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ABSTRACT Three mutations in the M2 transmembrane domains of the chloride-conducting a1 homomeric glycine receptor
(P250D, A251E, and T265V), which normally mediate fast inhibitory neurotransmission, produced a cation-selective channel
with PCl/PNa, 5 0.27 (wild-type PCl/PNa 5 25), a permeability sequence PCs . PK . PNa . PLi, an impermeability to Ca21,
and a reduced glycine sensitivity. Outside-out patch measurements indicated reversed and accentuated rectification with
extremely low mean single channel conductances of 3 pS (inward current) and 11 pS (outward current). The three inverse
mutations, to those analyzed in this study, have previously been shown to make the a7 acetylcholine receptor channel
anion-selective, indicating a common location for determinants of charge selectivity of inhibitory and excitatory ligand-gated
ion channels.

INTRODUCTION

The glycine receptor (GlyR) is a member of the ligand gated
ion channel (LGIC) superfamily of neurotransmitter recep-
tors, which mediate fast neurotransmission in the central
nervous system. The other members of the LGIC family are
the two subtypes of theg-aminobutyric acid receptor
(GABAAR, GABACR), the nicotinic acetylcholine receptor
(AChR), and a subtype of the 5-hydroxytryptamine recep-
tors (5-HT3R). There is considerable structural homology
among all members of the LGICs (Langosch et al., 1988)
and intensive investigation has begun to shed some light on
the various structural domains involved in the function of
LGICs, although many questions concerning gating and
permeation remain unresolved. These integral membrane
protein receptors are all oligomeric, being composed of five
subunits with each subunit having a large extracellular
domain harboring the agonist/antagonist binding sites
(Kuhse et al., 1995) and four transmembrane domains,
designated M1 to M4, which form a central ion channel.
Results from studies utilizing electron microscopy and a
combination of site-directed mutagenesis and electrophysi-
ology have confirmed earlier data, from experiments using
labeled channel blockers, that the M2 transmembrane do-
mains contribute to the lining of the channel pore (see Fig.
1 and Karlin and Akabas, 1995). Binding of neurotransmit-
ter to residues in the extracellular domains is believed to
cause lateral twisting of the M2 domains, resulting in an
enlargement of the channel pore as the receptor-channels
convert from their closed, non-conducting conformation to

an open, conducting one (Sansom, 1995; Unwin, 1995;
Lynch et al., 1997). Detailed evidence now exists that the
AChR channel (Wilson and Karlin, 1998) and the GABAAR
channel (Xu and Akabas, 1996) are narrowest at the intra-
cellular end, where the greatest interactions with permeating
ions may be expected. Electrophysiology and site-directed
cysteine mutagenesis, using the substituted cysteine acces-
sibility method (SCAM), have determined that as a result of
conformational rearrangement of the M2 domains, different
residues are exposed to the pore lumen between the closed
and open states in both the GABAAR (Xu et al., 1995; Xu
and Akabas, 1996) and the AChR (Pascual and Karlin,
1998; Wilson and Karlin, 1998).

Crucial to the role of LGICs in brain function is the
nature of the permeating ions. Despite the close sequence
and structural homology found between LGIC M2 domains,
the fundamental question remains: “How is ion selectivity
and anion/cation discrimination achieved?” Homomeric
AChRs, which are cation-selective, have negatively charged
rings composed of either glutamate residues (extracellular
ring) or aspartate residues (cytoplasmic ring) and an addi-
tional intermediate negatively charged ring close to the
intracellular mouth of the pore (Imoto et al., 1988; see Fig.
1). In addition, AChRs have a central ring of polar residues,
three residues extracellular to the intermediate ring (Imoto
et al., 1991). The 5-HT3R has a similar arrangement of three
negatively charged rings and a central polar ring. In con-
trast, the GlyR and GABAAR, which are anion-selective,
have two positively charged rings composed of arginine
residues at the intra- and extra-cellular mouths of the ion
pore (Fig. 1). Mutation studies have proved these charged
rings to be important determinants of channel conductance
for monovalent cations in AChRs, with the magnitude of the
conductance linearly decreasing with the magnitude of net
negative charge, the decrease being greatest for changes for
the intermediate ring (Imoto et al., 1988, 1991; Konno et al.,
1991; Wang and Imoto, 1992). Ina1 homomeric GlyRs,
mutations to the positively charged extracellular ring have
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also demonstrated comparable decreases in channel conduc-
tance when the charge was replaced by neutral residues
(Langosch et al., 1994; Rajendra et al., 1995). In none of the
above studies, however, was there any reported change in
cation/anion selectivity.

The first example of charge selectivity conversion in an
ion channel was provided by Galzi et al. (1992), who used
a systematic mutagenesis approach in recombinanta7
nAChR homomers to address the issue of charge discrimi-
nation in LGICs. Seven of the residues in the M2 region of
the a7 nAChR, which were considered to be important for
permeation, were replaced by the equivalent residues of the

a1 GlyR, and the mutated nAChR ion channel became
anion-selective. The minimum number of residues required
to alter the selectivity of the cationic AChR to anionic was
three: a proline insertion at position -29 (P-29; refer to Fig.
1 and legend for universal LGIC residue numbering nomen-
clature relative to the intermediate positive R or K residue)
near the intracellular border of M2, mutation of the adjacent
glutamate (E-19A), and a more central mutation (V139T).
Subsequent studies by Corringer et al. (1999) verified the
inference that the proline insertion was a critical component
for the selectivity conversion via a conformational or geo-
metrical change to the constricted region of the pore. A

FIGURE 1 A schematic representation of two M2 transmembrane domains and the corresponding pore profiles of homomeric wild-type (WT) and
selectivity triple mutant (STM)a1 glycine receptor channels (GlyRs), together with a WTa7 neuronal nicotinic acetylcholine receptor channel (nAChR)
for comparison. Amino acids are shown as circles with their single-letter code and, where it applies, their charge is indicated adjacent to the residues. Arrows
mark the STM mutations. The top three rows list selected M2 domain amino acid sequences for anion-selective channels: WTa1 GlyR,a1 GABAAR, and
the triple mutanta7 nAChR (TM; Galzi et al., 1992; Corringer et al., 1999); the bottom three rows list cation-selective channels: STM GlyR, WTa7
nAChR, and WTa1 5-HT3R for comparison. The STM mutations in this study and the TM ones of Galzi et al. (1992) are boxed. The cytoplasmic (CYT.),
intermediate (INT.), and extracellular (EXT.) rings of charge (Imoto et. al., 1988) are shown in the schematic and the corresponding sequences. Theyare
also boxed and shaded. The numbering of the GlyRa1 subunit is indicated above the sequence in parentheses. To assist comparison among the M2 domains
of different LGIC members we also include a universal LGIC numbering system based on Miller (1989), where the intermediate positively charged R or
K in the M2 domains are designated as 09.
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concomitant conclusion was that the constricted region con-
tributes to the selectivity filter of the channel.

Little, however, is known about the structural determi-
nants of selectivity in the anion-selective LGICs and how
conserved these selectivity determinants are across the
LGIC superfamily. Therefore, we have investigated whether
the analogous inverse set of triple mutations to those done in
the nAChR changes the charge selectivity of the GlyR
channel from anionic to cationic, as found in the AChR,
and, if so, whether the subsequent results give us any further
information about the molecular mechanisms underlying
selectivity. We will henceforth refer to our set of GlyR
mutations as the selectivity triple mutation, or STM.

MATERIALS AND METHODS

Transient expression of recombinant a1 subunit
GlyRs in HEK293 cells

The complementary DNA (cDNA) encoding the wild type (WT) or mutant
a1 subunit of the human GlyR was subcloned into the pCIS expression
vector. Site-directed point mutations in the cDNA were constructed using
the oligonucleotide-directed polymerase chain reaction (PCR) mutagenesis
method and confirmed by sequencing the cDNA clones. Plasmid DNA
encoding WT or mutanta1 subunits of the human GlyR were transfected
into exponentially growing HEK293 cells using the calcium phosphate
precipitation method of Chen and Okayama (1987). In addition, the cells
were transfected with a separate plasmid containing the cDNA for the CD4
surface antigen. This enabled transfected cells to express surface antigens
so that they could be coated with CD4 antibody-coated polystyrene beads
(Dynabeads M-450, CD-4; Dynal, Great Neck, NY). The GlyR mutations
used were the three equivalent inverse mutations in the M2 region to those
used in the AChR triple mutation by Galzi et al. (1992). These were the
deletion of the cytoplasmic proline (P250D; P-29D), the mutation of the
adjacent alanine to a glutamate (A251E; A-19E) and the mutation of a
threonine to a valine (T265V; T139V), as indicated in Fig. 1.

Solutions

In all the experiments the standard intracellular (pipette) solution consisted
of (all solute concentrations in mM): 145 NaCl, 2 CaCl2, 2 MgCl2, 10
HEPES, and 5 EGTA adjusted to pH 7.3 with NaOH. The control extra-
cellular solution consisted of 145 NaCl, 2 CaCl2, 2 MgCl2, 10 HEPES, and
10 glucose. For the dilution potential experiments (both WT and STM
GlyRs) the 145 mM NaCl was replaced with 75 mM NaCl and 136 sucrose
(50% dilution) or 37.5 mM NaCl and 189 sucrose (25% dilution). Sucrose
was added to maintain isoosmolar conditions. Each solution was adjusted
to pH 7.4 with NaOH. For the STM GlyR Na1 versus test cation solutions,
the 145 mM NaCl in the control extracellular solution (above) was replaced
by one of the following (in mM): 145 CsCl, 145 KCl, 145 LiCl or 50 CaCl2

with 53 NaCl. The CsCl and KCl solutions were adjusted to pH 7.4 with
CsOH or KOH, respectively, while the LiCl and CaCl2/NaCl solutions
were adjusted to pH 7.4 with NaOH. For the precise ionic concentrations
refer to the appropriate figure legends. All solutions were kept refrigerated
and discarded after one to two weeks. Glycine was dissolved into the
appropriate extracellular solution to give final concentrations, as indicated
in the text.

Application of solutions to the recorded cell was achieved using a
gravity-fed parallel array of polythene microperfusion tubes, fixed adjacent
to each other with slow-setting epoxy resin (Araldite, Selleys, Aust.) and
mounted on an electromechanical micromanipulator. For single channel
experiments, a bath perfusion system was used.

Electrophysiology

Experiments were performed at a room temperature of 20°C. All patch
pipettes were pulled using a two-stage electrode puller (P-87, Sutter In-
struments, Novato, CA) and fire-polished. The patch pipette was secured to
a holder and connected to an Ag/AgCl wire and mounted on a 3-axis
hydraulic micromanipulator (Narishige Scientific Instrument Lab, Tokyo,
Japan) for whole-cell experiments, or a 3-axis piezoelectric micromanip-
ulator (Burleigh Instruments Inc., Fishers, NY) for outside-out patch ex-
periments. Liquid junction potentials arising from pipette and bath solu-
tions were calculated using the MS Windows version of the software
package JPCalc (Barry, 1994: contact PHB for program availability) and
accounted for, when setting membrane voltages during each experiment.
All experiments were performed in voltage-clamp mode. Off-line analysis
and graphing were conducted using pCLAMP 6.0.4 (Axon Instruments,
Foster City, CA) or SigmaPlot (Jandell Scientific, San Rafael, CA). All
data are expressed as mean6 SEM.

Whole-cell current-voltage (I-V) recordings

Whole-cell membrane currents were recorded using an Axopatch-1D am-
plifier, digitized using a Digidata 1200 A/D board and recorded using
pCLAMP 6.0.4 software (all from Axon Instruments) on a Pentium 166
MHz computer. Currents were filtered, with the 4-pole Bessel filter pro-
vided on the amplifier, at 200 or 500 Hz (23 dB) and acquired at a
sampling frequency of 1 kHz. Patch pipettes were made using borosilicate
hematocrit tubes (Vitrex-1601, Herlev, Denmark). Their resistances, when
filled with intracellular solution and measured in the bath solution, ranged
between 1.1 and 2.7 MV. Whole-cell seal resistances ranged between 1 and
5 GV before whole-cell configurations were established. Series resistances
ranged between 2 and 11 MV and were compensated by between 65–80%.
Due to the large whole-cell WT currents, the WT experiments were
compensated for at the lower end of this range. TheI-V experiments were
performed by holding the cell membrane at potentials (in mV) of260,
230, 215, 0,115, 130, and160, and recording glycine-activated cur-
rents at each membrane potential. Whole-cell currents were recorded from
the above membrane voltages in one extracellular solution before switch-
ing to another extracellular solution (e.g., NaCl dilution or test cation). In
nearly all cases, experimental runs across the entire voltage range were
repeated to check for consistency in reversal potential. Peak whole-cell
currents were measured for each corresponding membrane voltage and
fitted to a quadratic polynomial, generally between230 mV and130 mV.
Bath application of glycine lasted for;4–5 s. Patch electrodes were tested
at the end of each experiment for any voltage drift, which was accounted
for if the magnitude exceeded 1 mV. In most cases, the amount of drift was
minimal and no correction was required. Reversal potential (Vrev) values
were read directly from the finalizedI-V plots for each cell and averaged.
To determine anion-cation permeability ratios, data points averaged from
cells, where all three extracellular NaCl concentrations were used, were
plotted and then fitted to the Goldman-Hodgkin-Katz (GHK) equation. In
order to compensate for any slight offsets in cell composition and the
whole-cell recording system we used shifts inVrev measured in symmet-
rical conditions (whereVrev should be close to zero) before plotting and
fitting the corrected data to the GHK equation:

Vrev 5 SRT

F DlnHPNa~aNa!o 1 PCl~aCl!i

PNa~aNa!i 1 PCl~aCl!o
J (1)

Where Vrev is the potential at which the current is zero,R is the gas
constant,T is temperature in Kelvin,F is Faraday’s constant,Pion is the
permeability of the ion, and (aion) is the activity of the ion in the extra-
cellular (subscript o) or intracellular (subscript i) solutions. To eliminate
the dependence on [Na1]i and the small variability inVrev values in
“symmetrical” (or control) conditions (see averaged value in Fig. 5), a
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modified form of the GHK equation was derived for determining the
relative alkali cation permeability ratios,Px/PNa:

DVrev 5 Vrev
T 2 Vrev

C

5 SRT

F DlnH~aNa!o
T 1 PX/PNa~aX!o 1 PCl/PNa~aCl!i

~aNa!o
C 1 PCl/PNa~aCl!i

J
(2)

Where the superscripts T and C denote test cation solution and “symmet-
rical” (control) solutions, respectively, and the [(aNa)i 1 PCl/PNa(aCl)o]
term for both solutions will essentially cancel out. X represents the test
monovalent cation.

The PCa/PNa ratio was also calculated using the generalized version of
the current-voltage equation at zero current (e.g., Barry and Gage, 1984):

O
j

I j 5 O
j

HPjzj
2Vrev

F2@aj
o 2 aj

iexp~zjVrevF/RT!#

RT@1 2 exp~zjVrevF/RT!# J
5 0 (3)

WherePj andzj are the permeability and valency of ion j, respectively,I is
the current, and superscripts o and i denote extracellular and intracellular
solutions, respectively. Ion activities were determined directly from tabu-
lated data of Robinson and Stokes (1965) or, where necessary, interpolated
from such values using graphical and computational procedures.

Single channel recordings

Single channel currents were recorded from excised outside-out membrane
patches, held at membrane potentials of160 mV and260 mV, in response
to bath application of glycine. Patch pipettes were made using thick-walled
borosilicate tubes (GC150F-15, Clark Electromedical Instruments, Read-
ing, UK), coated with Sylgard (Dow Corning, Midland, MI) and had final
resistances of 7–14 MV when filled with pipette solution. In both the
pipette and bath solution Na1 and Cl2 were the only monovalent ions
present (149.8 mM Na1, 153 mM Cl2). Currents were recorded with
pCLAMP 6.0.4 software and an Axopatch 200B amplifier (Axon Instru-
ments), and were digitized directly at 10 kHz onto the hard disk of a 166
MHz Pentium computer (via a Digidata 1200 A/D board, Axon Instru-
ments) after filtering at 2 kHz with the amplifier’s 4-pole Bessel filter.
Single channel conductances, for WT GlyRs, were calculated by fitting
Gaussian distributions to all point amplitude histograms, the peaks of
which were confirmed by direct measurements. In addition, a stationary
noise analysis was conducted on current records from both WT and STM
GlyRs (e.g., Gray, 1994). For this analysis, the mean current and the
variance around this mean were measured from 30 to 60 s of continuous
current recordings taken before, during, and after glycine application.
Values from the periods flanking glycine application were averaged, and
this average was subtracted from values obtained during glycine applica-
tion. Unitary current amplitude was then obtained from the glycine-induced
change in variance divided by the glycine-induced change in mean current.
This simplified relationship assumed a low probability of GlyR channel
opening and was justified by the fact that the conductance values obtained
from noise analysis at different glycine concentrations were similar, with
an approximately linear relationship between mean current and variance.
The assumption was further reinforced for the WT GlyRs by the agreement
between noise analysis and the contribution of the directly measured major
conductance levels (see Results) and for the STM GlyRs by the very
flickery and brief nature of the current fluctuations. Conductances were
calculated by dividing the unitary current by the driving force (with the
channel reversal potential assumed to be close to 0 mV in symmetrical
control solutions).

RESULTS

Expression and general current properties of
STM a1 subunit GlyRs

Transient transfection of the STM (P250D, A251E, and
T265V) a1 GlyR subunit into HEK293 cells showed low
levels of glycine-activated currents, which were only ob-
servable 1) in cells that were heavily labeled with the
transfection marker CD4 antibody beads (thus implying
much greater levels of STM GlyR expression than average),
and 2) in the presence of higher concentrations of glycine
(e.g., 50 mM and 100 mM). Under these conditions, small
but clearly discernible glycine-activated whole-cell currents
(e.g., see Fig. 3) and a glycine-activated increase in noise in
outside-out patch recordings (e.g., Fig. 7) were observed.
The lack of any current responses for cells with low GlyR
expression served as a control for any osmotically activated
currents.

Both whole-cell and single channel glycine-activated cur-
rents were substantially reduced (generally by two orders of
magnitude) compared to those of WT GlyRs (e.g., see Figs.
2 and 6, respectively) and only cells passing whole-cell
currents.100 pA at a membrane potential of260 mV were
accepted for analysis. A 100 mM glycine concentration was
used to elicit whole-cell currents for the STM GlyRs, and 1,
25, and 100 mM glycine for single channel currents. In
contrast, a supramaximal agonist concentration of 1 mM
was used for WT whole-cell currents (EC50 ; 30 mM;
Rajendra et al., 1994; see also Bormann et al., 1993) and
1–100 mM for single channel currents. The high agonist
concentrations needed for current elicitation in the STM
GlyRs suggest an increase in the EC50 for the mutant
receptors. Interestingly, the equivalent anion-selective triple
mutation in the neuronala7 nAChR showed a decrease in
the EC50 (Galzi et al., 1992).

Dilution potential experiments for WT and STM
GlyRs: anionic-to-cationic conversion

Extracellular NaCl dilutions were used to verify and ascer-
tain the selectivity properties of WT and STM GlyRs,
respectively. In all cases [Cl2]i 5 153 mM and [Na1]i 5
162.9 mM. As illustrated in Fig. 2,I-V curves of WT
whole-cell currents showed that the average reversal poten-
tial (Vrev) shifted in the positive direction as [NaCl]o was
progressively reduced for the same cell, from an approxi-
mately symmetrical NaCl (153 mM Cl2) to a dilution of
NaCl to 50% (83 mM Cl2), and finally to a dilution of NaCl
to 25% (45.5 mM Cl2). This clearly confirmed that WTa1
GlyRs are predominantly Cl2-selective, with the reversal
potential tending toward the values of ECl, as predicted by
the Nernst equation for chloride.

The prominent rapid decays in current traces of the WT
GlyRs seemed to be very much greater for cells with typi-
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cally large current magnitudes, suggesting that this is more
likely to be caused by concentration polarization effects
(Cl2 shift) rather than by actual receptor desensitization. In
contrast, the STM GlyRs did not show such prominent
current decays, presumably because these currents were
relatively small and any concentration polarization effects
would be minimal. The experimental values ofVrev (22.9
mV) agreed well with the predicted value (22.0 mV).

The same experimental procedure was used for cells
expressing the STM GlyRs. Fig. 3 represents an example of
a typical experiment done on one cell, with the averaged
Vrev andDVrev values included for all cells in Fig. 3. With
progressive decreases in [NaCl]o, from an approximately
symmetrical NaCl concentration to dilutions to 50% and
25%, the reversal potential shifted in the negative direction.
This is consistent with the STM GlyRs being cation-selec-
tive channels, withVrev tending toward values forENa, as
predicted by the Nernst equation for Na1. There were no
other monovalent cations present on either side of the cell
membrane.

Anion-to-cation permeability ratios for WT and
STM GlyRs

The correctedVrev values obtained in the above dilution
potential experiments for WT and STM were plotted against
activity of extracellular Cl2 or Na1, respectively, as illus-
trated in Fig. 4. Fitting these data points to the Goldman-
Hodgkin-Katz (GHK) equation revealed the permeability
ratio, PCl/PNa, for WT as 24.66 0.7 (n 5 8, Fig. 4A), and
0.276 0.01 for STM GlyRs (n 5 4, Fig. 4B; see also Table
1). Again, these values clearly demonstrated that the STM
has converted the GlyR from an anion-selective channel
into a cation-selective one, with a considerable change in
selectivity.

Cation permeability ratios for STM GlyRs

The results of the dilution potential experiments, mutating
three residues in the STM GlyRs, imparted relatively radical
changes in the anion:cation selectivity properties of these
GlyRs. To further investigate the properties of permeation
through the STM GlyR channels,I-V experiments under
essentially bi-ionic conditions were performed on the STM
GlyRs to determine their relative cation permeability. Sam-
ple I-V plots for a range of cations are provided in Fig. 5.
Each panel in the figure consists of a pair ofI-V curves
obtained from the same cell, where the extracellular solution
was replaced from one containing approximately symmet-
rical Na1 concentrations (left curves) to one containing a
test cation in the external solution (X, right curves). There-
fore, the test cations whose reversal potential shifted in a
positive direction (compared to the symmetrical NaCl val-
ues), represent cations more permeant than Na1, while
those whose reversal potential shifted in a negative direction
correspond to cations less permeant than Na1. These results
revealed that the STM GlyR has a cation permeability
sequence of:

Cs1 . K1 . Na1 . Li1 .. Ca21

For the monovalent cations, this represents a low-field-
strength sequence (Eisenman sequence I or II; Eisenman

FIGURE 2 Sample dilution potential experiment for WTa1 homomeric
GlyRs. Whole-cell glycine activated current responses recorded from the
same cell (right panels) in the presence of different extracellular NaCl
concentrations. The dilution ratios relative to the intracellular (pipette)
concentration are;1 for (A) 1 NaCl, 0.5 for (B) 0.5 NaCl, and 0.25 for (C)
0.25 NaCl. Corresponding peak whole-cell current (Ip) was plotted against
membrane voltage (Vm) to generate the current-voltage (I-V) plots (left
panels; plotted between a membrane potential range of230 mV to 130
mV and fitted to a quadratic polynomial). The plots show a positive shift
in reversal potential, towardECl, as extracellular [NaCl] is reduced. (A)
Symmetrical Cl2 (153 mM), (B) [Cl2]i 5 153 mM, [Cl2]o 5 83 mM, and
(C) [Cl2]i 5 153 mM, [Cl2]o 5 45.5 mM. Na1 concentrations approxi-
mate Cl2 values. The averaged reversal potential (Vrev) in control and
shifts in reversal potential (DVrev) for dilutions are shown forn 5 8
experiments. For presentation purposes, the current traces have had addi-
tional off-line filtering (100 Hz), data reduction (32), and their durations
have been truncated.
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and Horn, 1983), suggesting only weak interactions of the
ion with binding sites within the pore during permeation. In
fact, the relative cation permeability sequence corresponds
to the relative mobility sequence of these cations in free
solution (Robinson and Stokes, 1965; see also Barry and
Gage, 1984; Barry and Lynch, 1991). That is, the cations
pass through the STM channels in order of hydrated ion
radius, with Cs1 being the smallest, followed by K1, Na1,

and Li1. Using the averagedDVrev values (Fig. 5) obtained
for these experiments and the ratioPCl/PNa already deter-
mined in the dilution potential experiments, the permeabil-
ity ratio PX/PNa was quantified with the Goldman-Hodgkin-
Katz equation (Eq. 2). The calculated permeability ratios in
order of decreasing permeability for monovalent cations
werePCs/PNa 5 1.766 0.07 (n 5 5),PK/PNa 5 1.536 0.02

FIGURE 3 Sample dilution potential experiment for selectivity triple
mutant (STM)a1 homomeric GlyRs. Whole-cell glycine-activated current
responses recorded from the same cell (right panels) in the presence of
different extracellular NaCl concentration dilutions. The dilution ratios
relative to the intracellular (pipette) concentration are;1 for (A) 1 NaCl,
0.5 for (B) 0.5 NaCl, and 0.25 for (C) 0.25 NaCl. Corresponding peak
whole-cell current (Ip) was plotted against membrane voltage (Vm) to
generate theI-V plots (left panels; plotted between a membrane potential
range of260 mV to160 mV and fitted to a quadratic polynomial between
230 mV and130 mV, which produced a more accurate determination of
Vrev). The plots show a negative shift in reversal potential, towardENa, as
the extracellular [NaCl] is reduced. In all cases, [Na1]i 5 162.9 mM and
(A) [Na1]o 5 149.8 mM, (B) [Na1]o 5 79.7 mM, and (C) [Na1]o 5 42.2
mM. Cl2 concentrations approximate Na1 values. The averaged reversal
potential (Vrev) in control and shifts in reversal potential (DVrev) for
dilutions are shown forn 5 4 experiments. For presentation purposes (as
in Fig. 2), the current traces have had additional off-line filtering (100 Hz),
data reduction (32), and their durations have been truncated.

FIGURE 4 Reversal potential-activity plots for determining relative an-
ion-cation permeability ratios through WT and STM homomerica1 GlyR
channels. (A) The corrected reversal potential shift (DVrev) is plotted
against extracellular Cl2 activity (aCl)o for WT GlyRs. For permeability
fitting, the shift in reversal potential was used to allow for a small22.5 mV
shift from a predicted20.1 mV offset present in WT symmetrical NaCl
data (see Figs. 2 and 3 and Materials and Methods). The fitted value of
PCl/PNa 5 24.6 (PNa/PCl 5 0.041). (B) The corrected reversal potential
shift (DVrev) is plotted against extracellular Na1 activity (aNa)o for STM
GlyRs, (PCl/PNa 5 0.27). The data points were fitted to the Goldman-
Hodgkin-Katz equation (solid lines), using ion activities;DVrev 5 RT/F
ln{[ PNa(aNa)o 1 PCl(aCl)i]/[PNa(aNa)i 1 PCl(aCl)o]} to determinePCl/PNa.
The dashed line in each case represents the hypothetical situation, where
PNa or PCl 5 0, as given by the appropriate equilibrium potentials (ECl or
ENa) as a function of extracellular ion activity.
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(n 5 4), andPLi/PNa 5 0.72 6 0.01 (n 5 4; Table 1).
Hence, the STM channels poorly discriminate between
monovalent cations, as also found for the native AChR
channel (e.g., Adams et al., 1980; Barry and Gage, 1984).

Divalent cation permeability in STM GlyRs

Since the neuronala7 nAChR is highly permeable to Ca21

(PCa/PNa ; 10, Bertrand et al., 1993), we investigated the
permeability of Ca21 in the STM channels.I-V experiments
involving the replacement of approximately symmetrical
Na1 with an extracellular solution containing 50 mM Ca21

and 57.5 mM Na1 resulted in a negativeVrev shift for the
Ca21-containing solution (Vrev 5 217.96 1.3 mV (n 5 4),
Fig. 5 D). This shift is equivalent to that expected from a
dilution experiment, where [Na1]o has been reduced to 57.5
mM and wherePCa ' 0. This implied that Ca21 has
negligible permeability through the STM GlyR channels, in
contrast to its permeability in thea7 nAChR channels. The
PCa/PNa ratio was also calculated using Eq. 3 and found to
be 0.026 0.06, confirming a negligible Ca21 permeability
through the STM GlyRs.

Single channel properties of WT and STM GlyRs

In three excised outside-out membrane patches from cells
expressing WT GlyRs, bath application of 1 mM glycine
induced inward currents ranging from;2200 pA to 21
nA, when the patches were clamped at a membrane poten-
tial of 260 mV (e.g., Fig. 6,inset). In response to applica-
tion of lower doses (1–100mM) of glycine, single channel
currents, often containing multiple conductance levels, were
clearly discernible (Fig. 6). In close agreement with previ-
ous reports (Rajendra et al., 1995; Moorhouse et al., 1999),
the dominant conductance level was;93 pS at260 mV. In
these WT GlyR patches there was some inward rectification
of this main conductance state, with the dominant peak in
the all-point amplitude histogram for currents recorded at1
60 mV being 75 pS. Noise analysis, using measurements of
variance, gave mean single channel conductances of 746
6.2 pS at260 mV (n 5 3) and 496 14 pS at160 mV (n 5

3). A reasonably similar (546 13 pS) value of conductance
in WT a1-homomeric GlyRs was recently reported by Saul
et al. (1999) using non-stationary noise analysis. This lower
value obtained with noise analysis should reflect contribu-
tions from each of the sub-conductance states. Indeed, in
one of our patches that contained only two conductance
states, weighting of the contribution of each of these states
(directly measured) gave a similar value for the averaged
conductance to that obtained using noise analysis (Fig. 6).

In contrast to the WT results, in excised patches contain-
ing STM GlyRs, clear glycine-activated currents were ob-
served in only 4 of 7 patches clamped at260 mV and were
much smaller, ranging from22 to 215 pA in response to
100 mM glycine (Fig. 7). Even at lower doses we could not
discern individual openings at260 mV. Noise analysis now
gave very small average single channel conductance values:
3.36 0.4 pS at260 mV (n 5 4) and 11.06 1.4 pS at160
mV (n 5 3). This indicated that in contrast to anion currents
in the WT GlyRs, there is a lower conductance for Na1

currents in the STM GlyRs, especially in the inward direction.

Rectification of STM GlyRs

Whereas WT whole-cell and single channel currents
showed some inward rectification (Figs. 2 and 6), STM
GlyRs typically showed prominent outward rectification for
both whole-cell and single channel currents (Figs. 3 and 5).
For example, single channel rectification [defined as
g160 mV/g260 mV for the weighted mean of all conductance
levels], varied from;0.7 (inward) for WT GlyRs to;3.3
(outward) for STM GlyRs.

DISCUSSION

Using the three equivalent inverse mutations, in the pore-
forming M2 domain, that had been used to convert thea7
nAChR channel from cationic to anionic (Galzi et al., 1992),
we have been able to converta1 homomeric GlyRs from
being predominantly anion-selective to being predomi-
nantly cation-selective. Thus, this study demonstrates that
there is conservation of the molecular determinants of se-
lectivity between the cationic and anionic LGICs. In addi-
tion to this fundamental change in ion selectivity, another
key property conferred upon the STM GlyR was the mono-
valent permeability sequence (Cs1 . K1 . Na1 . Li1),
which is identical to that of the native nAChR (Adams et al.,
1980; Quartararo et al., 1987; Konno et al., 1991; Villarroel
and Sakmann, 1992). This suggests that the profile of the
STM GlyR pore constriction region resembles that of the
native nAChR. This is a low-field-strength permeation se-
quence, as is the permeation sequence for halide anions in
native GlyRs (e.g., Bormann et al., 1987; Fatima-Shad and
Barry, 1993). Other permeation properties of the STM
GlyRs, namely the lack of Ca21 permeability and the very

TABLE 1 Anion-to-cation permeability ratios for WT and
STM GlyRs obtained from reversal potential experiments (see
Figs. 2 and 3) and cation-to-cation permeability ratios for
STM GlyRs obtained from bi-ionic potential experiments (see
Fig. 5). Values are given as mean 6 SEM

Permeability ratio
relative toPNa n WT STM

PCl 8 24.66 0.7 0.276 0.01
PCs 4 — 1.766 0.07
PK 5 — 1.536 0.02
PLi 4 — 0.726 0.01
PCa 4 — '0
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low single channel conductance, are quite distinct from the
homologousa7 nAChR. The Ca21 impermeability suggests
that the STM GlyR has retained critical elements of the WT
GlyR. In terms of the changes in properties brought about
by both sets of mutations, there were similarities in that both
caused alterations in current rectification and marked reduc-
tions in whole-cell currents (Galzi et al., 1992; Corringer et
al., 1999). There were also radical differences in EC50, in
that comparatively high agonist concentrations were re-
quired to elicit currents in the STM GlyR, whereas a re-
duced EC50 was seen in the anionic nAChR triple mutant
(Galzi et al., 1992).

The work presented in this study, together with the earlier
mutagenesis work done by Galzi et al. (1992) identifying
the anion-selectivea7 nAChRs triple mutant, provide evi-
dence that at least two members of the LGIC superfamily,
the anion-selective GlyR and the cation-selective nAChR,
diverge in relatively minor ways with respect to the M2
pore-forming domains. These key differences impart not
only profound properties regarding charge selectivity of the
channels, but also other mechanistic properties essential for
the physiological function of LGICs.

Pore constriction and possible physical
mechanisms responsible for the conversion of
charge selectivity in STM a1 subunit GlyRs

Ample experimental evidence now exists that the channel
pore is narrowest at its intracellular end, in the region of the
putative intermediate ring of charge found in all members of
the LGIC family. Mutations to this ring inTorpedonAChR
have the most profound effect on channel conductance and
monovalent cation selectivity in comparison with mutations
in the extra- and intra-cellular rings (Imoto et al., 1988;
Konno et al., 1991). These changes in conductance were
inversely related to the size of the substituted residue, with
a greater effect for hydrophobic than for polar substitutions
(Imoto et al., 1991). The size and charge of residues of the
intermediate ring have also been found to be determinants
of permeability for organic cations (Wang and Imoto,
1992), indicating that both steric and electrostatic factors
affect permeation in this region. This position, correspond-
ing to A251 (A-19) in the primary sequence ofa1 GlyRs, is
functionally more analogous to the GlyR charged ring at
R252 (R09).

In addition to this intermediate charged ring, an adjacent
ring of polar amino acids is also a major determinant of
monovalent cation permeation, in both rat andTorpedo
nAChR (corresponding to G254 (G29) in a GlyRs). Mu-
tagenesis studies of this polar ring in the rat nAChR (Vil-
larroel et al., 1992; Villarroel and Sakmann, 1992) and
TorpedoAChRs (Imoto et al., 1991) have suggested that in
this region cation permeation is sterically regulated. More
recently, the SCAM technique has demonstrated that resi-
dues in this region present a barrier to large methanethio-

FIGURE 5 Examples of bi-ionic potential experiments for determining
cation-selectivity sequences through the STMa1 homomeric GlyR chan-
nels. RepresentativeI-V plots for a membrane potential range of230 mV
to 130 mV were fitted to a quadratic polynomial. Each panel represents a
pair of I-V plots measured for the same cell. In each case, the plot on the
left represents data obtained in approximately symmetrical Na1 solutions
and the plot on the right, data obtained after the replacement of the
extracellular Na1 with the test cation shown. For the Cs1 experiments (n 5
5), [Na1]i 5 160 mM in both cases, [Na1]o 5 149.3 mM (;symmetrical
Na1 case), and [Cs1]o 5 149.3 mM (Cs1 test case); for the K1 experi-
ments (n 5 4), [Na1]i 5 164.5 mM in both cases, [Na1]o 5 150 mM
(;symmetrical Na1 case), and [K1]o 5 151.8 mM (K1 test case); for the
Li1 experiments (n 5 4), [Na1]i 5 154.4 mM in both cases, [Na1]o 5
149.4 mM (;symmetrical Na1 case), [Li1]o 5 145 mM and [Na1]o 5 3.7
mM (Li1 test case); and for the Ca21 experiments (n 5 4) [Na1]i 5 164.5
mM in both cases, [Na1]o 5 150 mM (;symmetrical Na1 case),
[Ca21]o 5 50 mM, and [Na1]o 5 57.5 mM (Ca21 test case). Values,
obtained by averaging the number of experiments done for each respective
Vrev, are quoted as mean6 SEM. These shifts in reversal potential implied
that PCs . PK . PNa . PLi .. PCa ' 0.
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sulfonate cations from both the extra- and intra-cellular
sides (Wilson and Karlin, 1998; Pascual and Karlin, 1998).
The results indicated that, in the absence of agonist, residues
between 29 and239 presented a barrier to the reagents but,
in the presence of agonist, this barrier was partially re-
moved. This suggested that there are structural perturba-
tions within the pore constriction region during the gating
process of the channel. By analogy, these AChR residues
correspond to those between A249 (A-39) and G245 (G29)
in the a1 GlyR (Fig. 1). In the closely homologous
GABAAR, the SCAM method has also been used to exper-
imentally ascertain the location of the charge selectivity
filter and the region that acts as a barrier to methanethio-
sulfonate anions (Xu et al., 1995; Xu and Akabas, 1996).
Those results showed that the selectivity filter was more
cytoplasmic than thea1 GABAAR residue T69 (T258 ina1
GlyR), while the most constricted region of the GABAAR
pore was even more cytoplasmic than residue V29 (G254 in
the a1 GlyR). Similarly, Tierney et al. (1998) have shown
that mutations to polar threonine residues in the GABAAR
(T69) can block anion permeation, while Bormann et al.

(1993) determined that thea1 homomeric GlyR mutant,
G254A (G29A), caused an increase in single channel con-
ductance levels. Together, these results indicate that in this
extended region there are residues which, due to their po-
larity and size, provide an environment that is most ideally
suited for partially hydrated ions of a particular size.

Our results more definitively indicate that thea1 GlyR
STM presented in this study resembles that of the WTa7
nAChR with regard to the putative narrow pore constriction
region, and that the most selective part of the channel, at
least with regard to monovalent ions, lies within that region.
We propose that the deletion of a proline (P250D; P-29D)
and the A251E (A-19E) substitution have made fundamental
alterations to the geometrical and electrostatic environment
of the pore constriction region, presumably allowing the
glutamate to face the pore interior and aid in the selection of
cations, and causing the adjacent arginine (R252; R09) to be
moved away from the pore interior and less able to repel
cations (cf. K09 in the a7 nAChR; see Fig. 1). This infer-
ence is supported by recent evidence suggesting that the K09
residue in the mouse AChR does not interact directly with

FIGURE 6 Single channel activity in WT homomerica1 GlyRs. Single channel currents obtained from an outside-out membrane patch expressing WT
a1 homomeric GlyRs at membrane potentials of260 mV (above) and160 mV (below). The averaged mean conductance (gmean), obtained from noise
analysis is shown for membrane potentials of260 mV (n 5 3 patches) and160 mV (n 5 3 patches). The main peak conductance obtained by fitting
Gaussian distributions to all-point histograms and confirmed by direct measurement is;93 pS at260 mV and;75 pS at160 mV. The right panels show
all-point current histograms from 30 to 50 s of continuous data, fitted with multiple (5) Gaussian distributions between 0 and216 pA (top panel; 260 mV)
and between 0 and 12 pA (bottom panel; 160 mV) with bin size 0.20 pA. The first peak (closest to 0) on the histograms represents the current baseline.
Note also evidence of inward rectification, with inward currents being greater than outward currents (ratio' 1.5). The inset shows a macropatch response
to 1 mM glycine recorded from the same patch. For display, data were filtered off-line with a further 1 kHz digital, Gaussian filter and also reduced by
a factor of 4.
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permeating ions (Wilson et al., 2000). The obvious muta-
tion, which would seem to combine the proposed functions
of the two intracellular mutations P250D (P-29) and A251E
(A-19), would be the direct mutation of the positive argi-
nines (R252; R09) to a negative glutamate or aspartate.
However, previous experiments to mutate this residue to a
more conservative asparagine residue (R252N; R09N) did
not appear to elicit any currents, and failed to demonstrate
any strychnine binding (Rajendra, 1995). Also, antibody
experiments by Langosch et al. (1993), in which they had
mutated this residue to either glutamine (R252Q; R09Q) or
glutamate (R252E; R09E), seemed to indicate that these
residues prevented GlyR expression on the cell surface.
Thus, R252 (R09) may also play a critical structural role in
the WT GlyR. However, in the AChR, mutations of the
equivalent residue (K09) to cysteine are tolerated and it
appears to move during channel gating (Wilson and Karlin,
1998; Wilson et al., 2000). We would suggest that for our
STM GlyRs both the P250D (P-29D) and A251E (A-19E)
mutations are responsible for monovalent selectivity con-
version, and that the T265V (T139V) may not even be
required. The need for both cytoplasmic mutations is sup-
ported by the recent evidence that the proline residue, P250

(P-29) in the a1 GlyRs, when genetically disrupted as
P250T (P-29T) by hereditary hyperekplexia, markedly im-
pairs single channel Cl2 conductance, but is not sufficient
to change the charge selectivity (Saul et al., 1999).

In summary, we propose that both a negative charge
introduction A251E (A-19E) and a conformational change
to displace the positively charged residue (R252; R09),
caused primarily by the P250D (P-29D) in this constricted
region is required to convert charge selectivity in the GlyR.

Effects of the STM mutations on channel gating

In addition to the fundamental change in ion selectivity
discussed above, the STM GlyR also showed some distinct
changes in the gating behavior of the channel. This included
a marked increase in the agonist concentration required to
open the channel (with an implied large increase in EC50)
and a large decrease in maximum current amplitude. These
effects are characteristic of a “loss of function” mutation
and are the opposite to the “gain of function” characteristics
observed in the nAChR selectivity triple mutant, attributed
largely to the “permissive” V139T mutation (Galzi et al.,

FIGURE 7 Single channel activity in STM homomerica1 GlyRs. Single channel currents obtained from an outside-out membrane patch expressing STM
a1 homomeric GlyRs at membrane potentials of260 mV (top panels) and160 mV (bottom panels). The averaged mean conductance (gmean) obtained
from noise analysis is shown for membrane potentials of260 mV (n 5 4 patches) and160 mV (n 5 3 patches). Below each channel recording are the
corresponding all-point current histograms from 30–60s of continuous data, which showed a graded increase in current amplitude as the glycine
concentration was increased. For display, data were filtered off-line with a further 1 kHz digital, Gaussian filter and also reduced by a factor of 4. All-point
histograms were fitted with a single (or sometimes 2) Gaussian distribution(s) with bin size 0.09–0.19 pA.
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1992; Corringer et al., 1999). Consequently, we infer that
the effects of a threonine-valine mutation at the correspond-
ing position in the GlyR has a similar effect on the open-
closed equilibrium of the channel, but in the case of the
STM GlyR conversion of a threonine to a valine would
impair the gating of the open or active state. Thus, it is not
surprising that, in contrast to Corringer et al. (1999), no
spontaneous openings were observed in STM GlyR chan-
nels (as judged by the lack of baseline fluctuations in
control conditions in the single channel recordings and by
the lack of any differences in the mean holding current in
the whole-cell recordings, data not shown), since the closed-
to-open transitions would be more difficult, and hence spon-
taneous openings would be less likely. Indeed, the T265V
(T139V) mutation may not be necessary to produce a GlyR
cation-selective channel, and may even be counterproduc-
tive to channel activation.

The reduced rate of current decay in the STM in com-
parison with WT GlyRs may reflect the very much smaller
currents of the STM GlyRs and a lack of local concentration
polarization effects, which would be more substantial with
large WT currents, rather than due to a change in GlyR
desensitization.

Reduced single channel conductance and altered
rectification in STM a1 subunit GlyRs

It is well established that the charged rings flanking the pore
region of LGICs influence conductance and channel gating.
With regard to conductance and the charged extracellular
ring, Imoto et al. (1988) have shown that the conductance
decreased linearly with a reduction in the total negative
charge of the ring. Mutagenesis experiments on anionica1
homomeric GlyRs have also shown that when the positively
charged ring, R271 (R199), is mutated to a neutral glu-
tamine, R271Q (R199Q), or to a neutral leucine, R271L
(R199L), changing its charge from15 to 0, the GlyR
conductance decreased similarly to;20% of WT values
(Langosch et al., 1994; Rajendra et al., 1995), which is
approximately the equivalent proportional change predicted
from the data of Imoto et al. (1988) for the AChR. Impor-
tantly, no change in channel selectivity was observed in
these mutants (Konno et al., 1991; Rajendra et al., 1994,
1995).

Partial neutralization of the extracellular ring as seen in
a1/b heteromeric GlyRs has also been reported to display
lower conductance than in thea1 homomeric channels
(Bormann et al., 1993). Similarly, in the GABAAR ho-
molog, the Rdl gene product, introducing a negatively
charged aspartate to this position, N199D, produced a fall in
channel conductance, while the N199R and N199K mutants
both showed an increase in channel conductance (Wang et
al., 1999). We would suggest that the charge lining the
extracellular vestibule of the pore helps to determine the
concentration of oppositely charged ions near the pore con-

striction (see Dani, 1986), and in this way contributes to the
magnitude of the single channel conductance. It therefore
seems reasonable to infer that if the effect of the STM
proline deletion, P250D (P-29D), has not caused enough of
a structural change along the whole M2 region to signifi-
cantly move the R271 (R199) from a position lining the
channel interior, the positively charged ring would remain
exposed for the permeating ions. This means that the STM
GlyR will now have an inappropriate15 charge (instead of
the25 charge in thea7 nAChR) lining the channel pore for
a cationic channel. This charge may then substantially lower
the concentration of cations in this vestibule region and
hence radically decrease the conductance of the channel, as
observed in our outside-out patches (Fig. 7) and result in
very small whole-cell currents (Fig. 3). In addition, the
relatively low cation concentration at the extracellular end
of the STM GlyR pore would also explain the outward
rectification noted for both single channel and whole-cell
currents in the mutant receptors, since inward current should
be especially reduced. This circumstance is equivalent to
that seen in theTorpedo AChR by Imoto et al. (1988),
where theaE199K AChR mutant produced low conduc-
tance values and an outwardly rectifying current. Thea7
nAChR anionic mutations investigated by Galzi et al.
(1992) and Corringer et al. (1999) showed a weaker alter-
ation of rectification, with the triple mutant anionic channel
displaying no rectification compared to the inwardly recti-
fying WT channels. The STM GlyR rectification behavior is
consistent with an asymmetry of charges lining the channel
pore and supports two of our conclusions for the STM
GlyR: namely, that the internal charged R252 (R09) has
been shielded or at least moved away from the pore interior,
and that there are only local structural changes along the M2
region, so that the position of the external R271 (R199) is
relatively unaltered.

Lack of Ca21 permeability in STM a1
subunit GlyRs

Previous studies have shown that thea7 nAChR has a
significant Ca21 permeability (PCa/PNa ; 10; Bertrand et
al., 1993). A substantial difference between the AChR and
the STM GlyR is that the latter displayed an inability to
conduct Ca21 ions in either direction (Fig. 5D). The mu-
tation of thea7 nAChR intermediate ring glutamate (E-19A)
makes this channel impermeable to Ca21. The reverse mu-
tation is not sufficient to restore it. This is not surprising,
since many other nAChR mutations also reduce its calcium
permeability. We, therefore, propose that other residues
must confer a difference in pore geometry between the STM
GlyR and the WT a7 nAChR. For example, adjacent
leucines (L169 and L179) found in thea7 nAChR, when
mutated, are reported to drastically reduce Ca21 permeabil-
ity without effecting monovalent cation permeability (Ber-
trand et al., 1993). In thea1 GlyR the equivalent positions
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are occupied by serine S268 (S169) and glycine G269
(G179). The absence of the leucines from the STM channels
may play a significant role in excluding Ca21 ions from
entering the pore. Furthermore, the positively charged argi-
nines (R271; R199) at the extracellular mouth of the GlyR
are also likely to prevent Ca21 transport through the STM
GlyR by radically reducing its concentration in that region.
In addition, the STM channels carry the T265V (T139V)
substitution, which would also be expected to attenuate
Ca21 permeability (Bertrand et al., 1993). Thus, it is not
surprising that the STM GlyR is impermeable to Ca21 ions.
We speculate that mutating the R271 (R199) to a negatively
charged residue and restoring the T265 (T139) threonine
residue in the GlyR, if it still allows functional channels,
may help to provide a localized pore conformation more
favorable to Ca21 ions.

CONCLUSIONS

Three mutations in the M2 transmembrane domains of the
anion-selective GlyR have successfully converted it to a
cation-selective channel with a low-field-strength cation
permeability sequence, an impermeability to Ca21, and a
low single channel conductance.
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