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ABSTRACT: The nicotinic acetylcholine receptor (nAChR) belongs to a group of five structurally related
membrane proteins that play a major role in the communication betw@é# cells of the mammalian
nervous system. The receptor is inhibited by both abused drugs and therapeutic agents. During the past
two decades, many attempts have been made to find compounds that prevent cocaine inhibition of this
protein. The use of newly developed transient kinetic techniques in investigations of the inhibition of the
receptor by cocaine and MK-801 led to an inhibition mechanism not previously proposed. It was observed
that the receptor contains two inhibitory sites: one that equilibrates with the tested noncompetitive inhibitors
within ~50 ms, and a second site that equilibrates with inhibitors witHirs. The mechanism of inhibition

of the rapidly equilibrating inhibitory site has been investigated, and based on that mechanism, the first
evidence that small organic molecules exist that prevent inhibition of the rapidly equilibrating inhibitory
site was obtained. These compounds did not prevent the inhibition due to the slowly equilibrating inhibitory
site. Here, we present the first evidence that a compound (3-acetoxy ecgonine methyl ester) exists that
prevents inhibition of the slowly equilibrating inhibitory site and that the mechanism of inhibition of this
site differs from that of the rapidly equilibrating site. Bl cells containing a fetal mouse muscle-type
nAChR were used, and the receptor was activated by carbamoylcholine. The resulting whole-cell current
due to the nondesensitized nAChR was determined. Because the nAChR desensitizes rapidly, the
measurements required the use of a transient kinetic technique with a time resolution of 10 ms; the cell-
flow technique was used. Inhibitors and compounds that alleviate inhibition were tested by determining
their effects on the whole-cell current due to activation of the nAChR by carbamoylcholine.

The nicotinic acetylcholine receptor (nACHR)elongs to clinical interest. It has anticonvulsant properties and alleviates
a family of structurally related proteins that form ligand- the effects of cocaine inhibition in vivd.{, 12). Cocaine, a
gated transmembrane ion channels (reviewed id).€fhey commonly abused drug, can result in myocardial ischemia,
are involved in the rapid transmission of signals between seizures, hypothermia, and sudden ded).(The use of
~10" cells of the nervous system and in the control of transient kinetic techniques suitable for investigating protein-
intercellular communicatior2j, a process considered basic mediated reactions on cell surfaces in the micro- to mil-
to brain function 8). A variety of therapeutic agents, for |isecond time region14—16) led to the finding that the
instance, MK-801 [{)-dizocilpine] and abused drugs, receptor contains two different inhibitory sites that equilibrate
including cocaine, inhibit the nAChR and monoamine ith noncompetitive inhibitors in two different time regions
transporters and interfere with the nervous system function (17). One site equilibrates with an inhibitor within 50 ms
(4-6). Understanding the mechanism of inhibition of the  ang the other one equilibrates within about 1 s. RNA
NAChR is a longstanding7) and intensively investigated  o\ymers combinatorially selected on the basis of binding

problem @) with major implications for medicinedj. Here, 4, yhe cocaine or MK-801 site of the recepta8) displace
we consider the mechanism of action of MK-801 and cocaine inhibitors only from the rapidly equilibrating inhibitory site

on the fetal mouse muscle-type nAChR expressed ig-BC (19). These observations su S
. . . ggested that the slow inhibition
H1 cells 40). MK-801 is of both pharmacological and process involves a different inhibitor-binding site than the

T This work was supported by a grant awarded by the National f?lSt processi(9). _In sglectlng the RNA polymers nAChR-
Institutes of Health (NS 08527101737sc) to G.P.H. rich Torpedo californicaelectroplax membrane2@) were
* To whom correspondence should be addressed. E-mail: gph2@ used in which both the internal and external faces of the
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* Current address: Department of Chemistry, University of North membrane were exposetid). These RNA polymers do not

Dakota, Grand Forks, ND 58202-9024. inter_act with_ t_he slowly equilibrating inhibitory site, sug-
§ This author synthesized the compound 3-acetoxy ecgonine methyl gesting that it is on a part of the receptor not exposed on the

ester. . . .
- o : membrane surf . Until now, we have investigat nl
! Abbreviations: nAChR, nicotinic acetylcholine receptor; EME, embrane surfaces. U 0 € estigated only

ecgonine methyl ester; 3-acetoxy EME, 3-acetoxy ecgonine methyl the rapidly equilibrating inhibitory sitel(—19, 21-24). As
ester. predicted by the mechanism proposed for the rapidly
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A (kop) and closing k), in the absence and presence of
R+I+L<£>RL2<ﬂ> RLz(open) inhibitors (17, 21). These measurements indicated that the
ke . channel-opening equilibriunk{y/ks) is changed unfavorably

IKI K by noncompetitive inhibitors and accounts for receptor

SR inhibition. Accordingly, compounds that bind to this allosteric
IRL2 .. IRL2(open) site with equal affinity for the closed- and open-channel
o forms are not expected to change the channel-opening
equilibrium constant. These compounds are, therefore,

CH5 expected to displace noncompetitive inhibitors without

Q,
HsC— %0/ themselves inhibiting the receptdr9). The existence of such

HsC—N A _oH c_ompounds was verified first using combinatorially synthe-
oc@ sized RNA ligands 18, 19).
OH Can small organic molecules be found that have the same

properties as the RNA aptamers? During the last 20 years,
many attempts have been made to find compounds that
prevent cocaine toxicity, including the synthesis of hundreds
A__oH 0 CHs of cocaine analogues and derivativesZ5), so far without

— /
e H;C—%O success9). Searching through the literature, we found that

*

Cocaine Ecgonine

one of the compounds previously synthesized, RTI-4229-

“ OH 70 (26), bound to receptor-containing membranes with an
affinity two orders of magnitude weaker than did the other
RTI-4229-70 Ecgonine methyl ester cocaine analogues studied, and it was, therefore, not tested
further 7). The mechanism of inhibition of the nAChR
Q O suggested that we should test this compound on both the
HiC— 0 closed- and open-channel forms of the receptor. Using the
__CH; transient kinetic techniques that we developed, we determined
\[I that this compound binds with equal affinity to the open-

and closed-channel forms. Therefore, it does not affect the

channel-opening equilibrium and can prevent inhibition of
3-Acetoxy ecgonine methyl ester the muscle nAChR in B@1 cells by both MK-801 and

Ficure 1. (A) Proposed cyclic mechanism of inhibition of the cocaine 19). The compound (RTI-4229-70) and four syn-

rapi‘?]'y .eq”i”bra“”? fSit‘ih of the ?Cewlfc.h?]'.it;‘.? ret‘)’ef.’tor- dT?rift thesized analogues of it, all tropane analogues, prevented
mechanism accounts for the prevention of inhibition by ligands that ; > . : o Ee = .
can displace the inhibitor from the rapidly equilibrating site of the IMniPition of the rapidly equilibrating inhibitory site of the

receptor 17, 19). K, is the observed dissociation constant for the receptor by MK'891 and cocain@4). So far, all of the
activating ligand L,K,, the dissociation constant of the inhibitor ~compounds investigated, the RNA polymeis,(19) and

from the closed-channel conformations RL or Riand E the the tropane analogueg4), protect only the rapidly equili-
dissociation constant of the inhibitor from the open-channel brating inhibitory site of the muscle-type nAChR in B€l
conformation RL,. The subscript 2 designates the number of cells. A neuronal-type nAChR, who$e334 subunits were
ligand molecules bound to the receptap. is the equilibrium  expressed in HEK 293 cells, exhibited a mechanism of
constant for the conversion of Rto RL, (@ = RL,/RL,), and®, inhibition by cocaine and MK-80128) essentially the same

is the equilibrium constant for the conversionlBL, to IRL, (P, as that described for the muscle-type nAChR. It also exhibits
= IRL,/IRL>). The principle of microscopic reversibility requires  two inhibitory processes, one fast and one slow. Alleviation
that®,/® = K/K,. This relationship indicates (i) ligands that bind  of inhibition of only the fast inhibitory process of this
to a regulatory site on the Rlform with higher affinity than to  receptor was investigate@§). Both RNA aptamers and a
the site on théRL, form will shift the equilibrium from the open-  tropane derivative [ecgonine methyl ester (EME)] were found
channel conformation toward the closed-channel conformation andtq glleviate the rapid inhibitory proces2gj. Here, we present

the receptor-mediated reaction will be inhibited; (ii) ligands that . ; : :
bind with equal or higher affinity to the open-channel conformation the first evidence that a compound also exists that alleviates

than to the closed-channel conformation will not change the the inhibition of the slowly equilibrating site of the muscle-
channel-opening equilibrium in an unfavorable wag)( These type nAChR.

ligands will not, therefore, inhibit the receptor-mediated reaction

but can prevent the binding and action of inhibitoks, is the MATERIALS AND METHODS

dissociation constant of these ligands. MK-801 and cocaine also M ials.Carb icholi EME . d .
bind to a slowly equilibrating inhibitory site, presumably on the aterials.Carbamoyicholine, » €cgonine, and cocainé

interface between the receptor and the membrak®. (The were purchased from Sigma (St. Louis, MO), and)~(

mechanism of the inhibition involving this site is not yet known. dizocilpine (MK-801) was purchased from Research Bio-

(B) Structures of cocaine and derivatives used in this study. chemicals International (Natick, MA). The chemicals for the
cell culture were purchased from Invitrogen/Gibco (Grand

equilibrating inhibitory site of the receptor (Figure 1A), Island, NY), Fisher Scientific (Chicago, IL), and Sigma,

compounds that inhibit the receptor were found to bind to a unless otherwise indicated.

regulatory (allosteric) site on the closed-channel conformation The mammalian clonal B{I1 cell line that expresses

with higher affinity than to the open-channel form7( 21, muscle-type nAChRs was cultured as descrikigd). (

23). Using rapid chemical kinetic techniquelb( 16), it was Synthesis of 3-Acetoxy EMEME (0.016 g, 0.33 mM)

possible to determine the rate constants for channel openingvas added to 3 mL of acetic anhydride, and the solution



Small Molecules that Prevent nAChR Inhibition Biochemistry, Vol. 43, No. 31, 2004.0151

was stirred in a boiling water bath at 9& for 5.5 h. The receptor inhibition 19, 24). Analysis of the data and
remaining acetic anhydride was removed under low pressurenonlinear least-squares fitting were done using Origin
(vacuum pump) at about 6@ and then placed under high software (MicroCal, Northampton, MA)L4).

vacuum for 24 h at room temperature to remove all of the

acetic acid or the anhydride. The resulting oil was dissolved Ay lo

in small amounts of water (12 mL) and filtered using KI_ 1+ K,(obs) (I-A)
Whatman #1 filter paper to remove any insoluble residues.

The aqueous solution was frozen and lyophilized to give A lo

3-acetoxy EME, as a yellow oil. Yield: 0.019 g (100%H A, -1 K; (obs) (I-B)

NMR (D0, 300 MHz): 6 2.06 (s, 3H), 2.1+2.46 (m, 6H),
2.83 (s, 3H), 3.51 (dd}; = 1.9 Hz,J, = 7.3 Hz, 1H), 3.80
(s, 3H), 4.01 (br s, 1H), 4.17 (br d,= 5.9 Hz, 1H), 5.32
(dt, 3, = 7.5 Hz,J, = 10.2 Hz, 1H).2*C NMR (DO, 75.5
MHz): 6 17.4,19.7, 20.8, 29.6, 35.9, 43.2, 50.5, 60.2, 61.0,
61.1, 170.1, 170.4. EIM8Vz (relative intensity): 242.2 (M
+1, 4),241.2 (M, 26), 210.1 (11), 198.1 (10), 182.2 (100),
168.1 (13), 122.1 (10), 96.1 (35), 94.1 (32), 83.1 (40), 82.1
(90), 67.1 (20), 55.1 (17). HRMS (high-resolution mass
spectroscopy, GALBRAITH Laboratories, Inc., Knoxville,
TN) calculated for GH1gNO,4, 241.1314; found, 241.1315.
Whole-Cell Current RecordingCurrents were recorded

Ao and A or A, are the corrected current measured in the
absence and presence of the inhibitor, respectivély.
represents the current associated with the rapidly equilibrating
site andA,;, the current associated with the slowly equilibrat-
ing inhibitory site.l, represents the inhibitor concentration.
Ki(obs) andK;(obs) represent the dissociation constants of
the inhibitor from the rapidly and slowly equilibrating sites,
respectivelyK, andK,, represent the dissociation constants
of compounds that alleviate inhibition of the rapidly and
slowly equilibrating inhibitory sites of the receptor, respec-

using the whole-cell configuratior29) at room temperature, tively.

—60 mV, and pH 7.4. The solution in the recording pipet A, Iy K,

contained 140 mM KCI, 10 mM NaCl, 2 mM Mggl1 mM YN 1+ (11-A)
EGTA, and 25 mM Hepes, adjusted to pH 7.4. The bath ' Ki(obs)K, + [EME]

solution contained 145 mM NacCl, 5.3 mM KCI, 1.8 mM Wh dv th il ibrati . A
CaCb, 1.2 mM MgCh, and 25 mM Hepes at pH 7.4. The en we study the rapidly equilibrating site, we use eq ll-

resistance of the recording electrode filled with the buffer (19) to fit the curve anq palculatl&(o_bs) andK; _quapon

solution was typically 35 MQ, and the series resistance Il-A assumes a competitive me<?h_a_”'3m for the inhibitor and

was 5-6 MQ. The cells were held at a constant transmem- (€ compounds that prevent inhibition. [.EME] represents the

brane voltage of-60 mV and room temperature (2Z) concentration of EME. In some experiments, indicated in
e : ) the text, 3-acetoxy EME was used.

Whole-cell currents were amplified by using an Axopatch

200B (Axon Instruments) amplifier and filtered at 6.3 kHz A | K

by using a 40-pole, low-pass, Bessel filter incorporated in — =14+ 0 az (11-B)

the amplifier. The filtered signal was digitized by using a A K, /(obs)Ky; + [EME]

Labmaster DMA 100 kHz digitizing board (Scientific Solu- o .

tions) controlled by Axon pCLAMP software. When we study only the slowly equilibrating site and after

Cell-Flow Method.The use of the flow device for rapid ~We evaluate;(obs) ancK, for the rapidly equilibrating site,
solution exchange at the surface of a cell has been described/€ use eq II-B to evaluat, (obs) andKa; for the slowly
in detail (14, 30, 31). The device, consisting of a U-tube €quilibrating site. . .
and a preincubation tube, allows one to preincubate a solution The smpoth Imgs in the flgur_es were qbtamed by use of
of a compound with a cell before a solution containing this the equation mentioned in the figure captions, and the value
and/or other compounds, such as the receptor-activatingOf the constant_s given in the figure captions was evaluated
ligand, are allowed to flow over the ceBY). Unless stated ~ [Tom the experimental data.
otherwise, MK-801 or cocaine was equmprated wlth the RESULTS AND DISCUSSION
receptor for 50 ms before the carbamoylcholine solution flow
over the cell was initiated when investigating the rapidly ~ The results in Figure 2 indicate that ecgonine has a weak
equilibrating inhibitory site or fo4 s (for MK-801) or 2 s effect in alleviating inhibition of the rapidly equilibrating
(for cocaine) when investigating the slowly equilibrating site. site by MK-801. TheAy/A value obtained when 500M
Current Correction for Desensitization in Cell-Flow MK-801 was preincubated with the receptor for only 50 ms
MeasurementsThe maximum amplitude of the currentis a indicates that about 77% of the receptors were inhibited. In
measure of the concentration of open-receptor channels. Inthe presence of 4@M ecgonine,~60% of the receptors were
cell-flow experiments, we correct the observed maximum still inhibited. When the receptors were preincubated with
current amplitude for the desensitization that occurs while only 1504M MK-801 but for 4 s, 50uM ecgonine did not
the receptors equilibrate with the channel-activating ligand alleviate inhibition of the slowly equilibrating inhibitory site

in the solution flowing over the cell surfac&4, 32). This (data not shown).
provides the maximum current amplitude corrected for the  The effects of EME on the inhibition of the nAChR in
desensitization. BC;HL1 cells by cocaine are shown in Figure 3. When the

Data Analysis.The assumptions made in deriving the receptor in BGH1 cells is preincubated with 2QM cocaine
equations are based on (a) the simplest inhibition mechanismfor 50 ms, it is inhibited by a factor of about 2 (Figure 3A).
of the NAChR obtained from chemical kinetic measurements The inhibition by 20QuM cocaine is prevented by10 uM
(17, 21—23) and (b) the mechanism-based alleviation of EME. The coordinates of the solid line were obtained by
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Ficure 2: Alleviation by ecgonine of the MK-801-induced
inhibition of the nAChR (at pH 7.4;-60 mV, and 22°C). At a
constant concentration (1@M) of carbamoylcholine, the ratio of
the maximum current amplitudes obtained in the absefgend
presenced, of a constant concentration of 5001 MK-801 was

determined as a function of the concentration of ecgonine. Equation

II-A was used to evaluatK (obs) andK, The cells were
preincubated with 50@M MK-801 for 50 ms before the carbam-
oylcholine solution flow over the cell was initiateld,(obs)= 259

+ 36 uM, andK, = 35 + 26 uM. Each data point is the average
of 3—10 measurements with at least 3 different cells.

evaluatingK;(obs) andK, from the measurements using eq
II-A. It may be noticed that, at the highest concentration of
EME, somewhat less alleviation of inhibition is obtained than
expected. Alleviation of receptor inhibition depends on a shift
in the channel-opening equilibrium induced by the alleviating
compound {9). EME may not induce a sufficient shift in
this equilibrium when cocaine is the inhibitor. It should be
noticed that 3-acetoxy EME completely alleviates inhibition
of the rapidly equilibrating inhibitory site when 5001 MK-
801 is the inhibitor in the presence of 10 carbamoyl-
choline (solid line of Figure 5A) but not in the presence of
500 uM carbamoylcholine (dotted line of Figure 5A).
When the receptor is preincubated with 2@ cocaine
for 2 s (Figure 3B), inhibition by the same concentration of

cocaine increased by a factor of about 4. In this case, EME

in the concentration range of20uM abolishes only~50%

of the inhibition (Figure 3B). The results in Figure 3C
indicate that EME affects mainly the rapidly equilibrating
inhibitory site. In the absence of EME, the ratio of the
maximum current amplitude when the receptor is preincu-
bated with 200uM cocaine for 50 msA,, divided by the
maximum current amplitude when the receptor is preincu-
bated with 20Q:M cocaine for 2 sA, is ~2.25. This means
that the interaction of 20M cocaine with the slowly
equilibrating inhibitory site decreases the receptor activity
by another factor of-2. Upon addition of EME, the ratio
A/A, decreases only slightly. This result indicates, therefore,
that the additional inhibition because of the binding of
cocaine to the slowly equilibrating inhibitory site is es-
sentially not alleviated by EME.

Similar results to those with cocaine are obtained when
MK-801 is the inhibitor (Figure 4). Figure 4A presents the
effects of EME on the inhibition of the nAChR by 50
MK-801 at low and high concentrations of carbamoylcholine.

In these experiments, the receptors were exposed to MK-

801 for only 50 ms, before the addition of carbamoylcholine.
In the presence of 500M carbamoylcholine (dotted line of
Figure 4A), a concentration at which the open-channel
conformation predominates, 20M EME relieves most of
the inhibition by 500uM MK-801, which is a powerful
inhibitor of the receptor. Furthermore, as predicted by the
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Ficure 3: Alleviation by EME of cocaine inhibition of the nAChR
(at pH 7.4,—60 mV, and 22°C). (A) At a constant concentration
(100 «M) of carbamoylcholine, the ratio of the maximum current
amplitudes obtained in the absend®, and presenced, of a
constant concentration (2QM) of cocaine was determined as a
function of the concentration of EME. Equation II-A was used to
evaluateK;(obs) andK,. The cells were preincubated with 200
cocaine for 50 ms before the carbamoylcholine solution flowed over
the cell.K (obs)= 252 + 52 uM, andK, = 1.2 + 0.8 uM. (B)
Slowly equilibrating inhibitory site. The cells were preincubated
with 200uM cocaine for 2 s. Equations I-B and II-A were used to
evaluate the dat&(obs)= 251 + 30 uM, K;(obs)= 175+ 4
uM, andK, = 0.8+ 0.2 uM. A higher concentration of EME (40
uM) did not alleviate the cocaine inhibition more (data not shown).
(C) Ratio of the maximum current amplitudes obtained in the
presence of 20@M cocaine without A)) and with @) preincu-
bation with 200uM cocaine fo 2 s was determined as a function
of the concentration of EME. Each data point represents the average
of 3—10 measurements with at least 2 different cells.

mechanism of MK-801 inhibition of the rapidly equilibrating
site of the NAChR 19), EME is as effective in relieving the
receptor inhibition in the presence of 1@® carbamoyl-
choline when the concentration of receptors in the open-
channel form is low (solid line of Figure 4A), as it is at
high concentrations (500M carbamoylcholine), when most
receptors are in the open-channel conformation. The mech-
anism of MK-801 inhibition of the rapidly equilibrating site
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Ficure 4: Alleviation by EME of MK-801 inhibition of nAChR
(at pH 7.4,—60 mV, and 22C). (A) Cells were preincubated with
500uM MK-801 for 50 ms before the carbamoylcholine solution
flow over the cells was initiated. Equation II-A was used to evaluate
Ki(obs) andK,. (—) 100 uM carbamoylcholine, withK,(obs) =
2644+ 13uM andK, = 12.7 £ 2 uM; (+-++) 500 uM carbamoyl-
choline, withK (obs)= 5114+ 41 uM andK,= 8.7+ 2.5uM. (B)
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4A). The results in Figure 4B show that EME interacts with
only the rapidly equilibrating inhibitory site. They indicate
that the ratios of the current amplitudg/A,, obtained in
the presence of 150M MK-801 after preincubation for 50
ms (A) and 4 s ) are not affected by increasing the EME
concentration to 15Q:M, meaning that EME does not
alleviate inhibition of the slowly equilibrating inhibitory site.

Previous experimentd {—19) suggested that the second
inhibitory site for MK-801 on the nAChR is within the cell
membrane rather than on the cytoplasmic surface of the
receptor and, therefore, may not be accessible to the
negatively charged molecules. To test this suggestion and
to make an analogue that is more soluble in the membrane,
we modified the structure of EME by acetylating its
3-hydroxy group to obtain 3-acetoxy EME (Figure 1B).

The results in parts AC of Figure 5 show that, at 100
uM carbamoylcholine, 3-acetoxy EME interacts not only
with the rapidly equilibrating inhibitory site (Figure 5A), but
also prevents inhibition when MK-801 is allowed to interact
with the slowly equilibrating inhibitory site (parts B and C
of Figure 5). This is the first small molecule reported that
prevents an inhibitor, MK-801, from binding to the slowly
equilibrating inhibitory site. Furthermore, 3-acetoxy EME
binds to the rapidly equilibrating site with higher affinity
than does EME. Under the same conditions of carbamoyl-
choline and MK-801 concentrations, the valu&gfor EME
is 12.7+ 2 uM (Figure 4A) and for 3-acetoxy EME (Figure
5A) itis 0.76 £ 0.3 uM.

The observation that 3-acetoxy EME prevents MK-801

Ratio of the maximum current amplitudes obtained in the presence inhibition of both the rapidly and slowly equilibrating sites

of 150uM MK-801 without (A)) and with @) preincubation with
MK-801 for 4 s was determined as a function of the concentration
of EME. Each data point represents the average-df(Bmeasure-
ments with at least 3 different cells.

indicated that inhibition occurs by the compound binding to
its site with higher affinity when the receptor is mainly in

of the nAChR indicates the importance of an acetoxy group
at the C-3 position of the tropane ring in the interaction of
the compound with the nAChR. The experimental results
suggest that a hydrogen bond to the@ group of the acetyl
group and/or hydrophilicity may play an important role in
the interaction between the drug and the receptor. Interest-
ingly, 3-acetoxy EME alleviates cocaine inhibition of only

the closed-channel form (at low carbamoylcholine concentra- the slowly equilibrating inhibitory site (Figure 6A) but not
tions) than when the receptor is mainly in the open-channel of the rapidly equilibrating inhibitory site (Figure 6B). The

form (17). As observed earlier, this expectation is realized
(19). In the experiments reported here, faevalue for MK-
801 is 264+ 13 uM at low concentrations of carbamoyl-
choline and 511+ 41 uM at higher concentrations of
carbamoylcholine (Figure 4A).

The inhibition mechanism of the rapidly equilibrating
inhibitory site of the nAChR also predictd9) that com-
pounds that bind to the inhibitory site with equal affinity
for the closed- and open-channel receptor forms will not

observation that 3-acetoxy EME alleviates MK-801 inhibition
of the rapidly equilibrating site (solid line of Figure 5A) but
not cocaine inhibition (Figure 6B) suggests that the rapidly
equilibrating inhibitory sites for cocaine and for MK-801
are not identical.

At a high concentration of carbamoylcholine, when the
open-channel form is dominant, 3-acetoxy EME did not
alleviate the inhibition of the nAChR by MK-801 at the
rapidly equilibrating inhibitory site (open circle of Figure

inhibit the receptor and at the same time can displace 5A). At high carbamoylcholine concentrations, it has only a

inhibitors from their site. The alleviation of MK-801 inhibi-
tion of the rapidly equilibrating site of the receptor by EME
is shown in Figure 4A. The apparent dissociation con-
stant of EME,K,, is 12.7+ 2 uM at low concentrations
of carbamoylcholine and about 8% 2.5 uM at high

minor effect in alleviating the inhibition of the slowly
equilibrating inhibitory site by MK-801 (dotted line of Figure
5B). These are in contrast to the experimental results obtained
with MK-801 in the presence of low, i.e., 10QM,
carbamoylcholine (solid lines of parts A and B of Figure 5).

carbamoylcholine concentrations, indicating that EME binds The mechanism of the rapidly equilibrating site indicates,

with about the same affinity whether the receptor is mainly
in the closed- or open-channel form conformation.

however, that noncompetitive inhibitors bind with higher
affinity to the closed-channel form of the receptor (low

In the experiments shown in Figure 4B, the receptor was carbamoylcholine concentrations) than to the open-channel

preincubated with 15«M MK-801 for 4 s before the

form (high carbamoylcholine concentrations) and, thereby,

measurements were made. Considerably more inhibitionshift the channel-opening equilibrium toward the closed-
results in these experiments than when the receptors werechannel form {9). Consequently, compounds that alleviate
equilibrated with 50«M MK-801 for only 50 ms (Figure receptor inhibition and bind equally to the closed- and open-



10154 Biochemistry, Vol. 43, No. 31, 2004

L N w
S (9} S
P TP R T

Current Ratio (Ay/A))

=
(e}
L

(I) ’ é 1I0 115
[3-Acetoxy EME] uM

Current Ratio (Ay/Ay)

0 T T T T T
0 20 40 60 80

[3-Acetoxy EME] uM

T
100

w
o
|

N
[¢,]
1

N
o
1

-
(3}
1

E [ ]

0 20 40 60 80
[3-Acetoxy EME] uM
Ficure 5: Alleviation by 3-acetoxy EME of MK-801 inhibition
of the nAChR (at pH 7.4-60 mV, and 22°C). (A) Cells were
preincubated with 50«tM MK-801 for 50 ms. At a constant
concentration<{, 100u4M and----, 500uM) of carbamoylcholine,
the ratio of the maximum current amplitudes obtained in the
absenceA,, and presencdy,, of a constant concentration (50M)
of MK-801 was determined as a function of the concentration of
3-acetoxy EME. Equation II-A was used to evaluktéobs) and
Ka for the solid line.K;(obs)= 281 + 16 uM, andK, = 0.76 &+
0.3uM. (B) Cells were preincubated with 150 MK-801 (—) or
500uM MK-801 (----) for 4 s before the flow of a solution of 100
uM (—) or 500uM (---+) carbamoylcholine and the inhibitor over
the cell was initiated. At a constant concentration (100 or/4a)
of carbamoylcholine, the ratio of the maximum current amplitudes
obtained in the absencdy,, and presenced;, of a constant
concentration (150 or 508M) of MK-801 was determined as a
function of the concentration of 3-acetoxy EME. (C) Ratio of the
maximum current amplitudes obtained in the presence ofu80
MK-801 without (&) and with @) preincubation with MK-801

Current Ratio (A/A)

-
o

——
100

Chen et al.

2.0q A

1.8

= 2
A O
1 1

1.2

Current Ratio (Aj/A;)
5

0.8+

0O 20 40 60 80 100

[3-Acetoxy EME] uM

3.0

2.54

[+t s
204 &

15

1.0—-

0.54

Current Ratio (Ay/A;)

0.0

0 20 40 60 80 100

[3-Acetoxy EME] uM
Ficure 6: Alleviation by 3-acetoxy EME of cocaine inhibition of
the nAChR (at pH 7.4-60 mV, and 22°C). (A) At a constant
concentration (10Q«M) of carbamoylcholine, the ratio of the
maximum current amplitudes obtained in the presence ofu200
cocaine without4,) and with @) preincubation with cocaine for
2 s was determined as a function of the concentration of 3-acetoxy
EME. Equation 1I-B was used to evalu®g(obs) andK,. K; (obs)
= 295+ 91 uM, and K, = 8.2 £ 8 uM. (B) At a constant
concentration (10Q«M) of carbamoylcholine, the ratio of the
maximum current amplitudes obtained in the abserge,and
presenceA,, of 200 uM cocaine preincubated with the receptor
for 50 ms was determined as a function of the concentration of
3-acetoxy EME. Each data point represents the average-003
measurements with at least 3 different cells.

organic molecules24) were found that fulfill this expecta-
tion. As can be seen, EME exhibits this behavior in
alleviating MK-801 inhibition at both low and high concen-
trations of carbamoylcholine at which the open channel exists
in low and high concentrations, respectively (Figure 4A), as
predicted by the mechanism of inhibition associated with
the rapidly equilibrating sitelQ, 24).

The results in Figure 5 indicate that the mechanism of
inhibition of the slowly equilibrating inhibitory site of the
muscle-type nAChR is different from that of the rapidly
equilibrating inhibitory site. In contrast to the rapidly
equilibrating site, considerably less alleviation of receptor
inhibition is obtained at high concentrations of carbamoyl-
choline than at low concentrations. It can be seen that, at
even low concentrations of carbamoylcholine, the data for
the alleviation of the slowly equilibrating inhibitory site by
3-acetoxy EME (Figure 5C) do not quite fit the calculated

for 4 s was determined as a function of the concentration of solid curve. The solid curve, however, is based on eq II-B
3-acetoxy EME. Equation II-B was used to evaluate the apparent derived on basis of the mechanism of the rapidly equilibrating

dissociation constant for the inhibitor and the compoukg®bs)
and Ka{app). Ki(obs)= 106 + 10 uM, and K, = 18 + 5 uM.
Each data point represents the average-f@measurements with
at least 3 different cells.

inhibitory site.

SUMMARY

channel forms are not expected to affect the channel-opening The mechanism of inhibition of the rapidly equilibrating
equilibrium but are expected to be effective in displacing inhibitory site of the nAChR can be investigated by transient
the inhibitor (L9). Indeed, both RNA polymerd9) and small kinetic techniques (reviewed in reff6). The mechanism
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predicted the properties of compounds that would alleviate 6.
this inhibition (19, 24). EME shares these properties (parts
A and B of Figure 3 and Figure 4A) with the compounds

investigated previously 10, 24) and does not alleviate
inhibition of the slowly equilibrating inhibitory site (Figure
3C and Figure 4B). The alleviation experimeris,(24) and

those presented here are good indications that one is dealing

with two different inhibitory sites. If the slow and rapid

inhibitory processes represent two consecutive reactions, one 9-
fast and one slow, compounds that alleviate the fast step of
the inhibition reaction are also expected to prevent the 1p.

Biochemistry, Vol. 43, No. 31, 20040155

Kuhar, M. J., Ritz, M. C., and Boja, J. W. (1991) The dopamine
hypothesis of the reinforcing properties of cocairleends
Neurosci. 14299-302.

.Neher, E., and Steinbach, J. H. (1978) Local anaesthetics

transiently block currents through single acetylcholine-receptor
channels,). Physiol 277, 153-176.

8. Arias, H. R., Kem, W. R., Trudell, J. R., and Blanton, M. P. (2003)

subsequent slower reaction step. The same argument can be
made for parallel inhibition reactions that originate from the

relative slowness of the second inhibition reactidy)(
suggest that the second inhibitory site is within the cell
membrane and not accessible to RNA polymer8, (19).

We, therefore, designed a compound, 3-acetoxy EME, that
we expected to be more soluble in the cell membrane than 13.

the parent compound EME (Figure 1B), which does not
alleviate inhibition of the slowly equilibrating site (Figure
4B). 3-Acetoxy EME is the first known compound that
alleviates inhibition of the slowly equilibrating inhibitory site
by cocaine and MK-801 (parts B and C of Figure 5 and
Figure 6A). In contrast to the other compounds mentioned
(19, 24) that alleviate only the rapidly equilibrating inhibitory
site, 3-acetoxy EME shows an effect only at low carbam-
oylcholine concentrations when the receptor is mainly in the
closed-channel conformation.

Investigation of neurotransmitter receptor inhibition is a
long-standing 4, 7) and intensively investigated problem
with major implications for medicined(-6). There are more

than 5 million cocaine users in the United States alone at an

estimated cost to society 660 billion dollars annually33).

Itis expected that in the case of cocaine users both the rapidly

and slowly equilibrating sites of the nAChR will be affected.

Here, we presented the first evidence that compounds exist

that can prevent cocaine inhibition not only of the rapidly
equilibrating inhibitory site, but also of the slowly equilibrat-

ing

inhibitory site of the NAChR. What the mechanism of

inhibition of the slowly equilibrating receptor site is, as well

as the development of compounds that alleviate cocaine

poisoning in whole animals, present interesting problems for
future investigations.
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