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ABSTRACT. Agonist-binding kinetics to the nicotinic acetylcholine receptor (AChR) frdiorpedo
californica were measured using sequential-mixing stopped-flow fluorescence methods to determine the
contribution of each individual site to agonist-induced opening and desensitization. Timed dansyl-C6-
choline (DC6C) binding followed by its dissociation upon mixing with high, competing agonist
concentrations revealed four kinetic components: an initial, fast fluorescence decay, followed by a transient
increase, and then two characteristic decays that reflect dissociation from the desensitized agonist sites.
The transient increase resulted from DC6C binding to the open-channel based on its prevention by proadifen,
a noncompetitive antagonist. Further characterization of DC6C channel binding by the inhibitfet}-of [
phencyclidine binding and by equilibrium measurements of DC6C fluorescence yiklgedlues of

2—4 uM for the desensitized AChR and600 M for the closed state. At this site, DC6C displayed a
strongly blue-shifted emission spectrum, higher intrinsic fluorescence, and weaker energy transfer from
tryptophans than when bound to either agonist site. The initial, fast fluorescence decay was assigned to
DC6C dissociation from thed site of the AChR in its closed conformation, on the basis of inhibition

with the site-selective antagonistdubocurarine and.-conotoxin MI. Fast decay amplitude data indicated

an apparent affinity of 0.@M for the closed-stateld site; the closed-statey-site affinity is inferred to

be near 10«M. These values and the known affinities for the desensitized conformation show that the
oy site drives AChR desensitization to-a0-fold greater extent than the) site, undergoes energetically

larger conformational changes, and is the primary determinant of agonist potency.

The Torpedonicotinic acetylcholine receptor (AChRis Such conformations were initially invoked on the basis of
a ligand-gated ion channel with,3yd stoichiometry and  transient affinities of binding for 3HJACh and for the
two distinct agonist-binding sites formed by-y anda—o fluorescent ACh analogue DC6&{ values of -4 uM)
subunit interfaces1). Agonist binding to the two sites in  that lie between the concentrations required to activate and
the closed state induces a sequence of conformationalthose required to bind the fully desensitized st&e8( 11,
transitions leading to channel opening followed by desen- 12). An alternative nonconcerted model was proposed on
sitization of the receptor2j. These transitions can be the basis of binding studies of ACh, Carb, and epibatidine
described as concerted allosteric changes that include largeo embryonic mouse muscle receptor subunits expressed as
increases in agonist affinityd( 4) and changes in channel intracellular oy or ad dimers or asoyBy. and B0,
structure that affect permeability and affinity toward non- pentamers: desensitization at the first site occurs faster than

competitive antagonist$b, 6). subsequent desensitization at the second site, thereby con-
Desensitization has been further proposed to proceedstituting two phases of desensitization, fast and sla® (
through one or more intermediate conformatioiis-10). 14), without invoking a unique, intermediate agonist affinity.

Recent electrophysiological studies of desensitization on adult
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muscle AChR with higher affinity than toyy pairs 1), DC6C was synthesized according to Waksman e28). §s
which could be largely attributed to four residues that differ described 29). [*H]PCP was obtained from PerkirElmer
between they and 6 subunits 22). However, only small Life Sciences, Shelton, CT3H]JACh (1.9 Ci/mmol) was
affinity differences were observed for pentameric mouse kindly provided by Dr. Shaukat Husain (Massachusetts
AChRs in the desensitized state. Likewise, fherpedo General Hospital, Boston, MA). Proadifen hydrochloride
AChR in the desensitized state exhibited a small, 3-fold (SKF-522) was obtained from Research Biochemicals (Nat-
higher affinity for ACh and DC6C at thewd site (11). ick, MA). Carb chloride, decamethonium bromide, diiso-
Electrophysiological studies indicate large, 100-fold differ- propyl fluorophosphonate, hexamethonium chloride)-(
ences in closed-state affinities of ACh for therpedoAChR nicotine hydrogen tartrate salt, PCP, and trimethylphenyl-
sites £3), and similar, albeit smaller, differences were also ammonium chloride were from Sigma&ldrich (St. Louis,
observed for the embryonic mouse muscle rece@d)r The MO). d-tubocurarine was from ICN (Aurora, OH)-Cono-
site-selective binding of small agonists, therefore, arises from toxin Ml was synthesized according to Papineni et ) (
differences in closed-state affinities rather than desensitized-Other reagents were from standard sources.

state affinities. The data from the mouse muscle AChR point £ orescence MeasuremenBuorescence data were col-

to theao site as having higher closed-state affinity for the |ected on an SLM 8000C fluorometer fitted with excitation
smaller agonists Carb and ACh, but this assignment is ang emission monochromators and a 450 W xenon short arc
uncertain forTorpedoAChR. lamp light source. Emission spectra of DC6C binding to the
DC6C has been extensively used as an agonist to AChR agonist binding sites and channel site were determined
characterize binding and conformational changes of the after a 1 h equilibration of AChR-rich membranes with
TorpedoAChR while largely assuming specificity of binding DC6C and added ligands iforpedophysiological saline
for the agonist sites. In previous work 1), we further buffer, HTPS (250 mM NaCl, 5 mM KCI, 3 mM Cagl2
showed that we could measure the extent of desensitizationmM MgCl,, and 20 mM HEPES at pH 7.0). DC6C emission
independently at each of the two binding sites from the was monitored by changes in the fluorescence intensity under
amplitudes of the dissociation kinetics of bound DC6C. conditions of energy transfer from protein tryptophan(s) by
However, attempts to use sequential-mixing experiments to excitation atlex= 282 nm @8) or by direct DC6C excitation
measure site-specific desensitization over the time course ofat A, = 340 nm and filtered with a UV-pass filter (Oriel
agonist-induced opening and desensitization have been59152), both at a 4.0 nm bandwidth. Emission was collected
hindered by the complexity of the signals; in addition to the through a 390 nm cut-on filter (Oriel 51280).
two distinct dissociations from the agonist sites, they also Equilibrium DC6C binding to the noncompetitive antago-
contain a fast decrease in fluorescence followed by a transient,iq; site was measured by fluorescence enhancement by

increase. Raines and Krishna2Yinitially proposed the fast o citation at Jex = 282 nm with the UV-pass filter and
decrease to reflect the release of DC6C from a closed-stateemission collected ater = 467 nm through a 430 nm cut-

agonist site with &o ~ 1 uM. The transient fluorescence o fijter (Oriel 51280). Data were collected in the presence
increase was attributed to an open-channel block by DC6C ;. 1psence of 2(M proadifen to determine background

in the presence of the high agonist concentrations that wereq grescence, which was subtracted to determine specific
used to induce dissociation of DCEC from the agonist sites. f,orescence. Inhibition of DC6C binding to the noncompeti-
To understand the detailed interactions of DC6C with the tive antagonist site was measured by a fluorescence decrease
TorpedoAChR and the subsequent, induced conformational at A, = 467 nm (4 nm bandwidth; 430 nm cut-on filter).
transitions, we characterized its interactions with the non- Mixtures of DC6C, AChR-rich membranes, Carb, and
competitive antagonist, channel site of the AChR, also called various concentrations of proadifen or nicotine at pH 7.0
the agonist self-inhibitory sitel@, 25). Here, we show that  were equilibrated fol h prior to measuring fluorescence in
DC6C binds the channel of the AChR in the open and a 10 x 10 mm quartz cuvette(= 1.03 mL).
desensitized states with a large shift in fluorescence emission The kinetics of ethidium binding to the AChR noncom-

waveler)fg_;th.”The optical and.bln@ngbprg_pert.les were u.s?d petitive antagonist site were measured by fluorescence
to specifically examine agonist-site binding in sequential- o 40cement on the SLM 8000C fluorometer, essentially as

mixing stopped-flow experiments. Inhibition by site-selective described previoush8(). Concentrated ligand solutions were

antagonists revealed the fast, initial fluorescence decreaseaololed o a 2 mLstirred AChR-rich membrane suspension
to result from dissociation of DC6C from the) site. This in a 10 x 10 mm cuvette to yield the indicated final

result indicates that theo site is the higher affinity site for concentrations. Excitation was/at, = 322 nm, filtered with
the closed-state AChR and the lower closed-state affinity UV-pass filter: ethidium emission was coilected%a,l;=

was assigned perforce to the site. These assignments are 605 nm through a 550 nm cut-on filter (Oriel 59502).
incorporated into a model that is fully consistent with the
equilibrium binding of DC6C and indicates that opening and
desensitization are predominantly driven throughcathesite.

Fast Kinetic MeasurementExperiments were carried out
with a stopped-flow fluorescence instrument from KinTek
Corporation (Model SF-2001, Austin, TX) with a 75 W
MATERIALS AND METHODS xenon lamp light source. Fluorescence was excited at 285

nm selected by an excitation monochromatorhwat4 nm

Materials AChR-enriched membranes were obtained from slit width and a UV-pass filter (Oriel 59152). The emission
Torpedo californicaelectric organ (Aquatic Research Con- signal was collected through a 495 nm cut-on filter (Oriel
sultants, San Pedro, CA) as described previouggy 27). 51292), 460 nm+£40) nm band-pass filter (Oriel 57530),
Specific binding activity was measured BH]ACh binding or 515 nm cut-on filter (Oriel 51294), as indicated. Single-
and is reported as ACh binding sites per milligram of protein. mixing experiments to measure binding and dissociation
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kinetics were carried out by mixing equal 80 volumes of I B B
two solutions. Individual shots (810) were averaged to g F
reduce noise. Sequential-mixing experiments were carried I
out in the same instrument fitted with three syringes using a
two-push protocol. The first push mixes the contents of two
syringes and drives the mixture into a fixed-volume delay
line (60 uL), typically mixing AChR with DC6C. The
instrument pauses for a set delay time and then delivers a
second push that forces the content of the delay line to mix
with the content of the third syringe and pushes the final
mixture into the fluorescence flow cell. Typically, the third
syringe contains the blocking ligand in high concentrations:
3 mM Carb or 90 mM nicotine. The final concentrations in [ _ ]
the cuvette are one-third the concentrations in the syringe, 4F 3 4
while the concentrations during the delay time are one-half [ e
the syringe concentrations. SR
Radioligand-Binding Assay3he equilibrium binding of 0.001 0.01 01 1 10
[H]ACh and PH]PCP, in the presence of 1 mM Carb or 4 .
uM a-BgTx or absence of other ligands, TorpedoAChR- Time (seconds)
rich membranes was determined as descri3ajl (n brief, FIGURE 1: Proaqlifer_l and nicotine D|OCk bDC6C binding to the AChR
membrane suspensions, in THBrpedophysiological saline channel. The kinetics of DC6C dissociation from the AChR were

. . measured by rapid-mixing with 60 mM nicotine using the single-
buffered with 5 mM sodium phosphate at pH 7.0 were treated mixing protocol described in the Materials and Methods (trace 1):

with diisopropylfluorophosphonate~0.5 mM) for 15 min AChR-rich membranes (0.16M ACh-binding sites) were pre-
to inhibit acetylcholinesterase activity, and radioligand equilibrated with 1.5:M DC6C in HTPS fa 1 h prior to mixing.

b|nd|ng was determined by Centrifugation (15 000 rpm for NoneqUIllbrlum DC6C blndlng was measured U_Sing a Sequential'
45 min) in a TOMY MXT-150 microcentrifuge. FoPHi]- mixing stopped-flow protocol (traces-5): AChR-rich membranes

o . - (0.3 uM ACh-binding sites) were mixed with aM DC6C and
ACh (80 nM), binding was measured using dilute membrane peq'ta 1 s in thedelay line. DC6C dissociation was then recorded

suspensions (1 mL assay volume, 80 mg of protein/mL, 40 after mixing with 3 mM Carb, in the absence (2) or presence of 90
nM ACh-binding sites), whereas fofH]PCP (6 nM), 200 uM proadifen (3) or with 90 mM nicotine in the absence (4) or
L aliuots of membrane suspensions at 0.7 mg of proten/ E321ce of S0 proadien 5, et eces e ecore o
rgL were used. Membrane suspensions were equilibrated Wlth(curves 4 and 5--) equations. For a comparison, a single-
[*H]JACh for 30 min and with fH]PCP for 2 h, before  exponential fit to trace 1 is also shown-().
centrifugation. Nonspecific binding was determined in the
presence of 1 mM Carb foPH]JACh and in the presence of  following single-site equation:
1 mM proadifen {-Carb) or 1 mM tetracaine<{Carb) for
[3H]PCP. The averages of duplicate determinations were F=ACs/(ICsq+L)+C 3)
normalized to the binding determined in the absence of
DC6C. The inhibition curves were fit to equations for single- where 1Go is the ligand concentration that produces 50%
site inhibition as described below. inhibition.

Data AnalysisThe experimental stopped-flow dissociation ~ The bell-shaped plot of amplitudes for DC6C dissociation
and binding rate data were fit to the following three- from desensitized sites versusl-tubocurarine concentra-

exponential function using the KinTek software: tions was fit to the empirical equation:

F= Ale—klt + Aze—kzt + Age_klt +C (l) F= (AO + A]_/(l + K/L))(l/(l + L/|C50)) (4)

oy-site

! P 5
’ B, et

Fluorescence (V)

whereA; andA; are the amplitudes for initial level of DC6C
fluorescence (in the absence dftubocurarine) and the
maximum increase, respectively, arti and I1G, are
"d-tubocurarine concentrations for 50% rise and fall in DC6C
fluorescence amplitudes, respectively.

whereF is the observed fluorescence intenshy, k,, and

ks (also referred to alasy Koy, andkys, respectively) are the
rate constants for the dissociation or binding components
A1, A;, andAg are their respective fluorescence amplitudes,
and C represents the final level of observed fluorescence
intensity. Fitting to two exponentials was to the same ResyLTS
equation withA; = 0. In some cases, the data were first

smoothed with a nine-point Gaussian filter. Rapid, low-affinity agonist binding to the AChR is
Binding data were fit to the following single-site-binding ~followed by slower, induced conformational changes to a
equation: high-affinity, desensitized state. Equilibrium binding of the
fluorescent agonist DC6C stabilizes the desensitized state,
F=AUK+L)+C (2) which has distinct affinities of 9 and 3 nM at the two

nonequivalentry andad sites ((1). DC6C dissociates from
whereF is the measured fluorescenck,is the maximal these two sites with characteristic, distinct rates, as illustrated
fluorescence amplitudé, represents the DC6C concentration, by curve 1 in Figure 1. In this experimeftprpedoAChR-
K is the equilibrium binding constant, ai@represents the  rich membranes were equilibrated with DC6C and dissocia-
background fluorescence. Inhibition data were fit to the tion was then initiated by rapid mixing with excess nonflu-
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orescent agonist in the stopped-flow instrument. The
fluorescence was well-fit by a two-exponential decay cor-
responding to the loss of DC6C binding, with the faster
component from thexy site and the slower from theo
site (11); a single-exponential fit is shown by the dashed
line for a comparison.

We wanted to use a sequential-mixing procedure to
measure the kinetics of desensitization at each site by
monitoring the decay amplitudes of high-affinity binding
after various incubation times. The AChR would be rapidly
mixed with DC6C, held in a delay tube for a predefined time
to permit partial binding and desensitization, and then rapidly
mixed with excess competing agonist to induce DC6C Log [Dansyl-C6-Choline] (M)

dissociation. However, with a shorl s time of DC6C Ficure 2: Equilibrium DC6C binding to the agonist and noncom-

binding _and _U_Sing excess Carb to initiate _dissoc_:i,ation’ petitive antagonist site. The effects of DC6C on the equilibrium
sequential-mixing revealed two components in addition to pinding of 80 nM BHJACh to TorpedoAChR-rich membranesy)
the characteristic dissociations from thie ando sites: a were determined as described in the Materials and Methods. The

rapid decay with a time constant near 0.01 s and a transientinfluence of DC6C onH]PCP binding (6 nM) was determined in

: ; .- the absence of other liganda)(or in the presence of 1 mM Carb
enhancement with a time constant near 0.2 s (curve 2 N () or 4 uM a-BgTx (O). The inhibition curves were fit to eq 3.

Figure 1). As characterized by Raines and Krishn®),(  For pHJACh, ICso = 150+ 15 nM. For PH]PCP in the presence
the rapid decay corresponds to DC6C dissociation from a of Carb, 1G, = 3.9+ 0.3uM; in the presence ofi-BgTx, 1Cso =

closed-state agonist site. The transient increase likely reflects600+ 100uM. The binding of fH]JPCP to nAChR-rich membranes

n n-channel block by D f transient AChRin the absence of DC6C was 144070 cpm (no added ligand),
thic\)/gll'?ioncuaonemli[;(ﬁ\C VSEt/h é::rg t():i;erlliseel t())intd‘ii Sriat a(l:so 4910+ 90 cpm (- Carb), and 1544+ 12 cpm (Fo-BgTx). The
P g ' g may binding of PH]JACh in the absence of DC6C was 25 580900

account for the higher background fluorescence observed atcpm, Nonspecific binding foBHJACh was 720+ 70 cpm and for
the end of the trace. [BH]PCP, 5754+ 70 cpm @-Carb) and 620t 24 cpm (Carb).
Inclusion of the noncompetitive antagonist proadifen
together with the Carb during the dissociation (curve 3)
blocked the transient fluorescence enhancement, and the trac
decayed to the lower background level, results that are
consistent with open-channel binding by DC6C. The transient
increase occurred at rates of-25 s (also see refl2).
Because these rates are close to the characterisfics1!
rate of dissociation from the desensitizeg site (see ref

11), they interfere with quantitation of high-affinityy-site Equilibrium DC6C Binding to the AChR Channdlhe

bmdmg_. o ability of DC6C to bind the open channel of AChR suggests

Nicotine Preents DC6C Open-Channel Binding.o that DC6C may have the capacity to bind the channel site
reliably quantify DC6C binding by sequential-mixing, we jn other conformations of the AChR. As shown in Figure 2,
examined conditions for initiating dissociation while avoiding pcec displays biphasic effects oAH]JPCP binding; low
DC6C open-channel binding. Although proadifen was ef- pcgC concentrations desensitized the AChR by binding the
fective in blocking the transient increase at low DC6C ggonist sites and, thereby, enhanced affinity for PCP. Higher
concentrations, at higher concentrations, this block appearedsgncentrations of DC6C inhibited PCP binding directly. In
incomplete. We examined several partial agonists for their ¢ presence of Carb, DC6C blockéH[PCP binding with
ability to block DC6C binding to the agqnist sites and 10 an 1Gy of 3.94M, while preincubation withe-BgTx resulted
prevent open-channel binding by causing less opening.in inhibition at higher concentrations (= 600xM). These
Hexamethonium, decamethoniun82j, phenyltrimethyl-  esuits are consistent with DC6C binding to the AChR
ammonium, and nicotine were tested for their ability to oncompetitive antagonist site preferentially in the desen-
inhibit open-channel binding by ethidiur83). Nicotine was sitized conformation. We measured DC6C inhibition%f]f
the best of these and h.ad also been shown to be an effectiveycp binding in parallel; the observed g value (150 nM)
open-channel blocker itsel84). corresponds to &p ~ 40 nM after correction for the’]-

We tested whether nicotine yielded results similar to other ACh concentration using the Cheng and Prusg$j (ethod,
agonists when used as a displacing ligand. For fully a value that agrees witKp = 24—35 nM that had been
equilibrated, desensitizedly andad sites of AChR (curve  determined by fluorescence enhancem@nt 29).

1 in Figure 1), the amplitude ratid\,/Aqs = 0.62+ 0.04, DC6C Binding to the AChR Channel Results in Blue-
mean=+ SD, n = 4) and the dissociation ratek, = 1.65 Shifted FluorescenceAlthough the PH]PCP inhibition

+ 0.34 s%, ke = 0.18 £ 0.01 s?) agreed with published  experiments demonstrated DC6C binding to the desensitized
kinetic parametersl(l). In sequential-mixing experiments channel, preliminary experiments to measure associated
with nicotine, the fluorescent decay (curve 4) fits to three fluorescence changes had detected little change at 550 nm,
exponentials that correspond to fast dissociation of DC6C near theimax for agonist-site binding. Accordingly, we
from a site in the closed statk.& = 62 s'!) and dissociation ~ analyzed the full emission spectra for DC6C bound at each
from desensitized agonist sites with rateskgf= 1.99 s! site with excitation through tryptophan energy transfeg (

300 |
200 |

100 |

Radioligand bound (%)

(1.7+ 0.35 s%, n = 12) andky = 0.204 s* (0.19+ 0.03
gl). Further addition of proadifen to the nicotine blocking
solution (curve 5) affected neither the efficacy of the channel
block nor DC6C dissociation from the agonist binding
sites: Kast = 114 s, kyy = 1.92 51 (1.73+£ 0.19 s, n=

7), andkys = 0.18 st (0.19+ 0.02 s1). This shows that
nicotine was effective in preventing channel binding and
permits quantitation ofty- and ao-site binding.
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200 T A comparison of the difference spectra showed a higher
i 1 fluorescence yield from the channel site than from the agonist
sites with direct excitation (compare spectra 6 and 5 in Figure
3B), even without accounting for the nearly full occupancy
of the agonist sites and only 2B0% occupancy of the
channel, on the basis of its binding constant. With tryptophan
energy transfer, greater fluorescence is observed from the
agonist sites (Figure 3A). To estimate the contribution of
energy transfer to DC6C fluorescence, we obtained excitation
difference spectra (data not shown) and compared the regions
of tryptophan excitation (near 280 nm) with direct excitation
of DC6C (near 340 nm). The difference spectra were further
normalized to the excitation spectrum of free DC6C to correct
for direct excitation of DC6C. While this method is
imperfect, the calculated enhancement from energy transfer
was greater at the agonist sites, 24.0.2-fold, versus the
channel site, 6.9 0.2-fold, with emission measured A,

= 560 nm; when emission was measured&t= 467 nm,

the enhancements were 106t90.1- and 3.73+ 0.03-fold,
respectively.

These data demonstrate that we can selectively monitor
agonist-site binding versus channel binding by use of
appropriate excitation and emission settings. To estimate the
affinity of DC6C binding to the desensitized channel site
by fluorescence enhancement, the AChR was titrated with
increasing DC6C concentrations in the presence of Carb to
block agonist-site binding and emission measured at 467 nm.
A similar DC6C titration curve in the presence of proadifen
served as a control (Figure 4A). The estimakgdvalue for
DC6C binding to the desensitized channel corresponds to
2.1+ 0.4uM (inset in Figure 4A) and is in a good agreement
with the IGs for DC6C inhibition of PH]PCP binding (Figure

e ‘ 2). Titration of bound DC6C with increasing concentrations
400 450 500 550 600 650 700 of proadifen or nicotine, in the presence of Carb, was
Aem (nm) measured by the decrease in emissioirat= 467 nm. The

Ficure 3: DCG6C fluorescence is blue-shifted when bound to the fitted ICso value for proadifen was 112 30 nM (Figure

noncompetitive antagonist site of the AChR. AChR-rich membranes 4,B)' PeSpite i'tS app{:\r‘ently efficient opep—channel blcgsg,(
(100 nM) in HTPS were incubated withyd DC6C in the absence  Nicotine required millimolar concentrations to block DC6C
of additional ligands (1;-) or in the presence of 1 mM Carb (2, binding to the desensitized AChR channel{& 18.3 +

- --), 30uM proadifen (3,::+), or both (4, +-). Difference spectra 1.5 mM).

for agonist-site-bound DC6C (5;-) are the difference between Fast Kinetics of DC6C Binding to the AChR Channel Site.
spectra 3 and 4 and, for the channel site<§, between spectra 2 . . .

and 4. The fluorescence emission spectra were recorded withConsidering the substantial fluorescence signal of DC6C
excitation at 282 nm (A) and at 340 nm (B) as described in the bound to the channel in steady-state measurements, it was
Materials and Methods. The channel site difference spectra (spectramportant to determine whether such binding would affect
6) have maxima akmax = 465 nm; for the agonist sites (spectra  the estimation ofiy- andad-site dissociation. To compare
5). Amax = 535 nm. directly the kinetics of DC6C binding to the channel site
= 282 nm, Figure 3A) and through direct excitation of the and agonist sites, we measured DC6C fluorescence changes
DC6C fluorophore4ex = 340 nm, Figure 3B). Spectra were during single-mixing experiments in the stopped-flow equipped
taken in the absence of other ligands (spectra 1), in thewith two photomultipliers. One had a 515 nm cut-on filter
presence of excess Carb (spectra 2), in the presence ofo pass predominantly emission from the agonist sites (Figure
proadifen (spectra 3), and in the presence of both ligands5A), and the other had a 460 nm band-pass filter to monitor
(spectra 4). In the absence of other ligands, excitation by predominantly channel binding (Figure 5B).

tryptophan energy transfer showed a DC6C emission peak Curve 1 in parts A and B of Figure 5 shows the kinetics
near 540 nm as well as tryptophan fluorescence near 4000f DC6C binding to the AChR after simple mixing in the
nm (spectrum 1 in Figure 3A). Difference spectra were absence of other ligands; the shape of the curve in Figure
calculated for agonist-site-specific fluorescence (spectra 55A is typical for our DC6C-binding experiments and could
= 3 — 4) and channel-site-specific fluorescence (spectra 6 be fit to four exponentials1l). The shape of curve 1 in

= 2 — 4). Channel-site fluorescence (spectrum 6) revealed Figure 5B differs significantly, suggesting the presence of
a large 70 nm blue shift in the fluorescence maximum for binding to the channel site as well. Curve 2 shows the results
DCG6C relative to the agonist site (spectrum 3);.x = 465 of mixing AChR with DC6C plus 1 mM Carb, which should
nm versusimax = 535 nm. A similar shift was observed by evoke transient opening and open-channel binding by DC6C.
direct excitation of the fluorophore (Figure 3B). The resulting fluorescence increage< 5.3+ 1.2 s'!) was

Fluorescence (counts x107)
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Ficure 4: Noncompetitive DC6C binding to the desensitized
AChR. (A) AChR-rich membranes (50 nM) were incubated for 40
min with 1 mM Carb and varying concentrations of DC6C in HTPS
in the absenceQ) or presencev() of 20 uM proadifen. DC6C
fluorescence was determined as described in the Materials and
Methods. Error bars represent the range of two independent
determinations. (Inset) Specific binding data were normalized to I
the maximum value and plotted as the average and standard U {
deviations of six independent determinations. The solid curve shows ‘,‘."
the best fit to the binding equation (eq 2) wity = 2.0 uM. (B)
AChR-rich membranes (100 nM) in HTPS were incubated for 40 . i '
min with 1uM DC6C, 1 mM Carb, and varying concentrations of 0.01 0.1 1 10 100
nicotine @), proadifen ©), or 20 uM proadifen plus 39 mM
nicotine 7). Fluorescence was determined as described in methods :
with dex = 285 nm (or 292 nm in some experiments). For the Time (seconds)
nicotine titration, the data were corrected for fluorescence at high FIGURE 5: Fast kinetics of channel binding by DC6C. Kinetics of
nicotine concentrations as determined in a parallel titration without DC6C fluorescence were measured in stopped-flow single-mixing
DC6C. The data are plotted as the average and range of twoexperiments using two photomultipliers with different filters for
independent determinations normalized to the control. The con- emission. (A) Data collected through a 515-nm cut-on filter. (B)
centration dependence was fit to the equation for single-site Data collected through a 460-nm band-pass filter. The following
inhibition (eq 3). The fitted I values are 18 mM for nicotine  pairs of solutions in HTPS were rapidly mixed using the single-
and 91 nM for proadifen. mixing stopped-flow protocol described in the Materials and
Methods: curve 1, AChR-rich membranes (2M) mixed with 4

greater when monitored at 460 nm (Figure 5B) and was ;él\/l l:E)CGC: Cgr\fCZh.RAChRdmixﬁldﬂvl\\//ilt%étgﬂcDSGCMagd % de
blocked by proadifen (curve 3). arb; curve S, mixed wi , £ MV Larb, an

. . 60 uM proadifen; curve 4, AChR and 1 mM Carb (pre-equilibrated

D_CTGC Was_ mixed with AChR that . ha‘?' been pre- forngL h) mixed with 4uM DC6C; curve 5, AChR and 1 mM Carb

equilibrated with Carb to monitor the kinetics of DC6C  (pre-equilibrated for 1 h) mixed with #M DC6C and 60uM
binding to the desensitized receptor channel. Slow binding proadifen; curve 6, AChR, 1 mM Carb, andu DC6C (pre-
(curve 4) was detected with the 460 nm filtés. (= 0.01+ equilibrated for 1 h) mixed with 2M DC6C plus 6QuM proadifen;

; rve 7, AChR and 2M a-BgTx mixed with 4uM D 2uM
0.003 s7) and W as blocked by proadifen (curve 5), Wherea§ ,(’E\lé:heR-richCmemabrgnzes vf/leregpretrea?gdzm w#h 10;5\??1-(8ng
only a small increase was detected above 515 nm. Thisiz "o mm HEPES and then diluted to give HTPS).
association rate agrees with similar measurements made using
a SLM 8000C fluorometerk{ = 0.008+ 0.001 s1). The
rate was independent of the DC6C concentration in a range Thead Site Has a Higher Agonist Affinity in the Closed
from 0.3 to 30uM (data not shown). The dissociation rate State.The rapid fluorescent decrease that occurred in the
from the channel was determined by pre-equilibrating the first 10 ms after sequential mixing (for example, see curve
AChR with DC6C and Carb and then mixing with proadifen 2 in Figure 1) was assigned as the DC6C dissociation from
in the stopped flow (curve 6). The signal at 460 nm shows a closed-state agonist site(s) by Raines and Krishf@idn (
slow replacement of DC6C by proadifek-(= 0.0019+ To distinguish whether this binding was predominantly to
0.0001 s%); the dissociation was nearly indiscernible above theay or ao site, the AChR was prebound with increasing
515 nm. Rapid mixing oft-BgTx-treated AChR with DC6C  concentrations of site-selective competitive antagonists and
yielded no detectable increase in the fluorescent signal overthe fast dissociation was analyzed by sequential-mixing
the course of 20 min (curve 7). stopped flow (Figure 6). Dissociation curves (see Figure 6A

Fluorescence (V)

\;',‘ .\“
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FiGure 6: Rapid DC6C dissociation is from the site in its low-
affinity closed state. (A) AChR-rich membranes (04121) were
preincubated in HTPS with various concentrationd-tdbocurarine
(curve 1, QuM; curve 2, 0.003:M; curve 3, 0.0luM; curve 4, 0.1

uM; curve 5, 1uM; curve 6, 10uM; and curve 7, 30uM).
Sequential-mixing experiments were carried out by rapidly mixing
the AChR-d-tubocurarine suspensions with 81 DC6C in the
stopped-flow; DC6C dissociation was then induced after a 300 ms
delay time by mixing with 3 mM Carb and 9M proadifen. Traces
were recorded for 30 s, smoothed, normalized to the maximum
signal, and fit to the three-exponential equatior)((B) Amplitudes

of DC6C dissociation corresponding to the fasf)(and slow A,

and A3) decays were determined from the fits to traces, such as
those in A, from AChR preblocked with various concentrations of
d-tubocurarine. Amplitudesy, A,, andA; were normalized to the

Biochemistry, Vol. 45, No. 1, 200201

for d-tubocurarine titration) were fit to three exponentials to
determine the amplitudes of the fast dissociatidq),(
dissociation from the desensitizegt site (A;), and dissocia-
tion from the desensitizedod site (As). The changes in these
amplitudes at increasind-tubocurarine concentrations are
shown in Figure 6B. Inhibition oA, occurs with an IG =
0.031+ 0.02 uM, a value consistent witld-tubocurarine
affinity for the ay site. The dissociation amplitude from the
desensitizedxd site, As, displayed biphasic behavior with
increasingd-tubocurarine concentrations, with an increase
at low concentrations and inhibition at higher concentrations.
The increase can be attributedddubocurarine binding at
the aiy site with concomitant desensitization of the AChR,
which then results in greater binding of DC6C to thé
site (L1). The 1Go (13 & 3.7 uM) for the inhibitory phase is
consistent withd-tubocurarine affinity for thewo site. The
amplitude for the fast dissociatiod() was inhibited with

an 1G, = 3.93+1.92 uM, which also corresponds to the
affinity of d-tubocurarine to thed site ().

A similar experiment was carried out with increasing
concentrations ofi-conotoxin Ml (Figure 6C), which binds
the TorpedoAChR ay site with higher affinity and does
not intrinsically induce desensitization. The fittedd@alues
for inhibition of the three phases were as followa;, ICso
= 1.04 &+ 0.04 uM; Az, 1Cso = 0.36 = 0.04 uM; and Ag,

ICso = 0.83+ 0.04 uM. The IG5, for the A; phase most
closely matches the Kgfor As, which represents binding to
the a0 site, suggesting that th& phase representsi-site
binding. This observation is consistent with the interpretation
from the d-tubocurarine inhibition data. The rapid DC6C
dissociation in sequential-mixing stopped-flow experiments,
therefore, represents transient, low-affinity binding todide
site with a characteristikist = 1004+ 30 s

Theay Site Regulates Desensitizatidn.their landmark
description of the sequential-mixing kinetics of DC6C
binding, Raines and Krishnai?) characterized the rapid,
initial fluorescence decline as the dissociation from a closed-
state site because this component appeared too rapidly to
reflect fast desensitization or other, slower allosteric changes.
Furthermore, the magnitude and DC6C concentration de-
pendence were consistent with-d «M affinity and agreed
with its observed dissociation rate of 10R00 s*. Our
observations for this component are essentially consistent
with theirs and show a similar affinity of 0M, as judged
by the amplitude of this component at various DC6C
concentrations (data not shown). The data in Figure 6 further
argue that the rapid component reflects dissociation from
thead site and, therefore, that it is the higher affinity closed-
state site. While the closed-state affinity for the site is
not known, the values for binding of DC6C are similar to
those of ACh itself, which has been shown to have about
100-fold difference in affinity for the two sitesd). Thus,
the aiy-site closed-state affinity can be estimated to be near
100 uM.

The current estimates of closed-state affinity can be

As value in the absence détubocurarine. Each point is the average combined with the desensitized state affinities from Song et
and range of two independent experiments. The data were fit to al. (11) into a scheme for binding to each site along with a
the inhibition equation (eq 3) or, fdk, to eq 4. (C) Amplitudes of  conformational change to the desensitized state (see Figure
DC6C dissociation from AChR preblocked with different concen- 7; A, andA, represent agonist binding). By further assuming

trations of a-conotoxin MI. The experiment was carried out as b S :
described for A and B witlx-conotoxin Ml as the competing ligand. an allosteric equilibrium between unliganded closRdfor

Each point represents the average and standard deviation of thredesting) and desensitizeB®) conformations oM = [D]/[R]
independent experiments. = 0.05 @9), the allosteric constants can be computed for
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RA 860 nM RAyAS binding the noncompetitive antagonist site. In addition, the

¢S v Y dansyl moiety had a higher fluorescence yield when bound

o S to the channel, as observed by direct excitation of the

R 860 nM RA; fluorophore atlex = 340 nm and by considering the relative

532 143,000 occupancy of the sites. In principle, this could be due to either

Mml=0.05 T32 ™ a change in the quantum yield or to a c_han_ge in the

DA ' DAYA8 absorbance of the fluorophore. While the excitation spectra

}By v 13-¢ }59“\/ showed a small shift in the excitation maximum (data not

B 320M L shown), it seems more likely that there was an increase in

DA8 the quantum yield. In contrast, a semiquantitative estimate
Ficure 7: Allosteric model for desensitization of the AChR. See of the fluorescence enhancement caused b_y tryptophan
the text for a description. energy transfer showed that this was substantially higher at

the agonist sites (as much as a 25-fold increase in the signal)
each monoliganded equilibrium and for the diliganded than at the noncompetitive site (as much as a 7-fold signal
equilibrium from thermodynamic cycle constraints (see the increase). This is consistent with the known presence of
bold values in Figure 7). These values show thatthesite tryptophan residues at the agonist sites and with examination
undergoes a-40-fold greater affinity change upon binding 0f the structure of the AChR3{)) near the channel that shows
and consequently contributes 40-fold more to the net-ligand- tryptophans to be near the outer lipid headgroups and more
induced desensitization of the AChR. Equilibrium DC6C distant from the channel axis and the noncompetitive
binding according to this model was simulated using the antagonist site. A similar shift of the emission maximum,
kinetic modeling program VisKin (Zhang and Pedersen, albeit smaller at 15 nm, was observed for the noncompetitive
unpublished results; the software can be downloaded at http:/inding of the homologous compound dansyl-choline to the
www.bcm.edu/physio/lab_pages/pedersen/index.html). TheTorpedo marmorat®AChR (38). The large emission maxi-

simulated data could be fit to the Hill equation withg = mum  shift and increased quantum yield of DC6C is
24 nM and Hill coefficientn = 1.53. These values agree consistent with shielding from the solvent at a hydrophobic
reasonably well with the observeth = 23 nM andn = binding site 89), an observation also consistent with binding
1.35 observed by Song et al ). to the canonical noncompetitive antagonist site.

DC6C also displays the property of rapid binding to the
DISCUSSION open channel, while binding to the AChR after its predesen-

. o ' sitization with a high agonist concentration slowed both

Ligand binding regulates the conformational paths of association and dissociation kinetics. This property has been
AChR opening and desensitization, possibly through severalphserved for a number of other noncompetitive antagonists
distinct or intermediate states. Sequential-mixing stopped- (40). In this case, the kinetics of the open-channel block have
flow has been a useful technique for elucidating the rates 3 maximal rate near 34%5(12), whereas channel binding
and ligand dependence of desensitization in the ACHR ( tg the predesensitized AChR had a rate near 0:01 &
36). To understand conformational regulation at a level of change of at least 20 Currently, there is no detailed
individual binding sites, it was necessary to determine the structural model for the conformational change at the level
multiexponential nature of the stopped-flow signal. As part of the channel during desensitization. The recent structural
of this characterization, the spectral properties of binding of determinations of the transmembrane domain 41) likely
DC6C to the noncompetitive antagonist site of the AChR reflect the closed state of the AChR, although this is not
were determined as well as the kinetics of association andknown with certainty. Labeling with 3-(trifluoromethyl)-3-
dissociation. Specific measurements of binding to agonist m-([229]iodophenyl) diazirine suggested an open, water-
sites on closed and desensitized AChRs determined that theyccessible cavity for the desensitized conformation, relative
ad site constitutes the hlgher afflnlty closed-state site and, to the closed Stateex However, the fluorescence acces-
therefore, thevy site has the lower closed-state affinity near sibility of ethidium suggests that it was strongly shielded
100 «M. This value indicates that they site determines  from water when bound in the desensitized conformation
the potency of ACh for channel opening becausecthisite (42); likewise, a spin-labeled phencyclidine analogue was
will be fU”y OCCUpiEd at concentrations requirEd to titrate shown to be in a low dielectric environment in the desen-
theay site. Because they- andad-site affinities only differ  sijtized conformation43). The dramatic decrease in kinetic
3-fold for the desensitized state, thg site drives desensi-  rates of binding to the desensitized state further suggests a

tization to a substantially greater extent than dtéesite. physical barrier to exit and entry to the channel that
DC6C as a Noncompetitt Antagonist of the AChR. effectively traps the ligand in the binding site. Such a barrier
Equilibrium binding showed that DC6C has150-fold may constitute a desensitization gate that lies between the

greater affinity for the noncompetitive antagonist site of the binding site and the extracellular milieu. While it is not clear
AChR in the presence of the agonist than in the presence ofwhether a gate at this level would also provide a barrier to
o-BgTx, which stabilizes the closed state of the AChR; this small cations, it seems likely that a conformational change
result demonstrates substantially higher affinity of DC6C for in the vestibule or near the extracellular end of the M2-
the pore in the desensitized state. Binding was apparentlytransmembrane helix undergoes a significant structural
competitive with PCP and proadifen, consistent with DC6C change upon desensitization that prevents ligand ingress and
binding to the canonical binding site for channel blockers. egress.

There was a substantial spectral shift of 70 nm flam= It was necessary to determine conditions for preventing
535 nm for binding the agonist sites ign = 465 nm for the transient fluorescent increase resulting from open-channel
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binding by DC6C during the sequential-mixing experiment.
As well as displacing DC6C from the agonist sites, nicotine
effectively prevented open-channel binding by DC6C, pre-
sumably because of its weak efficacy as an agonist on the

muscle-type AChR 44) or its action as an open-channel
blocker 34) or both. In addition, channel binding of DC6C

to the desensitized state is slow enough that it is not observed
during the normal 30 s time course of DC6C dissociation
from the agonist sites. The data of Figure 5 indicate that
open-channel binding of DC6C occurs to some extent prior
to the addition of competing agonist. This can now be readily
monitored by taking advantage of the spectral shift associated
with channel binding. Nonetheless, while we can optically
and pharmacologically isolate our observations of DC6C
binding to the agonist sites, it may also be necessary to
consider the effect of the channel block on the kinetics of

conformational transitions.

Theay Site Regulates Channel Opening and Desensitiza-
tion. Channel opening generally requires higher concentra-
tions than the low micromolar ACh concentrations required

to bind the closed-stated site 3, 23), assuming the~1

uM affinity determined here. This value is consistent with

the affinity of ~1 uM determined for JHJACh binding to
the TorpedoAChR upon rapid mixing and filtration4§).

The net potency of ACh for channel-opening depends
primarily upon double occupancy of the AChR along with
the forward and backward rate constants for channel opening.

The a6 site will be fully occupied at lower concentrations,

and the concentration dependence of channel opening is,
therefore, governed largely by binding to the lower affinity
oy site. Similar agonist-site selectivity is observed for the

embryonic mouse muscle AChRY).
It has also been shown that thé site in the desensitized

conformation has a somewhat higher affinity for DC6C and

for ACh itself (11) than does thery site. While theod site

is the higher affinity site in both closed and desensitized

states, the difference in affinities between the and o
sites are larger in the closed state. Consequentlyythsite

undergoes an energetically more profound change upon

desensitization than the) site, and binding to this site drives
desensitization to the extent of 40-fold more than thie
site.

Characterization of the binding properties of DC6C
permitted us to determine the role of each site in regulating

the nicotinic receptor. Finding that the) site constitutes

the higher affinity site in the closed state, we can further

conclude that thewy site serves the primary role in defining

the EGo of opening; it undergoes a larger affinity shift upon
desensitization and contributes substantially more to the net

energy of desensitization.
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