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ABSTRACT The inhibitory glycine receptor is a ligand-
gated ion-channel protein existing in different homo- and
heterooligomeric isoforms. Here we show that the chloride
channel of the recombinant a1-subunit homooligomeric glycine
receptor is efficiently blocked by cyanotriphenylborate (CTB)
with a concentration effecting 50% inhibition (ICso) of 1.3 uM
in the presence of 50 uM glycine. The antagonistic effect of
CTB is noncompetitive, use dependent, and more pronounced
at positive membrane potentials, suggesting open-channel
block. In contrast to a1-subunit receptors, a2-subunit homoo-
ligomers are resistant to CTB (ICso >> 20 uM). By exchanging
the channel-lining transmembrane segment M2 of the al
polypeptide by that of the a2 polypeptide, we could transfer
this resistance to al channels, indicating that a single glycine
residue at position 254 of the al subunit is critical for CTB
sensitivity. The blocker did not affect the cation-selective
channel of the nicotinic acetylcholine receptor. Thus, CTB may
prove useful as a tool to probe the subunit structure of native
glycine receptors in mammalian neurons.

Ligand-gated ion-channel proteins constitute a large super-
family of homologous proteins including the nicotinic ace-
tylcholine receptor (nAcChoR), glycine receptor (GlyR), and
y-aminobutyric acid type A receptor (GABAAR). The pores
intrinsic to these proteins are formed by a pentameric ar-
rangement of membrane-spanning subunits. These are built
of an N-terminal extracellular domain followed by four
predicted transmembrane segments (M1-M4) (reviewed in
refs. 1 and 2). Functional analyses of mutagenized receptor
subunits have shown segment M2 to line the wall of nAcChoR
channels (3-6). Likewise, primary structure variations of M2
segments in GlyR subunits account for the different elemen-
tary conductances observed with the recombinant a-subunit
homooligomeric and a/B-subunit heterooligomeric GlyR iso-
forms (7). These functional characteristics were compared to
those of glycine-activated conductances in spinal neurons
(e.g., refs. 8 and 9) and are consistent with the previously
reported exchange of embryonic a2 by adult ol and B
polypeptides in vivo (7, 10).

Channel function can be antagonized by blocker molecules
in a way that is noncompetitive to agonist binding. Such drugs
are thought to inhibit ion permeation by binding to a site
within the lumen of an open channel (11). Residues within the
M2 segments of different nAcChoR subunits have been
photolabeled by blocking agents such as [*H]-triphenylme-
thylphosphonium bromide (TPMP) (12) or [*H]-chlorproma-
zine (13) and have been shown to determine the residence
time of another blocker, the local anesthetic QX-222 (14).
These blockers of the cation-selective nAcChoR channel are
amphiphilic organic molecules composed of a lipophilic moi-
ety and a positive charge or a protonatable amine group
(reviewed in ref. 11). Previously, we have reported that a
homooligomeric but not a/B heterooligomeric GlyRs are
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FiG. 1. Molecular structures of the CTB and TPMP ions.

inhibited by the uncharged Cl~-channel blocker picrotoxinin.
This difference is determined by the primary structure of the
respective M2 segments, implying that this segment consti-
tutes the binding site for the blocker (15).

Based on the functional and structural homology of differ-
ent ligand-gated ion-channel proteins, we assumed that a
high-affinity anion-channel blocker should be structurally
similar to cation-channel blockers, albeit negatively charged.
In an attempt to find organic molecules analogous to the
triphenyl structure of TPMP, we identified the cyanotriphe-
nylborate (CTB) anion (Fig. 1). Here we show that this
compound blocks the Cl~ channel of certain recombinant
GlyR isoforms. Further, for « homooligomers, CTB sensi-
tivity depends on the primary structure of transmembrane
segment M2.

MATERIALS AND METHODS

Cell Transfection and Mutagenesis. Human embryonic kid-
ney cells (HEK-293 cells, ATCC CRL 1573) transfected (16)
with the human al-, a2 (17)-, and rat B (18)-subunit cDNAs
as well as mutants thereof inserted into the mammalian
expression vector pCIS2 (19). The construction of a mutant
of the al subunit carrying the Gly-254 — Ala mutation, which
we call “‘al G254A”° (previously denoted al G221A), has
been described (7). For generating mutant ‘‘BB G278A,”
which carries the mutation Gly-278 — Ala, single-stranded
DNA of mutant BB [which is a chimera where the M2
segment of the B8 subunit is replaced by that of the al subunit;
see ref. (15)] was used as template for oligonucleotide-
directed mutagenesis (Bio-Rad mutagenesis kit) by using
5'-GATGCCCAGAGCTACTCTGGC-3' as mutagenic oligo-
nucleotide. This generated a construct of the B subunit
containing the a2 M2 segment.

Electrophysiological Recording. Whole-cell recordings (20)
were obtained from cDNA-transfected HEK-293 cells (7, 15)
perfused with a solution containing 137 mM NaCl, 5.4 mM
KCl, 1.8 mM CaCl,, 1 mM MgCl,, and 5 mM Hepes (pH 7.4).
Patch pipettes contained 120 mM CsCl, 20 mM tetraeth-

Abbreviations: CTB, cyanotriphenylborate sodium salt; ECso, 50%
effective concentration; nAcChoR, nicotinic acetylcholine receptor;
GABAAR, yaminobutyric acid type A receptor; GlyR, glycine
receptor; HEK-293 cells, human embryonic kidney cells; TPMP,
triphenylmethylphosphonium bromide; ICso, concentration effecting
half-maximal inhibition; cRNA, complementary RNA.
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FiG. 2. CTB block of glycine-induced Cl~ currents through al
homooligomeric GlyR channels expressed in HEK-293 cells. (4)
Whole-cell recordings at —70-mV transmembrane potential with
symmetrical C1~ concentration (145 mM) at both membrane faces.
(Left) Application of 40 uM glycine (Gly). (Center) Coapplication of
40 uM glycine plus 20 uM CTB. (Right) Application of 40 uM glycine
after a 2-min wash. The bars indicate periods of drug application (15
s), and the numbers correspond to the drug concentrations in uM.
Note the stable peak response, the rapid decline of current in the
presence of CTB, and the recovery from block after wash-out of
CTB. (B) Dependence of CTB efficacy upon glycine concentration.
The percentage inhibition of glycine-induced plateau currents by 1
uM CTB is plotted against the glycine concentration coapplied. Data
points represent averages (=SD) from 5-14 cells. The dashed line
indicates positive correlation of CTB efficacy with glycine concen-
tration. (Inset) Two pairs of whole-cell recordings obtained in the
absence and presence of 1 uM CTB, where the plateau glycine
response was reduced by CTB to 89% of the control at 10 uM glycine
(Left) and to 57% of the control at 20 uM glycine (Right). The
membrane potential was held at —70 mV, and drugs were applied for
25 s. The scale bars indicate 10 s (horizontal) and 100 pA (vertical).
(C) Effect of CTB on the dose-response behavior of glycine-induced
currents. The data are from voltage-clamp recordings from Xenopus
oocytes injected with GlyR al-subunit cRNA. Curves were con-
structed from currents measured at —70 mV in response to glycine
concentrations ranging from 100 to 1000 uM. Both, peak currents and
the responses after a 30-s application period (see bars in Inser) were
evaluated in the absence and presence of 0.2 uM CTB. The normal-
ized data were fitted with the equation I = InxC"/(C* + EC%),
where [ is current, Imax is maximal current, C is glycine concentra-
tion, and n is the Hill coefficient. From the control curve, ECsp
values of 258 uM and 270 uM glycine were obtained for the initial
peak currents (0) and the residual responses after 30 s (O), respec-
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Fi1G. 3. Voltage dependence of CTB block. I-V relationships of
glycine-induced whole-cell currents recorded from an al cDNA-
transfected HEK-293 cell were measured by linearly increasing the
membrane potential from —90 to 70 mV (50 mV/s) at symmetrical
C1- concentrations of 145 mM. Application of 50 uM glycine lead to
an almost linear curve, intersecting the voltage axis at ca. 0 mV.
Upon coapplication of glycine and 1 uM CTB, the I-V relationship
displayed strong inward rectification. (Inser) Percentage block of
currents by CTB, plotted as a function of voltage, indicates positive
correlation of CTB block with membrane potential.

ylammonium chloride, 1 mM CaCl,, 2 mM MgCl,, 11 mM
EGTA, and 10 mM Hepes (pH 7.2). Glycine was applied with
a fast-application system (21). When Cl~ was substituted in
the pipette solution by another anion, 6 mM Cl~ remained.
The data were digitized at 20 Hz or at 1 kHz (in ramp
experiments). We corrected for liquid-junction potentials,
calculated by the jpcaLc program by Peter H. Barry (Uni-
versity of New South Wales, Australia). Whole-cell current—
voltage (I-V) relations were obtained by linearly increasing
(ramping) the membrane potential from —90 to 50 mV (50
mV/s). For CTB dose-inhibition curves, plateau currents of
glycine responses recorded with CTB were related to control
plateaus. Open-channel diameters were derived from the
relative permeabilities of a series of test anions (Cl—, HCO5,
HCOO-, and CH3COO™) as detailed (8). Voltage—clamp
recordings from Xenopus oocytes injected with GlyR or
nAcChoR complementary RNAs (cCRNAs) were performed
as described (22). Neither oocytes nor HEK-293 cells showed
endogenous glycine responses in the range of the glycine
concentrations used. The sodium salt of CTB was purchased
from Alfa Chemie (Karlsruhe, Germany) and TPMP bromide
was from Sigma.

RESULTS

CTB Block of Recombinant GlyR Channels. The application
of glycine to HEK-293 cells transfected with the human GlyR
al-subunit cDNA elicits whole-cell C1~ currents up to several
nanoamperes (Fig. 2A Left). To test the effect of CTB on
GlyR channel function, we coapplied 40 uM glycine with 20
puM CTB. This resulted in a rapid decline of the initial peak

tively. Roughly similar values were obtained in the presence of CTB,
the ECso values now being 231 uM and 143 uM for peak currents (@)
and the responses after 30 s (m). The Hill coefficients varied from 2.3
to 3.0 between the four curves. (Inset) Pair of traces recorded with
300 M glycine without (Lef?) or with (Right) 0.2 uM CTB. Note that,
after the 30-s application, the residual response was reduced to ca.
26% of the control value by CTB, whereas the initial peak current
remained largely constant. It should be noted that the al GlyR
expressed in oocytes was about 10-fold more sensitive to CTB than
in HEK-293 cells (ICsp = 0.13 = 0.1 uM CTB; n = 6 oocytes).
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Fi1G. 4. Differential ability of CTB and TPMP to block anion-
selective GlyR and cation-selective nAcChoR channels. The record-
ings were obtained from oocytes expressing the al GlyR (A) or the
aBydnAcChoR (B). The numbers above the application bars indicate
drug concentrations in uM, and the vertical scale bar corresponds to
250 nA (A) or 150 nA (B). (A) Glycine-induced currents were strongly

blocked by CTB but not by TPMP. (B) Nicotine (Nic) responses were
resistant to CTB but almost completely abolished by TPMP.

current to baseline levels (Fig. 2A Center). This effect was
reversible, as glycine responses similar to control were
recovered after a 2-min wash-out period (Fig. 2A Right). The
persistence of the initial peak of the glycine response even at
high concentrations of CTB suggested that the agonist-

activated open state of the GlyR channel is the target of

CTB’s antagonistic action. Further, the extent of channel
block by CTB, expressed as the percentage reduction of the
plateau current by 1 uM CTB, increased with the glycine
congcentration coapplied (Fig. 2B). Thus, antagonism of GlyR
channel function by CTB requires open channels.

To elucidate whether CTB interferes with glycine binding
to the receptor, we recorded glycine dose-response curves in
the absence and presence of CTB. Here, Xenopus oocytes
injected with human al-subunit cRNA were used because
recordings from oocytes were much more stable than those
from HEK-293 cells. The dose-response curves in Fig. 2C
show that the effective glycine concentrations required for
half-maximal plateau currents (ECso) are roughly similar in
the absence (270 uM glycine; see also ref. 22) and the
presence (143 uM glycine) of 0.2 uM CTB. As the ECs value
for glycine should increase in the presence of a competitive
antagonist, it appears that CTB exerts its blocking action in
a way that is noncompetitive to glycine binding.

To investigate the voltage sensitivity of CTB block, we
measured the /-V relationships of glycine-induced currents in
al cDNA-transfected cells. With symmetrical chloride con-
centrations (145 mM) at both membrane faces, the I-V curves
were linear, revealing a reversal potential of about 0 mV
during the application of 50 uM glycine alone. In the presence
of 1 uM CTB, glycine-induced currents were significantly
smaller at positive as compared with negative membrane
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potentials (Fig. 3). This inward rectification indicates that the
efficacy of CTB increases with membrane potential, a be-
havior expected for a negatively charged molecule blocking
the channel from the outside of the cell.

Glycine responses of HEK-293 cells or oocytes expressing
the GlyR al subunit were not significantly blocked by
TPMP—a molecule that is structurally similar to CTB albeit
positively charged (see Fig. 1)—at all concentrations tested
(up to 20 uM in HEK-293 cells and to 100 uM in oocytes, Fig.
4A). Conversely, the application of 5 uM nicotine to oocytes
expressing nAcChoR channels of the aByd type from rat
muscle (23) elicited cationic currents, which were efficiently
blocked by 100 uM TPMP but were insensitive to 100 uM
CTB (Fig. 4B).

Subunit-Specificity of CTB Block. The dose-dependence of
CTB block of different GlyR isoforms was investigated by
using glycine concentrations corresponding to the ECs, val-
ues determined for each isoform (Table 1). Fig. 5 shows
glycine responses recorded with increasing CTB concentra-
tions. A CTB concentration causing half-maximal inhibition
of plateau currents (ICsp) of 2.6 = 0.7 uM (mean * SD, n =
6 cells) was obtained for al homooligomers with 40 uM
glycine. This value decreased to 1.3 = 1.0 uM (n = 8) with
50 xM glycine in accordance with the observed use depen-
dence of CTB block (Fig. 5D). Frequently, the initial peak
currents in the presence of low CTB concentrations exceeded
those of the control glycine response; a similar phenomenon
has been observed for the TPMP block of the nAcChoR (24).
In contrast to al homooligomers, a2 channels proved largely
insensitive even at the highest CTB concentration used (ICs
>> 20 uM, n = 6; Fig. 5 B and D). Coexpressing « and B8
subunits in HEK-293 cells at an excess of B-subunit cDNA
leads to the almost exclusive formation of functional o/
heterooligomers (7, 15). The CTB sensitivity of al/B recep-
tors (ICso = 2.8 = 2.5 uM, n = 6) was indistinguishable from
that of a1 homooligomers. For a2/ channels, however, the
ICsq value (7.5 = 2.0 uM, n = 5) was lower than that of a2
homooligomers (Table 1). Hill coefficients for inhibition of
glycine-induced currents by CTB were close to unity, indi-
cating a single-site mechanism, which is expected for open-
channel block (Table 1).

A Residue Within Transmembrane Segment M2 Determines
the CTB Sensitivity of @ Homooligomeric GlyRs. The channel-
lining M2 segments of al and a2 subunits differ in only one
amino acid position (7): Gly-254 of al is exchanged for an
alanine in the a2 subunit (Fig. SE). To examine the relevance
of this substitution for the observed subunit specificity of
CTB, we determined the sensitivity of mutant al G254A.
Indeed, inhibition of glycine-induced currents by 20 uM CTB
was negligible with this mutant (Fig. 5C), and the dose-
inhibition curve (Fig. 5D) shows that this mutation strongly
reduced CTB sensitivity (ICso >> 20 uM, n = 5)—i.e., al
G254A channels behave like a2 receptors. This suggests that
the M2 segment of the al subunit constitutes the binding site

Table 1. Glycine activation and CTB block of recombinant glycine receptors
CTB block
Receptor Glycine ECsp, uM Pore diameter, A [Gly]t, uM ICso, uM Hill coeff.
al 39 + 17 (22) 5.34 40 2.6 = 0.7 (6) 09 0.2
50 1.3+1.0() 1.0 £ 0.2
a2 84 32 (7) 5.31 90 >>20 (6) ND
al/B 48 + 17 (29 5.22 50 2.8 £2.5(6) 1.1 +0.1
a2/B 95 + 34 (6) 5.44 100 7.5 £2.0(5) 09 *+0.2
al G254A 144 (6 ND 10 >>20 (5 ND
a2/BB G278A 112 =31 (5) ND 100 3.0 1.6 (5) 09 +0.2

ECsp values + SD were derived from the fits of dose-response curves. The number of cells, n, is in brackets; values for
al and al/p receptors are those of Bormann et al. (7). ICsq values + SD (n cells) and the Hill coefficients (coeff.) + SD
for the CTB block are given together with the test glycine concentrations ([Gly]), which correspond to the individual ECso

values. (ND, not determined).
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F1G. 5. Subunit-specific block of GlyR isoforms by CTB. (A)
Inhibition of glycine-induced plateau curtents of the al homooligo-
meric GlyR by increasing CTB concentrations. (B) Resistance of a2
GlyR toward 20 uM CTB. (C) Resistance of the mutant al G254A
toward 20 uM CTB. Bars denote periods of drug application (15 s),
and numbers correspond to the concentrations of the applied drugs
in uM. The glycine concentrations applied are close to the ECsp
values of the different GlyR isoforms (Table 1). (D) CTB dose
dependence of the GlyR isoforms shown in A-C. Glycine-induced
plateau currents were normalized to the control currents obtained in
the absence of CTB. The sigmoidal curve shown for the al subunit
is a fit to the equation I/I. = IC%,/(C" + IC%y), where I/I. represents
normalized current, C the CTB concentration, and n the Hill coef-
ficient. For the CTB-insensitive a2 (0) and al G254A receptors (a),
the data points were not fitted. (E) Sequence alignment of GlyR al,
a2, and B subunit M2 segments. Conserved residues are boxed, and
the dashed line indicates the amino acids exchanged in the 8 subunit
to generate mutant BB G278A.

for the blocker. In an analogous approach, we made ‘a
chimeric construct where the M2 segment of the B8 subunit
was replaced by that of the a2 subunit (mutant 8B G278A,
Fig. SE). However, upon coexpression of this chimera with
the a2 subunit, which generates heterooligomers containing
only M2 segments of the a2 type, the CTB resistance
characteristic for a2 homooligomers was not seen (ICsp = 3.0
+ 1.6 uM, n = 5; Table 1). This suggests that transmembrane
segments other than M2 may also contribute to the CTB
sensitivity of a/B heterooligomeric GlyRs.

CTB Block and Pore Size. To assess whether the differential
sensitivity of the various GlyR isoforms originates from
different open-channel diameters, these were estimated from
the relative permeabilities of a series of test ions of different
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F1G6. 6. Pore diameters of recombinant GlyR isoforms. (A) Re-
versal potential measurements of glycine-induced whole-cell cur-
rents from four different cells expressing the al subunit upon
replacement of 140 mM internal Cl~ by various monovalent anions.
The reversal potentials determined from the x-axis intercepts (ar-
rows) of the I-V curves were 1 mV (Cl7), =20 mV (HCOO™), —-42
mV (HCO3™), and —60 mV (CH3COO™). (B) Relation between
relative permeability and apparent ionic diameter for the different
GlyR isoforms. The permeability ratios (Pa/Pcy) were calculated for
the permeability of various test anions (P4) relative to Cl- perme-
ability (Pc)) from biionic reversal-potential measurements as shown
in A. Ionic diameters were derived from limiting conductances of the
ions. The data points were fitted with a model assuming spherical
ions and with the permeability depending on ionic diameter and
frictional forces in the channels (see ref. 8). From the fits, the
estimated pore diameters are 5.34 Aforal (@),5.31 Afor a2 (2),5.22
A for al/B (D), and 5.44 A for 2a/8 (0).

sizes. However, the reversal potentials measured with Cl—,
HCOO~-, HCO;3, and CH;COO~ under biionic conditions
revealed similar correlations of permeability with anion size
for all GlyR isoforms analyzed (Fig. 6). The model used to fit
the decrease of permeability with ionic size (Fig. 6 B) predicts
the pores intrinsic to recombinant GlyRs to be of diameters
(5.22-5.44 A; Table 1) comparable to that of native GlyR in
cultured spmal neurons (5.2 A; ref. 8). Thus, the subunit
specificity of CTB block is not related to the pore diameter
of GlyR channels.

DISCUSSION

Our results demonstrate that CTB, a molecule not previously
known to interact with channel proteins, potently and re-
versibly blocks the Cl- channel of recombinant GlyR iso-
forms. The block proved to be noncompetitive to glycine
binding and sensitive to membrane potential. The degree of
block increased with glycine concentration (i.e., with the
open-state probability of the channel), suggesting use-
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dependence of CTB block. Moreover, GABA-gated Cl™
channels in rat hippocampal neurons were also blocked by
low micromolar concentrations of CTB (unpublished exper-
iments). Thus, this drug may be a blocker of Cl~ channels
gated by different agonists. Importantly, a large difference
was observed between al and a2 homooligomeric GlyRs
with respect to their blocker sensitivities. This difference is
accounted for by a primary structure variation of the respec-
tive channel-forming transmembrane segment M2: the Gly-
254 — Ala change within the al-subunit M2 segment com-
pletely abolished CTB sensitivity. These data qualify CTB as
a subtype-specific open-channel blocker of the GlyR inter-
acting with the channel-forming segment M2.

Previously, we have shown that the al-subunit Gly-254 —
Ala mutation converts the repertoire of elementary conduc-
tance states from al to that of a2 or a3 homooligomers (7).
The equivalent position is of prime importance for other
ligand-gated ion channels, too: (i) this position corresponds
to the most constricted site, the ‘‘central ring,”” of the
nAcChoR channel (4-6); and (ii) mutating this position
confers resistance of insect GABA,Rs to picrotoxinin and
cyclodiene insecticides (25).

The negatively charged CTB molecule was found to be
ineffective at the cation-selective nAcChoR. On the other
hand, anion-selective GlyR channels were insensitive to the
structurally similar but positively charged TPMP, which is
known to block cationic currents through the nAcChoR (ref.
26 and this study). This indicates that the electric charge of
a blocker molecule is an important determinant of its spec-
ificity and suggests an interaction with an electrostatic field
inside the pore.

The isoform specificity of CTB may qualify this compound
as a tool to probe the subunit structure of native GlyRs. This
is of importance, as the expression of different GlyR subtypes
is developmentally and spatially regulated in the mammalian
central nervous system (10, 27).

We thank A. Herbold and G. Heiss-Herzberger for excellent
technical assistance, Dr. V. Witzemann for kindly providing nA-
ChoR cRNAs, Dr. R. Taylor for critically reading the manuscript,
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