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Abstract

Neuronal nicotinic acetylcholine receptors (nAChR)
are ligand gated ion channels thatmediate fast synaptic
transmission. Methyllycaconitine (MLA) is a selective
and potent antagonist of the R7 nAChR, and its
anthranilate ester side-chain is important for its acti-
vity. Here we report the influence of structure on
nAChR inhibition for a series of novel MLA analogs,
incorporating either an alcohol or anthranilate ester
side-chain to an azabicyclic or azatricyclic core against
rat R7, R4β2, and R3β4 nAChRs expressed in Xenopus
oocytes. The analogs inhibited ACh (EC50) within an
IC50 range of 2.3-26.6 μM. Most displayed noncom-
petitive antagonism, but the anthranilate ester analogs
exerted competitive behavior at the R7 nAChR. At
R4β2 nAChRs, inhibition by the azabicyclic alcohol
was voltage-dependent suggesting channel block. The
channel-lining residues of R4 subunits were mutated
to cysteine and the effect of azabicyclic alcohol was
evaluated by competition with methanethiosulfonate
ethylammonium (MTSEA) and a thiol-reactive probe
in the open, closed, and desensitized states of R4β2
nAChRs. The azabicyclic alcohol was found to com-
pete with MTSEA between residues 60 and 130 in a
state-dependent manner, but the reactive probe only
bondedwith 130 in the open state. The data suggest that
the 130 position is the dominant binding site. Ligand
docking of the azabicyclic alcohol into a (R4)3(β2)2
homology model of the closed channel showed that the
ligand can be accommodated at this location. Thus our
data reveal distinct pharmacological differences between
different nAChR subtypes and also identify a specific
binding site for a noncompetitive channel blocker.
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homology model, reactive probe

N
euronal nicotinic acetylcholine receptors
(nAChRs) are members of the ligand-gated
ion channel (LGIC) superfamily that med-

iate fast synaptic transmission between neural cells.
nAChRs insert into the cell membrane as a pentameric
complex that is arranged around a central ion-conducting
pore (1). Each subunit is comprised of a large extracellular
N-terminal region, four transmembrane domains (M1-
M4), two short loops (M1-M2 and M2-M3), a large
intracellular loop (M3-M4), and a short extracellular
carboxy terminal. The cationic transmembrane channel
is predominately lined by theR-helicalM2 domain, where
cations passively pass through the receptor.

The nAChRsmodulate neuronal function associated
with cognition, learning and memory, arousal, cerebral
blood flow andmetabolism and have been implicated in
a variety of pathological conditions, such asAlzheimer’s
disease, Parkinson’s disease, nicotine addiction, pain,
epilepsy, and schizophrenia (2). For this reason, there is
great interest in the development of selective neuronal
nAChR ligands as therapies (3). Eleven different
nAChR subunits have been identified and cloned thus
far frommammalianbrain, and these includeR2-7,9,10
and β2-4 subunits (4). The R subunits contain a
disulfide bridge formed by two adjacent cysteine resi-
dues, while the β subunits lack this motif. Both hetero-
meric and homomeric combinations of these subtypes
exist. Heteromeric nAChRs are made up of R and β
subunits in mainly a 2:3 and or 3:2 stoichiometric ratios
(5, 6). Thus, in the pentamer, there are twopossibleACh
binding sites (1, 7), while homomeric receptors contain
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five (8). In thebrain, heteromericR4β2,R3β4 andhomo-
meric R7-subtypes dominate, but the extent of receptor
variability is yet to be determined, largely because of an
absence of selective ligands to aid their characterization
and location.

Methyllycaconitine (MLA, 1, Figure 1) is a selective
and potent antagonist of the R7 nAChR (9), but it is
not useful clinically because of its unfavorable mole-
cular properties (10, 11). In an attempt to identify more
“drug-like” nAChR antagonists, we previously devel-
oped a series of simpler azatricyclicMLAanalogs incor-
porating a side-chain. Of particular interest was azatri-
cyclic anthranilate ester 2 (12, 13), which was based on
the ring system ofMLAand a competitive antagonist at
the R7 nAChR, displaying noncompetitive inhibition at
R4β2 and mixed effects on R3β4 nAChRs (Figure 1)
(14). The sites of interaction of compound 2 at hetero-
meric receptors are unknown. Many noncompetitive
antagonists (NCAs) are known to inhibit nAChRs by
sterically blocking the open ion channel. Here, agonists
would be modulating the accessibility of channel block-
ers to the pore. Other NCAs have been found to block
both the open and closed channels (15). Thus the M2
domain incorporates the binding site for many NCAs,
including tetracaine, carbamazepine and barbiturates,
aswell as anesthetics suchasphencylidine andketamine,

and antidepressants (See (16) for a comprehensive
review of known NCA binding sites).

In this study, a range of simple MLA analogs were
investigated at rat R7, R3β4, and R4β2 nAChRs. We
specifically sought to more closely define the structural
features that give rise to the competitive or noncompe-
titive inhibition of the previously reported azatricyclic
compound 2 at R7, R4β2, and R3β4 nAChRs by eval-
uating the azatricyclic analog lacking the anthranilate
ester side-chain 3 (12, 13) and their corresponding
azabicyclic analogs, 4 and 5 (17, 18), respectively. In
addition, the NCA bicyclic alcohol 5 was used to
identify the likely sites of ligand interactions within the
channel of R4β2 receptors. Using SCAM in combina-
tionwith a reactive probe, we show that bicyclic alcohol
5 competes with MTSEA between 60-130 of the M2
domain of the R4β2 nAChRs, while the reactive probe,
bicyclic mustard 6, bonds solely at the 130 position.

Results and Discussion

Effects of MLA Analogs on nAChRs
Oocytes expressing R4β2, R3β4, and R7 nAChRs

responded toACh in a concentration-dependentmanner
with current amplitudes ranging from 0.05-5, 0.05-0.2,
and 0.05-1.2 μA, respectively. As shown in Figure 2, the
amplitudes of ACh induced currents decreased at higher
concentrations, due to receptor desensitization (14).The
EC50 values obtained were 136.2 μM(95%CI=99.54-
186.4) for R4β2, 222.3 μM (95%CI= 181.0-273.0) for
R3β4, and 277.7 μM (95% CI = 262.1-294.2) for R7
nAChRs.

The effects of compound 2 have previously been re-
ported (14) and showed competitive antagonism at R7,
noncompetitive antagonism at R4β2 and mixed competi-
tive and noncompetitive antagonism at R3β4 nAChRs.
This data is summarized in Table 1 for comparison to the
activities determined for theMLAanalogs3-6 (Figure 1).

Like compound 2, compounds 3-6did not activate the
nAChRson their own showing that theywerenot agonists
(data not shown).When coappliedwithACh (EC50), they
reduced the response in a concentration-dependent man-
ner. Using bicyclic alcohol 5 as a model molecule, we
constructed a time course for the inhibition of ACh (100
μM) at R4β2 nAChRs and found that stable and repro-
ducible levels of inhibition were reached only after a 3min
preincubation (Figure 3A). With a 3 min incubation, the
IC50 for bicyclic alcohol 5dropped from53.2μM(95%CI
= 18.8-50.6 μM) to 11.6 μM (95%CI= 5.2-25.8 μM;
Figure 3B and Table 1), which is a 5-fold change. More-
over, bicyclic alcohol 5 (30 μM) inhibited the Imax of ACh
from 106% (95% CI = 88-126%) to 58% (95% CI =
43-72%; p<0.05; Figure 3C;Table 1) in the presence of a
3 min incubation. For all experiments, a 3 min preincuba-
tion was therefore used.

Figure 1. Methyllycaconitine 1 and simple analogs. Azatricyclic
anthranilate ester 2, azatricyclic alcohol 3, azabicyclic anthranilate
ester 4, azabicyclic alcohol 5, and azabicyclic mustard 6.
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Figure 2. Concentration-response curves for ACh alone (0) and ACh in the presence of compounds (30 μM) 2 (2), 3 (b), 4 (9), and 5 (1)
at (A) R4β2 normalized to 1 mM ACh (B) R3β4 normalized to 1 mM ACh and (C) R7 normalized to 10 mM ACh with a 3 min
preincubation period. Data are presented as the mean ( SEM (n = 3 - 15 oocytes). All compounds studied were NCAs (represented
by a significant drop in Imax and no significant rightward shift of the ACh EC50) at R4β2 and R3β4 nAChRs albeit compound 2 was
previously reported (14) to have mixed competitive and noncompetitive properties as there was both a drop in Imax and shift in EC50

(Table 1). At R7, only compounds 3 and 5 were noncompetitive, while compounds 2 and 4 exhibited competitive rather than
noncompetitive effects.

Figure 3. (A)Normalized currents (ACh, 100 μM) versus preincubation times with bicyclic alcohol 5 (30 μM) atR4β2 nAChRs. Themaximum
inhibition of ACh (100 μM) exhibited by bicyclic alcohol 5 was achieved within 3 min, with no further increase thereafter. (B) Concentration-
inhibition curves of bicyclic alcohol 5 in the presence of ACh (100 μM) without (b) and with (O) a 3 min preincubation. The IC50 values
for bicyclic alcohol 5 with (11.6 μM; 95% CI = 5.2-25.9) and without (53.2 μM; 95% CI = 18.8-150.6) preincubation were statistically
different (Student’s t test; p < 0.05). Data are normalized to ACh (EC50; IACh(100 μM)) and are presented as the mean ( SEM (n = 3-15
oocytes). (C) Concentration-response curves for ACh alone (0) and ACh in the presence of bicyclic alcohol 5 (30 μM)without preincubation
(b) and with a 3 min preincubation (O). Data are normalized to ACh (1 mM; Imax) in the absence of compound and are presented as
mean ( SEM (n = 3-5 oocytes).

Table 1. Effect of MLA Analogs 2-6 at R4β2, R3β4, and R7 nAChRs

R4β2 R3β4 R7

analog IC50 (μM)a (95% CI)b Imax
c IC50 (μM)a (95% CI)b Imax

c IC50 (μM)a (95% CI)b Imax
c

2
d 7.15 (4.1-12.3) 0.39 (0.24-0.54) 16.0 (6.0-42.4) 0.89 (0.77-1.00) 11.2 (5.5-22.8) 0.92 (0.34-1.5)

3 21.1 (13.7-32.3) 0.24 (0.24-0.27) 7.9(5.5-11.4) 0.80 (0.69-0.92) 26.6 (18-37.6) 0.58 (0.55-0.59)

4 4.66 (2.3-9.2) 0.52 (0.28-0.71) 2.3 (0.9-6.2) 0.26 (0.16-0.36) 20.7 (7.0-61.4) 1.06 (0.79-1.32)

5
e 11.6 (5.2-25.9) 0.58 (0.43-0.72) 14.3 (2.5-24.8) 0.53 (0.46-0.61) 23.5 (12.2-45.1) 0.53 (0.39-0.68)

5f 53.2 (18.8-150.6) 1.06 (0.88-1.24)

6 10.9 (2.4-49.8) 0.70 (0.58-0.82)

aThe concentration of the antagonist that inhibit 50% of ACh response (EC50; the concentration that activates 50% of maximum response)
at the nAChR specified. The EC50 concentrations for ACh used were 100 (R4β2), 300, (R3β4), and 300 μM (R7). b 95% Confidence Intervals (CI);
data obtained from 3 to 12 oocytes. c Imax is the maximum current produced by ACh alone or ACh in the presence of antagonist (30 μM) at a
specified nAChR. dData taken from ref 14. eData for bicyclic alcohol 5 with a 3 min preincubation. fData for bicyclic alcohol 5 with no
preincubation.
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The IC50 values for compounds 3-5were determined
against an EC50 concentration of ACh (100 μM for
R4β2, 300 μM for R3β4 and 300 μM for R7) for each
nAChR and were similar to that of compound 2,
ranging from 2.3-26.6 μM (Table 1).

At R7 nAChRs, compounds 3 and 5 showed a
significant reduction in Imax (58% (95% CI: 55-59%)
and 53% (95% CI: 39-68%) respectively; Table 1) for
ACh, but compounds 2 and 4 displayed a significant
rightward shift in the EC50 of ACh (p<0.05) with no
reduction in the Imax, which is consistent with competi-
tive block. This data highlights the importance of the
anthranilate ester moiety for the competitive effects of
compounds 2 and 4 at homomeric R7 nAChR.

Recently, Hansen and colleagues presented a cocrys-
tal of the MLA-A-AChBP complex (19). The rigid
hexacyclic core of MLA was positioned between two
AChBP interfaces, a region homologous to theN-termi-
nal region of R7 subunits. The optimal conformation
had the E ring (N-ethylpiperidine) of MLA in a chair
conformation and the major interaction was the edge-
to-face stacking of the E ring with the amino acid
Trp147 of the A-AChBP. Due to the flexibility of the
anthranilate side chain of MLA, it was extended to
occupy a second pocket within theAChBPand thus had
its own distinct interactions with the receptor (19). As
compounds 2 and 4 contain the anthranilate side chain,
the binding mode may be similar to MLA at this
receptor. Interestingly when the anthranilate side chain
was removed, the resulting alcohols 3 and 5were NCAs
at R7 nAChR. As there was no significant difference in
the activity of the azatricyclic compared to the azabi-
cyclic alcohols or esters, we suggest that the anthranilate
side chain directs the compounds to the orthosteric site.
In the case of the natural product MLA, removal of the
side-chain methyl group, succinimide ring or anthrani-
late ester side chain results in a 20-, 210- or 1300-fold

decrease, respectively, as observed in competitive bind-
ing assays at rat brain R7 nAChR (20-22).

Unlike compound 2, the actions of compounds 3-5

at the R3β4 nAChR were insurmountable indicating
noncompetitive antagonism (Table 1; Figure 2). As com-
pound 2 had mixed competitive and noncompetitive
effects on this receptor, it indicates theremaybe twobind-
ing sites, with the competitive component corresponding
to theagonist-binding site (23,24). In contrast the location
of the noncompetitive binding site is unknown although a
studyusingcomputational analysis andblinddockingofa
series of monocyclic MLA analogs indicated that the
noncompetitive binding site may lie at the interface of
theR andβ subunits and in close proximity to the agonist-
binding site in theR3β4 nAChR (25). One reason for why
compound 2 has a different pharmacological profile to
compound4may lie in the sizeof themolecule; compound
2 contains an azatricyclic core while compound 4 is
bicyclic and the ring size difference may account for the
observed pharmacological differences between the two
compounds at this receptor subtype.

Figure 4. Voltage-dependence of bicyclic alcohol 5 inhibition at R4β2 wildtype nAChRs. (A) Current-voltage curves obtained by clamping
cells (n = 4) between -90 mV and 0 mV in 10 mV steps, with ACh (100 μM) alone (0) or ACh (100 μM) in the presence of bicyclic alcohol
(30 μM) (b). Data is normalized to current generated by ACh (100 μM) alone held at -90 mV. (B) Plot of ACh (100 μM) current block
expressed as the ratio of blocked current (30 μM bicyclic alcohol 5) over ACh control current (IDrug/IACh) versus membrane potentials
(n = 4). Bicyclic alcohol 5 (30 μM) exerts a stronger block at more negative potentials.

Table 2. Effect of ACh on Wild-Type and Mutant
R4β2 nAChRs

R4 Subunita EC50 (μM)b 95% CI (μM)c nH
d EC50Mut/EC50WT

WT 136.2 99.5-186.4 1.0( 0.2 N/A

T20C 198.5 94.1-419.0 0.9( 0.2 1.46

S60C 140.3 63.6-309.7 0.9( 0.3 1.03

L90C 103.0 27.7-383.3 0.5( 0.1 0.76

V130C 60.1 13.0-183.4 0.4( 0.1 0.44

L160C 71.7 12.2-420.5 0.4( 0.1 0.53

aACh-induced currents were recorded in oocytes expressing either
wildtype R4 or cysteine-substituted R4 mutants coexpressed with
wildtype β2 subunits. Data obtained from 3-12 oocytes over at least
2 batches. bConcentration of agonist that activates 50% of maximal
response at the nAChR specified. Values were obtained from 3-8
oocytes over at least two batches. c 95% Confidence Intervals (CI).
dHill Coefficients and are mean ( SEM (n = 3-12).
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Like compound 2, compounds 3 - 5 were NCAs at
R4β2nAChRs (p<0.05; Table 1; Figure 2). Furthermore
bicyclic alcohol 5 inhibited ACh currents at membrane
potentials ranging from -90 mV to 0 mV, but exhibited
stronger block atmore negative potentials (Figure 4). This
indicates that the inhibitory effects of bicyclic alcohol 5 are

voltage dependent and that it binds close to or within the
channel lumen. In contrast, computational analysis and
blind docking of a series of NCA based on monocyclic
MLAanalogswere found tobind to theN-terminal region
of R4β2 nAChRs (26) a site overlapping the site proposed
on the R3β4 nAChR (25).

Figure 5. Effect of MTSEA on ACh-induced currents. Currents recorded from oocytes expressing either wildtype R4, R4T20C, R4S60C,
R4L90C, R4 V130C, or R4L160Cwith wildtype β2. (A) Current trace from an oocyte expressing R4 V130Cβ2. Two pulses of ACh (100 μM)were
applied before and after a 5 min incubation with 2.5 mM MTSEA þ and 1 mM ACh. (B) Trace from an oocyte expressing the R4 V130Cβ2
mutant. Two pulses of ACh (100 μM)were applied before and after a 3 min preincubation with bicyclic alcohol 5 (1 mM), followed by a 5 min
incubation of 2.5 mMMTSEAþ 1 mMACh in the presence of bicyclic alcohol 5. (C) Percentage irreversible change in ACh (1 mM) induced
currents in three different conformational states of the channel. Open Channel: 2.5 mM MTSEA þ 1 mM ACh incubated for 5 min.
Closed Channel: 2.5 mM MTSEA incubated in the absence of ACh for 5 min. Desensitized Channel: 1 mM ACh incubated for 1 min, then
1 mM ACh þ 2.5 mM MTSEA incubated for 5 min. All mutants were accessible to sulfyhydryl modification in the open and desensitized
channel states. OnlyR4S60Cwas not accessible toMTSEA in the closed channel state and possibly the desensitized state.Data aremean(SEM
(n = 3 - 8 oocytes from at least two batches). Statistical significance is indicated as *p<0.05; **p < 0.01; ***p < 0.001 and compares the
effects of MTSEA on the cysteine mutant compared to wildtype. (D) Effects of competing bicyclic alcohol 5 before and after MTSEA on the
same mutant. Open Channel: 1 mM bicyclic alcohol 5 was preincubated for 3 min and then treated with 1 mM ACh þ 2.5 mM MTSEA for
5 min. Closed Channel: 1 mMbicyclic alcohol 5 incubated for 3 min then competed with 2.5 mMMTSEA in the absence of ACh. Desensitized
Channel: 1 mM ACh þ 1 mM bicyclic alcohol 5 preincubated for 3 min and then treated with 2.5 mM MTSEA. Data are mean ( SEM of
N>3 oocytes from at least two different batches. Statistical significance is indicated as *p < 0.05; **p<0.01; ***p < 0.001 and compares
differences between the effects of MTSEA in the presence and absence of bicyclic alcohol 5 on cysteine mutants.
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Identifying the Binding Site within the Channel Pore
As all compounds evaluated were NCAs at the R4β2

receptor, we sought to locate the noncompetitive bind-
ing site using bicyclic alcohol 5 as themodel compound.
To this end, bicyclic alcohol 5 was used in competition
with MTSEA in substituted cysteine accessibility meth-
od (SCAM) studies.

SCAM was used to probe positions within the M2
region of the R4-subunit that were previously known
to be accessible (27); T20 (corresponding to themutant
T278C), S60 (S282C), L90 (L285C), V130 (V289C), and
L160 (L292C). Themutant receptors were coexpressed
in oocytes with wildtype β2-subunits, and exposure to
1 mM ACh resulted in rapid inward currents ranging
in amplitude from 0.2 μA - 2.0 μA. To assess if
cysteine substitutions grossly altered channel struc-
ture, ACh concentration-response curves were per-
formed on all cysteine mutants and compared to
wildtype responses. EC50 values for ACh ranged from
60.1- 198.5 μM(Table 2) andwere not different from

wildtype (EC50 = 136.2 μM; whole curve F-test, p>
0.05), indicating that the mutations did not affect
receptor function.

Previous reports have shown that cysteine mutants
facing the channel pore of the nAChR react withMTSEA
leading to irreversible inhibition of ACh invoked
current (27-29). Indeed, mutant R4β2 receptors reacted
with 2.5 mM MTSEA leading to irreversible inhibition
on all three channel states open, closed, and desensitized
(calculated as a reduction of Imax of ACh, using the
equation ([1 - (IACh,after/IACh,before)] � 100%)), with the
exception of S60C that showed no inhibition and thus no
reactionwithMTSEAintheclosedordesensitizedchannel
states (Figure 5C). A study performed by Akabas and
colleagues showed that in the closed state the 60 residue of
mousemuscle nAChRswas accessible toMTSEAbut not
methanethiosulfonate ethyltrimethylammonium (MTSET)
(27), while the 60 positionGABAA receptors, but not the
glycine receptor, is accessible to MTSEA and MTSET
(28). This indicates that the accessibility of the 60 posi-
tion in the closed state may differ between the various
ligand-gated ion channels. At wildtype R4β2 receptors,
2.5 mM MTSEA had no effect on subsequent ACh
currents in either the open, closed, or desensitized states,
indicating that the reagent does not react with any
endogenous cysteine in the protein or the reaction with
them had no effect on receptor function (Figure 5).

Protection from MTSEA modification by bicyclic
alcohol 5 was measured at each position within the M2
domain for the open, closed and desensitized states. In all
channel states, the additionof bicyclic alcohol 5protected
the V130C mutant from inhibition by MTSEA as the
response to ACh was significantly reduced (Figure 5D).
This data suggests that bicyclic alcohol 5may be binding
at the 130 cysteine and protecting the site from MTSEA
reactivity. However, bicyclic alcohol 5 also showed state-
dependent protection of theL90CandS60Cmutants from
MTSEA reactivity. The L90C position was protected in

Figure 6. Synthesis of azabicyclic mustard 6: (a) N,N-bis-
(ethoxymethyl)benzylamine, CH3SiCl3, CH3CN, 87%;
(b) CH3PPh3Br, KOtBu, THF, 58%; (c) R-chloroethyl chlorofor-
mate, (CH2Cl)2, then CH3OH, 73%; (d) NaBH4, chloroacetic acid,
PhCH3, 32%; (e) diisobutylaluminium hydride, CH2Cl2, 78%.

Figure 7. (A) Trace showing the effect of ACh (100 μM; duration indicated by black bar) andACh in the presence of bicyclic alcohol 5 (30 μM;
duration indicated by hatched bar) and bicyclic mustard 6 (30 μM; duration indicated by white bar). Both bicyclic alcohol 5 and bicyclic
mustard 6 were preincubated for 3 min before coapplying with ACh. (B) Concentration-inhibition curve for bicyclic mustard 6 (O) in the
presence ofACh (100μM)atR4β2 nAChR.The IC50 valuewas 10.9μM(95%CI: 2.40-49.8) andwas not statistically different (Student’s t test;
p>0.05) to bicyclic alcohol 5 atR4β2 nAChRunder the same conditions (Figure 3). (C) Concentration response curves for ACh alone (0) and
ACh in the presence of bicyclic mustard 6 (30 μM) with a 3 min preincubation (Δ) at R4β2 nAChRs. Bicyclic mustard 6 was a noncompetitive
antagonist at R4β2 nAChRs (represented by a significant drop in Imax and no significant rightward shift of the ACh EC50 (Table 1).
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only the closed state, while the V60C position was pro-
tected only in the open state. The effect of bicyclic alcohol
5 at inhibiting MTSEA reactivity in the channel could
arise because of bicyclic alcohol 5 binding at multiple
points depending on the state of the channel. Alterna-
tively, the protection could arise bybinding of the bicyclic
alcohol at an allosteric site leading to conformational
changes to the channel. The development of a reactive
probe was pursued to address these possibilities.

Effects ofBicyclicMustard 6 atMutantReceptors
Alternative techniques have been used to identify

binding sites for a number of NCAs, including photo-
affinity labeling (15), molecular docking (29), and the
development of reactivemustards to support traditional
SCAM approaches (30, 31). These approaches verified
that many NCAs bind between the 20 and 200 positions
of the nAChR channel. To determine whether bicyclic
alcohol 5 is directly interactingwith the identified amino
acids or causing conformational changes to the channel
from an allosteric site, bicyclic mustard 6 (Figure 1) was
developed and applied to wildtype R4β2 and R4 mutant
nAChR receptors.

The design of bicyclic mustard 6 was dictated by a
number of considerations. First, the structural changes
associated with introducing reactive functionality should

beminimal, in order to preserve the location andmodeof
activity of the reactive ligand on both wildtype and
cysteine mutant receptors. Second, the nature of the
reactive functionality should provide a traceless ligation
to themutant receptor.Finally, the reactivityof theprobe
should be balanced to provide reactivitywith cysteine but
be relatively inert to other residues or system compo-
nents. Conversion of the ethylamine 5 to its chloroethyl
derivative 6 supplied a suitable electrophilic modification
that promised to fulfill these requirements.

The synthesis of azabicyclic mustard 6 started with
the double Mannich annulation of β-keto ester 7 (32),
followed by Wittig olefination to give benzyl protected
azabicycle 8 (Figure 6). Chemoselective deprotection of
the benzyl amine with R-chloroethyl chloroformate,
followed by reductive amination with chloroacetic acid
gave ethyl ester 9 in moderate yield (33). Reduction of
the ester side chain with diisobutylaluminium hydride
proceeded smoothly in the presence of the chloroethy-
lamine functionality to afford the azabicyclic mustard
compound 6 (synthesis of mustard 6 is reported in the
Supporting Information).

Like bicyclic alcohol 5 (30 μM), the corresponding
mustard 6 (30 μM) reduced ACh (100 μM) evoked
response by 65% at wildtype R4β2 nAChRs (Figure 7).
Both bicyclic mustard 6 (10.9 μM; 95% CI= 2.4-49.8;

Figure 8. Effect of bicyclic mustard 6 on ACh-induced currents evoked from oocytes expressing either wildtype R4, R4T20C, R4S60C, R4L90C,
R4 V130C, or R4L160C mutants with wildtype β2. (A) Example trace showing bicyclic mustard 6 (100 μM) incubated in the presence of
ACh (EC50; 100 μM) for 5min. Two pulses ofACh (100 μM)were applied before and after incubation. (B) Irreversible change inACh (100 μM)
induced currents in presence of bicyclic mustard 6 (100 μM) for the open and the closed states ofR4β2 nAChRs. (C) Irreversible change inACh
(100 μM) induced currents in presence of various bicyclic mustard 6 concentrations ranging from 10 to 100 μM at the R4 V130Cβ2 mutant.
Bicyclic mustard 6 shows a concentration-dependent reactivity at the R4 V130Cβ2 mutant for a given time. Asterisks indicate statistical
significance compared to wildtype and are assigned as follows: *p < 0.05; **p < 0.01; ***p < 0.001. All data presented are mean ( SEM
(n = 3-8 oocytes).
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Figure 7B) and bicyclic alcohol 5 (11.6 μM; 95% CI =
5.2-25.9) had similar IC50 values (p<0.05; Table 1). In
addition, the action of bicyclic mustard 6 in the presence
of ACh was insurmountable (Table 1; Figure 7C) indi-
cating noncompetitive antagonism of R4β2 nAChRs. As
bicyclic mustard 6was noncompetitive and had a similar
potency to bicyclic alcohol 5, it was a deemed a suitable
reactive probe for this study.

Bicyclic mustard 6was applied to wildtype R4β2 and
R4mutant nAChR receptors (T20C, S60C, L90C, V130C,
and L160C) following a similar protocol used for
MTSEA (Figure 8). In brief, bicyclic mustard 6 (100
μM) was incubated for 5 min in the presence of 1 mM
ACh (open state) and in the absence of ACh (closed
state) to react directlywith the cysteine residues through
a nucleophilic substitution reaction to form a covalent
adduct.

Like MTSEA, bicyclic mustard 6 did not show
irreversible inhibition of wildtype ACh responses in
either the open or closed states (p>0.05). Furthermore,
bicyclic mustard 6 did not react with the T20C, S60C,
L90C and L160C mutant nAChRs. In contrast, bicyclic
mustard 6 showed irreversible inhibition of ACh re-
sponse at the V130C in the open state compared to

wildtype nAChR (73.4% ( 5.5, p<0.001; Figure 8B).
This effect was further investigated for concentration-
dependence. Incubation of 30 μMbicyclic mustard 6with
1mMACh gave rise to similar levels of inhibition (62.4%
( 6.0) to that observed at 100 μM, but 10 μM bicyclic
mustard 6was less inhibitory (5.86%( 14.9) (Figure 8C).
These data indicate that bicyclic mustard 6 inhibits ACh-
induced currents by bonding to the V130C in a concentra-
tion-dependent manner. No reaction of the bicyclic mus-
tard 6 was observed at the V130C mutant in the closed
state, which may reflect the lower inhibition by MTSEA
of the 130 mutant in the closed state (-62.3% ( 4.4)
compared to the open (-80.1% ( 2.6, p < 0.05;
Figure 5C).

The S60 and L90 cysteine mutants were unaffected by
bicyclic mustard 6 in both the open and closed states,
respectively. This is despite the protection of these
residues from MTSEA reaction afforded by bicyclic
alcohol 5 (Figure 5). The apparent protection of the
S60C mutant from reaction with MTSEA may arise
through binding of the bicyclic alcohol 5 at the 130 site
maintaining the channel in a closed-like conformation.
The apparent protection of the L90Cmutant by bicyclic
alcohol 5 in the closed state may reflect the proximity to

Figure 9. Comparison of the channel from the template 2BG9 and the homology model used in this study. (A) An amino acid sequence
alignment of the R4 and β2 subunits with those in the 2BG9 structure (T. marmorata R, β, δ, and γ). The position of M2 and the pore-lining
residues are highlighted. A pairwise sequence comparison (% identity) of R4 with R or δ subunits, and β2 with β or γ subunits is shown to the
right. (B) A surface representation of a single R4 subunit from the homology model, with V130 highlighted in green. The dark line shows
the subunit profile that faces the pore. (C) The same profile is plotted as the average pore diameter for the whole pentamer (solid line,
(R4)3(β2)2 homology model; dotted line, 2BG9) and was calculated using HOLE (18).
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the 130 binding site or alternatively, the lower inhibition
by MTSEA of the 130, 90 and 20 mutants observed in
competition experiments with bicyclic alcohol 5 in the
closed relative toopen state (p<0.05;Figure 5D). Taken
together, the data obtained with bicyclic alcohol 5 and
mustard 6 provides strong evidence that the compounds
bind within the channel lumen, specifically at the 130

position.

Homology Modeling and Docking
Tovisualize the binding of bicyclic alcohol 5 at the 130

position we docked this compound into a homology
model of the closed (R4)3(β2)2 receptor. A homology
model of the pore region of the R4β2 nAChR was
generated based on the low resolution structure (4 Å;
2BG9) of the nAChR (Figure 9) (34). Both (R4)3(β2)2
and (R4)2(β2)3 receptors exist, but based on the higher
AChEC50 values of our studies themodelwas generated
with a stoichiometry of (R4)3(β2)2 (6, 35). Amino acid
sequence alignment of R4 and β2 with the R, β, γ and δ
subunits from the template structure showed a strong
conservation within the M2 pore region (Figure 9).
Overall target-template amino acid sequence identity
was 54% (R4-R), 47% (β2-β), 39% (R4-δ), and 46%
(β2-γ) but identity within M2 was higher (>50%,
Figure 9A). Structural comparisons ofM2-helices from

the homology model and template structure gave an
rmsd of 1.8 Å and z-score of 10.6, which would yield
confidence levels of >95% and thus compares favor-
ably with other published results (36). The average pore
diameter for the (R4)3(β2)2 homology model and the
original template were also very similar, suggesting that
in this region the homologymodel accurately represents
the native receptor. As the template we used for homol-
ogy modeling is proposed to be in the closed conforma-
tion, we assume that docking was also performed in this
closed conformation.

Flexible docking of bicyclic alcohol 5 into the channel
of the (R4)3(β2)2 homology model yielded a series of
docking solutions that fell into two main clusters, both
of which located bicyclic alcohol 5 close to the 130
residue. In the first cluster, bicyclic alcohol 5 was in
the same plane as the 130 residue (Figure 10A). In the
second, the ligand was slightly lower, lying equidistant
between 90 and 130 (Figure 10B). This second pose is
consistent with some protection of the L90C mutant
from MTSEA reactivity because of the binding of the
bicyclic alcohol 5 in the closed state. However, no
reaction was seen at this position with bicyclic mustard
6. For all docked poses, bicyclic alcohol 5was stabilized
by van derWaals contacts and no hydrogen bonds were
predicted.

Figure 10. Examples of the two main docked poses generated using flexible ligand docking of bicyclic alcohol 5 into a (R4)3(β2)2 homology
model of the closed channel. The backbones of theM2 helices are shown as ribbons. The side-chains of residues 60 and 130 are highlighted, but
all others have been removed for clarity. The left-hand panels show the docked pose as seen looking from the extracellular domain, down
through the receptor pore. The right-hand panels are the same poses from the side, but with the closest β2 subunit removed so that the ligand
can be more clearly viewed. Bicyclic alcohol 5 is shown in CPK.
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Rigid docking of bicyclic alcohol 5 into the chan-
nel of the (R4)3(β2)2 homology model identified
three main groups. The first two clusters were simi-
lar to those described for flexible ligand docking
(Figure 11A and B). In the third, bicyclic alcohol 5
extended lower into the channel, between residues 60
and 130 (Figure 11C)). As the 60 mutant was unal-
tered in the closed state by MTSEA (even in the
absence of the bicyclic alcohol 5), the competition
experiments cannot provide evidence to verify this pose.
However, no reaction was seen at either the L90C or S60C
positions with bicyclic mustard 6. van der Waals forces
could account for all protein-ligand contacts with no
predicted hydrogen bonds. Data obtained from both

flexible and rigid docking runs is shown in the Supporting
Information.

Conclusions

The nAChRs modulate neuronal function and have
been implicated in a variety of pathological conditions
such nicotine addiction, pain, epilepsy, and schizophre-
nia (2). For this reason, there is great interest in the
development of selective neuronal nAChR ligands as
therapies (3).

In an attempt to identify more “drug-like” nAChR
antagonists based on theMLA template, we evaluated a
series of simpler azatricyclic and azabicyclic ligands,

Figure 11. Examples of the three main docked poses generated using rigid ligand docking of bicyclic alcohol 5 into a (R4)3(β2)2 homology
model of the closed channel.M2 helices are shown as ribbons, and apart from the side chains of residues 60 and 130, all others have been removed
for clarity. The left-hand panels show the docked pose as seen looking from the extracellular domain, down through the receptor pore.
The right-hand panels are the same poses viewed from the side. Bicyclic alcohol 5 is shown in CPK.
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compounds 2-5 that incorporate the anthranilate or
alcohol side-chains. From this study, we identified the
MLA anthranilate side-chain of to be an important
structural determinant that directs the binding of these
compounds to the orthosteric site of the R7 nAChR. In
contrast, this side chain had no influence on the phar-
macological effects of the compounds at other nAChRs
such as the R4β2 subtype.

As all compounds were NCAs at the R4β2 nAChR,
we used bicyclic alcohol 5 as a model ligand to identify
the binding site within the channel lumen. In all channel
states, the addition of bicyclic alcohol 5 protected the
V130Cmutant from inhibition byMTSEA. The reactive
probe, bicyclic mustard 6, reacted with the V130C
mutant in the open state providing further evidence
for drug binding in the 130 region. Docking of bicyclic
alcohol 5 into a homology model of the (R4)3(β2)2
closed channel shows that this ligand can bind close to
the 130 residue which is located in the narrowest region
of the pore (90-170). Thus our data reveal distinct
pharmacological differences between different nAChR,
and also identify a specific binding site for a noncompe-
titive channel blocker.

Methods

Materials
ACh, MLA, tricaine, sodium pyruvate, theophylline, 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), kana-
mycin and gentamycin were obtained from Sigma (Australia).

The cDNA encoding wildtype rat nAChR R3, R4 subunit
subcloned in pSP64,β2 subunit subcloned in the pSP65 vector
and R7, β4 subunit subcloned in vector pBS SK (þ) were
generous gifts from Professor Jim Boulter (University of
California, Los Angeles, CA).

Synthesis of Bicyclic Mustard
Bicyclic mustard 6 was synthesized (Figure 6) according

to the experimental procedures outlined in the Supporting
Information. Spectroscopic data and reproductions of 1H and
13C NMR spectra associated with the synthesis of mustard 6

are also reported in the Supporting Information.

Site-Directed Mutagenesis
Cysteine mutations were generated within the pore lumen

of the R4 nAChR subunit by using sense and antisense
oligonucleotide primers and theQuickChange II Site-directed
Mutagenesis kit protocol (Stratagene, La Jolla, CA). The
design of the primers incorporated a series of silent mutations
that allowed for quick screening of colonies. The plasmids
were then isolated with the Wizard Plus Minipreps DNA
Purification System (Promega, New SouthWales, Australia).
Mutants were screened by restriction enzyme analysis and
then confirmed by full DNA sequencing at the Sydney Uni-
versity Prince Alfred Molecular Analysis Centre, Australia.
The sense oligonucleotides primers are shown inTable 1 of the
Supporting Information.

Preparation of nAChR subunit mRNAs- Plasmids con-
taining R7 insert was linearized with SmaI, while plasmids
containing wildtype R3, R4 and mutant R4 inserts were

linearizedwithEcoRI.Wildtypeβ2andβ4 insertswere linearized
with HindIII and XhoI, respectively. R3, R4, and β2 mRNAs
were synthesized using the SP6mMESSAGEmMACHINE kit
(Ambion, Austin, TX), R7 with the T7 mMESSAGE mMA-
CHINE kit (Ambion, Austin, TX) and β4 with the T3 mMES-
SAGEmMACHINE kit (Ambion, Austin, TX).

Expression of Wildtype and Mutant nAChRs
Oocytes from Xenopus laevis (South Africa clawed frogs)

were surgically removed while under general anesthetic
(tricaine, 850 mg/500 mL) in accordance with the National
Health and Medical Research Council of Australia’s ethical
guidelines and approved by the University of Sydney Animal
Ethics Committee. Harvested lobes were treated with collage-
nase A (2 mg mL-1; Roche Diagnostics, Australia) in oocyte
releasing buffer 2 (OR-2; 82.5 mM NaCl, 2 mM KCl, 1 mM
MgCl2, 5 mM HEPES, pH 7.5) for 1.5 h to release and
defolliculate the oocytes. 1-10 ng cRNAwasmixed in a ratio
of 1:1 for R3/β4 and R4/β2 in a 50.6 nL volume and injected
into selected healthy stage V-VI oocytes. Injected oocytes
werekept in frogRinger storage solution (96mMNaCl, 2mM
KCl, 1 mM MgCl2, 1.8 mM CaCl2 and 5 mM HEPES)
containing 2.5 mM sodium pyruvate, 0.5 μM theophylline,
and 4 μg/mLof kanamycin. Oocytes were stored for 2-5 days
at 18 �C in an orbital shaker before recording.

Electrophysiological Recordings
Two-electrode voltage-clamp recordings were undertaken

as previously described (14). Briefly, oocytes expressingR4β2,
R3β4, and R7 nACh receptors were clamped at -60 mV and
continually perfused with Ca2þ-free solution (115 mMNaCl,
2.5mMKCl, 1.8mMBaCl2, 10mMHEPES)whereCa2þwas
replaced with Ba2þ to maintain osmolarity. The solution was
supplemented with 1 μM atropine to block any muscarinic
receptors that may be endogenously expressed on the oocyte.
Glass electrodes were used for recording and had a resistance
ranging from 0.2-2 MΩ. The internal electrode solution
contained 3 M KCl. Compounds were stored at -20 �C and
made up to the required concentrations in Ca2þ-free solution
before applying to the oocyte by gravity flow. Whole-cell
currents were measured using a GeneClamp 500 amplifier
(Axon Instruments, Foster City, CA, USA), a MacLab 2e
recorder (AD Instruments, Sydney, NSW, Australia) and
Chart Version 4.0.1 program.

Concentration Response Curves for ACh
Concentration-response curves for ACh at wildtype R7,

R3β4, R4β2, and mutant R4*β2 receptors (Figures 2 and 7,
Tables 1 and 2) were constructed from the peak current
response of a range of concentrations (0.1-10000 μM) and
normalized to maximal ACh currents (Imax; 1 mM). Record-
ing oocytes were washed for 10min between doses of ACh for
all nAChRs except for the 60 R4S262Cβ2 mutant, which
required a 20 min washout time and the R7 nAChR which
required 15 min washout time. This allowed the receptor to
recover from the desensitized state. To determine whether the
compounds were competitive or noncompetitive, concentra-
tion response curves forAChwere constructed in the presence
of a fixed concentration of 3-6 (30 μM).

Time Course Experiments
The time required for maximal inhibition of the com-

pounds (Figure 3) was determined by preincubating the
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R4β2 nAChR with bicyclic alcohol 5 at 0, 1, 3, and 10 min.
Since therewas no difference in activity between 3 and 10min,
all compounds were preincubated for 3 min before the addi-
tion of ACh in all the experiments described.

Inhibitory Concentration Response Curves
To determine the activities of 2-5 and mustard 6, inhibi-

tion concentration response curves (Figures 3 and 7, Table 1)
of the compounds were constructed using increasing antago-
nist concentrations (0.1-1000 μM) in the presence of 100 μM
ACh forR4β2, 300μMforR3β4, and 300μMforR7 nAChRs.
Inhibited responses were normalized to the responses to
respective concentrations of ACh.

Voltage Sensitivity of Bicyclic Alcohol Block
Voltage dependence block of bicyclic alcohol 5 (Figure 4)

was investigated by measuring currents induced by ACh in
10 mV steps at a membrane potential range of 0 to -90 mV.
Currents induced by (i) 100 μM ACh alone and (ii) 100 μM
ACh in the presence of bicyclic alcohol (30 μM) were mea-
sured.Tocomparebetweendifferent oocytes, allACh induced
currents were normalized by the current induced by 100 μM
ACh at -90 mV.

Data Analysis
The normalized current (I/Imax unless otherwise stated)

recorded in response to each drug was fitted using the
Gaussian fit equation fromGraphPad Prism 4 forMacintosh
(GraphPad Software, San Diego, California), while activity
was determined using sigmoidal fit (variable slope) equation
from GraphPad Prism 4.0:

I ¼ Imaxð½A�nH=ð½A�nH þEC50
nHÞÞ

where [A] is the ligand concentration and nH is the Hillslope.
From this equation, the concentration of the agonist that
activates 50% of expressed receptors (EC50) or in the case of
inhibitory concentration response curves the concentration of
the antagonist that inhibits 50% of the evoked ACh current
(IC50) were calculated. Data are presented asmean( SEMor
as mean (95% confidence intervals) from a minimum of 3
oocytes over aminimumof 2 batches. Unless otherwise stated
statistical differences between groups were calculated using
Student’s t test.

Substituted Cysteine Accessibility Studies
Stock solutions of methanethiosulfonate ethylammonium

(1 M; MTSEA; Toronto Research Chemicals Inc., Ontario,
Canada) weremade up in distilledwater, aliquoted and stored
at -20 �C. For each application, the solution was thawed,
diluted to the working concentration in Ca2þ free solution,
and used immediately.

The irreversible effects of 2.5 mM MTSEA and bicyclic
mustard 6 (10, 30, and 100μM)were assayedbymeasuring the
baseline average of two peak currents evoked by two applica-
tions of 100 μM ACh before incubating with either MTSEA
or bicyclic mustard in Ca2þ free solution for 5 min (Figures 5
and 8). This was followed by measuring the average of two
peak currents evoked by two applications of 100 μM ACh.
Three different channel states were evaluated: (i) the open
statewith the presence of 1mMACh, (ii) the closed state in the
absence of ACh, and (iii) the slow onset desensitized state
where the receptor was first desensitized with 1 mMACh for
1 min before MTSEA incubation.

To investigate the ability of bicyclic alcohol 5 to protect the
cysteine mutant from sulfydryl modification, a similar assay
wasused.This time, 1mMbicyclic alcohol5was incubated for
3 min to allow it to occupy its binding site before adding
MTSEA to the perfusion system for a further 5 min in the
described channel states. For the desensitized channel state,
1 mM ACh was added with 1 mM bicyclic alcohol 5 for the
3 min.

The effect of the reagents was taken as I - (IACh(After) -
IACh(Before)) and statistical significance performed using the
Student’s t test. For the effects ofMTSEAor bicyclic mustard
on cysteine mutants, statistical significance was evaluated
compared to wildtype. For investigating the ability of bicyclic
alcohol 5 in protecting the cysteine mutant from sulfydryl
modification, statistical significance was taken compared to
the corresponding effects of MTSEA in the same mutant and
channel state.

Homology Modeling
UsingFUGUE, theprotein sequences nAChRR4 (accession

number P43681) and β2 (P17787) were alignedwithR, β, γ, and
δ subunits taken from the ACh receptor at 4 Å (PDB ID
2BG9) (34). TheR4 peptide sequencewas substitutedonto theR
and δ chains of 2BG9, and the β2 peptide was substituted onto
β and γ chains. On the basis of the concentration-response
parameters described herein, a (R4)3(β2)2 stoichiometry was
used, and a three-dimensional homology model was generated
using MODELER 6v2 (35, 37, 38). The intracellular domain
was removed from the final models and the best model selected
by Ramachandran plot using RAMPAGE (39).

The three-dimensional structure of bicyclic alcohol 5 was
drawn in ChemDrawUltra 7.0.1 (CambridgeSoft, Cambridge,
MA) and energy minimized using the MM2 force field in
Chem3D v 7.0.0. To ensure a reliable bicyclic alcohol 5

structure, the energy minimized version was imported into
PyMOL (Schr€odinger, NY) and compared to an active con-
formation of methyllycaconitine bound to AChBP (PDB ID
2BYR). To improve the fit of the molecules, dihedral angles
of bicyclic alcohol 5 were manually changed and energy mini-
mized in Chem3D.

Model Evaluation
Model quality was measured by comparisons with the

template structure using ALADYN (40). Structural compar-
isons of M2-helices from the homology model and template
structure gave an rmsd of 1.8 Å and z-score of 10.6, which
would yield confidence levels of >95%.

Docking
Rigid and flexible liganddockingof the protonated formof

bicyclic alcohol 5 into the (R4)3(β2)2 receptor homology
model was carried out using GOLD 3.0 (The Cambridge
Crystallographic Data Centre, Cambridge, U.K.). The bind-
ing sitewas constrained tobewithin10 Å of theV130 residue (a
region that encompassed the positions between 60 and 200) of
all three R4 subunits (chains A, C, and D). These amino acids
were chosen based on the data presented in this manuscript.
Ten genetic algorithm runs were performed for both rigid and
flexible ligand docking, giving a total of 20 solutions. Auto-
matic GA settings were used, and docked clusters were identi-
fied using the rms analysis implemented in GOLD (Suppor-
ting Information). A cutoff of <3.0 Å rmsd was used for the
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purposes of illustrating the main poses shown in Figures 10
and 11.

Supporting Information Available

Oligonucleotide primers, experimental procedures, docking
information spectroscopic data, and reproductions of 1H
and 13C NMR spectra associated with the synthesis of
mustard 6. This information is available free of charge via
the Internet at http://pubs.acs.org/.
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