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ABSTRACT: The competitive antagonistd-tubocurarine (curare) has greater potency at mouse than at human
5-hydroxytryptamine 3A (5-HT3A) receptors, despite 84% amino acid sequence identity between the
receptors. Within the ligand binding domain of this receptor are six loops (A-F). A previous report
demonstrated that loop C of the 5-HT3A receptor contributed to differential potency between the receptors
[Hope, A. G. et al. (1999)Mol. Pharmacol. 55, 1037-1043]. The present study tested the hypothesis that
loop F plays a significant role in conferring interspecies curare potency differences. Wild-type, chimeric,
and point mutant 5-HT3A receptors were expressed inXenopusoocytes, and two-electrode voltage clamp
electrophysiological recordings were performed. Our data suggest that loops C and F contribute to curare
potency, given that the curare IC50’s (concentration of drug that produces 50% inhibition of the response)
for chimeric human receptors with substitutions of mouse residues in loop C (40.07( 2.52 nM) or loop
F (131.8( 5.95 nM) were intermediate between those for the mouse (12.99( 0.77 nM) and human
(1817( 92.36 nM) wild-type receptors. Two human point mutant receptors containing mouse receptor
substitutions in loop F (H-K195E or H-V202I) had significantly lower curare IC50’s than that of the human
receptor. The human double mutant receptor, H-K195E,V202I, had the same curare IC50 (133.8( 6.38
nM) as that of the human receptor containing all six loop F mouse substitutions. These results demonstrate
that two loop F residues make a significant contribution in determining curare potency at the 5-HT3A

receptor.

The 5-HT3
1 receptor is a member of the Cys-loop

superfamily of ligand-gated ion channels (LGICs) and
mediates excitatory fast synaptic transmission in the central
and peripheral nervous systems (1). Of the five subunits (A-
E) cloned to date, only 5-HT3A and 5-HT3B subunits have
been demonstrated to have functional significance in the
central or peripheral nervous systems (1-5). The 5-HT3B

subunit must be coexpressed with the 5-HT3A subunit to be
functional (2, 3), but sole expression of the 5-HT3A subunit
yields functional homomeric receptors. The A homomer is
the predominant form of the 5-HT3 receptor in rodent brain
(6).

All members of the Cys-loop family of LGICs are
pentameric in structure and contain at least two agonist
binding domains that are situated at the interface of two
subunits in the extracellular N-termini (reviewed in ref7).
One subunit contains the principal component of the ligand
binding domain, loops A, B, and C. The other subunit
contains the complementary component, loops D, E, and F.
Binding of ligand causes a series of conformational changes
that result in ion channel opening. Previous studies in
Torpedo californica and mouse nicotinic acetylcholine
(nACh) receptors, which have laid much of the groundwork
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for studies of ligand recognition in the 5-HT3A receptor,
identified residues in theR, γ, andδ subunits that are crucial
for agonist or antagonist binding through a variety of
biochemical and electrophysiological approaches (reviewed
in ref 8). With respect to curare, several residues in the
principal R subunit have been identified (9-12); in the
complementary component, amino acids in both loops E and
F are responsible for the high (γ subunit) versus low (δ
subunit) curare or dimethyl-d-tubocurarine (DMC) affinity
mediated by the two nonequivalent interfaces in the receptor
(13, 14). A study employing mutant thermodynamic cycle
analysis with curare analogs has demonstrated that the
quaternary 2′ N likely interacts with Tyr117 in theγ subunit
(15).

Numerous investigations of ligand recognition in the
5-HT3A receptor have utilized a strategy of examining
receptors with amino acids mutagenized to alanine or other
residues that differ in selected physicochemical properties.
In ligand binding and electrophysiological studies, a number
of residues that are involved in mediating agonist or
antagonist or both affinity or potency have been determined.
A number of studies have focused on loop C and its role in
ligand binding, as well as its likely contribution to gating
(16-19). In loops A, B, D, and E, mutation of aromatic, as
well as charged, amino acids also revealed critical residues
for ligand binding, gating, and surface expression (17, 20-
28). In contrast, less work has been done on loop F of the
5-HT3A receptor. Thompson et al. (19) reported that three
mutations in loop F (W195A, S203A, and S206A) alter [3H]-
granisetron binding. Thompson et al. (29) investigated 21
mutations inclusive of and near loop F and found that two
regions displayed increases inKd values for3H-granisetron.
Common to these studies is the observation that mutations
do not affect ligand recognition uniformly, suggesting that
ligands have different points of contact with the agonist
binding domain. A very significant advance in the field
occurred with the crystallization of the acetylcholine binding
protein (AChBP), a structural homolog of the N-terminal
domains of the LGIC superfamily (30). Homology modeling
of the 5-HT3A receptor ligand binding domain, with informa-
tion obtained from mutagenesis studies used as a guide, has
allowed investigators to dock specific ligands in and ap-
proximate the three-dimensional architecture of the binding
pocket (18, 27, 28, 31, 32).

In the present study, we have used interspecies chimeras
and point mutant receptors to identify residues involved in
determining curare potency in mouse and human 5-HT3A

receptors. It has long been known that 5-HT3 receptors from
different mammalian species display differential sensitivities
to drugs such as curare, 2-methyl 5-HT, andm-chlorophe-
nylbiguanide (reviewed in ref33). However, cloning of
5-HT3A receptors from six species revealed a high degree of
amino acid conservation among the receptors (1, 34-38).
Several investigators have examined interspecies chimeras
and, in some cases, point mutant receptors containing
corresponding amino acids (37-40). In all studies, loop C
domains were identified as contributing to interspecies
differences in drug action. In particular, Hope et al. (39)
demonstrated that loop C contributed to part but not all of
the large difference in potency of the competitive antagonist
curare at mouse and human 5-HT3A receptors. In electro-
physiological recordings conducted in wild-type, chimeric,

and corresponding point mutant 5-HT3A receptors expressed
in Xenopusoocytes, we have determined that loop C and
loop F of mouse and human 5-HT3A receptors fully account
for the approximately 140-fold greater potency of curare at
the mouse receptor. Furthermore, two residues, Lys195 and
Val202 in the human receptor, and the orthologs, Glu200
and Ile207 in the mouse receptor, underlie the role of loop
F in conferring curare potency. Thus, the work presented in
the current study identifies the role of two previously
uncharacterized loop F amino acids that change curare
potency and thus may play a role in ligand recognition in
the 5-HT3A receptor.

EXPERIMENTAL PROCEDURES

Construction of Chimeric and Point Mutant Receptor
cDNAs and cRNAs.Mouse and human 5-HT3A receptor
cDNAs, provided by Drs. D. Julius and A. Miyake, respec-
tively, were subcloned into pBluescript KS- and pCR-Script
Amp SK(+)- (Stratagene, La Jolla, CA). Numbering of the
amino acids in the two receptors began with the initiating
methionine. Two unique restriction enzyme cleavage sites,
SpeI, andNarI, were introduced in both mouse and human
5-HT3A receptor cDNAs by site-directed mutagenesis (U.S.E.
mutagenesis kit, Pharmacia Biotech Inc., Piscataway, NJ)
of the nucleotides encoding the conserved residues Thr181
and Arg244 in the mouse receptor cDNA and Thr176 and
Arg239 in the human receptor cDNA (Figure 1). Chimeric
receptors were named by species, junction point,

FIGURE 1: The N-terminal domains of the mouse and human
5-HT3A receptors are aligned, and numbering begins with the
initiating methionine. The signal peptide is indicated. Loops A-F
correspond to loops in the muscle nACh receptor, which have been
identified as contributing to the ligand binding domain (reviewed
in ref 8). Loops A-C are localized in the principal component,
and loops D-F are present in the complementary component. The
black arrows indicate the switch points for the chimeras in which
the distal one-third of the N-terminus has been substituted in the
mouse and human receptors (M181H239M and H176M244H).
Smaller chimeras within the distal one-third of the N-temini were
generated. Loop C+1 chimeras contain loop C receptor substitutions
and the isoleucine to valine or valine to isoleucine substitution that
is C-terminal to loop C and immediately N-terminal to TM1. Loop
F chimeras contain the six loop F substitutions, whereas the loop
F+3 chimeras contain the loop F substitutions and the three
substitutions that are N-terminal or C-terminal to loop F.
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species, junction point, and species. For example, H176M244H
contains human receptor residues 1-176, mouse receptor
residues through 244, and the balance human receptor
residues. Both receptor cDNAs were digested with the
restriction enzymes, and the appropriate fragments were
ligated to generate chimeric receptors in which the distal one-
third of the N-termini containing loops C and F were
swapped. Point mutations were introduced in mouse and
human receptor cDNAs with the U.S.E. mutagenesis kit.
Chimeras containing loop F, loop F+3, or loop C+1
substitutions were generated with multiple rounds of mu-
tagenesis, in which one to three substitutions were made
simultaneously. Chimeric and point mutant receptor cDNAs
were confirmed by dideoxynucleotide sequencing at the
Biotechnology Core Facility at Texas Tech University,
Lubbock, TX. The cDNAs were transcribed with the T3
mMESSAGE mMACHINE (Ambion, Austin, TX), and
oocytes were microinjected with cRNAs.

Receptor Expression and Electrophysiological Recordings.
Oocytes obtained fromXenopus laeVis frogs were subjected
to chemical separation and defolliculation as previously
described (41). Oocytes were incubated at room temperature
in ND96 media, containing (in mM) NaCl 96, KCl 2, CaCl2

1.8, MgCl2 1, and HEPES 5 (pH 7.5), plus 10 mg/L
streptomycin, 50 mg/L gentamicin, 10 000 units/L penicillin,
96 mg/L sulfamethoxazole, 19 mg/L trimethoprim, 0.5 mM
theophylline, and 2 mM sodium pyruvate.

5-HT-elicited currents were recorded in the two-electrode
voltage clamp configuration in oocytes on days 2 through 7
following injection (41). Serotonin and curare were obtained
from Sigma (St. Louis, MO) and were dissolved in modified
Barth’s solution (MBS) containing (in mM) NaCl 88, KCl
1, NaHCO3 2.4, HEPES 10, MgSO4 0.82, Ca(NO3)2 0.33,
and CaCl2 0.91 (pH 7.5). Serotonin was applied in the
absence or presence of curare at 2 mL/min for 30 s to 1
min.

Data Analysis. In all experiments, peak current amplitudes
were measured. The control values were obtained by
averaging the 5-HT-mediated responses obtained before and
after the response to 5-HT plus curare. For generation of
5-HT concentration response curves, currents were expressed
as a percentage of the maximal 5-HT (25µM) responses.
For antagonism by curare, percent inhibition was calculated
by subtracting the current obtained from 5-HT plus curare
from the average current obtained with 5-HT alone; the
difference was divided by the average 5-HT-mediated
current, and the quotient was multiplied by 100.

Graphpad Prism (San Diego, CA) was used to calculate
EC50’s, IC50’s, and Hill coefficients. The equation used to
calculate these parameters was:I/Icontrol ) 1/[1 + [D/EC50]n],
whereI is current,Icontrol is the control current,D is the drug
concentration, EC50 is the concentration of drug that produces
50% of the maximal response, IC50 is the concentration of
drug that produces 50% inhibition of the response, andn is
the Hill coefficient. One-way analysis of variance (ANOVA)
and Student-Newman-Keul’s post-hoc analyses were per-
formed by Instat (San Diego, CA).

In the double mutant thermodynamic cycle analysis,
change in Gibbs free energy (∆G) was calculated:
∆G ) -RT ln(IC50

single-mutant/IC50
wild-type) or ∆G ) -RT

ln(IC50
double-mutant/IC50

single-mutant), whereR is the gas constant

and T is the room temperature in kelvin (reviewed in ref
42). It should be noted that the IC50 value determined in
functional experiments is not a pure measure of antagonist
affinity (43), so changes in IC50 may not have a 1:1
correspondence to changes in affinity.

Molecular Modeling and Ligand Docking.A structural
model of the extracellular domain of the mouse 5HT3A

receptor was generated using version 8.2 of the program
MODELLER (44), using the X-ray structure of the apo
protein (Protein Data Bank ID 2BYN) and the antagonist
methyllycaconitine-bound form of theAplysia AChBP
(Protein Data Bank ID 2BYR) (45) as templates as described
previously (27, 28). The loop F region, which has insertions
relative to the template sequence, was further refined using
MODELLER, and then side chains were refined using
SCWRL 3.0 (46). Models were evaluated using ProSa2003
(47), and the highest scoring models were used for docking
simulations.

Curare was docked to each binding site in the model using
Autodock 3.05 (48). Solvation parameters were added to the
protein coordinate file and the ligand torsions were defined
using the “Addsol” and “Autotors” utilities, respectively, in
Autodock 3.05. Gasteiger-Marsili charges, which use the
united atom representation for nonpolar hydrogens, were
applied to ligands prior to docking (49). The docking was
performed with the initial population size set to 100 with
100 independent runs using otherwise default parameters in
the standard protocol on a 30 Å× 30 Å × 40 Å grid with
spacing of 0.375 Å. The size of the grid gives sufficient
freedom for the ligands to be docked in all possible
orientations while not permitting them to move outside of
the binding site. In addition to returning the docked structure,
AutoDock also calculates an affinity constant for each
ligand-receptor configuration. AutoDock allows flexibility
in the ligand. While the scoring functions used in AutoDock
can discriminate between near-native and misdocked con-
formations of a ligand (50), AutoDock can return several
different conformations of the ligand in the binding site.
However, the models that we used in this study were the
ones validated in our laboratory using double-mutant cycle
analysis (28) and thus likely represent the actual situation.
Images were produced using the UCSF Chimera package
(51) from the Computer Graphics Laboratory, University of
California, San Francisco (supported by NIH P41 RR-01081).

RESULTS

A previous study demonstrated that loop C of the ligand
binding domain of the 5-HT3A receptor accounted for part
but not all of the large difference in potency of the
competitive antagonist curare at mouse and human 5-HT3A

receptors (39). An alignment of the N-terminal domains of
mouse and human 5-HT3A receptors (Figure 1) revealed that
the distal one-third of the N-termini, in which loops C and
F are present, contains the majority of differences in amino
acid composition. Among the other loops of the ligand
binding domain, only loop E contains differences in amino
acid sequence between mouse and human receptors. There-
fore, the present study evaluated amino acids in the distal
one-third of the N-termini for their roles in determining
curare potency in mouse and human 5-HT3A receptors. A
series of interspecies chimeras, in which the distal one-third
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of the N-termini or smaller domains in the N-termini were
exchanged, were examined. A series of point mutant recep-
tors was constructed. As shown in Figure 1, there are six
nonconserved residues between mouse and human receptors
in loop F. In addition, there is one nonconserved residue
between loop B and loop F and two nonconserved residues
between loop F and loop C. In the human receptor, each of
these nine nonconserved residues was mutated to the
corresponding mouse amino acid.

A total of 22 chimeric and point mutant receptors were
constructed, including five on the mouse receptor background
and 17 on the human receptor background. Along with mouse
and human wild-type (WT) receptors, these chimeric and
mutant receptors were initially tested for 5-HT potency
(Table 1). Among the mouse chimeric receptors EC50 values
ranged from 1.2( 0.03 to 3.93( 0.22µM, compared with
the mouse WT EC50 of 1.02( 0.07µM. One-way ANOVA
of mouse WT and mouse chimeric receptor EC50’s was
significant, p < 0.001, and all chimeric receptors had
significantly greater EC50’s than mouse WT, except
M181H239M. Likewise, among the human chimeric and
point mutant receptors, there was a significant effect of
mutation on 5-HT EC50, one-way ANOVA,p < 0.001. Nine
of 17 receptors had significantly greater 5-HT EC50’s relative
to human WT (1.46( 0.04 µM), with the greatest being
that of H-V202I, 4.27( 0.18µM, Table 1. It must be pointed
out that the largest fold change in 5-HT EC50 in the mutant
receptors was 3.85 and 2.9 for mouse and human receptors,
respectively. Thus, while significant, the changes in EC50’s
are modest. These results suggest that the substitutions on
either receptor background do not grossly alter the coupling
of ligand binding with channel gating.

The contribution of the distal one-third of the N-termini
in conferring curare potency was assessed (Figure 2A,B;
Table 1). Curare concentration response curves were per-

formed on mouse WT, human WT, M181H239M, and
H176M244H receptors, with an EC10 concentration of 5-HT.
The mouse WT had a curare IC50 of 12.99( 0.77 nM, and
the human WT had a curare IC50 of 1817( 92 nM, an∼140-
fold shift in curare potency. The human receptor chimera,
H176M244H, had a curare IC50 of 8.26( 0.62 nM, which
is slightly but significantly less than that of mouse WT (Table
1). Replacement of the distal one-third of N-terminus of the
mouse receptor with that of the human receptor (M181H239M)
resulted in a receptor with a curare IC50 of 1689( 115 nM.
The curare IC50’s of the two receptors were not significantly
different (Table 1). These results suggest that the distal one-
third of the N-terminus is sufficient to determine whether
the receptor has mouse- or human-like curare potency.

Loops C and F are in the distal one-third of the N-terminus
of the 5-HT3A receptor, and each loop was evaluated for its
role in determining curare potency. The loop C+1 chimeras
contain loop C receptor substitutions plus the single substitu-
tion that is C-terminal to loop C and immediately N-terminal
to TM1 (H-V237I and M-I244V), Figure 1. Loop F chimeras
contain the six loop F substitutions, whereas the loop F+3
chimeras contain the loop F substitutions and the three
substitutions that are N-terminal (H-S188T and M-T193S)
or C-terminal (H-G213E,L215F and M-E218G,F220L) to
loop F, Figure 1. In Figure 3A,B, mouse receptor chimeras
containing human receptor orthologs were evaluated. With
M-loop C+1, M-loop F, and M-loop F+3, the curare
concentration response curves were shifted rightward relative
to mouse WT. The IC50’s of M-loop C+1 (137.6( 7.93
nM), M-loop F (76.97( 3.52 nM), and M-loop F+3 (86.27
( 5.11 nM) were significantly greater than that of mouse
WT, and M-loop F and M-loop F+3 IC50’s were not different
from each other (Table 1). Substitution of mouse residues
with human receptor orthologs in the mouse chimeric
receptors resulted in a 5-10-fold decrease in curare potency,

Table 1: 5-HT and Curare Potencies at Wild-Type, Chimeric, and Point Mutant Mouse and Human 5-HT3A Receptors

receptor

5-HT EC50

(mean( SE)
µM

5-HT Hill slope
(mean( SE)

curare IC50

(mean( SE)
nM

curare Hill slope
(mean( SE)

mouse WT 1.02( 0.07 2.23( 0.37 12.99( 0.77 1.17( 0.09
M181H239M 1.20( 0.03 2.86( 0.14 1689( 115.24 1.33( 0.13
M-loop C+1 3.93( 0.22a 2.12( 0.29 137.6( 7.93a,b 1.30( 0.10
M-loop F 3.66( 0.04a 2.64( 0.10 76.97( 3.52a,b 1.54( 0.10
M-loop F+3 2.92( 0.13a 2.65( 0.42 86.27( 5.11a,b 1.34( 0.13
M-loop C+1,E200K,I207V 2.93( 0.23a 2.30( 0.40 1070( 50.8a,b 1.42( 0.10
human WT 1.46( 0.04 3.42( 0.31 1817( 92.36e 1.19( 0.08
H176M244H 1.70( 0.30 1.97( 0.25 8.26( 0.62f 0.98( 0.09
H-loop C+1 3.28( 0.12b 2.32( 0.21 40.07( 2.52a,b 1.15( 0.09
H-loop F 2.36( 0.12c 2.05( 0.17 131.8( 5.95a,b 1.50( 0.10
H-loop F+3 3.04( 0.17b 2.38( 0.31 82.45( 3.63a,b,d 1.39( 0.08
H-K195E,V202I 1.76( 0.06 2.17( 0.17 133.8( 6.38b 1.23( 0.09
H-loop C+1,V202I 2.20( 0.10 2.13( 0.21 8.12( 0.21 0.99( 0.02
H-loop C+1,K195E,V202I 2.40( 0.15c 1.95( 0.29 5.73( 0.38 1.09( 0.07
H-S188T 2.81( 0.16b 1.59( 0.17 2013( 189.00 0.99( 0.09
H-L192S 1.95( 0.14 1.91( 0.30 1615( 76.53 1.15( 0.07
H-K195E 1.30( 0.07 1.30( 0.08 546( 26.41b 1.34( 0.10
H-K197R 3.63( 0.29b 1.76( 0.30 1766( 41.86 1.37( 0.04
H-R200K 4.23( 0.33b 1.63( 0.21 2200( 227.48 1.04( 0.13
H-V202I 4.27( 0.18b 2.43( 0.25 255.7( 7.27b 1.35( 0.05
H-M204I 2.67( 0.18b 1.99( 0.30 2141( 157.92 1.54( 0.16
H-G213E 1.48( 0.11 1.74( 0.23 1676( 152.02 1.07( 0.11
H-L215F 2.11( 0.18 1.65( 0.19 1297( 40.05c 1.27( 0.05

a p < 0.001 compared with mouse WT.b p < 0.001 compared with human WT.c p < 0.05 compared with human WT.d p < 0.001 compared
with H-loop F by Student-Newman-Keuls post-hoc analysis; one-way ANOVAs are described in the Results or figure legends.e p < 0.001
compared with human WT.f p < 0.001 compared with mouse WT by Student’st test.
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suggesting that both loops play a role in determining curare
potency. Furthermore, the observation that all three chimeras
had curare potency that was intermediate between those of
mouse WT and human WT suggests that the presence of
mouse orthologs in either loop can in part preserve higher
curare potency.

The mirror image chimeras, in which mouse receptor
orthologs were substituted on the human receptor back-
ground, were evaluated next (Figure 3C,D). In all three
chimeras, the curare concentration response curves were
shifted to the left relative to human WT. The curare IC50’s
for H-loop C+1 (40.07( 2.52 nM), H-loop F (131.8( 5.95
nM), and H-loop F+3 (82.45( 3.63 nM) were significantly
lower than that of human WT (Table 1). H-loop F and H-loop
F+3 IC50’s were significantly different from each other
(Table 1). Taken together, these results strongly support the
idea that residues in both loops C and F underlie the
differential curare potency in mouse and human receptors.

To determine whether the contributions of loops C and F
to curare potency are energetically coupled, that is, nonad-
ditive, we performed mutant thermodynamic cycle analysis
(reviewed in ref42), Figure 3E. The mouse (panel a) and
human (panel b) receptor analyses show the wild-type

receptor in the left upper quadrant. The∆G values upon
mutation of loop C (right upper quadrant) or loop F (left
lower quadrant) in the wild-type receptor are noted above
the arrow between the wild-type receptor and chimera.
Mutagenesis of the remaining loop in either chimera results
in the chimera containing both mutant loops, lower right
quadrant; the∆G values are noted above the arrows between
the chimeras. Finally, the arrow drawn diagonally between
the wild-type receptor and the chimera with both substituted
loops denotes the∆G resulting from simultaneous loop
substitutions. The reactions are numbered clockwise, begin-
ning with the wild-type receptor. If the two mutations are
independent, then the∆G generated with simultaneous
substitution of both loops should be equivalent to the addition
of the two∆G values generated from mutation of each loop,
∆GR1 + ∆GR4 ) ∆GR5. Using the∆G’s for each step in the
cycle, we can calculate a coupling energy (42) to determine
whether loops C and F make independent contributions to
curare binding:

In the case of the mouse background (Figure 3Ea),∆Gcoupling

) -0.4 ( 0.1 kcal/mol, while in the case of the human
background (Figure 3Eb),∆Gcoupling) -0.9( 0.1 kcal/mol.
The coupling energies for the mouse and human receptors
are small, suggesting that if the loops make interactions
during the interaction of the receptor with curare, they are
quite modest. However, it must be emphasized that these
∆G values were calculated from IC50 values, which may not
be pure representations of antagonist affinity (43).

Given that the fold changes (13.3-45) in curare IC50’s
between human WT and the human chimeric receptors were
greater than those between mouse WT and mouse chimeric
receptors, human receptors containing individual mouse
receptor orthologs were assessed for their roles in conferring
curare potency. Nine differences in amino acid sequence are
present in loop F+3, as indicated in Figure 1. Curare
concentration response curves were generated in all nine
human receptors containing point mutant mouse receptor
orthologs, Figure 4A. Three mutant receptors had curare
IC50’s significantly lower than that of human WT (Table 1),
but none of them had an IC50 equal to that of H-loop F.
Within loop F, H-V202I (255.7( 7.27 nM) had a greater
effect than H-K195E (546.0( 26.41 nM). The mutant
H-L215F (1297( 40.05 nM) is located between loop F and
loop C and had a more modest effect on curare potency.
The double mutant receptor H-K195E,V202I (133.8( 6.38
nM) had an IC50 that was not significantly different from
that of H-loop F (Figure 4B,C, Table 1). These results suggest
that Lys195 and Val202 fully account for the loop F
contribution to lower curare potency of the human 5-HT3A

receptor.
In order to evaluate H-K195E,V202I and its counterpart

M-E200K,I207V more fully, we created three additional
chimeras, H-loop C+1,K195E,V202I, H-loop C+1,V202I,
and M-loop C+1,E200K,I207V. Addition of K195E and
V202I together or V202I individually to the H-loop C+1
chimera was sufficient to achieve a curare IC50 equivalent
to that of mouse WT. These results underscore the notion
that the mouse receptor residues equivalent to Lys195 and
Val202 in the human 5-HT3A receptor (Glu200 and Ile207,

FIGURE 2: The actions of curare were examined in oocytes
expressing mouse or human wild-type 5-HT3A receptors or chimeric
receptors. Human chimeric receptors in which the distal one-third
of the N-terminus was replaced with the mouse receptor
(H176M244H) or chimeric mouse receptors in which the distal one-
third of the N-terminus was replaced with the human receptor
(M181H239M) were also tested. The vertical line in the schematics
depicting the receptor constructs demarcates the end of the
N-terminus and the beginning of the first transmembrane domain.
In panel A, stable baseline responses were obtained with an EC10
of 5-HT (0.5µM, mouse WT and H176M244H; 0.75µM, human
WT and M181H239M),n ) 5-6. Curare was coapplied with 5-HT
for 30 s, and responses were expressed as a percent inhibition of
the average baseline current. In panel B, representative tracings of
5-HT-evoked currents in the absence and presence of curare in
mouse WT and human WT receptors are presented.

∆Gcoupling) ∆GR1- ∆GR3 ) ∆GR2- ∆GR4
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respectively), both play an important role in determining
curare potency. The chimera M-loop C+1,E200K,I207V had
a curare IC50 of 1070( 50.8 nM, which is significantly less
than that of human WT (Figure 5, Table 1). Given that
H-L215F, a residue outside of loops C and F, had a
significantly lower curare potency than human WT, substitu-
tion of the human ortholog at this position would likely
further reduce the curare potency of M-loop C+1,E200K,-
I207V. However, there is an 82-fold change between mouse
WT and M-loop C+1,E200K,I207V IC50’s and a 1.7 fold

change between human WT and M-loop C+1,E200K,I207V
IC50’s. Thus, it is apparent that in the mouse receptor, of the
non-loop C residues, Glu200 and Ile207 confer most of the
curare potency.

A striking difference between our results and that of Hope
et al., 1999, is the fold difference in curare potency in mouse
and human 5-HT3A receptors. Hope and co-workers (1999)
reported an approximately 1800-fold difference in IC50

values, whereas we report an approximately 140-fold dif-
ference. There were two notable differences in methodology

FIGURE 3: Curare concentration response curves were performed in oocytes expressing mouse-human or human-mouse 5-HT3A receptor
chimeras and compared with that obtained in the wild-type receptors (as shown in Figure 2). These chimeras are described in the Figure
1 legend and in the Results. Curare was coapplied with 5-HT for 30 s, and responses were expressed as a percent inhibition of the average
baseline current. In panel A, mouse chimeras containing human receptor orthologs were tested,n ) 6-7. An EC10 5-HT concentration was
used (1.6µM, M-loop F; 1.28µM, M-loop F+3; 1.5µM, M-loop C+1). One-way ANOVAs revealed that mouse WT and mouse chimeric
receptor curare IC50’s and human WT and mouse chimeric receptor curare IC50’s were significantly different,p < 0.001. One-way ANOVA
of Hill coefficients from the curare concentration response curves did not show significant difference,p ) 0.301. In panel B, representative
traces of 5-HT-evoked currents in the absence and presence of curare in M-loop F receptors are presented. In panel C, human chimeras
containing mouse receptor orthologs were examined,n ) 5-6. An EC10 5-HT concentration was used (1µM, H-loop C+1, H-loop F; 1.5
µM, H-loop F+3). One-way ANOVAs revealed that mouse WT and human chimeric receptor curare IC50’s and human WT and human
chimeric receptor curare IC50’s were significantly different,p < 0.001. In panel D, representative traces of 5-HT-evoked currents in the
absence and presence of curare in H-loop F receptors are shown. Panel E shows double mutant thermodynamic cycle analysis of mouse and
human 5-HT3A receptors in which loop C+1, loop F+3, or both are mutated (C and F are wild-type and C′ and F′ are mutant).
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between their study and the present one: (1) they preincu-
bated oocytes with curare prior to application of 5-HT plus
curare and (2) they used an EC50 concentration of 5-HT. To
address whether either of these two differences played a role

in lower fold differences in curare potency in our studies,
we conducted two sets of experiments. In the first experi-
ment, we preincubated mouse WT and human WT receptors
with curare for 2 min prior to the application of 5-HT plus
curare; the gating concentration of 5-HT was an EC10. Curare
IC50’s were shifted leftward in both constructs, mouse WT
(2.32( 0.13 nM) and human WT (1421( 70 nM), with an
approximately 618-fold difference between the two. In the
second experiment, we performed curare concentration
response curves with an EC50 of 5-HT and no curare
preincubation on mouse WT (IC50 ) 16.14( 1.18 nM) and
human WT (IC50 ) 3279( 50 nM) receptors, obtaining a
fold difference of approximately 203. These results suggest
that pre-equilibration with curare plays a greater role than
5-HT gating concentration in determination of interspecies
differences in curare potencies in our experiments.

DISCUSSION

In this study, we identified the role of loop F and
confirmed the role of loop C (39) in determining the curare
potency differences in mouse and human 5-HT3A receptors.
Both loops C and F play a major role, such that substitution
of either loop C or F in the human receptor with mouse

FIGURE 4: The role of loop F residues in conferring curare potency
in mouse and human 5-HT3A receptors was assessed. In panel A,
curare concentration response curves were generated in oocytes
expressing human point mutant receptors containing mouse receptor
loop F orthologs. Three residues near but outside loop F (+3) that
differ between mouse and human receptors were also assessed on
the human receptor background,n ) 4-6. An EC10 of 5-HT was
used (0.7µM, H-S188T; 0.75µM, H-L192S; 0.25µM, H-K195E;
1.75 µM, H-K197R and H-V202I; 1.5µM, H-R200K; 1.25µM,
H-M204I; 0.55µM, H-L215F; and 0.65µM, H-G213E). One-way
ANOVA of curare IC50’s was significant,p < 0.0001. In panel B,
a curare concentration response curve was generated in a mini-
chimeric human receptor containing two mouse orthologs (H-
K195E,V202I),n ) 5-9; the 5-HT gating concentration (EC10)
was 0.75µM. The concentration response curve was compared with
that of the two point mutant receptors (shown in panel A) and the
human chimeric receptors (shown in Figure 3C). One-way ANOVA
of curare IC50’s was significant,p < 0.0001. One-way ANOVA of
Hill coefficients from the curare concentration response curves was
significant, p < 0.001, but neither chimeric nor point mutant
receptor values were significantly different from that of human WT,
Student-Newman-Keul’s post-hoc analysis,p > 0.05. In panel
C, representative traces of H-K195E,V202I are shown.

FIGURE 5: The combination of loop C+1 and two loop F receptor
orthologs confer much of the curare potency of mouse and human
5-HT3A receptors. In panel A, curare concentration response curves
were generated in three chimeric receptors (n ) 4-10) and
compared with that obtained in mouse WT and human WT (shown
in Figure 2A). Gating concentrations of 5-HT, an EC10, were as
follows: 1µM, H-loop C+1,K195E,V202I; 0.75µM, H-loop C+1,-
V202I; 1.75µM, M-loop C+1,E200K,I207V. There are five more
residues in the N-terminus of the mouse 5-HT3A receptor than in
that of the human 5-HT3A receptor; human Lys195 and Val202 are
the orthologs of mouse Glu200 and Ile207, respectively. One-way
ANOVA of mouse WT, H-loop C+1,K195E,V202I, and H-loop
C+1,V202I IC50’s was not significant,p ) 0.67. In panel B,
representative traces of 5-HT-mediated currents in the absence and
presence of curare in H-loop C+1,K195E,V202I are displayed.
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receptor orthologs significantly enhances curare potency.
Likewise, substitution of loop C or F of the mouse receptor
with human receptor orthologs reduces curare IC50’s to values
intermediate between those of mouse WT and human WT,
suggesting that mouse residues in either loop partially
preserve the higher affinity of curare for the mouse receptor.
Changes in free energy calculated with double mutant
thermodynamic cycle analysis point to independent contribu-
tions of loops C and F in the mouse receptor in regulating
curare potency. In the human receptor, there appears to be a
modest interaction, with the mutation of one loop being
greater than the mutation of an additional loop. In the human
receptor, three residues mutated to the corresponding mouse
orthologs enhanced curare potency. Two of these residues,
H-Lys195 and H-Val202, are in loop F, whereas H-L215 is
located between loops F and C. The human receptor
containing the double mutant H-K195E,V202I had the same
curare IC50 as that of the H-loop F chimera, suggesting that
these two amino acids are sufficient to confer curare potency
of mouse loop F receptor residues. Thus, our results
demonstrate the importance of two loop F residues in
determining curare potency in both mouse and human 5-HT3A

receptors. Across species of 5-HT3A receptor, corresponding
residues are either lysine or glutamic acid at the equivalent
H-Lys195 residues and valine or isoleucine at the equivalent
H-Val202 residues (1, 34-38). The identity of these residues
corresponds with curare potency, except in the case of the
ferret receptor, which has human receptor equivalents at these
positions and high curare potency (37). In contrast, in the
5-HT3B subunit from human, mouse, and rat, aspartic acid
is present at the human 5-HT3A Lys195 equivalent, and
alanine or serine is present at the human 5-HT3A Val202
equiv (2, 3, 52). Likewise, in the human C, D, and E subunits,
glutamic acid or threonine is present at the human 5-HT3A

Lys195 equivalent and valine, glycine, or isoleucine is
present at the human 5-HT3A Val202 equivalent (4, 5).

Our finding that amino acids in the principal and comple-
mentary subunits of the 5-HT3A receptor confer curare
sensitivity parallels work done previously in the muscle-type
and neuronalR7 nACh receptors. Both theR and γ/δ
subunits are labeled by curare (9, 53), and both subunits at
the interface of the ligand binding domain are responsible
for conferring curare affinity (11, 54, 55). Inasmuch as the
defined 5-HT3 receptor stoichiometry is a homomer of five
A subunits (1) or a heteromer of two A and three B subunits
(56), there are no parallels between these subunit interfaces
and the nonequivalentR/δ andR/γ subunit interfaces in the
nACh receptor that display differential curare or DMC
affinities (13, 54). However, invariant residues in loops D
and E of the 5-HT3A receptor, which correspond to residues
in the nACh receptor identified as determinants of curare
affinity (reviewed in ref8) have been examined. Mutations
at these sites reduce curare binding affinity (21, 25). The
residues in loop F (loop G by Sine’s nomenclature),
δ-Lys161 andγ-Ser161, which are partly responsible for the
subunit difference in DMC affinity (13), correspond to
Trp190 in the human 5-HT3A receptor, which is invariant
across species. No residues that confer curare sensitivity in
the nACh receptors correspond to human 5-HT3A receptor
Lys195 and Val202. However, H-Val202 corresponds to
Gly189 in the chicken and Gly167 in the humanR7 nACh
receptor loop F, which have been characterized in two

reports. Mutations at this residue influence partial agonist
potency and efficacy (57, 58).

Our results are consistent with other reported findings on
curare sensitivity of the 5-HT3A receptor. First, Hope et al.
(39) found in mouse and human chimeric 5-HT3A receptors
that loop C substitutions were not sufficient to confer mouse
or human wild-type receptor curare sensitivity. Their obser-
vation that substitution of individual loop C residues of the
mouse receptor with human receptor orthologs only produced
modest changes in curare potency (10-fold or less) is likely
attributable to an interaction among residues within loop C.
In addition, based upon the results presented in our study,
we suggest another explanation for their results. As dem-
onstrated in human and mouse chimeric receptors in this
study, mouse residues in loops C and F make a substantial
contribution to high curare potency. Therefore, their presence
in either loop of mutant mouse receptors should in part
preserve curare potency. We suggest that this is the reason
why mouse receptors containing either loop C or F human
equivalents in our study or mouse receptors containing loop
C human equivalents in their study have such high curare
potency. Our results differ from that of Hope et al. (39) in
that they reported approximately 1800-fold difference in
curare IC50’s between mouse WT and human WT, whereas
we observed approximately 140-fold difference in curare
potency. In experiments designed to account for the differ-
ences, we found that preincubation of oocytes with curare
enhanced its potency to a greater degree in mouse WT than
in human WT, with a fold change of approximately 618. In
contrast, with a higher gating concentration of 5-HT (EC50),
the fold difference in curare potency between mouse and
human receptors was approximately 203, similar to that
observed with an EC10 of 5-HT. While pre-equilibration is
clearly more important than 5-HT concentration in determin-
ing interspecies curare potency differences in the present
study, other unidentified factors must be at play, given that
our fold differences in any case are substantially lower than
that previously reported. However, it is important to note
that despite these differences, we adhered to internally
consistent sets of measurements in our experiments to arrive
at interpretations of our results. Finally, the approach used
in the present study necessarily only identifies residues that
determine curare potency that differ between mouse and
human receptors; curare-sensitive residues that are identical
in human and mouse receptors presumably play equivalent
roles in curare binding in receptors from these two species.
Since loops A, B, and D are identical in mouse and human
5-HT3A receptors, our approach would not identify resides
in any of these loops that are important in curare binding
and therefore is not in contradiction with our previous
findings regarding the importance of loop A and D residues
(21, 27, 28). The three residues in loop E that differ between
mouse and human 5-HT3A receptors likely play no role in
conferring curare potency. The chimera M181H239M, which
contains the three loop E mouse receptor orthologs, has the
same curare potency as human WT. This observation is
supported by the work of Venkataraman et al. (25) who
examined curare displacement of [3H]-granisetron binding
in mouse 5-HT3A receptors containing alanine mutations in
loop E. Only substitution at Y140 (invariant across species)
affected the curareKi.
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Changes in the 5-HT EC50’s in the chimeric and point
mutant receptors relative to wild-type receptors were small
(Table 1) but statistically significant and support the possible
role of loops C and F in the conformational changes
associated with ion channel opening. Significant changes in
agonist EC50’s and partial agonist efficacies with mutation
are routinely used to assess a residue’s possible role in gating.
A previous study examined alanine substitutions at Phe226,
Ile228, and Tyr234 in loop C and demonstrated that the
relative efficacies of the partial agonist 2-methyl 5-HT and
5-HT are altered, suggesting a role of these residues in gating
(18). Likewise, mutations of Tyr234 to unnatural amino acids
point to the aromatic ring as playing a role in both binding
and gating (17). Recent work in our laboratory (59) has
shown that the presence of mouse or human orthologs in
the distal one-third of the N-terminus of the 5-HT3A receptor
determines whether 3-(2-hydroxy,4-methoxybenzylidene)-
anabaseine is a partial agonist or antagonist, respectively.
Thus, residues in loop C or F or both likely participate in
the gating process. Consistent with a role of loop C in the
gating process, in the case of theAplysiaAChBP (45), loop
C sticks out away from the bulk of the protein in the
unliganded form but moves closer to the body of the protein
in the agonist-bound form, clamping down over the agonist.
Whether the residues identified as curare-sensitive in the
present study also participate in gating is currently under
study. The residue H-Val202, and its ortholog, M-Ile207,
identified as a residue important for curare affinity in the
present study, correspond to Gly189 in the chicken and
humanR7 nACh receptor loop F. This residue influences
potency and efficacy of 3-(2,4-dimethoxybenzylidene)-
anabaseine (58). Likewise, Gly189 also regulates partial
agonist efficacy of imidacloprid (57). Finally, substituted
cysteine accessibility studies of the GABAA receptor suggest
that Val180 of theR1 subunit, which corresponds to 5-HT3A

receptor H-Val202 and M-Ile207, is one of three residues in
loop F that act as a dynamic element during agonist-mediated
ion channel opening (60). Collectively, these results lend
support to the idea that both loops C and F of the 5-HT3A

receptor are integral parts of the ligand-binding domain, with
contact points for antagonists and agonists, which are
associated with initial molecular motions that culminate in
ion channel flux.

The three-dimensional structure of the acetylcholine bind-
ing protein (AChBP) (31) has been used in the generation
of homology models of the N-terminal domains of the
5-HT3A receptor (27, 31, 32). These models have significantly
improved our understanding of the generalized architecture
of the agonist binding domain and the roles of amino acids
in loops A-F as putative contact points for agonists and
antagonists. Maksay and co-workers (31) have compared
mouse and human 5-HT3A receptor models and suggest that
loop C orthologs, mouse Asp229/human Glu224 and mouse
Ile230/human Ser225, by virtue of differences in side chain
length and size, respectively, not only change intramolecular
interactions but also alter the spatial orientation of curare.
They propose that curare moves deeper into the ligand
binding domain of the human receptor because of less steric
hindrance provided by serine than isoleucine at human
residue 225. This disrupts a crucial H-bond of curare with
H-Glu224. Interestingly, their model predicts that loop F of
the mouse receptor has no interaction with curare but that

Asp199 of the human receptor interacts with the tertiary
nitrogen. However, this model was constructed using a
structure of the AChBP that is now known to be in the
agonist-bound conformation, in which loop C is clamped
down over the agonist. In the apo and antagonist-bound forms
of the AChBP, loop C has rotated away from the bulk of
the receptor like a paddle (44, 61), allowing greater access
to the ligand-binding site. In our own modeling and docking
studies, we were unable to get curare to fit into the binding
site as a high-affinity complex using models derived using
the agonist-bound form of the AChBP as the template but
were able to do so using models derived from the apo and
antagonist-bound forms of the AChBP as the template (28).
In light of this, the relevance of the model of Maksay et al.
(31) to this study is unclear.

We have created homology models of the mouse and
human receptors using the structures of the apo and meth-
yllycaconitine-bound forms of theAplysiaAChBP (45) as
templates and carried out docking simulations of curare with
both receptors. While the modeled structures of both recep-
tors are very similar (as expected from the high degree of
homology between the mouse and human receptors), the
structure of loop F is quite different in the two receptors,
with the human loop F sticking further away from the core
of the receptor in the region containing residues M-Arg196/
H-Arg191 to M-Arg202/H-Lys197. Comparison of the
potential hydrogen bonds in the two structures shows that
this region of the mouse receptor makes many more H-bonds
with other residues in the receptor than the human segment,
presumably causing the mouse loop to be more compact.
We examined the positions of M-Glu200/H-Lys195 and
M-Ile207/H-Val202 the 5-HT3A receptor in our models of
the curare-5-HT3A receptor complex, which was selected
from the lowest-energy dockings from AutoDock based on
the results of extensive double-mutant cycle analysis (28).
Figure 6 shows the curare-receptor complex with M-Glu200/
H-Lys195 and M-Ile207/H-Val202 shown in gray (human
receptor) and magenta (mouse receptor). In these models
M-Ile207/H-Val202 is close to the aromatic ring in curare
containing the 6′ methoxy group, and the longer isoleucine
side chain may contribute to the higher affinity of the mouse
receptor. However, in these models M-Glu200/H-Lys195
protrude away from curare, and based on these models, it is

FIGURE 6: Molecular model of the mouse 5-HT3A receptor ligand-
binding domain. Shown are loop F from the mouse (magenta) and
human (gray) 5-HT3A receptors with curare docked in the ligand-
binding domain. The two residues shown to be important deter-
minants of species differences in curare sensitivity (M-Glu200/H-
Lys195 and M-Ile207/H-Val202) are indicated.
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more likely that the residues at this position influence either
the local environment or local structure rather than making
direct physical contact with curare. However, given that loop
F was poorly resolved in the AChBP structure, suggesting
that loop F is somewhat flexible (30), and given the
uncertainties associated with the exact positions of side
chains in structural models derived from homology modeling
(62), any interpretation based on the structural models is
speculative and requires further experimental studies em-
ploying double-mutant cycle analysis (28, 63) with curare
analogs before any firm conclusions can be made. Nonethe-
less, the difference in the models for loop F in the two
receptors is consistent with the notion that loop F is an
important determinant of curare affinity.

In summary, our findings underscore the importance of
loop F in determining curare potency in the 5-HT3A receptor.
In addition, they demonstrate the importance of conservative,
as well as the expected nonconservative substitutions, in
conferring drug potency. The unexpected finding that
H-V202I would produce the largest shift in curare potency
of any of the point mutants tested reveals the power of the
interspecies mutational analysis performed. Future experi-
ments employing mutant receptors, curare analogs, or both
coupled with additional molecular modeling studies of bound
curare in the mouse and human 5-HT3A receptors will shed
light on the role of critical residues in loops C and F in
shaping the three-dimensional architecture of the ligand
recognition site.
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