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A conserved cysteine residue in the third transmembrane
domain is essential for homomeric 5-HT3 receptor function
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The cysteine (Cys) residue at position 312 in the third transmembrane domain (M3) is conserved
among 5-hydroxytryptamine type 3 (5-HT3) receptor subunits and many other subunits of
the nicotinic acetylcholine (nACh) related Cys-loop receptor family, including most of the
γ-aminobutyric acid type A (GABAA) and glycine receptor subunits. To elucidate a possible
role for the Cys-312 in human 5-HT3A receptors, we replaced it with alanine and expressed the
5-HT3A(C312A) mutant in HEK293 cells. The mutation resulted in an absence of 5-HT-induced
whole-cell current without reducing homopentamer formation, surface expression or 5-HT
binding. The 5-HT3A(C312A) mutant, when co-expressed with the wild-type 5-HT3A subunit,
did not affect functional expression of receptors, suggesting that the mutant is not dominant
negative. Interestingly, co-expression of 5-HT3A(C312A) with 5-HT3B led to surface expression
of heteropentamers that mediated small 5-HT responses. This suggests that the Cys-312
is essential for homomeric but not heteromeric receptor gating. To further investigate the
relationship between residue 312 and gating we replaced it with amino acids located at the
equivalent position within other Cys-loop subunits that are either capable or incapable of
forming functional homopentamers. Replacement of 5-HT3A Cys-312 by Gly or Leu (equivalent
residues in the nACh receptor δ and γ subunits) abolished and severely attenuated function,
respectively, whereas replacement by Thr or Ser (equivalent residues in nACh receptor α7 and
GABAA ρ subunits) supported robust function. Thus, 5-HT3A residue 312 and equivalent polar
residues in the M3 of other Cys-loop subunits are essential determinants of homopentameric
gating.
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Introduction

5-Hydroxytryptamine type 3 (5-HT3) receptors mediate
rapid serotonergic excitatory synaptic transmission and
modulate neurotransmitter release (Barnes et al. 2009).
5-HT3 receptors are members of the family of cysteine
(Cys)-loop ligand-gated ion channels, which also includes
nicotinic acetylcholine (nACh), γ-aminobutyric acid type
A (GABAA) and glycine receptors. Separate genes encode
five human 5-HT3 subunits (5-HT3A–5-HT3E). 5-HT3A
subunits are unique among them in their ability to

form functional homopentamers (Barnes et al. 2009).
Recombinant homomeric 5-HT3A receptors exhibit
robust functional expression in heterologous systems
and are closely related to the nACh receptor, for which
there is a 4 Å resolution structural model (Maricq et al.
1991; Unwin, 2005). These factors make the 5-HT3A
receptor an appealing model for studying the relationship
between Cys-loop receptor structure and function (Reeves
& Lummis, 2002). Indeed several mutagenesis studies have
probed the extracellular agonist binding site, residues
in the first (M1), second (M2) and fourth (M4)
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transmembrane domains and the intracellular and
extracellular loops of the 5-HT3A receptor (Barnes et al.
2009). However, there are no studies examining the
functional role of residues in the third (M3) trans-
membrane domain.

Unlike the 5-HT3A subunit most of the other 44 human
Cys-loop subunits are unable to form functional homo-
meric receptors. The remaining exceptions include the
α7 and α9 nACh receptor subunits, the ρ1–3 GABAA

receptor subunits, and the glycine α1–3 subunits (Lester
et al. 2004). The large majority of Cys-loop receptor
subunits must combine with one or more distinct
isoforms in order to form functional heteropentameric
receptors. The existence of heteromeric receptors provides
considerable heterogeneity of function within the same
Cys-loop receptor subfamily. GABAA and nACh receptors
are the most heterogeneous of the subfamilies with 19
and 16 different human subunits, respectively. Their
subunit composition determines receptor pharmacology,
single channel conductance, gating kinetics and ion
selectivity (McKernan & Whiting, 1996; Lester et al. 2004;
Rudolph & Mohler, 2004; Gotti et al. 2007; Mitchell
et al. 2008). Furthermore, an individual subunit within a
heteropentamer can potentially dictate the destination of
the receptor. For example, the glycine receptor β subunit
binds the trafficking protein gephyrin, which selectively
targets heteromeric glycine receptors to the postsynaptic
density (Fritschy et al. 2008).

There are several mechanisms that can account for
the failure of most Cys-loop subunits to form functional
homopentamers. Homomeric 5-HT3B receptors fail to
express at the surface membrane due to the presence of
an amino acid motif which results in 5-HT3B subunit
retention within the endoplasmic reticulum (Boyd et al.
2003). The motif is masked by the 5-HT3A subunit
allowing surface expression of functional heteromeric
5-HT3AB receptors. Neurotransmitter agonists bind to
Cys-loop receptors at the interface between adjacent
subunits which form positive and negative binding
surfaces. However, not all subunits can serve both as
the positive and negative interface and this can lead to
a failure of homomeric receptor assembly, as is the case
for the GABAA receptor α subunits (Bollan et al. 2003).
Alternatively, homomeric receptor assembly occurs, but
the receptor cannot support agonist binding. This is the
case for the GABAA receptor β3 subunit, which forms
surface receptors that can be activated by the general
anaesthetic propofol, but cannot bind GABA (Davies et al.
1997). Another mechanism that could prevent functional
homomeric receptor formation is the failure of channel
gating in a surface receptor that successfully binds agonist.
Such a gating deficit would have to be recessive in order for
the subunit to successfully combine with other subunits
to form functional heteromeric receptors.

In this study we identified a residue in the M3
domain that is polar in 5-HT3A, nACh α7 and α9,

GABAA ρ1–3 and glycine α1 subunits, all of which
form functional homomeric receptors and non-polar in
nACh δ, γ and ε subunits which require other subunits
to combine into functional heteromeric receptors. We
therefore investigated the contribution of this residue,
at position 312 in the 5-HT3A subunit, to homomeric
receptor expression, agonist binding and function. This is
the first report of a functional role for an M3 residue in
the 5-HT3 receptor.

Methods

DNA constructs and transient transfection of subunit
cDNAs

HA epitope (YPYDVPDYA) or Myc epitope
(EQKLISEEDL) tagged wild-type (WT) human
5-HT3A and 5-HT3B receptor subunits in the pGW1
vector were provided by Dr C. N. Connolly and Prof.
J. J. Lambert (University of Dundee). Point mutations
were introduced into cDNA encoding the Myc-tagged
5-HT3A subunit using the QuikChange II site-directed
mutagenesis kit (Stratagene, Cedar Creek, TX, USA).
All cDNAs were sequenced to confirm their fidelity.
Transient transfection of HEK293 cells with subunit
cDNAs at equimolar ratios was performed by the calcium
phosphate precipitation method as described previously
(Koch et al. 2006). Cells were incubated at 37◦C in
an atmosphere of 5% CO2 (100% relative humidity)
overnight during the transfection and were washed
after 16 h with fresh medium. Transfected cells were
routinely cultured for 24–72 h before use. A stable
HEK293 cell line expressing Myc-5-HT3A receptors
was generated by positive selection using 500 μg ml−1

geneticin G418 (Invitrogen, Carlsbad, CA, USA). Clones
were isolated and screened using fluorescence microscopy
to verify consistent labelling with an antibody against
the Myc-epitope. Electrophysiological recording from
positive clones was used to confirm functional 5-HT3A
receptor expression. A stable 5-HT3A receptor-expressing
cell line was chosen and used where indicated in the text.
All cell culture reagents were purchased from Invitrogen.

Electrophysiology

The whole-cell configuration of the patch clamp technique
was used to record 5-HT-activated currents from
transiently transfected human embryonic kidney 293
(HEK293) cells. Experiments were performed at room
temperature (20–24◦C). The recording chamber was
continuously perfused (5 ml min−1) with an extracellular
solution comprising (in mM): NaCl, 140; KCl, 2.8; MgCl2,
2.0; CaCl2, 1.0; Hepes, 10; and glucose, 10 (pH 7.4 adjusted
with NaOH). The electrode solution contained (in mM):
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CsCl, 140; MgCl2, 2.0; CaCl2, 0.1; EGTA, 1.1; ATP (Mg2+

salt), 0.1; and Hepes-CsOH, 10 (pH 7.4). Cells were
voltage-clamped at an electrode potential of –60 mV.
Junction potentials were nulled with an open electrode
in the recording chamber prior to each experiment.
The liquid junction potential was trivial (∼2 mV), and
its inappropriate compensation was ignored. 5-HT (30
or 100 μM) was diluted from frozen stocks into the
extracellular solution on the day of recording. 5-HT3

receptors were activated by locally applying 5-HT to the
cell by pressure (10 psi) ejection (Picospritzer II, General
Valve Corp., Fairfield, NJ, USA). Currents were recorded
using an Axopatch 200B amplifier, low-pass filtered at
1 kHz, digitized at 10 KHz using a Digidata 1320A inter-
face, and acquired using pCLAMP 8 software (all from
Molecular Devices Corp., Sunnyvale, CA, USA) onto the
hard drive of a personal computer for subsequent off-line
analysis.

Confocal microscopy

One day after transfection cells were subcultured and
seeded onto poly-L-lysine-coated coverslips, and then
routinely cultured for ∼40 h before use. For total
labelling, the cells were incubated with polyclonal
anti-HA (Invitrogen) and/or monoclonal anti-Myc anti-
bodies (Clontech Laboratories, Mountain View, CA,
USA) after fixation, permeabilization and blocking. For
the observation of surface expression or internalization,
HA- or Myc-tagged subunits were surface-labelled as
appropriate with anti-HA and/or anti-Myc antibodies
at a concentration of 1.5 μg ml−1 at ∼22◦C for 10 min.
Subsequently, cells were treated as indicated in the text
prior to fixation and permeabilization. Bound primary
antibody was detected with Alexa Fluor 488 and/or Alexa
Fluor 594-conjugated secondary antibodies (Invitrogen)
as described previously (Wu et al. 2007; Liang et al. 2008).
Cells were permanently mounted in Fluoromount-G
(SouthernBiotech, Birmingham, AL, USA) and examined
using a confocal microscope (510 Meta, Carl Zeiss Micro-
Imaging, Inc., Thornwood, NY, USA).

Quantitative analysis of surface expression

Quantification was carried out using a modification
of a previously described approach (Wu et al. 2008).
HEK293 cells were grown on poly-L-lysine-coated
coverslips in 24-well plates overnight, and then trans-
fected. Approximately 65 h after transfection, cells were
surface labelled as described above. Subsequently, cells
were fixed immediately with Zamboni’s fixative (4%
paraformaldehyde and 0.2% picric acid in phosphate
buffer, pH 6.9) for 30 min, and incubated with
peroxidase-conjugated secondary antibody (1 : 1000,

GE Healthcare, Piscataway, NJ, USA) in OptiMEM
(Invitrogen) at 4◦C overnight. Plates were developed with
250 μl of ABTS solution (Roche Molecular Biomedicals,
Mannheim, Germany). Surface expression of WT or
mutant subunits was revealed by the level of colour
development. After ∼30 min, 200 μl of the substrate
solution from each well was transferred to a 96-well
plate and analysed at 405 nm using a Microplate Reader
(Molecular Devices Corp.).

Western blotting

HEK293 cells were transiently transfected in a 6-well
plate with the appropriate cDNAs, as described above.
Approximately 65 h after transfection cells were washed
twice with phosphate-buffered saline and harvested with
ice-cold homogenization buffer (50 mM Tris-HCl, pH 7.4)
supplemented with complete protease inhibitors (Pierce
Biotechnology Inc., Rockford, IL, USA). Subsequently, the
cell suspension was homogenized with 25 strokes in a
1 ml tight-fitting Dounce homogenizer (Fisher Scientific,
Pittsburgh, PA, USA) followed by five passages through
a syringe fitted with an ultra-fine needle (31 gauge),
and unbroken cells and intact nuclei were removed
by centrifugation at 1500 g (4◦C) for 10 min. This
centrifugation procedure was repeated and the super-
natant was separated from the pellet. The supernatant
was centrifuged for 10 min at 16 000 g at 4◦C. The
resultant pellet contained the crude membrane fraction.
Radio immunoprecipitation assay (RIPA) solubilization
buffer (Pierce Biotechnology Inc.) plus complete protease
inhibitors was added to the pellets and the resulting
suspension was incubated for 30 min at 4◦C to extract
integral membrane proteins. Protein concentrations were
determined using the BCA Protein Assay kit (Pierce
Biotechnology Inc.) and then frozen at −80◦C. For
Western blot, ∼60 μg of total protein was used. The
same volume of 2× SDS loading buffer (125 mM

Tris-HCl, 4% SDS, 20% glycerol, 0.02% Bromophenol
Blue) with and without 200 mM dithiothreitol (DTT)
was added. The samples were incubated in ice for
∼20 min immediately prior to SDS-PAGE separation
(7.5% Tris-HCl Ready Gel, Bio-Rad, Hercules, CA, USA).
Electrophoresis was carried out for 1.5 h using the
Mini-PROTEAN 3 Cell (Bio-Rad). Protein bands were
subsequently transferred to a nitrocellulose membrane
using a mini Trans-Blot electrophoretic transfer cell
(Bio-Rad). The membranes were blocked for 2 h with
3.5% non-fat milk in PBS containing 0.05% Tween 20
(Bio-Rad) and processed with anti-Myc monoclonal anti-
body (0.1 μg ml−1, Invitrogen) and subsequently with
anti-mouse horseradish peroxidase-conjugated secondary
antibody (1 : 10 000, GE Healthcare). The membranes
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were developed using an Amersham ECL Western Blotting
Detection System (GE Healthcare).

Radioligand binding assay

HEK293 cells transiently expressing WT or mutant
5-HT3A receptors were washed and harvested in Hanks’
buffered salt solution (HBSS) (Invitrogen), removing
culture medium. Cells were centrifuged at 3000 g for
5 min, supernatant was removed and pellets were either
used immediately for [3H]GR65630 binding or stored at
−80◦C for later use. A crude membrane fraction of thawed
cells was obtained by suspension in 10 ml ice-cold 50 mM

Hepes buffer (pH 7.5) and centrifugation for 30 min at
40 000 g . Membranes were then resuspended in 50 mM

Hepes buffer by ultrasonication and the total protein
concentration was measured using a NanoDrop ND-1000
spectrophotometer (Thermo Scientific, Wilmington, DE,
USA). For competition binding studies, 100 μl aliquots
of cell suspensions were incubated with [3H]GR65630
(∼100 pM, Perkin Elmer, Waltham, MA, USA) for 60 min
at 25◦C with 5-HT (100 nM to 100 μM) in a final volume of
200 μl. The reaction was halted by rapid vacuum filtration
using a Brandel cell harvester (Brandel, Gaithersburg,
MD, USA) with Whatman GF/B filter papers presoaked in
ice-cold 0.5 M polyethyleneimine in 50 mM Hepes buffer.
Filters were allowed to air dry for 15 min and then
assayed for radioactivity by liquid scintillation counting.
For saturation binding studies, samples were incubated
with concentrations of [3H]GR65630 ranging from 100 pM

to 30 nM. Non-specific binding for both types of assay
was determined in the presence of 1 μM ondansetron and
all experiments were performed in triplicate. Values of
agonist binding affinity (K i) were calculated using the
Cheng–Prusoff equation (Cheng & Prusoff, 1973):

K i = IC50

(1 + (L /K d))

where, IC50 is the concentration of 5-HT required to
displace 50% of the bound [3H]GR65630, L is the
concentration of [3H]GR65630 in competition binding
experiments, and K d is the dissociation constant for
[3H]GR65630 determined from saturation binding.

Co-immunoprecipitation

HEK293 cells were grown in 60 mm culture dishes over-
night and transiently transfected with wild-type and
mutant 5-HT3A cDNA constructs at equimolar ratios as
described above. Approximately 65 h after transfection,
cells were lysed in RIPA solubilization buffer plus complete
protease inhibitors and the resulting extract was subjected
to either Western blot analysis or immunoprecipitation
as described previously (Liang et al. 2007). Briefly, the

targeting proteins were immunoprecipitated with 50 μl
of Protein A Sepharose 4 Fast Flow (GE Healthcare)
preloaded with 5 μg of anti-HA or anti-Myc antibody.
After SDS-PAGE and electroblotting, membranes were
incubated with anti-Myc or anti-HA antibody followed
by detection using horseradish peroxidase-conjugated
secondary antibody as described above.

Homology modelling

The human 5-HT3A receptor sequence was successfully
rendered as a three dimensional structure using
Deepview-Swiss PDB Viewer to generate a homology
model based on the Torpedo marmorata nicotinic acetyl-
choline receptor (PDB ID: 2bg9) (Unwin, 2005) as
described previously (Deeb et al. 2007). Briefly, the
human 5-HT3A amino acid sequence was aligned with
equivalent residues of the Torpedo α, β, γ, δ nACh receptor
subunits and, where necessary, modified in length to
generate a superposition that enabled successful homology
modelling. The model was then submitted to the online
SwissModel website (www.swissmodel.expasy.org) for
energy minimization. The final model was then rendered
using Deepview software for analysis and the generation
of images.

Results

Replacement of the 5-HT3A subunit M3 Cys residue
by Ala abolishes function

Alignment of the human 5-HT3 subunit M3 amino
acid sequences reveals that the Cys residue at position
312 in the 5-HT3A subunit is completely conserved
among paralogous subunits (Fig. 1A). While not shown
in the alignment the residue is also conserved among
orthologous mouse and rat 5-HT3A and 5-HT3B
subunits (Hanna et al. 2000). The inclusion of
additional representative human Cys-loop receptor sub-
unit sequences in the alignment reveals that the Cys residue
is also conserved in most GABAA receptor subunits (the
exceptions being ρ1–3 in which the equivalent residue is
Ser) and all glycine receptor subunits (Fig. 1A); Thr is the
equivalent residue in nACh receptorα1–10 andβ subunits.
The nACh receptor δ, γ and ε subunits have a Gly, Leu
and Val, respectively, at the position equivalent to 5-HT3A
subunit residue 312. 5-HT3A, GABAA ρ1–3, glycine α1–3,
nACh α7 and α9 subunits all form functional homomeric
receptors and each has a polar residue at the position
equivalent to that of residue 312 in the 5-HT3A subunit.

We used the whole-cell configuration of the
patch-clamp technique and mutagenesis to examine
whether Cys-312 in the 5-HT3A subunit is required
for the formation of functional homomeric receptors.
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5-HT (100 μM), locally applied to HEK293 cells trans-
iently expressing wild-type human 5-HT3A receptors,
evoked robust inward currents recorded at −60 mV
(Fig. 1C). By contrast, HEK293 cells expressing mutant
5-HT3A(C312A) subunits, in which Cys-312 was replaced
by Ala, failed to respond to 5-HT (Fig. 1C).

Mutant 5-HT3A(C312A) subunits form
homopentamers

The lack of 5-HT3A(C312A) function could be caused
by a failure of assembly of mutant subunits into homo-
pentamers. We used Western blot analysis with anti-
bodies against the Myc epitope to investigate whether
5-HT3A(C312A) subunits combine to form pentameric
proteins. Western-blot analysis revealed a dominant
protein band at ∼250 kDa representing the homo-
pentameric Myc-tagged WT 5-HT3A receptor extracted
from transiently transfected HEK293 cells (Fig. 2A, lane 1).

Less prevalent, but clearly visible were bands at ∼50 kDa
and ∼100 kDa representing monomeric and dimeric
5-HT3A proteins. Likewise, analysis of protein extracted
from cells expressing mutant Myc-tagged 5-HT3A(C312A)
subunits revealed a predominant band corresponding
to pentameric protein with fainter bands similar to
those seen in lane 1 corresponding to monomeric and
dimeric 5-HT3A(C312A) proteins (Fig. 2A, lane 2). By
contrast, analysis of protein extracted from cells expressing
Myc-tagged 5-HT3B subunits alone revealed a single
predominant band at ∼50 kDa (Fig. 2A, lane 3), consistent
with the known failure of the subunit, when expressed
alone, to form homopentamers (Boyd et al. 2002; Ilegems
et al. 2004). Inclusion of the reducing agent DTT (100 mM

for 20 min) in the loading buffer with WT 5-HT3A
(Fig. 2A, lane 4) and mutant 5-HT3A(C312A) protein
(Fig. 2A, lane 5) caused the disappearance of ∼250 kDa
bands resulting in a predominant band at 50 kDa.

Taken together these results indicate that recombinant
WT 5-HT3A and mutant 5-HT3A(C312A) subunits,

Figure 1. The mutant 5-HT3A(C312A) subunit does not form functional receptors
A, amino acid sequence alignment of the M3 of human Cys-loop receptor subunits. Note that the human 5-HT3A
Cys (C) 312 residue, labelled by shading (grey in print, red online) and boxed, is highly conserved in 5-HT3

subunits, GABAA α, β and γ subunits, and glycine α and β subunits. A prime numbering system is used (De Rosa
et al. 2002) to identify homologous M3 residues across all Cys-loop receptor subunits. Asterisks indicate a poorly
aligned region of the 5-HT3B subunit sequence, which is omitted for clarity. B, a ribbon rendering of a homology
model of the 5-HT3D receptor based on the T. marmorata nACh receptor cryo-EM structure (Unwin, 2005). Two
subunits are shown each with four transmembrane domains, a large extracellular N-terminus, the top portion of
the cytoplasmic membrane associated helix, and a short C terminal tail. Inset, the M2 and M3 helices expanded
with M3 residue side chains rendered and Cys-312 shaded (grey in print, red online). C, representative currents
recorded from HEK293 cells transiently expressing WT 5-HT3A or mutant 5-HT3A(C312A) receptors before, during
and after 5-HT (100 μM) application for 1 s (where indicated by the bar) at a holding potential of −60 mV. Each
trace is a representative of at least eight recordings.
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unlike 5-HT3B subunits, exist predominantly as homo-
pentamers.

Mutant 5-HT3A(C312A) pentamers are expressed
in the surface membrane

Since pentameric assembly appears normal (Fig. 2A), the
lack of 5-HT3A(C312A) homopentamer function could

Figure 2. The 5-HT3A(C312A) mutation does not disrupt
pentamer formation or receptor internalization
A, HEK293 cells transiently expressing Myc-tagged 5-HT3A (lane 1 and
4), its mutant C312A (lane 2 and 5), 5-HT3B (lane 3) or GFP (lane 6)
were homogenized and membrane proteins were solubilized in RIPA
buffer. The extracted membrane protein was subjected to Western blot
analysis in the presence or absence of DTT. The positions of molecular
mass markers (in kDa) are indicated on the left. Two additional
experiments gave similar results. B, for total labelling HEK293 cells,
transiently expressing HA-5-HT3A or mutant Myc-5-HT3A(C312A)
receptors, were fixed, permeabilized and then exposed to anti-HA or
Myc antibodies. To examine receptor trafficking, cells were first
surface-labelled at room temperature with anti-HA or anti-Myc
antibodies. Subsequently, cells were either fixed immediately (control)
or incubated at 37◦C for 30 min before fixation. Bound primary
antibodies were detected with Alexa Fluor 488 (rendered in green) or
594 (rendered in red) conjugated secondary antibodies, and examined
by confocal microscopy. Representative images from two independent
experiments performed in duplicate are shown. Scale bar is 16 μm.

be caused by a failure of incorporation into the surface
membrane. We compared the ability of WT 5-HT3A and
mutant 5-HT3A(C312A) subunits to access the plasma
membrane of HEK293 cells using confocal microscopy
with fluorescently labelled antibodies against HA and
Myc epitopes. When cells were surface-labelled with
antibodies prior to fixation and permeabilization WT
5-HT3A and mutant 5-HT3A(C312A) receptors were
readily observed in the surface membrane (Fig. 2B).
Total labelling, in which cells were labelled after fixation
and permeabilization, revealed additional intracellular
receptors. 5-HT3A receptors rapidly internalize through
an agonist-independent pathway (Morton et al. 2008;
Xiong et al. 2008). We examined whether WT 5-HT3A
and mutant 5-HT3A(C312A) receptors exhibited similar
constitutive internalization. Live cells were surface labelled
with antibodies and then incubated at 37◦C for 30 min.
Confocal microscopy revealed that a large proportion of
surface labelled WT 5-HT3A and mutant 5-HT3A(C312A)
receptors became internalized during this time (Fig. 2B).

Taken together these data demonstrate that, like WT
5-HT3A receptors, mutant 5-HT3A(C312A) pentamers
are expressed in the surface membrane and undergo
constitutive internalization.

Mutant 5-HT3A(C312A) receptors bind 5-HT

Since both pentameric assembly and surface expression
appear normal, the lack of 5-HT3A(C312A) function
could instead be caused by a failure of homopentamers
in the cell membrane to bind 5-HT. We investigated
whether mutant 5-HT3A(C312A) receptors bind
5-HT using the potent and selective 5-HT3 receptor
antagonist [3H]GR65630 (Kilpatrick et al. 1987).
[3H]GR65630 exhibited higher levels of saturable
binding to HEK293 cell membranes containing mutant
5-HT3A(C312A) receptors (Bmax = 64.3 ± 6.3 fmol (mg
protein)−1) compared to membranes containing
WT 5-HT3A receptors (Bmax = 41.6 ± 2.1 fmol (mg
protein)−1; Fig. 3A). 5-HT displaced [3H]GR65630 in
a concentration-dependent manner (Fig. 3B). The IC50

values for 5-HT were 1.3 ± 0.2 and 0.64 ± 0.05 μM for
WT 5-HT3A and mutant 5-HT3A(C312A) receptors,
respectively. The K i values, determined for 5-HT using
the Cheng–Prusoff equation (see Methods), were 1.3 μM

for WT 5-HT3A receptors and 0.61 μM for mutant
5-HT3A(C312A) receptors. These data suggest that 5-HT
binds with a higher affinity to 5-HT3A(C312A) receptors
compared to WT 5-HT3A receptors. Therefore, the lack
of 5-HT3A(C312A) receptor function is not a result of an
inability to bind 5-HT; instead it results from a failure of
channel gating.
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The 5-HT3A(C312A) mutation is not dominant
negative

The 5-HT3A(C312A) construct forms receptors in the
surface membrane, which bind 5-HT but fail to gate. The
mutant may act in a dominant negative fashion, which
would preclude its participation in functional heteromeric
receptors. We transiently expressed 5-HT3A(C312A)
with the WT 5-HT3A subunit to investigate this
possibility. Confocal fluorescence microscopy revealed
that WT 5-HT3A and mutant 5-HT3A(C312A) subunits
co-localized at the plasma membrane (Fig. 4A). In
addition, quantitative measurement of surface expression
by ELISA indicated that, when expressed alone, the
5-HT3A(C312A) mutant receptors tended to be more
stable at the plasma membrane compared to WT
5-HT3A receptors (Fig. 4B). Moreover, epitope-tagged
WT 5-HT3A and 5-HT3A(C312A) subunits expressed
together could be co-immunoprecipitated using anti-Myc
or anti-HA antibodies (Fig. 4C). These data demonstrate
that 5-HT3A(C312A) and WT 5-HT3A subunits combine
in receptors at the plasma membrane.

5-HT3A(C312A) expression did not appear to
affect maximal current density in cells simultaneously
transiently transfected with WT 5-HT3A receptor
cDNA; however, 5-HT-evoked current amplitudes varied
considerably between cells, potentially obscuring an
effect of the mutation on functional expression (data
not shown). More consistent current amplitudes can
be achieved by stable receptor expression and we have
used this approach successfully to describe the effect
of subsequent transient introduction of an additional
subunit (Davies et al. 2001). Positive selection was used
to generate a stable 5-HT3A receptor expressing HEK293
line (described in Methods). 5-HT (100 μM) application
caused the activation of robust currents (Fig. 4D). Stable
cells were transiently transfected with green fluorescent
protein (GFP) cDNA either alone or in the presence of
cDNA encoding the mutant 5-HT3A(C312A) subunit.
Recordings from these cells 48 h after transfection revealed
no significant change in current density caused by
introduction of the 5-HT3A(C312A) subunit (Fig. 4E).
These data suggest that the 5-HT3A(C312A) mutation is
recessive. The failure of 5-HT3A(C312A) to significantly
affect the density of current in cells expressing both the
mutant and WT constructs suggests that the latter can at
least partially compensate for the functional deficit of the
former.

Mutant 5-HT3A(C312A) subunits combine with 5-HT3B
subunits into cell surface receptors

5-HT3B subunits fail to form functional homo-
mers, but combine with 5-HT3A subunits to
form functional heteromeric 5-HT3AB receptors with

distinctive biophysical characteristics (Davies et al. 2001).
Since 5-HT3A(C312A) subunits form homopentamers,
which express in the surface membrane and bind 5-HT, the
mutant subunit may combine with the 5-HT3B subunit
into heteropentamers. Consistent with a previous study
(Boyd et al. 2002), when expressed alone 5-HT3B sub-
units failed to access the cell surface (Fig. 5A); however

Figure 3. The 5-HT3A(C312A) mutation increases Bmax and the
affinity of 5-HT
Binding of the antagonist [3H]GR65630 to HEK293 membranes
containing WT 5-HT3A (◦) or mutant 5-HT3A(C312A) (◦) receptors.
A, compared to 5-HT3A, 5-HT3A(C312A) receptors exhibited higher
saturable binding of [3H]GR65630. The Bmax and Kd values for 5-HT3A
were 41.6 ± 2.1 fmol (mg protein)−1 and 1.6 ± 0.3 nM, respectively,
whereas the Bmax and Kd values for 5-HT3A(C312A) were
64.3 ± 6.3 fmol (mg protein)−1 and 1.99 ± 0.74 nM, respectively. B,
5-HT inhibited [3H]GR65630 binding with a higher potency for
5-HT3A(C312A) receptors compared to WT 5-HT3A receptors. The
IC50 values for 5-HT were 1.33 ± 0.2 μM for 5-HT3A receptors and
0.64 ± 0.05 μM for 5-HT3A(C312A) receptors. The K i values for 5-HT,
determined using the Cheng–Prusoff equation (see Methods) were
1.3 μM and 0.61 μM for 5-HT3A and 5-HT3A(C312A) receptors,
respectively. Data are presented as means ± S.E.M. of at least three
experiments done in triplicate. Specific [3H]GR65630 binding was
determined by displacement with ondansetron (1 μM).
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when co-expressed with WT 5-HT3A subunits, 5-HT3B
subunits were robustly expressed at the plasma membrane
(Fig. 5B). Co-expression with the mutant subunit also led
to the surface expression of the 5-HT3B subunit, indicating
the formation of heteromeric 5-HT3A(C312A)/5-HT3B
receptors (Fig. 5C). Quantification of 5-HT3B receptor
subunit expression using ELISA revealed that the
5-HT3A(C312A) mutant is less effective than the WT
5-HT3A subunit at inducing the surface expression of
5-HT3B subunits (Fig. 5D).

Mutant 5-HT3A(C312A) and 5-HT3B subunits form
weakly functional heteromeric receptors

We used the whole-cell patch-clamp technique to
determine whether heteromeric 5-HT3A(C312A)/5-HT3B
receptors are functional. Co-expression of 5-HT3B
subunits with WT 5-HT3A subunits produces functional

heteromeric receptors with modified biophysical
characteristics (Davies et al. 2001; Stewart et al. 2003).
As previously reported, human WT 5-HT3AB receptor
mediated currents exhibited rapid desensitization during
the application of 5-HT(Fig. 6A), while homomeric WT
5-HT3A receptor mediated currents desensitized more
slowly (Fig. 6B). Heteromeric 5-HT3A(C312A)/5-HT3B
receptors mediated small currents that resembled those
of WT 5-HT3AB receptors (Fig. 6C). Cells expressing
5-HT3A(C312A)/5-HT3B receptors had markedly
reduced current densities compared to those expressing
WT 5-HT3AB receptors (Fig. 6D). However, currents
mediated by 5-HT3A(C312A)/5-HT3B receptors were
significantly larger than those observed when either the
5-HT3A(C312A) or 5-HT3B subunits were expressed
alone. The lower current density in cells expressing
5-HT3A(C312A)/5-HT3B receptors compared to WT
5-HT3AB receptors is likely to be due to a combination

Figure 4. The 5-HT3A(C312A) mutant is not
dominant negative
A, colocalization of HA-5-HT3A subunits with mutant
Myc-5-HT3A(C312A) at the plasma membrane. After
either total or surface labelling (see Methods), bound
primary antibodies were detected with Alexa Fluor
488- and 594-conjugated secondary antibodies.
Representative images from one of three independent
experiments are shown. Co-localization of 5-HT3A (red)
and 5-HT3A(C312A) (green) is evident as yellow in the
merged image. Scale bar is 16 μm. B, ELISA was used to
quantify the levels of surface expression of Myc-5-HT3A
and Myc-5-HT3A(C312A) subunits in parallel
experiments using HEK293 cells transiently expressing
either construct. Surface expression was normalized to
that of the WT 5-HT3A subunit. Data are presented as
means ± S.E.M. of 3–5 independent experiments
performed in triplicate. C, co-immunoprecipitation of
5-HT3A and 5-HT3A(C312A) subunits. Lysates from
HEK293 cells transiently co-expressing HA-5-HT3A and
Myc-5-HT3A(C312A) subunits were extracted and
either immunoblotted directly (lane 1 and 4) or
immunoprecipitated using anti-HA antibody (lane 2, IP
HA) or anti-Myc antibody (lane 3, IP Myc). Note that
samples were treated with DTT (100 mM). Molecular
mass markers are indicated on the left (in kDa). Two
additional experiments gave similar results. IP,
immunoprecipitation; WB, Western blot. D, traces show
representative currents activated by 5-HT (100 μM)
recorded from cells stably expressing WT 5-HT3A
receptors either transiently transfected with GFP alone
or in combination with mutant 5-HT3A(C312A)
receptors. E, bar graph showing the maximal
5-HT-activated current densities, recorded from cell
expressing WT 5-HT3A subunits alone (n = 13) or WT
plus 5-HT3A(C312A) subunits (n = 12), which were
determined by normalizing current amplitude (pA) to
cell membrane capacitance (pF). Transient expression of
non-functional 5-HT3A(C312A) mutant subunits with
stably expressed WT 5-HT3A subunits did not
significantly reduce receptor function (Student’s t test).
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of reduced cell surface expression (Fig. 5D) and
impaired function. These data demonstrate that mutant
5-HT3A(C312A) subunits can combine with 5-HT3B
subunits to form functional heteromeric receptors.

Figure 5. WT 5-HT3A and mutant 5-HT3A(C312A) subunits
enable surface localization of the 5-HT3B subunit
Total and surface labelling of HEK293 cells transiently expressing
HA-5-HT3B alone (A) or in combination with either Myc-5-HT3A (B) or
Myc-5-HT3A(C312A) (C). Labelling was performed as described for
Fig. 4. The distribution of receptor subunits was examined by confocal
microscopy. Representative images from two independent experiments
performed in duplicate are shown. Scale bar is 16 μm. D, surface
expression level of 5-HT3B with co-expression of WT 5-HT3A or
mutant 5-HT3A(C312A) quantified using ELISA. Expression level of
5-HT3B with co-expression of 5-HT3A was normalized as 100%. Data
are presented as means ± S.E.M. of 3–5 independent experiments
performed in triplicate. ∗P < 0.05 (t test).

A polar residue at position 312 in the 5-HT3A subunit
is important for function

Our data demonstrate that the 5-HT3A(C312A) mutation
blocks homomeric receptor function without preventing
the formation of surface 5-HT3A(C312A) homo-
pentamers that bind 5-HT. The function of the
5-HT3A(C312A) mutant can be partially restored by
co-expression of 5-HT3B subunits. Examination of the
alignment of Cys-loop receptor subunit M3 domains
(Fig. 1A) reveals that GABAA ρ1–3, glycine α1–3, nACh
α7 and α9 subunits, which form functional homomeric
receptors, all have polar residues at positions equivalent
to that of residue 312 in the 5-HT3A subunit. Since
replacement of the polar Cys residue by non-polar Ala

Figure 6. Heteromeric 5-HT3A(C312A)/5-HT3B receptors exhibit
weak function
A, 5-HT (100 μM) activated large whole-cell currents mediated by
heteromeric 5-HT3AB receptors. Representative currents recorded
from a cell transiently transfected with cDNAs encoding WT 5-HT3A
and WT 5-HT3B subunits. Note that the current desensitized rapidly, a
hallmark of heteromeric receptor function. B, a representative
5-HT-evoked current recorded from a cell expressing homomeric
5-HT3A receptors. The current decayed slowly. C, a representative
5-HT-evoked current recorded from a cell transfected with cDNAs
encoding 5-HT3A(C312A) and 5-HT3B subunits desensitized rapidly. D,
bar graph depicting the maximal 5-HT-activated current densities
expressed as current amplitude (pA) normalized to cell membrane
capacitance (pF), recorded from cells expressing WT 5-HT3AB
receptors (n = 8), 5-HT3B subunits (n = 3), 5-HT3A(C312A) receptors
(n = 5) and 5-HT3A(C312A)/5-HT3B receptors (n = 4). Error bars
represent ± S.E.M. Statistical analysis (ANOVA, post hoc Bonferroni’s
test) reveals that the 5-HT-evoked current density recorded from cells
expressing 5-HT3A(C312A) and 5-HT3B subunits together was greater
than current densities recorded from cells expressing either subunit
alone (∗P < 0.05).
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led to a lack of homomeric 5-HT3A(C312A) receptor
function, we examined the role of residue polarity in this
effect. We made a series of 5-HT3A subunit mutants in
which Cys-312 was replaced by polar residues Thr and Ser
(found at the equivalent position in ACh α and GABAA

ρ subunits, respectively), or non-polar residues Gly and
Leu (found at the equivalent position in ACh δ and γ,
respectively) and tested their function in transiently trans-
fected HEK293 cells.

5-HT (30 μM) activated robust currents recorded
from cells expressing 5-HT3A, 5-HT3A(C312T) or
5-HT3A(C312S) receptors (Fig. 7A). By contrast, little
or no current was activated when 5-HT was applied
to cells expressing 5-HT3A(C312A), 5-HT3A(C312G)

Figure 7. A polar residue at position 312 is essential for robust
5-HT3A receptor function
A, representative whole-cell currents recorded before, during and after
5-HT (30 μM) application for 1 s at a −60 mV holding potential were
recorded from HEK293 cells transiently expressing WT 5-HT3A (n = 5)
or mutant 5-HT3A(C312T) (n = 8), 5-HT3A(C312S) (n = 9),
5-HT3A(C312L) (n = 5), 5-HT3A(C312A) (n = 5) or 5-HT3A(C312G)
receptors (n = 7). B, bar graph illustrating maximal 5-HT-activated
current densities expressed as current amplitude (pA) normalized to
cell membrane capacitance (pF). Replacement of Cys-312 by Ser
caused a reduction in function compared to WT receptors (∗P < 0.01).
Replacement of Cys-312 by non-polar residues (Leu, Ala or Gly)
significantly reduced receptor function compared to both WT
(∗P < 0.01) and mutant 5-HT3A(C312T) receptors (#P < 0.05).
Statistical analysis using ANOVA with post hoc Bonferroni’s test.

or 5-HT3A(C312L) receptors (Fig. 7A). 5-HT-evoked
current densities were significantly higher in 5-HT3A
receptors containing the polar residues Cys or Thr at
position 312 compared to those containing non-polar
residues at this position (Fig. 7B).

Discussion

The Cys residue at position 312 (Cys-312) plays a
critical role in homomeric 5-HT3A receptor gating.
Replacement of this M3 Cys residue in the human
5-HT3A subunit by Ala abolished function without
reducing surface expression of homopentameric receptors
that bind 5-HT. Interestingly, 5-HT3A(C312A) sub-
units combine with WT 5-HT3A receptors without
significantly reducing functional expression. Therefore
the functional deficit caused by the mutation can be
rescued by incorporation of WT 5-HT3A subunits. In
addition, mutant 5-HT3A(C312A) subunits combined
with 5-HT3B subunits enabling low density expression of
functional heteromeric receptors. These data demonstrate
that, while replacement of Cys-312 by Ala abolishes
function of homomeric 5-HT3A(C312A) receptors, the
mutant subunit can combine with other subunits to form
functional heteromeric receptors.

Most Cys-loop subunits are unable to form functional
homomeric receptors when expressed alone and
consequently the majority of subunits combine with other
isoforms into heteromeric receptors; this ensures a high
level of Cys-loop receptor heterogeneity. The minority of
subunits that can form functional homomeric receptors
include 5-HT3A, GABAA ρ1–3, glycine α1–3, nACh α7
and α9 subunits. All of these subunits have a polar residue
at the M3 5′ position (the prime numbering system used
by De Rosa and colleagues (De Rosa et al. 2002), illustrated
in Fig. 1A) equivalent to 312 in the 5-HT3A subunit.
This observation, together with our demonstration that
replacement of Cys-312 by the non-polar residue Ala
abolishes the function of 5-HT3A receptors, is in keeping
with the hypothesis that a polar residue is required at
this location in the M3 for normal gating of homomeric
receptors. Mutant 5-HT3A subunits in which Cys-312 was
replaced by the equivalent non-polar residues found in
ACh δ and γ subunits (Gly and Leu, respectively) were
unable to form fully functional homomeric receptors.

While we are not aware of previous studies examining
M3 residues in 5-HT3 receptors, several studies
demonstrate an important role for the M3 domain in
heteromeric nACh receptor gating (Campos-Caro et al.
1997; Wang et al. 1999; Cruz-Martin et al. 2001; De Rosa
et al. 2002; Cadugan & Auerbach, 2007; De Rosa et al.
2008). The M3 9′, α(V285I) mutation associated with
congenital myasthenic syndrome slows channel activation
and speeds up closing, resulting in a severe impairment
of the end-plate current at the neuromuscular junction
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(Wang et al. 1999). Simultaneous replacement of the M3
9′ Val residues in α, β, ε and δ subunits caused near
abolition of channel gating. The adjacent M3 8′ residue
is also a critical determinant of gating in αβεδ nACh
receptors (De Rosa et al. 2002). The presence of the
aromatic residue Phe at the M3 8′ position reduces mean
open time in a stoichiometry-dependent manner. On the
basis of this observation it was suggested that a Phe at
the M3 8′ position is not compatible with the formation
of a functional heteromeric receptor. However, a broader
comparison across all Cys-loop subunits reveals that the
Phe residue is found in functional homomer-forming
GABAA ρ subunits and glycine α subunits (Fig. 1A).

The 4 Å resolution structural model of the T. marmorata
nACh receptor (Unwin, 2005) reveals that the M3
domain is α-helical (Fig. 1B). While the resolution of this
cryo-electron microscopy-derived model is relatively low,
the periodicity of the α subunit’s M3 helix agrees well
with a nuclear magnetic resonance spectroscopy model
of a synthetic peptide corresponding to the M3 domain
(Lugovskoy et al. 1998) and predictions made by Fourier
transform analyses of functional data obtained with
M3 Trp scanning mutagenesis (Otero-Cruz et al. 2008).
According to these predictions the M3 5′ Thr residue in the
nACh α subunit, corresponding to Cys-312 in the 5-HT3A
subunit, faces towards the other membrane spanning
domains within the same subunit. Likewise the high
resolution X-ray crystallography-derived bacterial GLIC
(ligand-gated ion channel from Gloeobacter violaceus)
and ELIC (ligand gated ion channel from Erwinia
chrysanthemi) subunit structural models, in presumed
open and closed configurations, respectively, reveal a
similar position of the equivalent M3 residue relative to
the other membrane-spanning domains (Bocquet et al.
2007, 2009; Hilf & Dutzler, 2008, 2009). However, we
chose to model the 5-HT3A receptor using the structure
of the nACh receptor due to the higher degree of
sequence identity shared by these eukaryotic pentameric
ligand-gated ion channels.

Consistent with our findings in the 5-HT3A receptor,
replacement of the M3 5′ Thr by the non-polar residue
Trp in α(T281W) subunit within αβγδ receptors had no
effect on the level of α-bungarotoxin binding (reflecting
nACh receptor surface expression) but caused a >10 fold
reduction in ACh-evoked current (Guzman et al. 2003).
Interestingly, the reduction in current amplitude was
associated with a sevenfold reduction in EC50 consistent
with the mutation causing an increased affinity of the
receptor for ACh. In keeping with this observation we
observed that introduction of the non-polar Ala residue at
the M3 5′ residue increased the affinity of 5-HT binding
to 5-HT3A(C312A) receptors. The observed increase in
agonist binding affinity, combined with an absence of
function, is consistent with the mutant receptor rapidly
transitioning into a non-conducting desensitized state.

Trp scanning mutagenesis has also been used to infer
movement of the M3 domain during gating of the nACh
receptor (Cadugan & Auerbach, 2007; Otero-Cruz et al.
2007). A tilted-spring model was proposed to explain how
several mutations in the top half of the M3 helix have larger
impacts on nACh receptor gating and ACh EC50 values
than do mutations of residues closer to the bottom of M3.
After analysing the extent to which these mutations altered
the opening versus closing rate constants, Cadugan &
Auerbach (2007) proposed that the movement of residues
in the upper half of the helix is temporally correlated
and occurs late during gating, after the movement of M2
and M4 residues. It is possible that movement of the M3
domain is associated with desensitization, a phenomenon
which may be exacerbated by the presence of a non-polar
residue at the M3 9′ position.

The Zn2+ activated channel (ZAC), another homomeric
Cys-loop receptor with a relatively low level of homology
to nACh, GABAA and glycine receptors, has considerable
spontaneous opening suggesting that its gating may
differ considerably compared to most other members of
the Cys-loop receptor family (Davies et al. 2003). ZAC
contains a Leu residue at the M3 5′ position. The mutant
5-HT3A(C312L) receptor mediated low levels of receptor
function compared to WT 5-HT3A receptors. Thus the
M3 5′ Leu may contribute to the relatively low level of
functional expression seen in cells expressing recombinant
ZAC (Davies et al. 2003). Since ZAC is activated by the
ion Zn2+ it is possible that the channel gates more like
GLIC, which is activated by low pH (Bocquet et al. 2007).
GLIC and ELIC homopentameric bacterial channels,
which lack the characteristic Cys-loop found in eukaryotic
pentameric receptors, but are nevertheless homologues
of eukaryotic Cys-loop receptors, have transmembrane
domain amino acid sequences that align reasonably well
with subunits of this family. In these receptors the gate
appears to be located near to the extracellular end of M2.
By comparison the structural model of the T. marmorata
nACh receptor is consistent with a gate located towards the
intracellular end of M2. Alignment of the M3 of GLIC and
ELIC with the Cys-loop subunits reveals that the 5′ residues
are Ile and Gly, respectively. According to our analysis
using the 5-HT3A subunit as a model, non-polar residues
are unlikely to support robust functional expression of
homomeric Cys-loop receptors. However, this rule may
not apply to ZAC, GLIC and ELIC, which may have
different gating mechanisms from that of nACh, GABAA

and glycine receptors. Future structure–function studies
of ZAC and the bacterial channels are required to test the
role of M3 residues in their gating.

There are several amino acid determinants that restrict
the variety of mammalian Cys-loop receptor subunits that
can form neurotransmitter gated homomeric receptors
and therefore serve to maximize the capacity for receptor
heterogeneity. These include amino acids that (1) prevent
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the formation of pentamers, (2) retain subunits within
the ER, and (3) do not support agonist binding. We have
identified a fourth mechanism that retards the formation
of functional homomeric neurotransmitter receptors. The
presence of a non-polar residue at the 5′ position in M3
impedes the function of cell surface homopentameric
receptors that bind neurotransmitter.
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