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Nicotinic acetylcholine receptors (nAChRs) play important 
roles in nervous system functions and are involved in a 
variety of diseases. We previously demonstrated that gin-
senosides, the active ingredients of m~å~ñ ginseng, inhibit 
subsets of nAChR channel currents, but not α7, expressed 
in uÉåçéìë= ä~Éîáë oocytes. Mutation of the highly con-
served Leu247 to Thr247 in the transmembrane domain 2 
(TM2) channel pore region of α7 nAChR induces altera-
tions in channel gating properties and converts α7 nAChR 
antagonists into agonists. In the present study, we as-
sessed how point mutations in the Leu247 residue leading 
to various amino acids affect 20(p)-ginsenoside Rg3 (Rg3) 
activity against the α7 nAChR. Mutation of L247 to L247A, 
L247D, L247E, L247I, L247S, and L247T, but not L247K, 
rendered mutant receptors sensitive to Rg3. We further 
characterized Rg3 regulation of L247T receptors. We found 
that Rg3 inhibition of mutant α7 nAChR channel currents 
was reversible and concentration-dependent. Rg3 inhibition 
was strongly voltage-dependent and noncompetitive mannerK 
These results indicate that the interaction between Rg3 and 
mutant receptors might differ from its interaction with the 
wild-type receptor. To identify differences in Rg3 interactions 
between wild-type and L247T receptors, we utilized docked 
modeling. This modeling revealed that Rg3 forms hydrogen 
bonds with amino acids, such as Ser240 of subunit I and 
Thr244 of subunit II and V at the channel pore, whereas 
Rg3 localizes at the interface of the two wild-type receptor 
subunits. These results indicate that mutation of Leu247 to 
Thr247 induces conformational changes in the wild-type 
receptor and provides a binding pocket for Rg3 at the 
channel pore. 
=
 

INTRODUCTION  
 
Nicotinic acetylcholine receptors (nAChRs) are members of the 
Cys-loop family of ligand-gated ion channels, which also in-
cludes 5-HT3, GABAA, and glycine receptors (Jensen et al., 
2005). There are muscular and neuronal forms of nAChRs. The 
muscular nAChR consists of α1β1δε subunits, whereas neu-
ronal consist of α alone or α and β subunit combinations. Neu-
ronal nAChR α (α2-10) and β (β2-4)

 subunits have been identified 
(Le Novere and Changeux, 1995; Nashmi and Lester, 2006). 
The nAChRs containing 

α 2-6 subunits are usually expressed as 
heteromers in combination with β2-4 subunits (Boulter et al., 
1986; 1987; Karlin, 2002), and are found in the central and 
peripheral nervous systems (Gotti and Clementi, 2004). In con-
trast, the α7 and α9 subunits can form homomeric receptors 
(Couturier et al., 1990; Elgoyhen et al., 1994; Gotti et al., 1994; 
Karlin, 2002). Homomeric α7 nAChRs are the major binding 
site for α-bungarotoxin in the mammalian central nervous sys-
tem and are predominantly expressed in cortical and limbic 
areas (Gotti et al., 2000). Many lines of evidence have shown 
that single point mutation in the highly conserved Leu247 to 
Thr247 in transmembrane domain 2 (TM2), which forms the 
channel pore region, creates gain-of-function alterations (i.e., 
slower desensitization, increased acetylcholine affinity, and a 
linear current-voltage relationship) and alters pharmacological 
properties (i.e., conversion of various α7 AChR antagonists into 
agonists) (Bertrand et al., 1992; Palma et al., 1996; Revah et al., 
1991). Thus, the L247 residue of α7 AChR could be a useful 
target for the study of α7 AChR-related pharmacology (i.e., 
drug developments) and channel gating of AChR (Lyford et al., 
2003). 
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In previous reports, we have shown that treatment with gin-
senosides, the active ingredients of m~å~ñ ginseng, inhibit ace-
tylcholine-induced peak inward currents (f

^`Ü
) of neuronal (α3β2, 

α3β4, α4β2 and α4β4) and muscle-type heteromeric (α1β1δε) 
nAChR channels expressed in uÉåçéìë=ä~Éîáë oocytes. Inhibi-
tion of f

^`Ü
 by ginsenosides is voltage-dependent and noncom-

petitive (Choi et al., 2002; Sala et al., 2002). As described 
above, α7 nACh and 5-HT3A receptors are members of the 
same family and are both homomeric ligand-gated ion channels. 
Furthermore, these receptors share many homologous amino 
acid sequences in TM2 (Fig. 1B). We have shown that ginse-
nosides, including Rg3, inhibit 5-HT-mediated ion currents in 
uÉåçéìë oocytes expressing 5-HT3A receptors. Moreover, mu-
tation F292A in TM2 of the homomeric 5-HT3A receptor abol-
ished Rg3-induced inhibition of peak f

RJeq
, showing a possibility 

that ginsenoside-induced ligand-gated cation channel regula-
tion is achieved via interactions with amino acids residing in the 
channel pore (Lee et al., 2007). However, the same Rg3 effect 
on wild-type α7 nAChR channel activity is not observed (Choi 
et al., 2002; Sala et al., 2002). 

Therefore, in the present study we asked whether mutation of 
Leu247 to various other amino acid residues induce changes in 
the receptor sensitivity to Rg3. Finding this to be true, we further 
characterized Rg3-mediated mutant α7 nAChR regulation and 
identified potential Rg3 interaction sites with the mutant receptor 
using three-dimensional modeling techniques. In this report, we 
found that Rg3 inhibited L247A, L247D, L247E, L247I, L247S 
and L247T, but not L247K and wild-type α7 nAChR channel 
currents. The docked modeling studies using wild-type and 
L247T mutant receptors showed that mutation of Leu247 to 
Thr247 induces conformational changes in the wild-type recep-
tor and also alters the Rg3 binding location from the interface of 
two wild-type subunits to channel pore regions of the mutant 
receptor. We also observed that Rg3 interacts with Thr244 and 
Ser240 in the central pore formed by TM2 of L247T α7 sub-
units through the formation of hydrogen bonds. Together, these 
results indicate that the Leu247 residue might play an important 

role in Rg3-induced inhibition of f
^`Ü

 through the α7 nAChR 
when mutated and that inhibition of f

^`Ü
 in L247T receptors by 

Rg3 is achieved through interactions with channel pore amino 
acids. 
 
MATERIALS AND METHODS 
 
Materials 
20(p)-Ginsenoside Rg3 (Rg3) was purchase from LKT LABS 
(USA). Chick wild-type α7 nAChR cDNA was kindly provided 
by Dr. M. Ballivet (Univ. of Geneva, Switzerland). All other re-
agents were purchased from Sigma-Aldrich (USA). 
 
Preparation of uÉåçéìë=ä~Éîáë oocytes and microinjection 
uK

=

ä~Éîáë frogs were purchased from Xenopus I (Ann Arbor, 
USA). Animal care and handling were in accordance with the 
highest standards of institutional guidelines. To isolate oocytes, 

frogs were anesthetized with an aerated solution of 3-amino 

benzoic acid ethyl ester, and the ovarian follicles were removed. 

The oocytes were separated with collagenase followed by agi-
tation for 2 h in Ca2+-free medium containing 82.5 mM NaCl, 2 
mM KCl, 1 mM MgCl2, 5 mM HEPES, 2.5 mM sodium pyruvate, 
100 units/ml penicillin, and 100 μg/ml streptomycin. Stage V-VI 
oocytes were collected and stored in ND96 medium (96 mM 
NaCl, 2 mM KCl, 1 mM MgCl2, 1.8 mM CaCl2, and 5 mM 
HEPES, pH 7.5) supplemented with 0.5 mM theophylline and 
50 μg/ml gentamicin. The oocyte-containing solution was main-
tained at 18°C with continuous gentle shaking and was re- 
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Fig. 1. Structure of 20(p)-ginsenoside Rg3 (Rg3), the primary amino 

acid sequences of the channel-lining regions (TM2) of chick α7 

nACh and mouse 5-HT3A receptors, and concentration-response 

curves of acetylcholine in wild-type and α7 mutant receptors. (A) 

Structure of 20(p)-ginsenoside Rg3. Glc, glucopyranoside. Sub-

scripts indicate the carbon in the glucose ring that links the two 

carbohydrates. (B) Partial amino acid sequences of the TM2 region 

of the cloned chick α7 nACh and mouse 5-HT3A receptors. The dark 

box shown on the wild-type α7 nAChR receptor indicates amino 

acid residues that were mutated in the present study. (C) Concen-

tration-response curves of the acetylcholine-induced current in wild-

type and various mutant receptors. Additional EC50 and Hill coeffi-

cient values for the various mutants are presented in Table 1. Each 

point represents the means ± S.E.M. (n = 9-12/group). 

 
 
placed daily. Electrophysiological experiments were performed 
five to six days following oocyte isolation, during which chemi-
cals were applied to the bath. For α7 nAChR experiments, α7 

nAChR-encoding cRNAs (40 nl) were injected into the animal or 
vegetal pole of each oocyte 1 day after isolation using a 10-μl 
microdispenser (VWR Scientific, USA) fitted with a tapered 



 Byung-Hwan Lee et al. 593 

 

 

 

 

glass pipette tip (15-20 μm in diameter) (Lee et al., 2005). 
 
Site-directed mutagenesis of chick α7 nAChR and áå=îáíêç  

transcription of α7 nAChR cDNAs 
Single amino acid substitutions were made using the Quik-
Change XL site-directed mutagenesis kit (Stratagene, USA) 
along with móêçÅçÅÅìë=

Ñìêáçëìë DNA polymerase and sense 
and antisense primers encoding the desired mutations. Overlap 
extension of the target domain by sequential polymerase chain 
reaction (PCR) was carried out according to the manufacturer’s 
protocol. The final PCR products were transformed into bëJ
ÅÜÉêáÅÜá~=Åçäá strain DH5α, screened by PCR, and confirmed by 
sequencing of the target regions. The mutant DNA constructs 
were linearized at the 3′ ends by digestion with SphI, and run-
off transcripts were prepared using the methylated cap analog 
m7G(5′)ppp(5′)G. The cRNAs were prepared using an mMes-
sage mMachine transcription kit (Ambion, USA) with T7 RNA 
polymerase. The absence of degraded RNA was confirmed by 
denaturing agarose gel electrophoresis followed by ethidium 

bromide staining. Recombinant plasmids containing 
α7 nAChR 

cDNA inserts were linearized by digestion with the appropriate 
restriction enzymes, and cRNAs were obtained using the 
mMessage mMachine áå= îáíêç transcription kit with T7 poly-
merase. The final cRNA products were resuspended at a con-
centration of 1 μg/μl in RNase-free water and stored at -80°C 
(Lee et al., 2005).  
 
Data recording 
A custom-made Plexiglas net chamber was used for two-
electrode voltage-clamp recordings, as previously reported (Lee 
et al., 2005). A single oocyte was constantly superfused with 
ND96 medium in the absence or presence of acetylcholine or 
Rg3 during recording. The microelectrodes were filled with 3 M 
KCl and had a resistance of 0.2-0.7 MΩ. Two-electrode volt-
age-clamp recordings were obtained at room temperature us-
ing an Oocyte Clamp (OC-725C, Warner Instrument) and digi-
tized using Digidata 1200A (Molecular Devices, USA). Stimula-
tion and data acquisition were controlled using pClamp 8 soft-
ware (Molecular Devices). For most electrophysiological experi-
ments, the oocytes were clamped at a holding potential of -80 
mV, and 300-ms voltage steps were applied from -100 to +50 mV 
to assess the current and voltage relationship. Linear leak and 
capacitance currents were corrected by means of the leak sub-
traction procedure. Since α7 nAChRs have a high relative per-
meability to Ca2+ (Castro and Albuquerque, 1995; Seguela et al., 
1993), oocytes were incubated in 100 μM BAPTA-AM for 4 h 
before recording to avoid α7 nAChR-mediated endogenous 
Ca2+-activated Cl- currents. 
 
Homology modeling 
A homology model of the chick α7 AChR was constructed on 
the 4 Å structure of the membrane-associated qçêéÉÇç acetyl-
choline receptor (PDB code 2BG9) (Unwin, 2005) using the 
homology modeling program MODELLER 9v2 (Sali and Blun-
dell, 1993). Transmembrane domains were predicted using 
TMHMM server v2.0 (Krogh et al., 2001), and the secondary 
structures were predicted using the PSIPRED server (Bryson et 
al., 2005). Sequence alignment between the chick α7 AChR 
channel and the qçêéÉÇç acetylcholine receptor channel was 
carried out manually paying special attention to the alignment of 
the predicted transmembrane domains. A stretch of amino 
acids from Lys303 to Ala411 in the chick α7 nAChR was not 
included in the modeling because the corresponding regions 
were missing in the PDB file. The excluded 109 amino acids 
form the intracellular disordered loop between the M3 and M4 

transmembrane domains and are presumed to be unimportant 
for Rg3 binding. Hydrogen atoms were added to the homology 
model and then the structure was energy-minimized using Sy-
byl v7.0 (Tripos Inc., USA). The minimization procedure was 
implemented by Powell minimization algorithm using the deriva-
tive convergence criterion of 0.05 kcal/Å-mol. Tripos force field 
and Gasteiger-Huckel charge model were employed for the 
energy-minimization. The same strategies were used to gener-
ate a homology model of the L247T mutant receptor. 
 
Virtual docking of Rg3 to wild-type and L247T α7 nAChRs 
The structure of (p)-Rg3 was constructed using Chemdraw ultra 
8.0 (Cambridgesoft, USA), and converted to a 3-dimensional 
model and energy minimized using Chem3D ultra 8.0 (Cam-
bridgesoft, USA), followed by one round of energy minimization 
using the Sybyl forcefield. Virtual dockings of (p)-Rg3 to the ho-
mology model of wild-type α7 AChR and L247T mutant channels 
were performed using GOLD v3.0 (The Cambridge Crystallo-
graphic Data Centre, UK), a program that uses stochastic genetic 
algorithms for conformational searches (Verdongk et al., 2003). 
The docking by GOLD was performed under the standard default 
settings mode allowing full ligand flexibility and keeping the pro-
tein rigid. The L247 or T247 residues in each of the five subunits 
were designated as the active site residues, and the active radius 
was set to 10 Å from the active site residues. Docked models 
displaying the best GOLD scores (best-fit docking results) were 
selected for final complex structural analysis. The poseview com-
puter program (Stierand et al., 2006) was used to investigate the 
interactions of the protriptyline molecule with the HERG channel. 
All structural figures were prepared using PyMol v0.98 (DeLano 
Scientific LLC, USA). 
 
Data analysis 
To obtain the concentration-response curve for the effect of Rg3 
on the inward peak fACh mediated by the α7 AChR, the fACh peak 
was plotted at different concentrations of Rg3 and the Origin 
software (OriginLab Corp., USA) was used to fit the plot to the 
Hill equation: I/Imax = 1/[1 + (IC50/[^])nH], where Imax is maximal 
current obtained from each EC50 value of acetylcholine in mu-
tant receptors as shown in Table 1. IC50 is the concentration of 
Rg3 required to decrease the response by 50%. [^] is concen-
tration of Rg3 and nH is the Hill coefficient. All values are pre-
sented as means ± S.E.M. The differences between means of 
control and treatment data were determined using the unpaired 
Student’s í-test or one-way ANOVA. A value of é=< 0.05 was 
considered statistically significant. 
 
RESULTS 
 
Effects of Rg3 on wild-type and Leu247 mutant nAChRs 
In previous reports, we showed that ginsenosides inhibit sev-
eral subtypes of heteromeric, but not homomeric, α7 nAChRs 
(Choi et al., 2002; Sala et al., 2002). Likewise, in the present 
study we found no inhibitory effect of Rg3 on f

^`Ü
 at concentra-

tions up to 300 μM for the wild-type α7 nAChR expressed in 
uÉåçéìë oocytes (Fig. 2A). We have recently shown that the 
inhibitory effect of Rg3 on 5-HT3A receptor channel currents was 
abolished by mutation of Phe292 to Ala292 (F292-F292A) in 
TM2 (Lee et al., 2007). We first examined the possibility that 
Rg3 affects f

^`Ü
 in F252A mutant receptor, since this amino acid 

is homologous to that present in the homomeric 5-HT3A recep-
tor (Fig. 1B, ~ëíÉêáëâ). However, Rg3 did not affect the activity of 
this mutant channels (data not shown). These results together 
with previous finding suggest that although the amino acid se-
quences of the TM2 domain are very similar to that of the 5-
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HT3A receptor, the mechanism of ginsenoside action on α7 
nAChR might differ from those of heteromeric nAChRs and the 
wild-type 5-HT3A receptor. 

Previous reports have shown that mutation of Leu247 to 
L247T in TM2 of the α7 nAChR induces alterations of various 
receptor channel properties as well as receptor pharmacology 
(Bertrand et al., 1992; Palma et al., 1996; Revah et al., 1991). 
We also constructed L247T receptor and first examined the 
effects of acetylcholine on mutant receptor channel activation. 
We found that application of acetylcholine to these mutant re-
ceptors, excluding the L247K mutant receptor, greatly in-
creased f

^`Ü
. In addition, mutant receptors displayed a signifi-

cant leftward shift in the concentration-response curve for ace-
tylcholine, indicating a reduced EC50 value compared to the 
wild-type receptor and increased acetylcholine potency for the 
mutant receptors (Palma et al., 1996; Revah et al., 1991) (Fig. 
1C; Table 1). We next examined the effect of Rg3 on the f

^`Ü
 of 

the mutant receptors. Surprisingly, we found that Rg3 exhibited 
inhibitory effects on L247T α7 nAChR channel currents despite 
the increased affinity of acetylcholine for the mutant receptors 
(Fig. 2C). In addition, we examined the effect of Rg3 after re-
placement of the Leu247 residue with other amino acids. We 
found that mutation of Leu247 to L247A, L247D, L247E, L247I, 
or L247S, but not L247K, sensitized the receptor to Rg3. The 
order of Rg3-mediated % inhibition of f

^`Ü
 in mutant nAChRs 

was: L247A = L247T > L247S > L247I = L247E > L247D. Rg3 
had no effect on mutant L247K or wild-type receptor channel 
activity (Fig. 2D). We examined the effects of Rg3 on f

^`Ü
 in 

mutant receptors such as L246T and S248A, which are amino 
acid residues adjacent to L247T, but found no effect of Rg3 on 
these mutants (data not shown). In addition, we also examined 
the effects of Rg3 on f

^`Ü
 in double mutant receptor such as 

L247T-F292A to know whether this double mutation abolishes 
the inhibitory effect of Rg3 on f

^`Ü
 observed in L247T α7 recep-

tor but found that Rg3 still maintained the inhibition on f
^`Ü

 in 
double mutant receptors as much as in L247T receptor (data 
not shown). These results indicate that Rg3-mediated f

^ÅÜ=
regula-

tion depends upon the particular residue at 247 when it is mu- 

Table 1. Effects of acetylcholine on wild-type and various mutant α7 
nAChRs expressed in uÉåçéìë oocytes 

 EC50 åH=

Wild-type 105.6 ± 2.4 1.3 ± 0.0 

L247A 006.8 ± 0.5* 2.0 ± 0.2 

L247D 00.71 ± 0.06* 1.6 ± 0.2 

L247E 007.9 ± 0.25* 2.3 ± 0.2 

L247I 001.5 ± 0.10* 1.3 ± 0.1 

L247K 115.4 ± 3.1 1.7 ± 0.1 

L247S 00.56 ± 0.01* 3.2 ± 0.1* 

L247T 00.54 ± 0.02* 2.5 ± 0.2* 

Values represent means ± S.E.M. (n = 9-12/group). Currents were elic-
ited at a holding potential of -80 mV. EC50 (μM) and Hill coefficient values 
were determined as described in the Experimental procedures. 
*é < 0.005, compared with wild-type α7 nAChRs. 

 
 
tated with other amino acids. 
 
Concentration-dependent effect of Rg3 on IACh in oocytes  
expressing various mutant α7 nicotinic acetylcholine 
receptors 
Co-application of Rg3 and acetylcholine inhibited fACh in a con-
centration-dependent manner in oocytes expressing various 
mutant α7 nAChRs (Fig. 3; Table 2). We used the EC50 value 
obtained from each mutant receptor as the concentration of 
acetylcholine used in these experiments (Table 1). The IC50 
values of Rg3 were 33.1 ± 1.3, 56.3 ± 23.6, 57.4 ± 9.9, 81.9 ± 
23.2, 66.0 ± 22.4, and 30.4 ± 1.8 μM in oocytes expressing 
L247A, L247D, L247E, L247I, L247S, and L247T α7 nicotinic 
acetylcholine receptors, respectively (å== 9-12 from three differ-
ent frogs). Thus, the order of IC50 values was: L247I > L247S > 
L247D = L247E> L247A > L247T (Fig. 3; Table 2).  
 
Current-voltage relationship and noncompetitive inhibition  
of L247T α7 nAChRs by Rg3 

We examined L247T receptor current-voltage (fJs) relation-

Fig. 2. Effect of Rg3 on f
^`Ü

 in oocytes express-

ing wild-type or one of the various mutant α7 

nAChRs. (A) Acetylcholine (100 μM) was ap-

plied first, followed by co-application of acetyl-

choline and Rg3. Co-application of 100 μM Rg3

with acetylcholine had no effect on f
^`Ü

. (B) Ace-

tylcholine (0.7 μM) was applied first, followed by 

co-application of acetylcholine and Rg3. Co-

application of 100 μM Rg3 with acetylcholine 

inhibited f
^`Ü=

in L247D receptors. (C) Acetylcho-

line (0.5 μM) was applied first, followed by co-

application of acetylcholine and Rg3. Co-appli-

cation of 100 μM Rg3 with acetylcholine also 

inhibited f
^`Ü

 in L247T receptors. (D) Summary 

of the current inhibition, presented as percent 

inhibition, induced in wild-type and various 

receptors mutated at the Leu247 residue by 

Rg3. The resting membrane potentials of the 

oocytes were about -35 mV, and they were 

voltage-clamped at a holding potential of -80 

mV prior to drug application. Traces are repre-

sentative of six separate oocytes from three 

different batches of frogs. Each point represents 

the means ± S.E.M. (n = 9-12/group). 
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Table 2. Effects of Rg3 on various mutant α7 nAChRs expressed in 

uÉåçéìë oocytes 

 IC50 Vmax åH=

L247A 33.1 ± 1.3 70.9 ± 1.1 1.1 ± 0.1 

L247D 56.3 ± 9.6 34.8 ± 4.9 0.9 ± 0.2 

L247E 57.4 ± 9.9 62.8 ± 3.8 0.9 ± 0.1 

L247I 81.9 ± 10.2 76.4 ± 7.8 0.9 ± 0.1 

L247K ND ND ND 

L247S 66.0 ± 7.4 75.7 ± 9.2 0.9 ± 0.1 

L247T 30.3 ± 1.3 72.4 ± 1.1 1.0 ± 0.1 

Values represent means ± S.E.M. (n = 8-10/group). Currents were elic-
ited at a holding potential of -80 mV. Vmax is the maximal inhibition for a 
given mutant at the highest concentration of Rg3 and IC50 (µM), and Hill 
coefficient values were determined as described in the experimental 
procedures. ND is not determined. 
 
 

ships in the absence or presence of Rg3. We measured the 
amplitude of current activated by either acetylcholine alone or 
acetylcholine plus Rg3 at an initial holding potential of -80 mV, 
which was then ramped from -100 to +50 mV over 300 ms. In 
the absence of acetylcholine, oocytes expressing L247T recep-
tors evoked an inward current of < 0.01 μA at -100 mV and an 
outward current of ~0.1 μA at +50 mV. In oocytes expressing 
L247T receptors, acetylcholine treatment evoked a current that 
reversed at approximately -10 mV, and both the inward and 
outward currents were inhibited by Rg3 (Choi et al., 2002). Oo-
cytes expressing L247T mutant channels showed no significant 
differences in reversal potential for acetylcholine in the absence 
or presence of Rg3 (without Rg3, -10.4 ± 2.5 mV; with Rg3, -11.5 
± 2.8 mV; é < 0.5) (Fig. 4A). To further study the mechanism by 
which Rg3 inhibits fACh in oocytes expressing L247T α7 nAChRs, 
we analyzed the effect of Rg3 on fACh evoked by various acetyl-
choline concentrations in oocytes expressing L247T α7 nAChRs  

(Fig. 4B). Co-application of Rg3 with various concentrations of 
acetylcholine did not shift the concentration-response curve of 
acetylcholine to the right (EC50 from 0.54 ± 0.02 to 0.59 ± 0.01 
μM and Hill coefficient from 2.5 ± 0.2 to 2.2 ± 0.02) in oocytes 
expressing L247T α7 nAChRs, although Rg3 significantly inhib-
ited fACh at concentrations of 1, 3, and 10 μM acetylcholine (Gé=Y=
MKMR, GGé=Y=MKMMR, compared to the absence of Rg3, å== 8-10 
from three different frogs), indicating that Rg3 reduced fACh in 
L247T α7 nAChRs with equal potency, independently of the 
acetylcholine concentration (å== 9-12 from three different frogs) 
(Fig. 4B). 
 
Voltage-dependent inhibition of IACh by Rg3 in oocytes 
expressing L247T α7 nAChRs 

We next examined whether the inhibitory effect of Rg3 on fACh in 
oocytes expressing L247T α7 nAChRs was dependent on the 
membrane holding potential. As shown in Fig. 5, although Rg3 
did not exhibit any effects on fACh in oocytes expressing wild-
type α7 nAChRs at different membrane holding potentials, the 
inhibitory effect of Rg3 on fACh in oocytes expressing L247T α7 
nAChRs demonstrated a significant dependence (Fig. 5C). 
Thus, Rg3 inhibited fACh by 63.4 ± 2.6, 48.6 ± 2.0, 38.2 ± 3.3, 
29.8 ± 5.3 and 18.3 ± 1.2% at -120, -90, -60, -30, and 0 mV 
holding potentials, respectively, in oocytes expressing L247T 
α7 nAChRs (Gé= Y= MKMMRI= compared to -120 mV membrane 
holding potential; å== 9-12 from three different frogs). These 
results indicate that Rg3 inhibits fACh in the L247T receptor in a 
voltage-dependent manner. 
 
Virtual docking of Rg3 to wild-type and L247T α7 nAChRs 
To further examine the possible interactions between Rg3 and 
the α7 AChR channel, computational simulations of wild-type 
and L247T mutant AChR channels were constructed and 
evaluated. Homology modeling of the channels and virtual 
docking of Rg3 to the homology models were performed using 
the MODELLER and GOLD programs, respectively. Interest- 

Fig. 3. Concentration-dependent effects of 

Rg3 on f
^`Ü
=in wild-type and various mutant 

α7 nAChRs. f
^`Ü

 in oocytes expressing 

wild-type, L247A, L247D, L247E, L247I, 

L247K, L247S, or L247T mutant recep-

tors was elicited at a holding potential of

-80 mV for the indicated time in the pres-

ence of acetylcholine (EC50 value of wild-

type and each mutant receptor), followed 

by co-application of the indicated con-

centrations of acetylcholine together with

Rg3. (A-C) Traces representative of nine 

separate oocytes from three different 

frogs. (D) Concentration-response curves 

showing the effect of Rg3 on oocytes 

expressing the wild-type or various mu-

tant receptors. The solid lines were fitted

using the Hill equation. Additional IC50, 

Hill coefficient, and Vmax values for the

various mutants are presented in Table 2

(means ± S.E.M; n = 9-12 oocytes for 

each point). 
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Fig. 4. Current-voltage relationship and non-competitive inhibition of 

L247T receptors. (A) Current-voltage relationships of f
^`Ü

 blockage 

by Rg3 in wild-type or L247T receptors. Representative current-

voltage relationships were obtained using voltage ramps of -100 to 

+50 mV for 300 ms at a holding potential of -80 mV. Voltage steps 

were applied before and after application of 0.5 μM acetylcholine in 

the absence or presence of 100 μM Rg3. The reversal potential for 

the L247T receptors was not significantly different from that of the 

wild-type receptor in the absence or presence of Rg3 (-10.4 ± 2.5 

mV; with Rg3, -11.5 ± 2.8 mV), but was linear rather than inward 

rectified (Revah et al., 1991). (B) Concentration-response relation-

ships for acetylcholine in the L247T mutant receptor treated with 

acetylcholine (0.03-10 μM) alone or acetylcholine plus 100 μM Rg3 

in oocytes expressing the L247T receptor. The f
^`Ü

 of oocytes ex-

pressing the L247T mutant receptor was measured using the indi-

cated concentrations of acetylcholine. The f
^`Ü

 of oocytes express-

ing the L247T mutant receptor was measured using the indicated 

concentration of acetylcholine in the absence (□) or presence (○) 

of 100 μM Rg3. Oocytes were voltage-clamped at a holding poten-

tial of -80 mV. Oocytes were exposed to acetylcholine alone or 

acetylcholine plus Rg3 for 30 s. Each point represents the mean ± 

S.E.M. (n = 9-12/group). 
 
 
ingly, the best-fit docking results showed that Rg3 forms three 
hydrogen bonds with L247T, but not with wild-type nAChRs 
(Fig. 6C). In L247T nAChRs, the first carbohydrate coupled to 
the Rg3 backbone forms one hydrogen bond with Thr244 of 
subunit II, and the second carbohydrate of Rg3 forms two hy-
drogen bonds with Ser240 of domain I and Thr244 of subunit V 
in the central pore (Fig. 6C). On the other hand, none of the 10 
most likely docking sites demonstrated pore blockage of the 
wild-type channel by Rg3. Instead, the Rg3 binding site was 
located at the interface of two subunits of the wild-type channel 

(Fig. 6A). L247T, but not wild-type nAChR, allows Rg3 to enter 
the channel pore and interact with several amino acids in the 
channel pore via hydrogen bond formation. Thus, from our 
virtual docking model it appears that Rg3-mediated inhibition of 
fACh in L247T but not wild-type α7 nAChRs might be achieved 
by channel pore plugging activity of Rg3. 
 
DISCUSSION 

 

The α7 AChR, which is a neuronal expressed receptor and is 
homomeric in composition, is widely expressed throughout the 
central nervous system including cortical and limbic areas and 
is known to play an important role in normal brain functions, as 
α7 AChR dysfunction is associated with neurological disorders 
such as Alzheimer’s disease, schizophrenia, and epilepsy 
(Changeux and Edelstein, 2001; Chini et al., 1994; Lena and 
Changeux, 1997; Weiland et al., 2000). Recently, mutation of 
Leu247 to Thr247 in the TM2 pore region was found to de-
crease the rate of desensitization in response to acetylcholine, 
increase the apparent affinity for acetylcholine, and abolish 
current rectification, thus creating a gain-of-function activity for 
this receptor (Bertrand et al., 1992; Orr-Urtreger et al., 2000; 
Revah et al., 1991). In addition, homozygous mutation of the 
L250T α7 nAChR mutation (T/T) is lethal in mice, and heterozy-
gous mice (+/T) show enhanced sensitivity to nicotine (Broide et 
al., 2002; Orr-Urtreger et al., 2000). These results indicate that 
the Leu247 residue in α7 nAChR plays a key role in maintaining 
homeostasis in the central nervous system. 

In the present study, we demonstrated that (1) the mutant re-
ceptors L247A, L247D, L247E, L247I, L247S, and L247T, ex-
cluding L247K, caused a large leftward shift in acetylcholine 
concentration-response curves by 13.3-195.5-fold compared to 
the wild-type receptor (Fig. 1C), (2) co-application of Rg3 and 
acetylcholine inhibited f

^`Ü
= in oocytes expressing chick L247A, 

L247D, L247E, L247I, or L247S, but not in oocytes expressing 
wild-type or L247K α7 nAChRs, in a reversible and concentra-
tion-dependent manner, (3) inhibition of f

^`Ü
 by Rg3 occurred in 

a non-competitive and voltage-dependent manner in oocytes 
expressing L247T α7 nAChRs, (4) a virtual modeling technique 
allowed us to explain how Rg3 exhibits its inhibitory effects on 
f
^`Ü

 in the L247T mutant, but not the wild-type receptor (Fig. 6). 
In addition, we investigated the mechanism by which Rg3 in-

hibits L247T α7 nAChRs by measuring the effect of 100 μM 
Rg3 on different concentrations of ACh for α7 L247T receptors. 
Concentration-response curves obtained in the absence of Rg3 
were similar to those reported previously for other nAChR sub-
types (Choi et al., 2002; Sala et al., 2002). In the presence of 
Rg3,

 a negligible shift in the ACh dose-response curve was 
obtained, and current inhibition was not relieved even at high 
acetylcholine concentrations. Thus, Rg3-mediated inhibition of 
f
^`Ü

 in L247T α7 nAChRs was maintained at 3 to 10 μM acetyl-
choline concentrations. These results support a noncompetitive 

mechanism by which Rg3 is involved in L247T α7 nAChR regu-
lation. Thus, Rg3 interaction sites with nAChRs are differ from 
those of acetylcholine. 

Based on the present results, we also found that Rg3 inhibits 
f
^`Ü=

via a membrane holding potential-dependent manner in 
oocytes expressing L247T α7 nAChR. In other words, Rg3-
mediated inhibition of f

^`Ü
 was greatly attenuated at more depo-

larizing potentials. These results raise the possibility that Rg3 
may act as an open channel blocker of L247T α7 nAChRs, 
despite lacking a charged group. Open channel blockers such 
as local anesthetics or hexamethonium are strongly voltage 
dependent due to the charge that they carry in the transmem-
brane electrical field (Arias, 1996; Heidmann et al., 1983; Sine 
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Fig. 5. Voltage-dependent inhibition of L247T receptors by Rg3. (A, B) The representative traces were obtained from wild-type and L247T recep-

tors in the absence or presence of Rg3. (C) Summary of percent inhibition induced by Rg3 at the indicated membrane holding potentials in oocytes 

expressing wild-type or mutant α7 receptor. Gé=Y=MKMMR,=compared to -120 mV membrane holding potential. Each point represents the mean ± 

S.E.M. (n = 9-12/group). 
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and Tayler, 1982). Similarly, in our previous report, we also 
demonstrated that Rg3 inhibits inward cation currents through 
the open state of the V291A 5-HT3A receptor, which exhibits 
constitutively active ion currents (Lee et al., 2007). These re-
sults suggest that Rg3 acts as a non-charged open channel 
blocker of cation ligand-gated ion channels. 

The second transmembrane domain (TM2) lines the wall of 
the pore. The Leu residue corresponding to position 247 of the 
chick α7 nAChR channel is highly conserved in all nicotinic, 
GABAA, 5-HT3 and glycine receptors, and has been believed to 
be positioned at the gate (Lester et al., 2004). Recently ac-
quired high resolution structures of the qçêéÉÇç nAChR chan-
nel show that the conserved Leu, is located at the narrowest 
part of the channel, and the side chain of the amino acid head 
point toward to the lumen of the pore (Miyazawa et al., 2003; 
Unwin, 2005). The importance of position 247 for gating and 

conductance has also been demonstrated in a functional study 
(Bertrand et al., 1992; Palma et al., 1996; Revah et al., 1991). 
The homology modeling and virtual docking used in the present 
study provide insight into the mechanism by which Rg3 exerts its 
inhibitory effect on L247T receptors. Exchange of the larger 
amino acid, leucine, present in the wild-type receptor for the 
smaller amino acid, threonine, at position 247 might cause con-
formational changes in the mutant receptor subunits following 
acetylcholine binding and induce opening of the channel pore 
(Lyford et al., 2003). In this state, the mutant receptor might allow 
for tight plugging of the Rg3 molecule via formation of hydrogen 
bonds with amino acids in the aqueous pore, an impossibility in 
the wild-type receptor due to steric hindrance (Fig. 6A). Thus, the 
channel pore plugging action of Rg3 in the L247T receptor might 
cause voltage-dependent and non-competitive blockage of ion 
currents following receptor activation. 

Fig. 6. Virtual dockings of Rg3 to chick 

wild-type and L247T α7 nAChR channel 

homology models. (A) Top view of the 

highest-ranked docking model of Rg3 to 

the wild-type channel. The channel is 

shown as a cartoon diagram and Rg3 is 

indicated as a ball and chain model. 

Each subunit is shown in different col-

ors. (B) Top view and side view of the 

highest-ranked docking model of Rg3 to 

the L247T receptor. One of the subunits 

is omitted in the side view for clarity. All 

of the top 10 docking results displayed

pore blocking of the mutant channel by 

Rg3. (C) Poseview analysis of protein-

ligand interactions. Hydrogen bonding is 

denoted by a dotted line. The spline 

sections indicate hydrophobic contacts, 

highlighting the hydrophobic regions of 

Rg3 and the identity of the contacting 

amino acid. The roman numerals in 

parenthesis indicate each subunit of the 

pentamer. 
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As mentioned above, although α7 nACh and 5-HT3A are both 
homomeric ligand-gated ion channels and share many amino 
acid sequence homologies in TM2 (Fig. 1B), Rg3-mediated 
regulation differs considerably between these two receptors; 
Rg3 exhibits an inhibitory effect on the wild-type 5-HT3A receptor, 
but has no effect on the wild-type α7 nAChR. The F292A muta-
tion in TM2 of homomeric 5-HT3A receptors abolishes Rg3-
induced inhibition of peak f

RJeq
 (Lee et al., 2007), whereas the 

L247A, L247D, L247E, L247I, L247S and L247T but not F252A 
mutations in α7 nAChR sensitized the mutant receptors to Rg3 

(Fig. 2D). In addition, when we examined the effects of Rg3 on 
f
^`Ü

 after double mutations (L247T-F292A) of amino acids in-
cluding homologous to that present in the 5-HT3A receptor (Fig. 
1B), we could not observe the any changes of Rg3-induced 
inhibitions of f

^`Ü
 (data not shown). These results show a possi-

bility that Rg3 interaction sites in L247T α7 nAChR and wild-
type 5-HT3A receptors are not topologically similar. However, 
the L247T α7 receptor provides additional evidence that Rg3 
interacts with amino acids in TM2 to regulate cation ligand-
gated ion channels. Currently, we do not understand why co-
application of Rg3 and acetylcholine inhibited f

^`Ü
= in oocytes 

expressing chick L247A, L247D, L247E, L247I, L247S or 
L247T but not in oocytes expressing wild-type or L247K α7 
nAChRs. Further study might be required to elucidate the rela-
tionships between characteristics of amino acid and sensitivity 
to Rg3. 

In summary, we found that, although Rg3 had no effect on f
^`Ü

 
in oocytes expressing chick wild-type α7 nAChRs, site-directed 
mutation of Leu247 to other amino acid residues rendered the 
receptor sensitive to Rg3. The inhibitory effect of Rg3 on f

^`Ü
 in 

L247T receptors was non-competitive and voltage-dependent. 
Homology modeling and virtual docking show that Rg3 might 
inhibit L247T receptor channel currents by plugging the channel 
pore. This result might provide an advance in understanding of 
pharmacological effects of m~å~ñ=ÖáåëÉåÖ. 
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