in the

amplitude of the slow decay increased with preincubation second mixing step. The nAcChoR concentration wasu®Min

time before reaching a plateau by approximately 100 s. The agonist binding sites. Panel B shows the valuds,gf (®) derived
inset in Figure 2 plots the amplitude of the decay as a from exponential fits of the amplitude data in panel A.

function of preincubation time. The rate with which the . o

amplitude of this decay increased with preincubation time Membrane prep used to obtain the data in Figure 3 the
(Ksiow), determined by fitting the amplitude data in Figure 2 @mplitude ranged from 0.25 to 0.28. However, when Dns-
to an exponential equation, was 0.03.sA preincubation ~ CsCho was not in excess over binding sites, the maximum
time-dependent increase in the amplitude of the slow decay@mplitude was proportionately less.

was observed in studies using Dng<Cho concentrations At each Dns-GCho concentrationks o, was determined
ranging from 0.125 to 10@M (Figure 3A). For all studies by fitting the change in the amplitude of the slow decay to
using Dns-G-Cho in excess over binding sites, the maximum a single-exponential equation. A fraction of the increase in
amplitude reached after long preincubation times was the amplitude of the slow fluorescence decay occurred on a
independent of the Dnsg&Cho concentration and in the slower (seconds to minutes) time scale at concentrations of
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Ficure 4: Small preincubation time-dependent increase in the Namaas — .
amplitude of the slow decay on the subsecond time scale. The B .]
nAcChoR concentration was O in agonist binding sites and 1 3 3
the Dns-G-Cho concentration was 0.28M. Data points are the af
averagetSD of three determinations using a single preparation. —~ ol ®
The solid line is a fit to an exponential equation yielding an apparent ‘@ o1 L )
rate of 8+ 0.95 s. The dotted line shows the concentration of 5 F ®
Dns-G-Cho bound to high-affinity desensitized nAcChoRs as a R &
function of preincubation time determined from computer simula- ol ®
tions of Scheme 3 using the parameters in Table 1. 0.01 g [ i
Dns-G-Cho greater than 20M, but this was not included I R ;
in the fit. The dependence &, on Dns-G-Cho concen- 1 Dre.C.Ch M10
tration is shown in Figure 3B. The limiting value k. at [Dns-C-ChoJ

low Dns-G-Cho concentrations was independent of Dns- FiGure 5: Panel A shows the increase in the amplitude of the fast
Ce-Cho and equal to 0.006'5 At Dns-G--Cho concentra- decay with Dns-GCho preincubation time. DnsgdCho concen-

: . ) trations: @) 0.5uM, (@) 1 uM, (O) 2 uM, (W) 4 uM, (O) 10uM,
:':gs:;b;tlween 0.4 and 1QM, ksow increased by 550-fold and @) 20 uM Dns-Gs-Cho. The nAcChoR concentration was 0.4

) ) ) uM in agonist binding sites. Panel B shows the valuds.giderived
Close inspection of Figure 3A also reveals that, at from exponential fits of the amplitude data in panel A.

concentrations of Dns4Xho less than 2uM, a small
preincubation time-dependent increase in the amplitude of
the slow decay on the subsecond time scale could be
detected. This increase in amplitude was readily distin-
guished fromkgow because it was 1601000 times faster,
occurring on the time scale expected for Dns&ho binding

to preexisting high-affinity receptors. Figure 4 shows this
increase in amplitude using a membrane concentration of
0.1 uM in binding sites and 0.2M Dns-Gs-Cho. An
exponential fit of a plot of the amplitude as a function of 0.000 .
preincubation time in this figure yielded an apparent rate of ) 0 5
84+ 0.95 s,

Fast Fluorescence Decayrigure 5A shows a plot of the . . .

- . : . hicure 6: Amplitude of the fast fluorescence decay increases and
amplitude of the fast decay as a function of preincubation e plateaus with Dns«&Cho concentration. The concentration
time with Dns-G-Cho concentrations ranging from 0.5 t0  of nAcChoR was 0.1xM in agonist binding sites and the
20 uM. Data are reported for Dnsg€Cho concentrations  preincubation time was 50 ms. The solid line is a fit of the data to
no higher than 2:M because, above this, the fast decay ©d 1 WithKamequal to 1.1+ 0.2xM and a Hill coefficient equal
could not be well resolved from the intermediate fluorescence tooghzit Ooiﬁéﬁgsvic%ﬁ?y"Qife'}s(shi ié{];ﬂ\)trgﬂophgfn%r&%%
enhancement (see next section). The rate of this decay d'qusting state determined from computer simulations of Scheme 3
not vary systematically with either DnssCho concentration  using the parameters in Table 1.
or preincubation time and averaged 14027 s. At all
Dns-G-Cho concentrations studied, the amplitude of the fast Dns-G-Cho concentration. Figure 6 shows a plot of the
decay decreased with preincubation time. The rate with amplitude of the fast decay as a function of Dns&ho
which the amplitude decreased with preincubation tikpg)( concentration in a titration using a preincubation time of 50
was determined by fitting plots of the amplitude versus ms. In this titration, a receptor concentration of Q.
preincubation time to a single-exponential equation (Figure binding sites was used to minimize depletion of the free
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5A). Over a concentration range from 0.5 to 2B, Kiast aqueous Dns-£Cho concentration. The data were fit to
increased with Dns-£Cho concentration from 0.011 sto
1.2 st (Figure 5B). [Dns_CG_Cho:r

It is also apparent from the data in Figure 5A that, with Amp = Amp,,, - Q)
short preincubation times (i.e., preincubation times that do [Dns-G-ChoT" + Ky

not significantly reduce the amplitude of the fast decay), the
amplitude of the fast decay increased and then plateaued withwhere Amp is the amplitude of the fast decay, Amps
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Ficure 7: Panel A shows the effect of preequilibrating nAcChoR
membranes with 1 mM octanol on sequential mixing stopped-flow
fluorescence traces. Dns-Cho and nAcChoRs were preincubated
for 15 ms. The nAcChoR concentration was @M in agonist

Ficure 8: Amplitude of the intermediate fluorescence enhancement
increases and plateaus with Dng€ho (panel A). The curve is a
fit to eq 1 with Kampof 5.3+ 0.9 M and a Hill coefficient of 1.0

binding sites. The Dns-ECho concentration was2V. The same + 0.1. The rate of the intermediate fluorescence enhancement
traces are shown in panel B with the first 250 ms expanded to show NCréases in a nonlinear manner with Dng&ho concentration

1
that the fast fluorescence decay and the intermediate ﬂuorescencépa(‘jnkeI B). Tg%i/%uze olK[_)r;/]vas 29+ 3b/‘M ke was 34T51 S ™
enhancement are essentially eliminated by preequilibration of @Ndk-2was 2.5x 0.2 S The preincubation time was 15 ms. The
nAcChoRs with 1 mM octanol. nAcChoR concentration was QM in agonist binding sites. Data

points are the averageSD of three determinations using a single

. . i preparation.
the maximal amplitude reached at high Dng&ho con-

centrationsn is the Hill coefficient, andKam, is the Dns- enhancement increased with DngCho concentration
Cs-Cho concentration at which the amplitude is half-maximal. before plateauing at approximately 281 (Figure 8A). A
The value ofKamp Was determined to be 14 0.2 4M and fit of the amplitude data of eq 1 yieldedkamp0f 5.3+ 0.9
the Hill coefficient was 0.4 0.1. uM and a Hill coefficient of 1.0+ 0.1. The observed rate
We examined the effect of preequilibrating nAcChoR Of this process increased with Dng-Cho concentration in
membranes with 1 mM octanol using a preincubation time & nonlinear manner, indicating that this was not a simple
of 50 ms. Octanol is a noncompetitive inhibitor of nAcChoR  bimolecular binding reaction (Figure 8B). The data may be
that stabilizes the desensitized conformation of nAcChoR accounted for by a simple kinetic scheme in which rapid
(20). To keep the concentration of octanol constant upon binding of Dns-G-Cho to nAcChoRs induces a slower
sequential mixing, 1 mM octanol was also added to the Dns- conformational isomerization as shown in Scheme 2, where
Ce-Cho and acetylcholine solutions where appropriate. L is Dns-G-Cho, P is nAcChoR, and the conformational
Panels A and B of Figure 7 show fluorescence traces from isomerization of LP to LPresults in the fluorescence
control membranes (no octanol) and from membranes thatenhancement. The kinetic constants given in Scheme 2 can
had been preequilibrated with 1 mM octanol, respectively. be derived from the observed rate of the fluorescence
Octanol reduced the amplitude of the fast decay (and theenhancement usin@{)
intermediate enhancement) to immeasurable levels. Con-

versely, it increased the amplitude of the slow decay from Kops= ks +k, )
0.014 to 0.15. Similarly, preequilibrating membranes (0.1 N Kp
uM binding sites) with Dns-gCho (0.15u4M) prior to 1+ [Dns-C,-Cho]

sequential mixing with a 15 ms preincubation time complete-

ly eliminated the fast decay (and intermediate enhancement).From the data in Figure 8A, we obtained values of-23
Intermediate Fluorescence Enhancemeht.addition to uM for Kp, 34+ 1 st for k;, and 2.5+ 0.2 s2 for k.

the two fluorescence decays detected on the millisecond and

second time scales, an increase in fluorescence intensity waScheme 2

observed in experiments using short preincubation times. The Ko

amplitude of this fluorescence component was reduced or L+P=LP<>LP

eliminated by using long preincubation times (see Figure 1,

200 s preincubation time). In experiments using a 15 ms  When the nonfluorescent competing agonists were used

preincubation time, the amplitude of this fluorescence at very high concentrations, the amplitude of the intermediate
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045F x " o LT ) mixing are most economically attributed to competitive
A [SUbe?/mhome] displacement of the fluorescent agonist Dns&ho by
acetylcholine from the low-affinity resting and the high-
affinity desensitized conformational states, respectively. Our
assignment of the fast and slow decays to agonist dissociation
from the nAcChoR resting and desensitized states in Scheme

0.40 ¥

0.35

Fiuorescence (Arbitrary Units)

0.30 1 is supported by the following experimental observations:
L (1) desensitizing nAcChoRs by preincubating membranes

00 02 04 06 08 10 with Dns-G-Cho for several minutes eliminated the fast
Time (s) decay and increased the amplitude of the slow decay by 10-

: , fold, (2) preequilibrating nAcChoRs with a desensitizing

Subercroine concentration of octanol eliminated the fast fluorescence

' decay and increased the amplitude of the slow decay, and

(3) preequilibrating nAcChoRs with the competitive antago-

nist a-bungarotoxin prior to sequential mixing experiments

eliminated both fast and slow decays.
Because agonist binding and channel gating kinetics in
nAcChoRs are fast relative to affinity state transitioh, (

14, 22, 23), all R states depicted in Scheme 1 are in a

[Agonist] M pseudoequilibrium on the time scale of desensitization.

FiIcure 9: At high concentrations of suberyldicholine, the amplitude ASS“m'F‘g that_ these low-affinity rec_eptors Isomerize directly
of the intermediate fluorescence enhancement is reduced (panel A)t0 the high-affinity state, the rate with which agonist-bound
The amplitude of the intermediate fluorescence enhancementresting state low-affinity sites disappe&r.{) and agonist-
exhibits a bell-shaped dependence on the concentration of competpound high-affinity desensitized state sites appéabu)
ing nonfluorescent agonist (panel BW)(Suberyldicholine; ©) should be equal. Comparison of Figure 3B with Figure 5B
acetylcholine; @) carbamylcholine. The amplitudes were normal- .
ized to that obtained with 200M suberyldicholine. The preincu- revefils that, at qua' D_nse-@ho concentrations, 'Fhese rates
bation time was 15 ms. The nAcChoR concentration wag:M6 are, in fact, essentially identical. Bokhstandksiow increase
in agonist binding sites. The concentration of Dns@ho was 10 with Dns-G-Cho concentration. Of note, the highest value

uM. Data points are the averagesD of three determinations using  getermined folkgow is 3.3 S, which is at least an order of

a single preparation. magnitude faster than the rate of slow desensitization
reviously determined using agonist binding or ion flux
tudies 9, 10, 12) and approximates the-Z s* reported

or the rate constant for fast desensitizatiénq, 9). This

implies that the fast desensitized conformational state

detected with ion flux techniques has an agonist dissociation
rate that is similar, if not identical, to that of the equilibrium
slow desensitized state. In experiments using high concen-
trations of Dns-G-Cho, we did resolve a preincubation time-
dependent increase in the slow fluorescence decay that
occurred over a seconds to minutes time scale, perhaps
related to the process of slow desensitization.

Y The association rate constant of Dns&ho to preexisting
high-affinity nAcChoRs was determined by using relatively
low concentrations of both Dnss&ho and nAcChoR (0.1
and 0.25uM sites, respectively). Under these conditions,
the time course of DnsgICho binding could be followed
with sequential mixing as a preincubation time-dependent
increase in the amplitude of the slow decay on the subsecond
time scale (Figure 4). The amplitude of the slow decay
increased with an apparent rate of:80.95 s*. Assuming

apseudo-first-order binding of DnssCho to preexisting high-
affinity receptors, we calculate an association rate constant

Normalized Amplitude

fluorescence enhancement was reduced (Figure 9A). Thes
concentrations did not alter the amplitudes of the fast or slowf
decays. Figure 9B shows the variation in the amplitude of
the intermediate fluorescence enhancement with three dif-
ferent competing nonfluorescent agonists over a wide range
of agonist concentrations. To facilitate comparisons among
agonists, the amplitudes have been normalized to that
obtained with 20Q:M suberyldicholine. Concentrations of
nonfluorescent agonist lower than those shown in this figure
did not fully compete with Dns-E£Cho for agonist binding
sites as evidenced by a slow increase in fluorescence intensi
similar to that reported for single mixing experiments. The
maximum amplitudes obtained with suberyldicholine and
acetylcholine were not different, while that obtained with
carbamylcholine was 30% lower. The concentration of
agonist required to obtain the maximal amplitude varied with
agonist, being lowest for suberyldicholine (2081), inter-
mediate for acetylcholine (3 mM), and highest for carbam-
ylcholine (75 mM). Increasing the nonfluorescent agonist
concentrations above these concentrations resulted in
reduction in the amplitude of this component without

significantly altering the amplitudes of the fast or slow decays of 3 x 10/ M~* %, An identical value has been reported

(Figure 98). for acetylcholine bindingX1). Heidmann and Changeux
reported a value for Dns<Cho binding to high-affinity
DISCUSSION nAcChoRs that was 3 times faster than our estimb® (n
Typical models of nAcChoR affinity state conversion their studies, the Dns{JICho association rate constant was
consider two populations of receptors to be present prior to determined from a plot of the apparent rate of a rapid binding
agonist-induced affinity state conversion that may be dis- process observed in single mixing stopped-flow fluorescence
tinguished by their agonist dissociation rates. Within the traces as a function of Dnss@€ho concentration. However,
context of such models, the fluorescence decays that weour sequential mixing experiments reveal that at the con-
observe on fast and slow time scales with rapid sequential centrations they used to derive their association rate constant,
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Dns-G-Cho binds rapidly to two classes of binding sites that Scheme 3

can be distinguished by their different agonist dissociation K, K,
rates. Thus, apparent binding rates determined with single 2A+R ==AR —= AR"
mixing stopped-flow fluorescence spectroscopy using mi- ksﬁk_s " kAlTk_A
cromolar concentrations of DnssCho reflect a composite 2k kg
rate of binding to NAcChoR sites of high and low affinity. 2A+D k<——;AD ?3 A,D*

Kinetic modeling of the binding of NBD-5-acylcholine to
TorpedonAcChoR membraned§) and analyses of single-  Kp of 24 uM (28), it is clear that, in addition to being an
channel currents from clonéitbrpedoreceptors4) indicate agonist, Dns-gCho is also a potent open channel blocker.
that theKps of the two resting state agonist binding sites  In our sequential mixing experiments, we observe an
differ by 2—3 orders of magnitude. It has been suggested enhancement in fluorescence intensity on a time scale of tens
that this large difference in affinity is required for rapid to hundreds of milliseconds upon mixing 1 mM acetylcholine
activation and termination of nAcChoR4). TheKp of Dns- with receptors that have been briefly preincubated with Dns-
Cs-Cho for the low-affinity site detected in our study was Cs-Cho. Because 1 mM acetylcholine not only competes
determined from the increase in the amplitude of the decay with Dns-G-Cho for binding to nAcChoR activating sites
with Dns-G-Cho concentration. Provided that the preincu- but also rapidly opens channels without inhibiting them, it
bation time is sufficient to allow binding to preexisting low- seems reasonable to consider that this fluorescence enhance-
affinity nAcChoRs to reach equilibrium without perturbing ment might result from Dns+2Cho binding to the agonist
the preexisting affinity state equilibrium (i.e., 50 ms) and self-inhibitory site following channel activation. However,
depletion of the free Dns«3Cho is minimal, the amplitude  the observed rate of the fluorescence enhancement is almost
of the fast decay will increase with Dng-Cho concentration  certainly too slow to represent the binding event itself
before plateauing. The Dnss@€ho concentration producing because such binding must occur within a millisecond to

a half-maximal amplitude (1.2M) will be equal to theKp account for the low level of flux induced by DnssCho
for the low-affinity site (Figure 6). If we assume that the and its ability to block acetylcholine-induced flux. Ad-
association constant is at or near the limit of diffusieri(? ditionally, the observed rate increases hyperbolically rather

M~1 s71), then we can derive a second estimate ofKae  than linearly with Dns-gCho concentration. Conversely,
equal to 1.4uM from the dissociation rate constant of 140 our data are consistent with a conformational conversion
sl These values are similar to tHéys estimated for  induced by the rapid binding of Dnss€ho to the open state
acetylcholine 4) and NBD-5-acylcholinel5) binding to the self-inhibitory site (Scheme 2). An analogous model has
resting state site having the higher affinity for agonist (4.2 been used to account for the fluorescence enhancement seen
uM and 1.7 uM, respectively). This suggests that the when agonists are mixed wiforpedomembranes that have
quaternary ammonium moiety is the principal determinant been preincubated with the fluorescent noncompetitive
of an agonist’s affinity for this site. We do not detect agonist inhibitors ethidium 29) or quinicrine @0): the inhibitor
binding to the other (very low affinity) resting state site. This rapidly binds to a site on the open channel state and a
is not unexpected because Dng@ho would probably  fluorescence enhancement is observed upon isomerization
dissociate from a very low affinity site wiithin the 1 ms dead of the inhibitor—nAcChoR complex. In support of our
time of our spectrofluorometed). However, we can infer  assignment, the 28M Kp of Dns-G-Cho for the inhibitory
from our data that a very low affinity resting state site site derived from the observed rate of the fluorescence
probably does exist because the apparent rate of affinity stateenhancement is similar to the concentration of Dgs=G0
conversion increases steadily up to high DnsdBo con- that reduces acetylcholine-induced flux by half. Our as-
centrations. signment predicts that octanol (or long preincubation times)
In addition to binding to the two activating sites, agonists would reduce or eliminate the intermediate fluorescence
also bind to a site on the open state, leading to ion flux enhancement simply because desensitized channels do not
inhibition (5—7). In this way, agonists may act as channel open in response to 1 mM acetylcholine. The bell-shaped
blockers as well as activators. For most agonists, the amplitude-agonist concentration curves in Figure 9A can
apparenKp, for self-inhibition is much greater than that for then be explained in terms of two processes: (1) At low
the activation. For example, the apparkgtfor acetylcho- (channel-activating) concentrations, the nonfluorescent ago-
line inhibition in the absence of a transmembrane potential nist increases the fraction of receptors that reach the Dns-
is on the order of 10 mM while that for activation is only Cs-Cho-inhibited open state, and (2) at high (channel inhib-
100 uM (5). Consequently, fluxresponse curves using iting) concentrations, the nonfluorescent agonist competes
acetylcholine are bell-shaped. Similarly, suberyldicholine effectively with Dns-G-Cho for the inhibitory site and there
and carbamylcholine have bell-shaped ftursponse curves s little formation of the Dns-&Cho—nAcChoR complex.
(5). However, some agonists have apparéps for self- Because all 28 rate constants that define Scheme 1 have
inhibition that are either similar to or less than that for not been determined, it is not possible to completely and
activation and therefore induce a maximal flux that is less accurately simulate the kinetics of Dng-Cho binding,
than that achieved with full agonists such as acetylcholine dissociation, desensitization, and inhibition. However, a
(25, 26). Additionally, some agonists induce a low level of simplified version of Scheme 1 may be used to test our
flux because they have an intrinsically low efficacr). assignment of the slow and fast decays to Dgs=60
Rapid quenchflow studies reveal that Dnsg&Cho induces dissociation from high- and low-affinity nAcChoRs (Scheme
a relatively low level of flux across nAcChoR-rich mem- 3). According to Scheme 3, the binding of Dng-Cho to
branes 13). Because Dns-Cho blocks the flux induced  two low-affinity resting state sites having different agonist
by saturating concentrations of acetylcholine with an apparentaffinities leads to nAcChoR desensitization. Agonist also
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Table 1: Equilibrium and Rate Constants for Simulation of
Scheme 3 2=z 400
° c
equilibrium S =~
and rate 2 § 800
constants value determination < P
c >200
Ky 1.1x10¢M concentration dependence Q E
on the fast decay o E
amplitude with 50 ms @ E 100
preincubation time a2
kg 140 s? rate of the fast decay =T o0 - 0 1 o s
ke 13x 1M tst ki =k 1K, 10° 10 10" 10 10" 10
Kz 1x10%M apparent affinity for Preincubation Time (s)
Dns-G-Cho-induced ion
flux and desensitizatién o0 T T T
Ks 3x10°M Ka= k_o/ks o 160 F1o B-
kg 0.1s? rate of the slow decay s = L4
ks' 3x10M1st rapid increase in the 5 5120 - e
amplitude of the slow 8872
decay at low [Dns-&Cho] o> D 1
and [NAcChoR] 5= %r 7
Ks 10 amplitude of the slow decay o € [0.5
with long preincubation times O % 4f .
(equilibrium) divided by 2 =z 3
its amplitude after short as o L
preincubation times 2 46t 0 1 2 3
k-s 5x1073s? Dns-G-Cho independent 10 g%inclgaﬁo?ﬂm;?s) 10
value ofkgow at low . . .
[Dns-Cs-Cho] Ficure 10: Computer simulations of Scheme 3 using the param-
equalsk s + Ks eters in Table 1. Panel A shows the concentrations of DS
ks 5x 104s? ks = k_s/Ks bound to two high-affinity sites on receptors in the densensitized
K, 75t rate constant for ion flux state as a function of Dnsg&ho preincubation time. Panel B
desensitizatioh shows the concentrations of Dng-Cho bound to a 1.1kM Kp
K_4 7.22%x 106s! thermodynamic constraint site on tr)eceptors in trr]le resting state a? a f;{r{ljcz'tio(n of Qﬁ@-{@))
- - " preincubation time. The concentration of Dng{ho (micromolar
# From quench-flow studies using Dns-Cho at 20°C (13). For is indicated in each panel. The concentration of nAcChoRs was

the purpose of simulating our data, the associatignand dissociation ; T Shoaffinity o
(k-2) rate constants that determikg are assumed to be 4t s™* 0.44M in equilibrium high-affinity sites.

and 10 sL. b Estimated value foforpedo nobilianare from ion flux . . . .
studies using acetylcholine at°€ (6). Dns-G-Cho (Figure 10). Considering the simplicity of

Scheme 3, these figures mirror the experimental amplitude
data shown in Figures 3A and 5A reasonably well. Similarly,
the simulations agree well with the experimental binding data
shown in Figures 4 and 6.

In conclusion, we have used sequential mixing stopped-
flow fluorescence spectroscopy to resolve agonist binding
0 both low- and high-affinity states of nAcChoR. The
luorescent agonist Dnsg€&Cho binds to a high-affinity state
with a Kp of 3 nM. Dns-G-Cho also binds to a transient
low-affinity site with a Kp of approximately 1uM. In
agreement with current models of nAcChoR desensitization,
prolonged exposure of receptors to agonist reduces the
number of low-affinity binding sites and increases the
number of high-affinity sites with apparent rates that increase
with agonist concentration. At high agonist concentrations,
the apparent rate with which high-affinity sites appeared
corresponded to those reported for fast desensitization of flux
response, suggesting that the fast desensitized state has an
agonist dissociation rate that is similar to that of the
equilibrium (slow) desensitized state. We also observed an
enhancement in fluorescence intensity on a time scale of tens
to hundreds of milliseconds with the sequential mixing
technique that may reflect a conformational isomerization
following Dns-G-Cho binding to the nAcChoR’s agonist
self-inhibitory site.

binds to two high-affinity sites on the desensitized state, but
these sites are indistinguishable. Our data indicate that
desensitization from the singly liganded state is negligible
because kM Dns-G-Cho does not substantially increase
the apparent rate of affinity state conversion of resting state
receptors to the desensitized state over that rate induced b
limitingly low Dns-Cs-Cho concentrations. In contrast to
Scheme 1, Scheme 3 considersRA AR%, and ARA
together as AR* because transitions between these states
are fast on the time scale of our fluorescence technique. For
simplicity, this scheme also considers receptor stat€s, A
A,D®, and ADA together as AD* (31, 32). Finally we have
assumed that the rate constant for DnrsdBo-induced
desensitization is not significantly different from thg s*

rate reported for acetylcholine-induced ion flux desensitiza-
tion in Torpedo nobiliana6, 32).

Our assignment of the slow fluorescent to Dns@ho
dissociation from high-affinity sites in Scheme 3 requires
that the amplitude of the slow decay be proportional to the
concentration of Dns-£Cho bound to AD and 4D.
Similarly, our assignment of the fast fluorescent decay to
Dns-G-Cho dissociation from low-affinity sites implies that
the amplitude of the fast decay will be proportional to the
concentration of Dns-£Cho bound to both AR and the
higher affinity site of_ ARA. With the parameters in TabI(_e ACKNOWLEDGMENT
1, computer simulations of Scheme 3 were used to derive
the concentrations of Dnsgho bound to these high- and We thank Dr. S. Shaukat Husain for synthesizing Dns-
low-affinity sites as a function of preincubation time with Cg-Cho.
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APPENDIX

Differential equations used for simulations of Scheme 3 10.

were as follows:

dRIdt = k_[D] — k[R] + k_,[AR] — k,[RIA]

dAR/dt = k,[R][A] — k ,[AR] +

kJ[AR*] — K[AR][A]

dAR*/dt = K [AR][A] — k_JA,R*] +

K_4[AD*] — K [AR"]

dA,D*/dt = k,JAR¥A] — k_JA,D¥ +

k3[AD] (Al — Zk—s[A 2D*]

dAD/dt = 2k[D][A] — k_o[AD] +

2k,3[A 2D*] - ks[AD] [A]

dD/dt = k[R] — k_[D] + k_4[AD] — 2k[D][A]

dA/dt = k ,[AR] — k,[R][A] — KJAR]A] —

k—z[AzR*] - 2k3[D][A] + k—3[AD] -
k[AD][A] + 2Kk_g[A,D*]
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