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The Cys loop receptor channels mediate fast synaptic trans-
mission in the nervous system. The M2-demarcated transmem-
brane pore is an important determinant of their ion permeation
properties. Portals within the intracellular domain are also part
of the permeation pathway in cationic Cys loop receptors, with
charged residues in a helical MA stretch partially lining these
openings profoundly affecting channel conductance. It is
unknown whether analogous portals contribute to the perme-
ation pathway in anionic Cys loop receptors. We therefore
investigated the influence of charged residues within the pro-
posed MA stretch on functional properties of the homomeric
glycine a1 receptor. Up to eight basic residues in the MA stretch
were concurrently mutated to a negatively charged glutamate,
and wild-type and mutant subunits were expressed in HEK-293
cells. Mutation of all eight residues produced a non-functional
receptor. The greatest reduction in conductance at negative
membrane potentials (from 92.2 = 2.8 to 60.0 = 2.2 picosi-
emens) was observed with glutamate present at the 377, 378,
385, and 386 positions (the 4E subunit). Inclusion of additional
glutamate residues within this subunit did not decrease con-
ductance further. Neutralizing these residues (the 4A subunit)
caused a modest decrease in conductance (80.5 * 2.3 picosi-
emens). Outward conductance at positive potentials was not
markedly affected. Anion to cation selectivity and concentra-
tion-response relationships were unaffected by the 4A or 4E
mutations. Our results identify basic residues affecting conduct-
ance in the glycine receptor, suggesting that portals are part of
the extended permeation pathway but that the M2-demarcated
channel pore is the dominant determinant of permeation prop-
erties in glycine receptors.

Rapid and coordinated communication between neurons at
synapses in the central nervous system is critical for the main-
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tenance of normal brain function. Key to this process is the Cys
loop superfamily of ligand-gated ion channels (LGICs),*
which includes the cation-selective nicotinic acetylcholine
(ACh) and 5-hydroxytryptamine type 3 (5-HT,) and the
anion-selective glycine and +y-aminobutyric acid type A
(GABA ) receptors. LGICs convert the chemical messages
conveyed by neurotransmitters into excitatory or inhibitory
electrical signals via the selective conduction of ions. The
polarity of the most permeant ion (ion charge selectivity) and
the rate at which the ions permeate (the single channel con-
ductance, y) are major determinants of how this synaptic
signal affects neuronal excitability.

Cys loop LGICs are composed of five protein subunits
arranged around a central ion-conducting channel pore. Each
of the five subunits consists of a large extracellular domain har-
boring the neurotransmitter binding site, four membrane-
spanning domains (M1-M4) and, in mammalian LGICs at
least, a large intracellular loop connecting M3—M4. The elec-
tron microscopic images of the Torpedo marmorata nicotinic
ACh receptor (1-3) provide our most complete picture of the
structure of the ion permeation pathway of mammalian LGICs.
Ions entering the wide external vestibule are funneled through
a narrow transmembrane pore lined by residues within the
a-helical second transmembrane (M2) domain. This M2-de-
marcated channel pore extends into an intracellular vestibule
perforated by five openings, or portals, with a narrow diameter
(8A in the closed Torpedo nicotinic ACh receptor (3)), compa-
rable with that of the open M2 pore. Such portals provide the
only pathway for the passage of ions into the cytoplasm and are
lined partially by residues from an amphipathic helix within the
intracellular M3—M4 loop known as the membrane-associated
helix (MA stretch).

Traditionally, the determinants of LGIC ion conductance
and selectivity were thought to be limited to the M2 domain
that lines the integral channel pore and immediate flanking
sequences (reviewed in Refs. 4 and 5). Cumulating recent evi-
dence, however, for cation-selective LGICs also indicates a key
contribution from the M3-M4 loop and/or MA stretch resi-
dues in cation conductance (6—11). The homomeric 5-HT;A

*The abbreviations used are: LGICs, ligand-gated ion channels; ACh, acetyl-
choline; 5-HT;, 5-hydroxytryptamine type 3; GABA,, y-aminobutyric acid
type A; HEK, human embryonic kidney; MA, membrane associated; WT,
wild-type; GHK, Goldman-Hodgkin-Katz; pS, picosiemens.
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receptor, for example, has a very low y (0.4-1.0 pS; (12)) rela-
tive to most other LGICs. Co-expression of 5-HT3A and
5-HT3B subunits produces an increased vy, and a series of
5-HT;A/;B receptor chimeras and mutant 5-HT ;A recep-
tors revealed that the major determinants of homomeric
5-HT;A receptor sub-pS y were located within the MA
stretch. In particular, replacement of three positively
charged arginine residues (Arg-432, Arg-436, and Arg-440 in
the human 5-HT3A subunit sequence) within the MA
stretch by their human 5-HT3B counterparts (QDA, respec-
tively) increased vy to about 35—40 pS, with R436D exerting
the greatest influence (6 -8, 11). The Arg-436 residue is also
an important determinant of the relative Ca®>" permeability
of the 5-HT;A receptor (13). Complete deletion of the 115-
residue 5-HT3A M3-M4 loop (and replacement with a
7-residue loop from a bacterial LGIC homologue) produced
no further increase in vy, suggesting that residues within the
MA stretch were solely responsible for the low vy of the
5-HT;A receptor (9).

Subsequent mutagenesis work indicates the impact of the
M3-M4 loop region on 7y is a conserved feature of the ion con-
duction properties of nicotinic ACh receptors (8, 10). Gluta-
mate to arginine mutations to invert residue charge at analo-
gous positions in the a4 and B2 nicotinic ACh subunit MA
stretch can reduce the vy of the a432 nicotinic ACh receptor
from about 30 to 12 pS (8). The a7 nicotinic ACh receptor
subunit M3—-M4 loop also presents a high conductance pheno-
type and only neutral or negatively charged residues within
homologous regions of its MA stretch (10, 14). Thus, critical
residues in the MA stretch lining the portals and affecting con-
ductance appear to be conserved among mammalian cationic
Cys loop LGICs.

Whether such a structural determinant of conductance
extends to the anionic LGICs is unknown. Although the «l
glycine receptor subunit contains a large number of basic resi-
dues in the region of the intracellular M3-M4 loop putatively
corresponding to the cationic MA stretch (3), earlier studies of
anionic Cys loop LGICs suggested that these receptors lacked
the MA stretch (15-17). Nevertheless, the high conductance
phenotype of the al glycine receptor homomers (~90 pS) is
consistent with some of these positively charged basic residues
framing putative intracellular portals and supporting high
anion flux rates.

In this study, we directly investigated the influence of
charged residues within the proposed MA stretch on functional
properties of the al glycine receptor homomeric channels, a
high conductance anionic Cys loop LGIC with well character-
ized ion permeation properties (4, 18). Our results identify par-
ticular sets of basic residues affecting conductance, suggesting
that the portals are indeed features of the extended glycine
receptor permeation pathway. However, the modest magni-
tude of their effect on conductance and the lack of effect on ion
charge selectivity suggest that the M2-demarcated channel
pore remains the dominant determinant of a1 glycine receptor
permeation properties, where the strongest interactions with
permeant ions occur.
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EXPERIMENTAL PROCEDURES

Molecular Biology and Transient Transfection of HEK-293
Cells—cDNAs encoding human wild type (WT) and mutant a1
glycine receptor subunits were cloned into pcDNA1.1. Point
mutations were introduced using standard molecular biological
techniques, and all constructs were sequenced to confirm fidel-
ity. Transient transfection of HEK-293 cells with cDNA was
performed using polyethylenimine (jetPEL Poly-plus transfec-
tion). All WT and mutant subunits were expressed as homo-
meric receptors. HEK-293 cells were co-transfected with the
expression marker, CD4 surface antigen, and CD4 antibody-
coated polystyrene beads were used to identify successfully
transfected cells (Dynabeads M-450, Dynal A.S.). Cells were
used for electrophysiological experiments 1-3 days after trans-
fection. Cells were subcultured twice weekly and incubated in a
medium comprised of modified Eagle’s medium and 10% calf
serum. Cells were maintained at 37 °C in an atmosphere of 5%
CO, (100% relative humidity).

Electrophysiological Recordings—Standard whole-cell patch
clamp recordings were used to initially assess functional glycine
receptor expression and subsequently to characterize the con-
centration-response properties and anion to cation selectivity
(Pcy/Py,) of the WT and 4A and 4E mutant glycine receptors
(see Table 1 for a description of the mutations). The outside-out
patch clamp configuration was used to record single glycine
receptor channel currents and to quantify y. Experiments were
performed at a room temperature of 21 * 2°C. All patch
pipettes were made using thick-walled Clark borosilicate glass
(Warner Instruments) and pulled using a horizontal electrode
puller (P-87, Sutter Instruments Co.). They were fire-polished
to give final resistances of 3—5 megaohms for macroscopic
(whole-cell) recordings and 5—10 megaohms for single-channel
recordings. The tips of pipettes used for single-channel record-
ings were also coated with Sylgard (Dow Corning). Currents
were recorded with pCLAMP 9.0 or 10.2 software and an Axo-
patch 1D or 200B amplifier (Molecular Devices Corp.). For sin-
gle-channel recordings, data were filtered and digitized with a
Digidata 1440A or 1200B (Molecular Devices Corp.) at 5 and 20
kHz, respectively. Macroscopic currents were filtered and dig-
itized at 1 and 5 kHz, respectively. All recordings were stored
onto the hard drive of a PC (under Microsoft Windows XP) for
subsequent offline analysis. For macroscopic current record-
ings, the series resistances ranged from between 5-12 megao-
hms and was electronically compensated by ~80%.

Composition of Solutions Used—The standard external bath
solution contained (in mm): 145 NaCl, 2.0 CaCl,, 2.0 MgCl,, 10
glucose, and 10 HEPES (pH 7.4 adjusted with ~5 mm NaOH).
The standard internal solution used to fill the patch electrodes
comprised (in mm): 145 KCl, 2 CaCl,, 2 MgCl,, 5 EGTA, and 10
HEPES (pH 7.4 adjusted with ~15 mm KOH). These standard
solutions gave rise to a calculated liquid junction potential of
—4.7 mV, using the Windows version of JPCalc (19), which was
accounted for when quantifying y values. These standard solu-
tions were used for all measurements of y and for the macro-
scopic concentration-response relationships. For quantifying
relative anion-cation selectivity (P,/Py,), a number of simpler
solutions were used. The control “1” NaCl external solution
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contained (in mm) 145 NaCl, 10 glucose, and 10 HEPES. The
control “symmetrical” internal solution contained: (in mm) 145
NaCl, 2 CaCl,, 5 EGTA, and 10 HEPES. For the 0.5 external
NaCl dilution solution, 75 mm NaCl was replaced with an iso-
osmotic concentration of sucrose (136 mm). For the 0.25 exter-
nal NaCl dilution solution, 112.5 mm NaCl was replaced with an
iso-osmotic concentration of sucrose (189 mm). These external
solutions were nominally divalent cation-free (no added diva-
lent ions). The pH of all these solutions was adjusted to 7.4 with
a known concentration of NaOH (~5 mwm). The liquid junction
potentials (V ;) arising from these three solutions were 0.4,
—3.1, and —6.6 mV for the 1, 0.5, and 0.25 NaCl solutions,
respectively, and were accounted for when calculating perme-
ability ratios.

Glycine was dissolved in the bath solution and applied via a
gravity-fed bath perfusion system. For whole-cell recordings,
glycine and the external dilution solutions were applied using a
Y-tube perfusion tube positioned close to the cell being
recorded from to give an exchange time, measured using open
pipette responses, of 1050 ms.

Data Analysis—Continuous sections of data recorded from
outside-out patches in which unitary events predominated
were selected for analysis of single-channel conductance using
pCLAMP 9 or 10.2. Selected traces were digitally refiltered at
1.5 or 2 kHz for subsequent construction of all-point histo-
grams; such additional filtering did not alter the peaks of clearly
resolved histograms but did make distinct peaks easier to iden-
tify. All-points amplitude histograms were generated from con-
tinuous periods of stable recordings using a bin size of 0.05 pA
and a range of 200 bins (i.e. 10 pA). Gaussian distributions were
fitted to the histograms using a Levenberg-Marquardt least
squares minimization procedure with up to 8000 iterations.
The closed amplitude peak was fitted separately from the open
amplitude peak(s). The number of Gaussian distributions
required to adequately fit the open amplitude peaks was
increased until there was no further improvement in the fits.
Single-channel conductance (y) values were determined from
the relationship y = i/(V,, — V,.,), in which i is the current
amplitude of single channel events, V,, is the corrected mem-
brane potential (V,, — Vi), and V.., the reversal potential,
which was approximated as zero for the standard solutions with
almost symmetrical Cl~ concentrations.

Macroscopic current amplitudes in response to different gly-
cine concentrations (1-1000 um) were measured manually as
the difference between the current peak and the baseline cur-
rent just prior to glycine application. Only data from experi-
ments in which the full range of different concentrations was
tested and that showed 2-3 stable initial control responses and
a similar control response following completion of the experi-
ment were chosen for further concentration-response analysis.
The relationship between current amplitude and glycine con-
centration in each experiment was fit to the Hill equation
(Equation 1) to obtain the maximal current response (/,,,,), the
concentration giving a response 50% of the maximum (EC,),
and the Hill slope (7;,). These values were then averaged for
each glycine receptor construct, as indicated under “Results.”
For presentation of the group concentration-response curve in
Fig. 2, the currents from each experiment were normalized to
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the I .., and these normalized mean values were also fit to
Equation 1.

lglycine = lmax/(‘I + EC'S’S/[egcme]”H) (Eq» 1)

For quantification of P,/Py,, macroscopic current-voltage
(I-V) relationships in the symmetrical and external dilution
solutions were recorded by applying steps, in 10-mV intervals,
from 0 mV to between —30 mV and +30 mV, for a duration of
100 ms. The current response was averaged for the duration of
the voltage pulse excluding uncompensated capacitive current
transients. Control I-V curves were similarly obtained prior to,
and following, glycine application, averaged, and then sub-
tracted from those in the presence of glycine (1 mm). For all I-V
curves, the data points were fitted to quadratic or third order
polynomials, and the reversal potential was read directly from
the I-V curves. The reversal potentials in each experiment were
plotted against the external Cl™ activity, and the data were fit
with the Goldmann-Hodgkin-Katz (GHK) equation (Equation
2) to obtain the ion charge selectivity ratios (Pc,/Py.),

View = (RT/F) In{(ay," + (Pa/Pra)ac)/(an, + (Po/Pra)ac®)}
(Eq.2)

where V,_, is the potential at which the current is zero, R is the
molar gas constant, T is temperature in Kelvin, F is Faraday’s
constant, P, is the permeability of the ion, and 4, is the
activity of the ion in the extracellular (°) or intracellular (%)
solutions.

The Pg,/Py, was calculated for each experiment and then
averaged. Ion activities, rather than concentrations, were used
for all calculations and determined by graphing and interpolat-
ing published activity coefficients (20).

Data are presented as the mean = S.E. Data sets were com-
pared using one-way analysis of variance with a post hoc

Tukey’s test. p < 0.05 was considered to be significant.

RESULTS

Basic Residues within the Putative MA Stretch Are Important
for Receptor y—MA stretch residues of the cation-selective
5-HT;A and o482 nicotinic ACh receptors have been shown to
affect y by both steric and electrostatic influences (7, 8). In
particular, a series of positively charged arginine residues have
been identified as key determinants of the sub-picosiemen vy of
5-HT,A receptors (6). Unlike 5-HT ;A receptors, el glycine
receptors have a robust y (~90 pS). Alignment of the proposed
MA stretch of the al glycine receptor subunit with that of the
5-HT3A subunit and other related subunits revealed that this
region contains a number of positively charged residues (Fig. 1).
We therefore investigated the influence of positively charged
residues on the anion flux of a1 glycine receptors. We mutated
the eight positively charged lysine or arginine residues within the
putative MA stretch to negatively charged glutamate residues. We
undertook cumulative mutations, concurrently mutating from
between 4 and up to all 8 of the lysine or arginine residues to
glutamate, focusing on the region aligned with the series of specific
positively charged arginine residues shown to hinder cation flux of
5-HT,A receptors (6, 7) (Fig. 1A). The specific mutations and their
notation are shown in Fig. 1C and in Table 1.
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Mutant subunits were expressed in HEK-293 cells, and sin-
gle-channel currents were recorded from excised outside-out
membrane patches. The dominant conductance levels obtained
from multiple Gaussian fits to all-point amplitude histograms
are reported. Subconductance states were observed in both WT
and mutant receptors, but the dominant states reported here

were typically also of the highest y. Application of glycine (1-10
uM) to outside-out patches resulted in clear single-channel
responses at —65 mV for glycine receptor mutants with up to
seven Arg/Lys to Glu mutations (producing the 4E to 7E sub-
units). Mutation of all 8 positively charged residues to gluta-
mate (producing the 8E subunit) resulted in a non-functional

receptor (n = 22). This suggests that
either the replacement of Arg-392

A .

h5HT3 A 418 LLQELSSIRQFLEKRDEIREVARDWL 443 by glutamate is not tolerated or the
h5HT3 B 381 VWSQLQSISNYLQTODQTDQQEAEWL 406 combined effect of all eight muta-
THACh oo 375 AIEGVKYIAEHMKSDEESSNAAEEWK 400 tions is not tolerated. It is notable

AVEGVQYIADHLEKAEDTDESVKEDWK 492
ILEEVRYIANRFRCQDESEAVCSEWK 461
AVDGVRFIADHMRSEDDDQSVSEDWEK 452

that an arginine residue is highly
conserved at the homologous posi-
tion across all glycine and most
GABA, receptor subunits. The
B. introduction of 4 -7 glutamate resi-

hnACh a4 467
hnACh a7 436
hnACh B2 427

ASBMVIB

hGly B 433 NNKKPPPAKPVIPTAAKRIDLYARAL 458 in a significantly reduced y when
hGaBA, p1 433 KSQRSSYVSMRI--DTHAIDKYSRITI 456 compared with wild-type, from ~92
hGABA, p2 423 KGLLKGOTGFRIFONTHAIDKYSRLI 448  pS o between ~81 and ~60 pS, as

hGABa, y2 384 DCRTGAWRHGRIHIRIAKMDSYARIF 409 summarized in Table 1. The largest
decrease in vy (to ~60 pS) occurred
for sets of multiple mutations com-
prising 4, 6, or 7 introduced gluta-
mates. Glutamate mutations to two
pairs of positively charged residues
within the putative MA stretch
(R377E,K378E,K385E,K386E;  the
4E mutant) were the minimum
mutations that resulted in this
decreased vy, and we conducted fur-
ther experiments on these residues
(see below).

Mutations to Charged Portal
Residues Do Not Affect Macroscopic
Concentration-response Curves—
Before commencing further detailed
studies on ion permeation proper-
ties of the mutant 4E receptors, we
examined their macroscopic con-
centration-response relationships
using whole-cell recordings. Point
mutations to regions within the MA
stretch of the nicotinic ACh recep-
tor have been shown to affect chan-

C.
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FIGURE 1. Charged residues in the putative MA stretch of the a1 glycine receptor influence channel
conductance. A, an alignment of residues within the MA stretch of cationic LGIC subunits (Torpedo nicotinic
ACh (TnACh) receptor a-subunit, human a4, a7, and 82 nicotinic ACh (hnACh) and human 5-HT3A and 5-HT3B
(h5HT3) subunits). Charged residues known to influence cation conductance in 5-HT3 subunits are identified
by shaded boxes. B, an alignment of residues within the proposed MA stretch of human anionic LGIC subunits.
Positively charged residues in the a1 glycine receptor subunit are identified by shaded boxes. hGly, human Gly
subunits; hGABA,, human GABA, subunits. C, schematic diagram indicating the location of the putative a1
glycine receptor MA stretch relative to the M3-M4 loop and the transmembrane domains, indicated as gray
cylinders. Residues mutated in this study are indicated.

TABLE 1
Mutation of positively charged residues in the MA-stretch of a1 glycine receptors reduces single-channel conductance, y

The indicated lysine or arginine residues were mutated to glutamate (4E—7E) or alanine (4A). y was measured in outside-out patches held at a membrane potential of —65
mV in response to 1-10 uMm glycine. Values represent mean *+ S.E. ¥, significantly different from WT (p < 0.05), *, significantly different from 4E (p < 0.05).

GlyR constructs Substituted residue(s) y Number

pS n
WwWT Nil 92228 11
4A Lys-386, Lys-385, Lys-378, Arg-R377 805 = 2.3+ 13
4E Lys-386, Lys-385, Lys-378, Arg-377 60.0 = 2.2* 9
5Ea Lys-386, Lys-385, Lys-378, Arg-377, Lys-371 67.7 = 3.5 10
5Eb Lys-389, Lys-386, Lys-385, Lys-378, Arg-377 69.9 + 3.0* 8
5Ec Lys-386, Lys-385, Arg-383, Lys-378, Arg-377 65.3 + 2.5% 7
6E Lys-389, Lys-386, Lys-385, Lys-378, Arg-377, Lys-371 59.9 + 1.5* 9
7E Lys-389, Lys-386, Lys-385, Arg-383, Lys-378, Arg-377, Lys-371 60.0 + 1.9* 8
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