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7 ABSTRACT: The differential action of the novel agonist
8 JN403 at neuronal a7 and muscle nicotinic receptors (AChRs)
9  was explored by using a combination of functional and struc-
10 tural approaches. Single-channel recordings reveal that JN403
11 is a potent agonist of a7 but a very low-efficacy agonist of
12 muscle AChRs. JN403 elicits detectable openings of a7 and
13 muscle AChRs at concentrations ~1000-fold lower and ~20-
14 fold higher, respectively, than that for ACh. Single-channel
15 activity elicited by JN403 is very similar to that elicited by ACh

16 in a7 but profoundly different in muscle AChRs, where openings are brief and infrequent and do not appear in clusters at any
17 concentration. JN403 elicits single-channel activity of muscle AChRs lacking the & subunit, with opening events being more
18 frequent and prolonged than those of wild-type AChRs. This finding is in line with the molecular docking studies predicting that
19 JN403 may form a hydrogen bond required for potent activation at the @—¢ but not at the a—e binding site. JN403 does not
20 elicit detectable Ca** influx in muscle AChRs but inhibits (+)-epibatidine-elicited influx mainly by a noncompetitive mechanism.
21 Such inhibition is compatible with single-channel recordings revealing that JN403 produces open-channel blockade and early
22 termination of ACh-elicited clusters, and it is therefore also a potent desensitizing enhancer of muscle AChRs. The latter
23 mechanism is supported by the JN403-induced increase in the level of binding of [*H]cytisine and [*H]TCP to resting AChRs.
24 Elucidation of the differences in activity of JN403 between neuronal @7 and muscle AChRs provides further insights into

25 mechanisms underlying selectivity for a7 AChRs.

26 Nicotinic acetylcholine receptors (AChRs) are members
27 of the Cys-loop ligand-gated ion-channel superfamily
28 that also includes glycine, type 3 serotonin, and type A and C
29 GABA receptors (reviewed in refs 1—6). a7 AChRs are homo-
30 meric receptors that can be pharmacologically and functionally
a1 distinguished from other neuronal AChR subtypes because
32 they have a high affinity for the competitive antagonist
33 a-bungarotoxin (@-BTx), a low affinity for the agonist
34 (—)-nicotine, and a high Ca®*/Na’ permeability ratio, they
35 can be fully activated by choline, and they desensitize very
36 rapidly. Interestingly, muscle and a7 AChRs share its high
37 affinity for a-BTx. a7 AChRs are some of the most prominent
38 receptors in the brain and are implicated in diseases such as
39 Alzheimer’s disease, schizophrenia, drug addiction, neuronal
40 and peripheral inflammation, and cancer, whereas muscle
41 AChRs are confined at postsynaptic locations in muscle fibers
4 and are mainly implicated in Myasthenia gravis and myasthenic
43 syndromes (reviewed in refs 2, 3, and 7). In this regard, a better
44 understanding of the interaction of agonists with AChRs, and in
4s particular with a7, is crucial to the development of more
46 specific and, consequently, safer ligands for different therapeutic
47 purposes. JN403 [(S)-(1-azabicyclo[2.2.2]oct-3-yl)carbamic
4s acid (S)-1-(2-fluorophenyl)ethyl ester] is a partial but potent
49 agonist of a7 AChR®® that improves cognition and sensory
s0 gating deficits and decreases pain, epileptic seizures, and anxiety."
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Thus, deciphering the molecular basis of its selectivity among s1
members of the nicotinic receptor family is of great significance. s2
To this end, the interaction of JN403 with neuronal @7 AChRs s3
was compared to that for muscle AChRs by patch-clamp, s4
radioligand binding, Ca®" influx, and molecular docking studies. ss

B EXPERIMENTAL PROCEDURES 56

Materials. [*H]Cytisine (35.6 Ci/mmol) and [*H]TCP s7
[piperidyl-3,4-*H(N)]-{N-[1-(2-thienyl)cyclohexyl]-3,4-piperi- ss
dine} (45 Ci/mmol) were obtained from PerkinElmer Life so
Sciences Products, Inc. (Boston, MA) and stored in ethanol 6o
at —20 °C. Carbamylcholine chloride (CCh), acetylcholine 6
chloride (ACh), polyethylenimine, and proadifen hydrochloride 62
were purchased from Sigma Chemical Co. (St. Louis, MO). 63
Phencyclidine hydrochloride (PCP) was obtained from the 64
National Institute on Drug Abuse (National Institutes of 6s
Health, Baltimore, MD). (+)-Epibatidine hydrochloride was 66
obtained from Tocris Bioscience (Ellisville, MO). Fetal bovine 67
serum (FBS) and trypsin/EDTA were purchased form Gibco 68
BRL (Paisley, UK.). JN403 was synthesized as previously 6o
described.® Salts were of analytical grade. 70
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71 Ca?* Influx Measurements in TE671-a8y6 and HAM293-
72 affed Cells. Ca** influx experiments were performed in TE671
73 and HAM293 cells expressing human embryonic (i.e, afys)
74 and adult (i.e., afed) muscle AChRs, respectively, as previously
75 described.'""> Briefly, TE671-afyd and HAM293-afed cells
76 were seeded 72 h prior to the experiment on black 96-well
77 plates (Costar) at a density of S X 10* cells per well and
78 incubated at 37 °C; 16—24 h before the experiment, the
79 medium was changed to 1% FBS in a HEPES-buffered salt
80 solution (HBSS) [130 mM NaCl, 5.4 mM KCI, 2 mM CaCl,,
81 0.8 mM MgSO,, 0.9 mM NaH,PO, 25 mM glucose, and
82 20 mM HEPES (pH 7.4)]. On the day of the experiment, the
83 medium was replaced with 100 L of HBSS and 1% FBS
84 containing 2 #M Fluo-4 (Molecular Probes, Eugene, OR) in
8s the presence of 2.5 mM probenecid (Sigma, Buchs, Switzerland).
86 The cells were then incubated at 37 °C for 1 h. Plates were
87 washed twice with HBSS/NMDG buffer [130 mM N-
s8¢ methyl-D-glucamine, 4.5 mM KCl, 2 mM CaCl,, 0.8 mM
89 MgSO,, 0.9 mM KH,PO,, 25 mM glucose, and 20 mM HEPES
90 (pH 7.4)] and finally refilled with 100 uL of HBSS/NMDG
91 buffer containing different concentrations of JN403 and
92 preincubated for 5 min. Plates were then placed in the cell
93 plate stage of the fluorescent imaging plate reader (FLIPR)
94 (Molecular Devices, Sunnyvale, CA). A baseline consisting of
95 five measurements of 0.4 s each was recorded. (+)-Epibatidine
96 (1 uM) was then added from the agonist plate to the cell
97 plate using the 96-tip pipettor at the same time fluorescence
98 recordings were being taken for a total of 3 min. To determine
99 the inhibitory mechanism for JN403, additional experiments
100 were performed by preincubating the cells with 30, 100, and
101 300 M JN403 before the (+)-epibatidine-induced Ca** influx
102 determinations. To determine the agonistic activity of JN403,
103 the fluorescence was recorded after the cells were stimulated by
104 increasing concentrations of JN403. The laser excitation and
105 emission wavelengths are 488 and 510 nm, respectively, at 1 W,
106 with a CCD camera opening of 0.4 s.

107 Patch-Clamp Recordings from BOSC 23 Cells. BOSC
108 23 cells were transfected with mouse @, f, and 6 subunits
109 together with (adult muscle AChR) or without (a5 AChR)
110 the & subunit, or with a7 and Ric-3, for expression of a7
111 AChRSs, as previously described.">™"¢ A plasmid encoding green
112 fluorescent protein was included in all transfections to allow
113 identification of transfected cells under fluorescence optics.
114 Cells were used for single-channel measurements 1 or 2 days
115 after transfection. Single-channel recordings were performed in
116 the cell-attached configuration'” at a membrane potential
117 of =70 mV and 20 °C. The bath and pipet solutions contained
118 142 mM KCl, 5.4 mM NaCl, 1.8 mM CaCl,, 1.7 mM MgCl,,
119 and 10 mM HEPES (pH 7.4). Single-channel currents were
120 recorded using an Axopatch 200 B patch-clamp amplifier
121 (Molecular Devices Corp.), digitized at 100 kHz, and detected
122 by the half-amplitude threshold criterion using TAC version
123 4.0.10 (Bruxton Corp.) at a final bandwidth of 10 kHz."* Open-
124 and closed-time histograms were constructed with an imposed
125 dead time of 30 ys and fit to the sum of exponential functions
126 by maximum likelihood using TACFit (Bruxton Corp.).

127 Radioligand Binding Experiments. The effect of JN403
128 on the binding of the agonist [*H]cytisine and of the
129 noncompetitive antagonist [*H]TCP to Torpedo AChR native
130 membranes was studied as previously described.""'* In this
131 regard, AChR membranes (0.3 M) were suspended in binding
132 saline buffer [SO mM Tris-HCI, 120 mM NaCl, S mM KC],
133 2 mM CaCl,, and 1 mM MgCl, (pH 7.4)] with 8.6 nM

—

vy

[*H]cytisine or 19 nM [*PH]TCP and preincubated for 30 min 134
at room temperature in the presence of 1 mM CCh ([*H]TCP 135
experiments) or 200 uM proadifen ([*H]cytisine experiments) 136
(AChRs are mainly in the desensitized state), or in the absence 137
of any ligand (AChRs are mainly in the resting but activatable 138
state). Nonspecific binding was assessed in the presence of 139
1 mM CCh ([3H]cytisine experiments) or 100 uM PCP 140
(PH]TCP experiments). The total volume was divided into 141
aliquots, and increasing concentrations of JN403 were added to 142
each tube and incubated for 2 h at room temperature. AChR- 143
bound radioligand was then separated from free radioligand by 144
a filtration assay using a 48-sample harvester system with GF/B 145
Whatman filters (Brandel Inc., Gaithersburg, MD), previously 146
soaked with 0.5% polyethylenimine for 30 min. The 147
membrane-containing filters were transferred to scintillation 148
vials with 3 mL of Bio-Safe I (Research Product International 149
Corp., Mount Prospect, IL), and the radioactivity was deter- 150
mined using a Beckman LS6500 scintillation counter (Beckman 151
Coulter, Inc., Fullerton, CA). The concentration—response data 152
were curve-fitted by nonlinear least-squares analysis using Prism 153
(GraphPad Software, San Diego, CA), and the corresponding 154
ICsy and ny; (Hill coefficient) values were calculated. The ob- 1ss
served IC, values were transformed into inhibition constant 156
(K;) values using the following relationship:'® 157

K; = 1Cg0/[1 + [Lgg]/Ky ™™™ + 2([Lgo] — [L])/[L]]

(1) 158
where [Lgy] is the free concentration of the radioligand 1s9
(e.g, [PH]cytisine or [*H]TCP) at the competitor concen- 160
tration producing 50% inhibition (ie. ICsy), [L] is the free 161
concentration of the radioligand in the absence of the com- 162
petitor, and K" is the dissociation constant for [*H]cytisine 163
(0.45 uM)'? and [PH]TCP (0.25 uM)"® when the receptor is in 164
the desensitized state. The K; and ny; values are summarized in 165
Table 2. 166

Molecular Docking. Homology modeling of the extra- 167
cellular portion from the afed and a7 AChRs was based on the 168
crystal structure of the acetylcholine binding protein [AChBP; 169
Protein Data Bank (PDB) entry 119B] as described previously.” 170
Multiple-sequence alignment between the AChBP and the 171
extracellular domains of the @, 3, §, and ¢ subunits was per- 172
formed by using CLUSTALW, and modeling was conducted 173
using Modeler version 9.11.%° Because loolp F at the € and 6 174
subunits is longer than that at the AChBP,* its modeling is not 175
reliable; therefore, this loop was not included in the analysis. 176
Because the two o subunits have the same amino acid sequence, 177
symmetry constraints were imposed on the Ca atoms of both 178
a subunits. Ten models were constructed, and the one with the 179
highest MODELER scores and the smallest percentage of amino 180
acids in the disallowed region of the Ramachandran plot was 181
selected for docking studies. The protonated form of JN403 was 182
docked to the agonist binding sites located at the a7—a7, a—4, 183
and a—e¢ interfaces using AutoDock version 4.32* The ligand 184
binding site was defined as being within 20 A of W149.' One 185
hundred genetic algorithm runs were performed for each 1s6
condition. Clustering of the results was done with AutoDock 187
based on a root-mean-square deviation cutoff of 2.0 A. 188

B RESULTS 189

JN403 Inhibits (+)-Epibatidine-Induced Ca?* Influx in 190
TE671-affy6 and HAM293-afied Cells with Low Potency. 191
The activation of both muscle embryonic (afy5) (Figure 1A) 192
and adult (afed) (Figure 1B) AChRs was first determined by 193
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Figure 1. Effect of JN403 on TE671-afyS and HAM293-af¢d cells using Ca®* influx measurements. (A and B) Increased concentrations of
(+)-epibatidine (M) enhance Ca** influx, whereas increased concentrations of JN403 (@) do not enhance intracellular calcium in the tested
concentration range (<1 mM). The antagonistic effect of JN403 was investigated after the cells had been pretreated (S min) with different
concentrations of JN403 followed by activation of afyS (A) and afie5 (B) AChRs with 1 uM (+)-epibatidine (OJ). Shown are representative plots of
17 (A, M), 3 (B,M); 3 (Aand B, ®), 8 (A, ), and 3 (B, OJ) experiments, where the error bars represent the standard deviation (SD). The ligand
response was normalized to the maximal (+)-epibatidine response, which was set to 100%. The calculated ECs, ICsp, and nyy values are summarized
in Table 1. (C and D) Pretreatment with 30 (O), 100 (A), or 300 uM JN403 (V) (n = 3) inhibits (+)-epibatidine-elicited affy5 (C) and afes (D)

ACHhR activation (M) in a dose-dependent and noncompetitive manner.

assessing the fluorescence change elicited by (+)-epibatidine-
induced Ca** influx. (+)-Epibatidine activates embryonic
AChRs with a potency >2-fold higher than that for adult
AChRs (Table 1). The observed potency for these AChRs is

194
19§
196
197

Table 1. Activation Potencies (ECs,) of (+)-Epibatidine
and Inhibitory Potencies (ICg,) of JN403 on Human
Embryonic and Adult Muscle AChRs Obtained by Ca*
Influx Measurements

AChR subtype  ECyy (nM) 1y ICy, (uM) "
embryonic (afys)® 263 £37 123 £0.06 154 +35 131 +0.10
adult (apes)? 602 + 41 162 + 006 86426 226+ 1.02

“Values obtained from Figure 1A. bValues obtained from Figure 1B.
“Hill coefficients.

1,12

198 consistent with previous determinations.' In contrast,
199 JN403 does not produce any detectable response from either
200 AChR in the tested concentration range (<1 mM). Moreover,
201 the drug inhibits (+)-epibatidine-induced Ca** influx in a
202 concentration-dependent (Figure 1A,B) and noncompetitive
203 (Figure 1C,D) manner. The calculated ICg, values indicate
204 that JN403 inhibits afed AChRs with a potency 1.8-fold
205 higher than that for affyd AChRs (Table 1). The observed ny
206 values are higher than unity (Table 1), suggesting that
207 (+)-epibatidine and JN403 interact with the AChR in a
208 cooperative manner.

200 Interaction of JN403 with Torpedo AChRs in Different
210 Conformational States. To explore in more detail the action
211 for JN403 at muscle AChRs, we took advantage of the fact that

the Torpedo AChR (embryonic muscle subtype) can be
manipulated in vitro to shift its conformation to the resting
or desensitized state, which allows radioligand binding assays to
be performed in each conformational state. The experiments in
the desensitized state (i.e., in the presence of proadifen) show
that JN403 inhibits [*H]cytisine binding with a low affinity
[K, = 112 + 15 uM (Table 2)]. In contrast, JN403 enhances

Table 2. Interaction of JN403 with the Agonist and Luminal
Binding Sites of Torpedo AChRs in Different
Conformational States

desensitized state resting but activatable state

apparent ECs,

radioligand ~ K; (uM)“ g’ (uM)© apparent ny;”
[H]cytisine 112 + 15 0.77 + 0.08 23+ 12 0.89 + 028
[*H]TCP 266 + 14 0.96 + 0.05 35+ 15 0.94 + 0.25

“K; values for the desensitized AChR were determined in the presence
of proadifen [[*H]cytisine experiments (Figure 2)] and CCh
[[*H]TCP experiments (Figure 3)], according to eq 1. bHill
coefficients. “Apparent ECy, values for the AChR in the resting but
activatable state were calculated in the absence of any additional
ligand, according to eq 1.

the binding of [*H]cytisine to AChRs in the resting state
(Figure 2 and Table 2). This suggests that JN403 may act
through a site different from the orthosteric sites and
consequently by a different mechanism. An alternative
mechanism can be addressed on the basis of the fact that the
AChR membrane suspension contains an excess of agonist

dx.doi.org/10.1021/bi4012572 | Biochemistry XXXX, XXX, XXX—XXX
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Figure 2. JN403-induced modulation of the binding of [*H]cytisine to
Torpedo AChRs in different conformational states. Torpedo AChR
membranes (0.3 yM) were preincubated (30 min) with 8.6 nM
[*H]cytisine in the absence (O) (AChRs are in the resting but
activatable state) or presence of 200 uM proadifen (®) (AChRs are
mainly in the desensitized state) and then equilibrated (1 h) with
increasing concentrations of JN403. Nonspecific binding was assessed
at 1 mM CCh. Each plot is the combination of two separate experi-
ments each performed in triplicate, where the error bars correspond to
the SD. From these plots, the ICs, apparent ECy, and ny; values were
obtained by nonlinear least-squares fit. The ICy, values were
transformed into K; values using eq 1. The data are summarized in
Table 2.

225 binding sites (0.6 #uM) compared with the initial concentration
26 of [*H]cytisine used (8.6 nM; similar results were obtained
227 at 5.4 nM). Because the cytisine K; in the resting state is
28 1.6 uM,"” only a small fraction of AChRs is initially labeled with
229 [*H]cytisine. Considering ny = 1, a fractional occupancy of
230 ~0.006 is calculated for [*H]cytisine bound to resting AChRs.
231 Thus, if the AChR is shifted to its high-affinity (ie., desen-
232 sitized) state, an increase in the AChR-bound [*H]cytisine
233 fraction can be expected. Considering that the cytisine K; in
234 the desensitized state is 0.45 uM,"” a fractional occupancy of
235 ~0.019 for [*H]cytisine bound to desensitized AChRs is
236 obtained, which corresponds to an ~3-fold increase in
237 fractional occupancy. Coincident with this calculation, our
238 results indicate ~2-fold enhanced binding (see Figure 2). Thus,
239 it could be possible that when JN403 binds to an allosteric
240 site(s), AChRs become desensitized, the affinity of [*H]cytisine
241 is increased, and subsequently a larger fraction of AChR-bound
242 [*H]cytisine is observed. To quantify the enhanced binding,
243 we calculated the drug concentration required to produce
244 a 50% increase in the level of [*H]cytisine binding (i.e., appar-
245 ent ECy, in Table 2), which correlates with its desensitizing
246 potency.

247 To determine whether JN403 binds to a noncompetitive
248 antagonist site in muscle AChRs, [*H]TCP binding experi-
249 ments were performed (Figure 3). [*H]TCP is a high-affinity
250 noncompetitive antagonist of Torpedo and muscle AChRs, and
251 its luminal binding site has been located within the ion channel
252 between the threonine (position 2) and valine (position 13")
253 rings (reviewed in ref 23). JN403 enhances [*H]TCP binding
254 when the AChR is in the resting but activatable state (i.e., no
255 other ligand present) (Figure 3 and Table 2). These results
256 indicate that this drug does not bind to the TCP binding site
257 when the receptor is in the resting state. Considering that the
258 affinity of [*H]TCP for the desensitized AChR (0.25 uM)" is
259 higher than that for the resting AChR (0.83 uM),** our results
260 support the idea that after JN403 binding, AChR becomes
261 desensitized and therefore the TCP affinity increases, resulting
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Figure 3. JN403-induced modulation of the binding of [*H]TCP to
Torpedo AChRs in different conformational states. Torpedo AChR
membranes (0.3 yM) were preincubated (30 min) with 19 nM
[*H]TCP in the absence (O) (AChRSs are in the resting but activatable
state) or presence of 1 mM CCh (®) (AChRs are mainly in the
desensitized state) and then equilibrated (1 h) with increasing
concentrations of JN403. Nonspecific binding was assessed at 100 M
PCP. Each plot is the combination of two or three separated
experiments each performed in triplicate, where the error bars
correspond to the SD. From these plots, the IC, apparent ECg,, and
ny values were obtained by a nonlinear least-squares fit. The ICs
values were transformed into K; values using eq 1. The data are
summarized in Table 2.

in a larger AChR-bound [*H]TCP fraction (Figure 3). This 262
mechanism is in agreement with the [*H]cytisine results in the 263
resting state (Figure 2). In fact, the desensitizing potency (i.e., 264
apparent EC;, values) for JN403 obtained from the [*H]TCP 265
experiments is similar to that obtained from the [*H]cytisine 266
experiments (Table 2). On the other hand, the results in the 267
desensitized state (i.e., in the presence of CCh) indicate that 268
JN403 binds to the [*H]TCP site with a very low affinity [K; = 269
266 + 14 uM (Table 2)]. 270

Although a potential JN403 depletion can occur because of 271
the high levels of the AChR-bound ligand, it is evident that 272
JN403 produces two totally opposite effects depending on the 273
conformational state of the AChR (Figures 2 and 3). 274

JN403 Acts as a Very Low-Efficacy Agonist of Adult 275
Muscle AChRs. To gain further insight into the action of 276
JN403 at muscle AChRs, we evaluated its action at the single- 277
channel level. Opening events from cells expressing afide 278
AChRs are detected in cell-attached patches in the presence of 279
10 M JN403 in the pipet solution (Figure 4A), indicating that 2s0
this drug is capable of activating muscle AChRs with very low 281
efficacy. At low concentrations (1 #M), opening events appear 282
very infrequently, in contrast to what is observed in the 283
presence of 1 uM ACh.'* Single-channel activity also differs 254
significantly from that observed in the presence of ACh. 285
Openings are very infrequent, appear as isolated events, and are 286
briefer than those elicited by ACh (Figure 4). 287

At ACh concentrations of >10 uM, single-channel openings 2ss
appear to be grouped in well-defined clusters (Figure 4)."* A 289
cluster results from the activity of a single receptor, which 290
recovers from long-lived desensitization and begins a series of 291
transitions through open and closed states. At the end of the 202
cluster, the receptor re-enters the desensitized state."* In con- 293
trast, when JN403 is used, clusters are not detected even at 294
concentrations as high as 1 mM (Figure 4A). 295

Open-time histograms of channels activated by 10 M JN403 296
can be well fitted by a single component whose duration is 297
155 + 16 ps (n = 3) (Figure 4A), which is ~6-fold briefer than 29s

dx.doi.org/10.1021/bi4012572 | Biochemistry XXXX, XXX, XXX—XXX
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Figure 4. (A) Channel traces (left) corresponding to adult muscle
AChRs (afide) activated by ACh and JN403. Single-channel activity
recorded for each agonist at 10 and 300 M. Open-time histograms
(right) corresponding to each condition. (B) Channel traces (left)
corresponding to aff6 AChRs activated by 10 yuM ACh and JN403.
Open-time histograms (right) corresponding to each condition.
Current traces are displayed at a bandwidth of 9 kHz with openings
as upward deflections. The membrane potential was —70 mV.

299 that of ACh-activated channels.'* In addition, increasing JN403

300 concentrations are accompanied by a significant reduction in

the mean open time, for instance, 104 + 6 us at 100 M, 69 =+

302 15 ps at 300 M, and 40 + 3 ps at 1 mM. Such concentration-

303 dependent decreases may be explained by open-channel

304 blockade induced by the agonist.

30s The simplest linear kinetic scheme that describes the

306 inhibitory action of an open-channel blocker is
k. [B]

Ce O«—— OB
307 ko

w
(=}
—

(Scheme 1)

308 where C represents the closed (resting) state, O the open
309 (activated) state, and OB the blocked state. We calculated the
310 association rate constant of the blocking reaction (k,;,) from the
311 slope of the linear regression of the relationship between the
312 reciprocal of the mean open time and JN403 concentration,
313 thus resulting in an estimated k,;, value for JN403 of 1.8 X
314 10’ M~! s7! (=70 mV). This set of results indicates that JN403
315 acts on muscle AChRs as a low-efficacy agonist and potent blocker.
316 To gain more insights into the process of JN403-induced
317 activation, the importance of the a—d binding site interface
318 was evaluated by studying the activation of AChRs lacking the

—_

€ subunit. In the absence of this subunit, AChRs contain two 319
a—0 binding site interfaces instead of one a—§ and one a—e 320
interface as in wild-type AChRs. These receptors express well in 321
cells and are activated by ACh. However, ACh-elicited openings 322
show prolonged durations with respect to those of wild-type 323
AChRs (Figure 4B)."> The mean duration of the slowest open 324
component for ACh-activated channels is 8.1 + 1.8 ms instead 325
of ~1 ms for wild-type AChRs. JN403 (10 uM) also elicits 326
single-channel currents from af5 receptors (Figure 4B), 327
indicating that this drug is capable of activating AChRs through 328
the a—¢ interface. In agreement with ACh-elicited channels, 329
open durations are more prolonged than in wild-type AChRs, 330
and open-time histograms exhibit an additional slower 331
component whose duration is 1.6 + 0.1 ms [relative area of 332
0.35 + 0.06 (n = 3)]. 333

Effect of JN403 on ACh-Activated Muscle AChRs. To 334
explore in more detail the action of JN403, we studied its effect 335
on single channels activated by 100 M ACh. At 100 uM ACh, 336
channel activation appears in well-defined clusters (Figure S). 337
In the absence of JN403, open-time histograms are fit by a main 338
component of 1.04 + 0.02 ms.'* In the presence of 1 uM 339
JN403, the mean open time of 100 yuM ACh-activated channels 340
is not affected [1.03 + 0.29 ms (n = 3)] (Figure S), whereas it 341
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Figure 5. Combined action of ACh and JN403 on adult muscle
AChRs. Single-channel recordings were performed in the presence of
100 4uM ACh and different JN403 concentrations. Current traces (left)
are displayed at a bandwidth of 9 kHz with openings as upward
deflections. The membrane potential was —70 mV. Representative
open-time and cluster-duration histograms (right) corresponding to
each condition.

decreases 2- and 4-fold when the JN403 concentration is 342
increased to 10 and 100 M, respectively. These results suggest 343
that JN403 produces open-channel blockade of ACh-activated 344
channels. In addition, significant changes in cluster duration are 34s
observed in the presence of JN403 (Figure S5). The mean 346
cluster duration of muscle AChR channels activated by 100 uM 347
ACh is 464 + 8.7 ms. This duration decreases to 5.1 + 3.1, 3.8 + 0.6, 348
and 0.8 + 0.2 ms in the presence of 1, 10, and 100 uM 349
JN403, respectively. The profound decrease in cluster duration 350
can be explained by the increase in desensitization rate.”® The 351
fact that at 1 yM JN403 the cluster duration decreases sig- 3s2
nificantly but the mean open time is not affected suggests that 3s3
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in JN403 interaction between a7 and muscle AChR binding 394
sites, we performed in silico studies. Molecular docking of 395
JN403 at the a—e and a—3 interfaces (Figure 7B,C) was 39

3s4 at low concentrations the drug enhances desensitization
3ss whereas at higher concentrations (>10 uM) the blocking
356 effect becomes more evident.

JN403 Activates @7 AChR at a Lower Concentration

357
ass Than ACh. Single channels from a7 AChRs are detected in
359 cell-attached patches in the presence of 10 uM ACh (Figure 6)
10 LJ.M ACh Counts
80
40
T RO g1
10 M JN403 o \Y Yo V4
iy ¥190 C1924719 W
R ——— -
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Figure 6. Channel traces corresponding to a7 AChRs activated by
ACh or JN403. Single-a7 channels (left) are displayed at a bandwidth
of 9 kHz with openings as upward deflections. The membrane
potential was —70 mV. Representative open-time histograms (right)
corresponding to each condition.

(see also ref 26). Channel activity appears as single brief pulses
flanked by long closed periods, or less often as a few openings
in quick succession (i.e., bursts). At =70 mV, opening events
show maximal amplitudes of ~10 pA. However, lower-
amplitude openings, which result from the lack of full
amplitude resolution due to the brief open durations, are
observed (Figure 6). Open-time distributions are described well
by the sum of two exponential components whose mean
durations are 50 + 10 s (relative area of 0.70 + 0.05) and
284 + 64 us (Figure 6) (see also ref 26).

Similar channel activity is detected from single-channel
recordings when JN403 is used as the agonist (Figure 6).
However, channel openings can be detected at concentrations
as low as 5 nM. Given that ~10 uM ACh is about the minimal
concentration required for detecting a7 channels,*® this finding
indicates that JN403 is remarkably more potent than the
endogenous neurotransmitter. As expected, JN403-activated

h Is exhibi li i ical h lici ACh
7 CFe.\nne s 6e ’1I]?}11t amp 1tu§es 1;1:3nt1ca to tlose iated by AC Figure 7. Molecular docking of JN403 to a7—a7, a—d, and a—¢
378 ( 1gure )- he °pP en_tlm; 1s.t0grams la S0 § 20 W two 10 p.en interfaces. Homology models of a7—a7 (A), a—5 (B), and a—¢ (C)
379 components whose mean durations are 117 + 24 ps (relative interfaces were generated using the structure of the AChBP (PDB

380
38
382

—_

area of 0.73 + 0.05) and 380 + 66 us, similar to those of ACh-
activated channels. At concentrations of >10 uM, single-
channel activity is very infrequent, and only the brief open
component is observed (mean duration of 112 + 35 us at

entry 1I19B) as described in Experimental Procedures. The subunits
and the corresponding residues are colored cyan (a7), blue (a), pink
(8), and green (¢). JN403 is colored gray with the atoms colored as
follows: violet for N, red for O, light blue for F, and light gray for H*.

334 10 uM). Although the infrequent and very brief openings do The labeled residues are conserved among interfaces except Leul09 in
38s not allow a detailed characterization of open and closed times the £ and & subunits, which correspond to a7 Val108, as well as Lys32,
386 in this concentration range, the absence of the slower open which is present only in the ¢ subunit. The interactions of JN403 with

387
388

390
39

et

component could be explained by open-channel blockade or an
increased level of desensitization mediated by JN403.>° Any of
these mechanisms or the combination of these mechanisms
may account for the observed partial agonistic activity of JN403
in in vitro systems of recombinant a7 AChRs.®

Trpl49 and Tyr93 are also shown. Note that opposite the a—d
interface, there is no hydrogen bond between Trp149 and JN403 at
the a—e interface. In contrast, a hydrogen bond with Y93 is detected at
a7 and at both muscle AChR subunit interfaces. Hydrogen bonds are
shown with dashed lines and 7—cation interactions with solid lines.

compared to that described for the a7 AChR (Figure 7A).° In 397
the a7 orthosteric sites, the ammonium group of JN403 398

392 Molecular Docking of JN403 into the a7—-a7, a—s¢,
393 and a—d Interfaces. To gain further insight into the differences
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399 interacts with the aromatic cage by cation—z interactions,
400 whereas its lipophilic group interacts with the hydrophobic
401 cavity (Figure 7A). The docking of JN403 at each muscle
402 subunit interface (Figure 7B,C) is energetically favorable,
403 and its orientation is similar to that for the a7—a7 interface
404 (Figure 7A). In particular, the quaternary amine is oriented
405 toward the lower part of the cleft that contains the aromatic
406 cage (Figure 7B,C). The positively charged group can form the
407 typical cation—z interaction with the indole group of W149
408 (at loop B), whereas a hydrogen bond is formed with Y93 (at
409 loop A) as described for the @7 AChR.” JN403 can bridge the
410 principal and complementary faces by interacting with Y190
411 and C192—193 (loop C, principal face) and WSS (loop D,
412 complementary face). A remarkable difference in the binding of
413 JN403 to each muscle AChR orthosteric site with respect to the
414 a7 orthosteric site is the probability of forming a hydrogen
415 bond with W149. This hydrogen bond between the nitrogen
416 atom of the carbamate group (NH) from JN403 and the
417 oxygen atom from W149 is observed in the @7 binding site
18 (Figure 7A)” and in 70% of the docking runs at the a—3
419 interface (Figure 7B). However, such a hydrogen bond is not
420 detected at the a—e interface (Figure 7C).

421 As in a7, the aromatic ring of JN403 can interact with the
422 hydrophobic cavity found in each muscle subunit interface
423 (Figure 7). The calculated distances between the aromatic ring
424 of JN403 and the side chains of e-Leul09 and 6-Leull9 are
#5 shorter than 4.4 A, supporting the possibility of forming
426 hydrophobic contacts. It has been suggested that positively
427 charged residues surrounding the binding cavity present in the
428 @34 AChR preclude the binding of JN403.” Along the same
429 lines, the positively charged residue &-Lys32 is also present in
430 the a—¢ interface (Figure 7C).

431 Il DISCUSSION

432 In this work, we reveal important differences in the functional
433 and structural interaction of JN403 between the neuronal a7
434 and muscle AChRs, thus providing further insights into the
435 mechanisms underlying receptor selectivity.

436 Single-channel recordings indicate that JN403 is a low-
437 efficacy partial agonist of adult muscle AChRs: it has low
438 potency for activation, produces open-channel blockade, and
439 enhances desensitization. These activities, which take place via
440 the binding to both orthosteric and noncompetitive sites,
441 make JN403 behave as an antagonist of adult and embryonic
442 muscle AChRs, as observed in Ca®" influx experiments. The
443 weak agonistic efficacy of JN403 at muscle AChRs is supported
444 by the observation that this drug activates AChR channels
445 at concentrations ~20-fold higher than that for ACh (1 uM
w6 instead of 50 nM for ACh),”” it elicits very infrequent and brief
447 openings, and it does not produce clusters at any concentration,
448 in contrast to what is observed with ACh.

449 In agreement with the weak agonism observed in the patch-
450 clamp recordings and the weak antagonistic activity determined
451 by Ca’ influx experiments (Table 1), [*H]cytisine competition
452 binding experiments in the desensitized state revealed the
453 low affinity of JN403 for muscle Torpedo AChR agonist sites
454 (Table 2). Comparing our results with the binding affinity of
455 JN403 for other AChR subtypes,” we found the following
456 order of receptor selectivity: a7 (55—200 nM) > a3f4 (2.2—
457 63 uM) > a4f2 (28—158 uM) > afys (112 uM in the
4s8 desensitized state). These K; values indicate that JN403 is at
459 least 11—790 times more selective for the a7 AChR than for
460 other AChR subtypes.

Although speculative, molecular docking studies are valuable 461
for providing experimentally testable hypotheses to further 462
characterize agonist—receptor interactions. Our results show 463
that JN403 has the potential to make the typical cation—7 464
interactions with W149 and other aromatic residues at both 465
muscle AChR subunit interfaces (Figure 7B,C). However, the 466
hydrogen bond between the agonist and W149, which is 467
required for potent activation of AChRs,***’ and has been 463
shown in the @7—JN403 complex,” is detected only at the a—35 469
interface (Figure 7B). In addition, our docking studies show 470
that positively charged residues near the binding cavity at the 471
a—e interface may impair ligand interaction as described for the 472
a34 AChR sites.” In agreement with the docking results, our 473
single-channel recordings from a6 AChRs show that JN403 474
can activate these receptors through the a—¢ interface. Single- 475
channel openings from e-lacking AChRs activated by JN403 are 476
more frequent and significantly more prolonged than those 477
from wild-type AChR, as observed for ACh, thus indicating that 478
JN403 activates muscle AChRs through the a—d interface. 479
Unfortunately, activation through the a—¢ interface cannot be 4s0
experimentally evaluated because functional receptors are not 481
expressed.” 482

The decrease in the duration of ACh-activated clusters of 483
muscle AChRs without changes in the mean open time suggests 484
an increased level of desensitization.®® This is observed at very 4ss
low concentrations (1 #M) where blockade is still not evident, 4s6
indicating a higher potency for enhancing desensitization than 4s7
for blocking. Although there are slight quantitative differences, 4ss
probably due to the different methodologies, the increased 489
level of desensitization elicited by JN403 detected from single- 490
channel recordings is supported by the [*H]cytisine and 491
[*H]TCP binding results indicating that JN403 enhances the 492
binding of the radioligand to AChRs in the resting state by 493
inducing AChR desensitization with apparent ECs, values of 494
~23-35 uM (Table 2). Benzylidene-anabaseine analogues, 495
selective partial agonists of @7 AChRs, also enhance the binding 496
of [*H]TCP to resting Torpedo AChRs*' but with desensitizing 497
potencies (apparent ECg, values of 0.2—3.9 uM) higher than 495
that for JN403. The concentration range for the affinity of 499
binding of JN403 to the TCP binding site in the desensitized soo
state (~260 uM) is relatively higher than that for its desen- so1
sitizing activity (35 uM) (Table 2), indicating that the TCP site s02
is not responsible for the observed JN403-induced AChR de- 503
sensitization. This result contrasts with the observed correlation s04
between the binding affinities of other noncompetitive sos
antagonists and their desensitizing potencies.'** In this regard, s06
other luminal and nonluminal sites'"'*** (reviewed in refs S so7
and 34), different from that for TCP, could be more relevant sos
for the observed desensitizing activity elicited by JN403. 509

Single-channel recordings show that JN403 produces sig- sio
nificant open-channel blockade at concentrations of >10 uM, s11
which is evidenced by the reduction of the mean open time of s12
ACh-elicited events as a function of concentration. Because 513
open-channel blockade can be produced by the interaction of 514
the ligand with a luminal site, [*H]TCP binding experiments s1s
were performed in an attempt to identify such a site. The si6
results showing that JN403 enhances binding of [*H]TCP to s17
resting AChRs suggest that JN403 does not bind to this site, at s18
least in this conformational state. In addition, JN403 inhibits si9
binding of [*H]TCP to desensitized AChRs with a very low 520
affinity (Table 2). Although this latter result may suggest that sz1
TCP is not the blocking site, it cannot be ruled out because s22
open-channel blockade occurs when the channel is in the open 523
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state and there is no structural information about the TCP
binding site in this conformational state.

In this work, we show for the first time single channels from
a7 AChRs activated by JN403. Our results reveal that the
activation kinetics is very similar to that for ACh.”” However,

529 JN403 activates @7 AChRs at concentrations >1000-fold lower

530
S3
532
533
534
535
536
537
538
539
540

=

than that for ACh activation, indicating that JN403 is
significantly more potent than the endogenous neurotransmit-
ter. At higher concentrations (>10 M), JN403 may also act as
an open-channel blocker of a7 AChRs, as evidenced by the
reduction in the mean open time. Alternatively, because
desensitization may terminate @7 AChR channel openings,”’
such reduction may be mediated by an increased level of
desensitization. The combination of open-channel blockade
and an increased level of desensitization may account for the
partial agonistic activity mediated by JN403 on the a7 AChR.
Nevertheless, our study shows that very low concentrations of

s41 JN403, below the blocking ones, produce important activation
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of a7 without affecting other AChR subtypes.

Collectively, our results indicate that JN403 activates a7
AChRs with high potency and selectivity compared to those for
muscle AChRs where it behaves as a very low-affinity partial
agonist. By binding to noncompetitive sites, JN403 also
produces an increased level of desensitization and open-
channel blockade, which reduces even more muscle AChR
responses. All three mechanisms make JN403 behave as an
antagonist of muscle AChRs. The observed high selectivity for
the a7 AChR might be important for the development of future
therapies for Alzheimer’s disease, schizophrenia, and wound
healing where this receptor subtype has been found to play key
roles.
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