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ABSTRACT

Hyperekplexia (startle disease) results from mutations in the
glycine receptor chloride channel that disrupt inhibitory synap-
tic transmission. The Q266H missense mutation is the only
hyperekplexia mutation located in the transmembrane domains
of the receptor. Using recombinant expression and patch-
clamping techniques, we have investigated the functional prop-
erties of this mutation. The ability of glycine and taurine to open
the channel was reduced in the mutated channel, as shown by
a 6-fold shift in the concentration-response curve for both
agonists. This was not accompanied by similar changes in
agonist displacement of strychnine binding, suggesting that the
mutation affects functions subsequent to ligand binding. Tau-
rine was also converted to a weak partial agonist and antago-
nized the actions of glycine, consistent with changes in its
channel gating efficacy. Because the Q266H mutation is within

the pore-forming second transmembrane domain, we tested
for a direct interaction with permeating ions. No change in
either the cation/anion selectivity ratio or in single channel
conductance levels was observed. No differential effects of
Zn™ 7, pH, and diethylpyrocarbonate were observed, implying
that the histidine side chain is not exposed to the channel
lumen. Single-channel recordings revealed a significant reduc-
tion in open times in the mutant receptors, at both high and low
agonist concentrations, consistent with the open state of the
channel being less stable. This study demonstrates that resi-
dues within the second transmembrane domain of ligand-gated
ion channel receptors, even those whose side chains do not
directly interact with permeating ions, can affect the kinetics of
channel gating.

The glycine receptor (GlyR) is a member of the ligand-
gated ion channel (LGIC) superfamily and plays an impor-
tant role in the central processing of sensory and motor
information (reviews in Schofield et al., 1996; Zafra et al.,
1997). Mutations within the gene encoding the a1 subunit of
the human GlyR (GLRA1) are causative for a rare neurolog-
ical disease known as startle disease or hereditary hyperek-
plexia (Shiang et al., 1993; 1995; Rees et al., 1994; Brune et
al., 1996; Elmslie et al., 1996; Milani et al., 1996). This
disease is characterized by symptoms resembling the hyper-
excitability generated by sublethal poisoning with the con-
vulsant GlyR antagonist strychnine (reviewed in Floeter and
Hallet, 1993). Investigation of the molecular defects that
result in hyperekplexia has given insights into the structure-
function relationships of LGICs. These receptor channels,
whose members include the nicotinic acetylcholine receptor
(nAChR), the y-aminobutyric acid type A (GABA,) receptor,
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and the 5-hydroxytryptamine type 3 receptor, are pentameric
proteins whose « subunits consist of large ligand binding
extracellular domains connected to four membrane spanning
domains (M1 to M4), the second of which is thought to con-
tribute to the channel pore (Bertrand et al., 1993; Akabas et
al., 1994).

All of the hyperekplexia mutations studied to date cause
single-point substitution of residues in either the short intra-
cellular (M1-M2) or extracellular (M2-M3) loops that flank
the luminal M2 domain. The most frequently observed mu-
tation results in either an uncharged leucine or glutamine
being substituted for a charged arginine residue at the ex-
tracellular border of the M2 region (R271L, R271Q; Shiang et
al., 1993). When al-homomeric GlyRs containing these two
hyperekplexia mutations were expressed in human embry-
onic kidney 293 (HEK-293) cells, a dramatic decrease in the
magnitude of glycine activated currents was observed, which
was due to both a decrease in sensitivity of the receptors to
glycine and a redistribution of the single channel’s conduc-
tance states to lower levels. This decrease in current magni-

ABBREVIATIONS: GlyR, glycine receptor; n,, Hill coefficient; HEK-293, human embryonic kidney 293 cell line; LGIC, ligand-gated ion channel;
WT, wild type; M2, second transmembrane domain; nAChR, nicotinic acetylcholine receptor; GABA,R, y-aminobutyric acid type A receptor.
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tude had been corrected for any changes in the number of
receptors expressed on the cell surface and was observed in
the absence of any change in the sensitivity of glycine cur-
rents to strychnine (Rajendra et al., 1994; Langosch et al.,
1994). In addition, these mutations converted the agonists
B-alanine and taurine to competitive antagonists, and the
competitive antagonist picrotoxin to an allosteric potentiator
and noncompetitive antagonist (Lynch et al., 1995; Rajendra
et al., 1995). These results suggest that the Arg271 residue is
crucial for transducing the allosteric coupling from ligand
binding to channel activation.

The subsequent investigation of a number of less common
missense mutations in the al subunit that also cause hy-
perekplexia, identified additional residues involved in this
gating process. These mutations include the recessive 1244A
mutation at the intracellular border of the M2 domain (Rees
et al.,1994) and the dominant K276E and Y279C mutations,
both located within the M2 to M3 extracellular loop (Shiang
et al., 1995; Elmslie et al., 1996). GlyRs containing these
mutations displayed properties similar to the R271L and
R271Q mutations; that is, a decrease in glycine sensitivity
and a change in agonist/antagonist transduction for taurine
and B-alanine (Lynch et al., 1997). In addition, the functional
consequences of the K276E mutation could be interpreted
solely in terms of an impairment of channel gating kinetics
without effects on ligand binding or conductance (Lewis et
al., 1998). The position of these hyperekplexia mutations,
coupled with similar phenotypes observed for adjacent ala-
nine-mutated residues suggested that the M1 to M2 and the
M2 to M3 loops act as hinges to gate the M2 domains during
channel opening (Lynch et al., 1997). This postulate is also
consistent with the kinked rotation model proposed by Un-
win (1995) on the basis of electron micrographic evidence.

The only hyperekplexia mutation which predicts a mis-
sense mutation to a residue that is not located in either of the
M1 to M2 or the M2 to M3 loops is the substitution of a
glutamine by a histidine at residue 266 (Q266H), approxi-
mately two thirds of the way into the M2 domain (Milani et
al., 1996). In this paper, we describe the properties of recom-
binant human a1l homomeric GlyRs containing the Q266H
hyperekplexia mutation.

Materials and Methods

Mutagenesis and Expression. The al subunit ¢cDNA of the
human GlyR and human CD4 antigen cDNA were subcloned into the
pCIS2 and pRc¢/CMYV expression vectors, respectively, both of which
contain the human cytomegalovirus promoter-enhancer. HEK-293
cells were transiently cotransfected with these constructs at a ratio
of 10:1 with the calcium phosphate precipitate method (Chen and
Okayama, 1987). Mutations to human GlyR al ¢cDNA were con-
structed in the pCIS2 expression vector with oligonucleotide-directed
polymerase chain reaction mutagenesis and were confirmed by se-
quencing the ¢cDNA clones. Patch clamp and radioligand-binding
studies were conducted 36 to 96 h after transfection. Just before
patch clamp recordings, coverslips containing transfected HEK-293
cells were gently washed with bath solution containing magnetic
polystyrene microspheres coated with anti-CD4 antibody (ratio ~
1:2500; Dynabeads M-450 CD4; Dynal, Oslo, Norway). Typically, one
or two good recordings were obtained in each transfection.

Drugs and Solutions. The composition of the bathing solution
was as follows: 140 mM NaCl, 10 mM glucose, 5 mM KCI, 2 mM
CaCl,, 2 mM MgCl,, 10 mM HEPES, and ~6 mM NaOH, pH 7.4. For
dilution potential experiments, 75 mM NaCl was replaced by 136
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mM sucrose, an iso-osmotic concentration of sucrose. For assessing
the effects of pH, HEPES buffer was replaced with equimolar piper-
azine-N-N'-bis(2-ethanesulfonic acid) (pH 6.4) or Tris (pH 8.4). Fresh
stocks of glycine, taurine, and strychnine were prepared daily and
diluted to final concentrations with bath solution. Diethylpyrocar-
bonate (DEPC) was diluted to the appropriate working concentration
in extracellular solution immediately before use. Drugs were applied
with a manually controlled multitube perfusion system which gave
exchange times of 20 to 80 ms (as judged by the time course of the
change in open pipette current upon perfusion with diluted bath
solution). The pipette solution contained: 145 mM CsCl, 2 mM CaCl,,
2 mM MgCl,, 10 mM HEPES, 10 mM EGTA, and ~29 mM CsOH, pH
7.3. All drugs and chemicals were purchased from Sigma Chemical
Co. (St. Louis, MO).

Electrophysiology. Glycine-gated currents were measured at
room temperature (=~22°C) with the whole cell or excised outside-out
patch clamp recording techniques. Round and bipolar single cells
lightly labeled with Dynabeads were generally chosen for electro-
physiological recordings. Patch pipettes were pulled from capillary
tubing (Vitrex, Herlev, Denmark), coated with Sylgard 184 (Dow
Corning, Midland, MI), and fire-polished just before use. They had
resistances of 2 to 8 M() when filled with pipette solution. Data were
recorded to disk with an Axopatch 1D amplifier and pClamp 6
acquisition software (Axon Instruments, Foster City, CA). Whole-cell
recordings were filtered at 500 Hz (—3 dB frequency) before being
digitized at 2000 Hz with a TL-1 interface (Axon Instruments). The
empirical Hill equation, fitted to data from individual experiments
by a nonlinear least-squares algorithm (Sigmaplot for Windows ver.
4; Jandel Scientific, Corte Madera, CA), was used to calculate the
maximum current amplitude, 50% concentration for activation
(EC5() and inhibition (IC;,), and Hill coefficients (ny). All voltages
have been corrected for liquid junction potentials with the program
JPCalc (Barry, 1994; contact P.H.B. for program availability).

All single channel recordings were obtained with the outside-out
configuration of the patch clamp technique at a membrane potential
of —60 mV. Single-channel data were digitized directly onto the hard
disk of a Pentium computer at 10 kHz, after filtering at 2 kHz with
a 4-pole Bessel filter supplied with the patch clamp amplifier. Single-
channel conductances were measured, both directly and by fitting
gaussian distributions to amplitude histograms, before kinetic anal-
ysis. All single-channel analysis used pClamp 6 software. Amplitude
histograms had bin widths from 0.05 to 0.20 pA. Open and closed
time distributions were constructed from event lists generated with
a 50% threshold criteria, chosen in general to be 50% of the main
conductance level. On occasions when there were clear contributions
from a subconductance level, event lists were constructed with mul-
tiple conductance levels. In these situations, only the open and closed
time distributions of the main conductance state were further ana-
lyzed. Only events that were within about 2 S.D.s from the averaged
main conductance level and were longer than three times the rise
time of the filter (cutoff 0.2 ms) were accepted for futher analysis.
Events that had amplitudes greater than the amplitude of the main
conductance level (i.e., multiple openings) were also excluded from
the analysis. Open and closed times were binned logarithmically
with seven or eight bins per decade and plotted against the square
root of their frequency. Time constants describing the distribution of
binned closed and open times were obtained from fitting exponential
functions to these distributions with a least-squares optimization
procedure.

All data are presented as mean *+ S.E.M. Statistical significance
was assessed with Student’s ¢ test at a probability level of 0.05.

[3H]Strychnine-Binding Assays. Transfected cells were incu-
bated with [*H]strychnine (1-50 nM; 23 Ci/mmol; New England
Nuclear, Boston, MA) with and without 10 uM cold strychnine to
determine nonspecific binding. After incubation to equilibrium at
4°C for 60 min, cells were collected by rapid filtration onto Whatman
GF/B filter paper and the amount of [*H]strychnine remaining bound
was determined. The K, and B,,,, for the [*H]strychnine saturation
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isotherms and the K; for glycine and taurine displacement of bound
[®H]strychnine were estimated by nonlinear regression with the
Inplot and Prism programs, respectively (GraphPad Software, San
Diego, CA). These values were determined in triplicate for each
binding isotherm and three separate experiments were done mea-
suring B, ..., K4, and K; values in each.

Results

Activation of Wild-Type (WT) and Q266H GlyRs by
Glycine. Glycine- gated currents were observed in HEK-293
cells transfected with either WT or Q266H GlyRs (Fig. 1A
and B). Application of glycine to cells expressing WT GlyRs
induced concentration-dependent inward currents, when
held at negative membrane potentials, with an EC;, of
22.7 £ 9.7 uM and a ny of 3.5 = 0.9 (n = 5). In cells
expressing Q266H GlyRs, there was a significant 6-fold shift
to the right of the glycine concentration-response curve (ECj,,
= 138.2 = 31.1 uM, p = .02) without any significant change
in the shape of the curve [ny; =2.5 = 0.3 (n = 10), Fig. 1C]. In
cells in which =85% series resistance compensation was
used, the maximum apparent peak whole-cell conductance of
both receptor types was similar but quite variable, being
10.7 = 3.9 nS/pF (n = 12) for the WT GlyRs and 9.7 * 6.2
nS/pF (n = 13) for the Q266H GlyRs. Despite the apparent
difference in Fig. 1, A and B, there was no large or consistent
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Fig. 1. Examples of whole-cell currents in response to increasing concen-
trations of glycine, from a HEK-293 cell expressing WT (A) or Q266H (B)
GlyRs, in symmetrical Cl1~ solutions. Membrane potential was —41 mV.
C, mean normalized concentration-response curves for the peak glycine-
activated currents in cells expressing WT (@, n = 5) or Q266H (O, n = 10)
GlyRs. Error bars represent S.E.M., whereas the continuous lines repre-
sent the Hill fits to the mean data. At least six concentrations of agonist
were applied in each experiment.

difference in the time course and extent of decay of the
glycine-activated currents between WT and Q266H GlyRs
(compare also Figs 2A and 4A with 2B and 4B), which in our
experimental conditions, is due to a combination of both slow
components of desensitization and a redistribution of the
transmembrane Cl~ concentration (unpublished observa-
tions).

Activation and Inhibition of WT and Q266H GlyRs by
Taurine. In al-homomeric WT GlyRs, the amino acid tau-
rine acts as a full agonist. However, in GlyRs carrying the
various hyperekplexia mutations, taurine acts either as a
partial agonist or as a competitive antagonist (Rajendra et
al., 1995; Lynch et al., 1997). In the present study, taurine
activated WT GlyRs to a similar degree as glycine (87 = 5.2%
of maximum glycine response, n = 4) with an EC;, and ny; of
280 = 129 uM and 1.8 = 0.2, respectively (n = 3; Fig. 2, A and
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Fig. 2. A comparison of the actions of taurine on WT (A) and Q266H (B)
GlyR whole-cell currents in symmetrical Cl~ solutions. In WT GlyRs,
taurine and glycine elicit comparable currents. In Q266H GlyRs, how-
ever, the maximal taurine current is less than 5% of that elicited by
glycine. For each case, glycine and taurine currents were elicited in the
same cell at a holding potential of —41 mV. C, activation curves for
taurine. The dose-response curve for taurine activation of Q266H GlyRs
(O, n = 4) is right-shifted and parallel to that for taurine activation of WT
GlyRs (@, n = 3). D, dose-response curve for the mean inhibition of
glycine-gated whole-cell currents in Q266H GlyRs induced by coapplica-
tion of glycine (10 mM) and taurine (n = 3). The inhibition is expressed as
a percentage of the maximum inhibition obtained from Hill fits to the
data from individual experiments. C and D, the lines represent Hill plots
fitted to the mean data.
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C). In contrast, in Q266H GlyRs the maximum taurine cur-
rents were much smaller, being only 2.8 = 0.7% (n = 5) of the
maximum glycine activated currents (Fig. 2B). In addition,
the EC;, for taurine activation was increased 6-fold to
1620 = 250 uM (p < .01) with no significant change in the ny
[2.4 = 0.8 (n = 4); Fig 2C].

The significantly reduced taurine-activated currents in the
Q266H GlyRs, when compared with WT GlyRs, indicated
that the mutation may radically alter the efficacy of channel
gating in response to this agonist and convert it into a partial
agonist. In agreement, coapplication of taurine and glycine
elicited smaller currents through Q266H GlyRs than those
evoked by application of glycine alone (not shown). In three
experiments, coapplication of 50 uM to 3.0 mM taurine along
with 10 mM glycine reduced the current activated by glycine
alone. The extent of this inhibition was dependent on the
taurine concentration (Fig. 2D); Hill fits indicated that the
maximum inhibition was 49.0 = 17.8%. The IC;, for this
inhibition was 274.9 = 91.9 uM with an ny of 0.99 = 0.12.

[*H]Strychnine-Binding Assays. To investigate the na-
ture of the changes in the agonist responses, we examined
the binding of [*H]strychnine to cells expressing WT and
Q266H GlyRs and the displacement of this binding by glycine
and taurine (Fig 3). There was no difference in the average
number of receptor-binding sites expressed per cell, with
B, values being 8.20 = 0.20 X 10° (n = 3) for WT GlyRs
and 8.50 + 0.03 X 10° (n = 3) for Q266H GlyRs. There was
also no difference in the affinity for [*H]strychnine, with K,
values being 10.4 = 2.4 nM (n = 3) for WT GlyRs and 11.5 +
0.9 nM (n = 3) for Q266H GlyRs, suggesting no major struc-
tural change to the ligand-binding site(s). There was, how-
ever, a significant 2-fold reduction in the ability of glycine to
displace bound [*H]strychnine, with K; values of 130 + 17
uM (n = 5) and 281 *= 31 uM (n = 3) for WT and Q266H
GlyRs, respectively. There was also a similar approximate
2-fold reduction in the ability of taurine to displace bound
[®H]strychnine [K; values of 161 + 44 uM (n = 5) and 367 =
91 uM (n = 3) for WT and Q266H GlyRs, respectivelyl,
although this difference was not statistically significant.
These results suggest that the Q266H mutation manifests
itself by an apparent slight decrease in the measured ligand
binding affinity but also shows that such changes are small
and are not likely to explain the full effects of the Q266H
mutation on the agonist concentration-response curves or the
marked decrease in the maximum taurine response.

Single-Channel Properties. To further study the nature
of the changes in the glycine concentration-response curve,
and to investigate whether the Q266H mutation also affected
the permeation properties of GlyRs, we recorded unitary step
changes in current through excised outside-out membrane
patches in response to glycine. Low concentrations of glycine
(0.1-5.0 uM) elicited clear single-channel openings in
patches containing WT GlyRs as illustrated in Fig. 4,A and E.
The distribution of these single channel amplitudes revealed
multiple conductance levels, about eight levels in all, al-
though in any single patch only three to six different subcon-
ductance levels were generally observed (Fig. 4A). The most
commonly observed levels (apparent in eight of nine patches)
had conductances of ~95 pS and ~36 pS, although in any of
the eight single patches, the large ~95 pS conductance level
was typically the most frequently observed. The distribution
of WT conductance levels and their corresponding incidence
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and relative contribution are summarized in Table 1. Simi-
larly, in patches containing Q266H GlyRs, low concentra-
tions of glycine (1.0-10 uM) activated single-channel cur-
rents of varying conductance (Fig. 4, B and F). These
conductances could also be roughly grouped into the same
eight subconductance levels seen in the WT GlyRs (Table 1),
although once again not all conductances were seen in each
patch (two to seven different conductances were generally
seen in any one patch). The ~95 pS conductance level, most
prominent in WT GlyRs, was also seen in each of the seven
patches of Q266H GlyRs, and typically was the most fre-
quently observed conductance level in these patches (Table
1). It is concluded that there was no difference in the single-
channel conductance levels, or in their incidence and relative
contribution, between WT and mutant GlyRs.

In contrast to the lack of effect of the Q266H mutation on
single-channel conductance levels, it was apparent that mu-
tant receptor single-channel openings, at a variety of agonist
concentrations, were briefer and more flickery (compare Fig.
4 A and B; E and F). In an attempt to quantify this observa-
tion, dwell-time histograms were constructed from patches
containing WT GlyRs (n = 7) and Q266H GlyRs (n = 4). In
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1.25-
=
< 1.004
00
=)
S 0.15
E 0.754 -
5 = 0.10 o
< 0.50 2 L
= 0.05
(=]
M 0.254 0.00———— . ,
0.0 05 1.0 1.5
Bound (pmol/10 Scell)
00077 T 1 T U 1
0 10 20 30 40 50

[3H]strychnine concentration (nM)

B) Q266H
1.25T
T 1.004
eu
E 0.15
E 0.75- .
& E0A10 o)
0.50
g 0.05
=
=
R 0.25 0.004 , . .
0.0 0.5 1.0 1.5
Bound (pmol/10 Scell)
000 d T T T T 1
0 10 20 30 40 50

[*H]strychnine concentration (nM)

Fig. 3. Saturation isotherm showing specific [3H]strychnine binding to
WT (A) and Q266H (B) GlyRs. Scatchard analysis of ligand binding is
shown in the inset. The data presented are from one of three independent
experiments and show the mean values and S.E.s of triplicate measure-
ments, which are largely obscured by the symbols.

2102 ‘T Jaquiadaq uo 1sanb Aq Bio’speuinohadse:w.reydjow woJy papeojumod


http://molpharm.aspetjournals.org/

PHARM

aspet

390 Moorhouse et al.

about half of these recordings, both open-time and closed- was imposed to fit all of the distributions. The mean time
time histograms had a significantly better fit with the sum of constants used to describe the dwell times are shown in
three exponential distributions compared with the sum of Tables 2 and 3. There was a general tendency for the three
two, whereas increasing the number of exponential distribu- time constants, used to describe the open time of Q266H
tions above three did not significantly improve the fit (see GlyR single-channel events, to be briefer than those describ-
also Twyman and Macdonald, 1991; Takahashi et al., 1992; ing the corresponding WT currents, without much change in
Lewis et al., 1998). Consequently, to assist comparison be- their relative contributions (Table 2). From the amplitude
tween different patches, a three-order exponential equation and relative contribution of each component, overall mean
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Fig. 4. Examples of single-channel currents and their corresponding amplitude and open-time distributions from separate outside-out patches of WT
GlyRs (A, C, E, and G) and Q266H GlyRs (B, D, F, and H) held at —60 mV. A and B, examples of single-channel recordings from WT and Q266H
membrane patches, respectively, whereas C and D show their corresponding amplitude histograms. The scale bars refer to both A and B. A and B, data
were filtered at 1 kHz and 2 kHz, respectively. Downward deflections indicate inward currents. C and D, the continuous line represents the sum of
six and four gaussian distributions, respectively, fit to the histograms. Bin width in C and D was 0.1 and 0.2 pA, respectively. D, an additional peak
in the amplitude histogram at about 15 pS has been left out of the histogram for clarity. The scale bar refers to both A and B. E and F, responses to
perfusion of both low (upper traces) and higher (lower traces) concentrations of glycine. The scale bar refers to both E and F. It can be seen that the
Q266H GlyRs show briefer single-channel events that, at least for those events which could be fully resolved, had a similar amplitude to WT GlyRs.
G and H, examples of the open-time distributions of WT and Q266H GlyR single-channel events from the same patch as in E and F, respectively. The
fit to these open time histograms with the sum of three exponential distributions are also shown by the continuous curve. C, the time constants and
relative proportion of these exponentials were 0.48 ms (37%), 1.88 ms (48%), and 7.95 ms (14%); n = 357 events. D, the time constants and relative
proportion of the three exponentials were 0.12 ms (84%); 0.47 ms (15%); and 2.42 ms (1%); n = 479 events.

TABLE 1
Distribution of single-channel conductance levels in WT and Q266H GlyRs

Amplitude and distribution of single-channel conductance states recorded in outside-out membrane patches, excised from HEK-293 cells expressing either al-homomeric WT
or Q266H GlyRs and held at —60 mV in response to low doses of glycine. Eight separate subconductance states were identified. Incidence refers to the number of patches
(x) in which the various subconductance states were observed [total number of patches (n) was nine for WT and seven for Q266H GlyRs]. Contribution (%) refers to the mean
and S.E.M. of the contribution of that particular conductance state to the total channel activity observed in each patch. The contribution (%) was calculated only from patches
in which that particular conductance state was observed.

Conductance Level I II II1 v v VI VII VIII
WT: — amplitude (pS) 95 = 0.7 86 = 1.8 78 = 0.6 66 = 2.0 51 1.3 36 = 1.6 25 = 0.7 17 = 0.6
WT: — incidence (x/n) 8/9 3/9 6/9 7/9 5/9 8/9 3/9 4/9
WT: — contribution (%) 39 = 10 34+49 8844 23 = 9.6 17+ 54 15 = 3.7 15+1.2 73*x44
Q266H: — amplitude (pS) 95+ 0.9 86 = 1.0 7717 66 = 2.6 54+12 37+21 23 0.5 14
Q266H: — incidence (x/n) Vi 2/7 5/7 4/7 3/7 4/7 2/7 /7

Q266H: — contribution (%) 33 £10 23 £18 24 £59 23 £5.2 17+ 3.3 28 =10 12 = 8.0 5
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open and closed times were calculated. The mean open time
for WT single-channel openings was 4.75 = 0.86 ms (n = 7),
whereas that for the Q266H single-channel openings was
significantly lower (0.98 = 0.12 ms, n = 4, p = .02). Unlike
the open-time distributions, there was no general tendency
for changes in the amplitude or relative contribution of time
constants used to describe the distribution of closed times
(Table 3). Considering the presence of multiple channels in
each patch, it is unclear how these distributions could be
interpreted. Suffice it to say that the two briefest components
were not altered between the WT and Q266H GlyRs. The
longest component of the closed-time distribution was signif-
icantly smaller in the Q266H mutants (and this also gave rise
to a reduced mean closed time); however, this component is
likely to be most sensitive to agonist concentration and the
number of channels in the patch (Twyman and Macdonald,
1991; Colquhoun and Hawkes, 1994).

Selectivity and Current Voltage Relationship of
GlyRs. Because previous mutagenesis studies on various ion
channels have emphasized the importance of residues in the
transmembrane region on ion selectivity (Sather et al., 1994),
we examined the anion-to-cation selectivity and voltage de-
pendence of whole-cell currents through Q266H GlyRs. In
both WT and Q266H GlyRs, glycine elicited an inward cur-
rent at negative membrane potentials, whereas at positive
membrane potentials, the current was outward (Fig. 5, A and
B). There was no difference in the reversal potential of these
glycine-activated currents, being —0.1 = 0.4 mV (n = 9) in
WT GlyRs and 0.7 = 0.5 mV (n = 9) in Q266H. Current
through the Q266H GlyRs did, however, show what appeared
to be some saturation at more extreme potentials, particu-
larly for inward currents (compare Fig. 5, C and D). In cells
in which = 90% series resistance compensation was used,
and before any current normalization procedure, the linear
slope conductance (between +19 mV and —16 mV) was sim-
ilar in WT (23.5 = 6.5 nS/pF, n = 8) and in Q266H (21.7 = 8.7
nS/pF, n = 7) GlyRs.

In a subset of the above experiments, half of the bath NaCl
was replaced iso-osmotically with sucrose, to shift the rever-
sal potential for Cl~ currents to a more positive value and
determine any changes in Cl~ selectivity. The corresponding

TABLE 2
Distribution of single-channel open times in WT and Q266H GlyRs
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current voltage curves are shown in Fig. 5, C and D. There
was no difference in the extent of the shift in reversal poten-
tial of the glycine-gated current in low NaCl, being 11.3 = 0.4
mV (n = 4) for WT and 11.0 = 0.6 mV (n = 4) for Q266H
GlyRs, corrected for liquid junction potentials. This indicates
that the Q266H mutation does not alter the cation/anion
selectivity of the GlyR. The Nernst potential for a perfectly
selective C1™ channel predicted a shift in reversal potential of
14 mV. From the mean shifts in reversal potentials observed,
the Goldman-Hodgkin-Katz current equation (correcting for
activity coefficients) predicted a Na*/Cl~ permeability ratio
of 0.035 and 0.046 for current through the WT and Q266H
receptors, respectively.

For the WT GlyRs in low NaCl, the slope conductance was
decreased, particularly for outward currents, as expected
from the relationship between single-channel conductance
and Cl~ concentration (Bormann et al., 1987; Fatima-Shad
and Barry, 1993). For the Q266H GlyRs in low NaCl, how-
ever, there was a small increase in slope conductance at
positive potentials and an even greater increase at negative
potentials. This is particularly evident when a correction is
made for the shift in reversal potential (dashed lines in Fig.
5, C and D). Presumably, the Q266H mutation has allowed
the channel open probability to be increased by low NaCl.

Effects of pH, Zn**, and DEPC. We took advantage of
the introduced histidine residue in the mutant GlyRs and the
chemical reactivity of histidine to examine whether residue
266 is exposed to the aqueous channel pore. Histidine reacts
with some specificity to Zn™* protons and certain protein
reagents such as DEPC. In the present experiments, the
interpretation of the effects of these reagents was compli-
cated by effects on WT GlyRs. DEPC (=1 mM) totally abol-
ished the glycine-activated current through both WT GlyRs
(n = 2) and Q266H GlyRs (n = 2) (data not shown), making
it unsuitable to use as a probe for aqueous exposure of the
His266 residue. Zn™ " has a biphasic effect on the amplitude
of glycine-activated currents through native GlyRs and re-
combinant WT human «l subunit-containing GlyRs; al-
though some of these complex allosteric effects of Zn™** are
disrupted in startle disease-mutated GlyRs (Laube et al.,
1995a; Lynch et al., 1998). Low concentrations of Zn™* (1-10

Open-time distribution of the main conductance state in single-channel openings in WT and Q266H GlyRs recorded in outside-out membrane patches held at —60 mV in
response to low doses of glycine. The distribution of open times was fitted with three exponential components. 71, 72, and 73 refer to the mean time constants of these
exponential components and the percent refers to their relative contribution to the total channel open-time distribution. From the individual time constants and their relative
contributions, the mean open time was calculated. All data represent mean and S.E.M. from seven WT and four Q266H GlyR patches. An unpaired ¢ test was used to compare
the amplitude and relative contributions of the three components and the mean open time between WT and Q266H. Significant differences (p < 0.05) between WT and Q266H

are indicated by an asterisk.

Mean + S.E.M. 71 72 73
Open Times
ms ms ms % ms
WT 4.75 = 0.86 0.42 = 0.19 42 =11 2.42 + 0.76 42 = 17.3 14.7 = 3.02 20 + 3.6
Q266H 0.98 = 0.12% 0.16 = 0.09 52 = 20 0.52 £ 0.17 37+ 16 3.26 = 1.13* 12 + 6.1
TABLE 3

Distribution of single-channel closed times in WT and Q266H GlyRs

Closed-time distribution of the main conductance state in single-channel openings in WT and Q266H GlyRs recorded at —60 mV in response to low doses of glycine. Significant
difference (p < 0.05) between WT and Q266H is indicated by an asterisk. Data are presented as described in the legend to Table 2.

Mean + S.E.M. al T2 73
Closed Times
ms ms % ms % ms %
WT 113 + 35.0 0.40 = 0.13 38 + 13 5.92 + 2.82 21+44 185 = 49.1 41 = 10
Q266H 37.6 = 15.2 0.63 = 0.29 26 = 2.7 4.31 = 1.09 25 1.6 32.2 = 10.1* 50 = 3.8
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A) B)
Q266H

WT

D) Q266H

Relativel,, .

® 153 mM external NaCl
O 83 mM external NaCl
—-—- 83 mM external NaCl, adjusted

Fig. 5. Voltage dependence of glycine-activated whole-cell currents for
WT (A) or Q266H (B) GlyRs in response to supramaximal glycine con-
centrations (1 and 10 mM respectively). A and B, currents elicited at
holding potentials of —21 mV (lower trace), —11 mV, —1 mV, 9 mV, and
19 mV (upper trace) are shown. The slower onset outward current at +19
mV (particularly noticeable in A) was occasionally observed, especially
when glycine-activated outward currents were large, and often resulted
in swelling and bursting of the cell. The scale bar refers to both A and B.
C, current-voltage relationship for glycine-activated currents in cells

uM) caused an initial enhancement of the glycine (20 uM)
activated current through WT GlyRs of about 120%, whereas
Zn* " concentrations above 10 uM caused a later inhibition of
the current (Fig. 6A). In contrast, glycine (150 or 200 pM)
activated current through Q266H GlyRs never showed an
enhancement in the presence of low Zn™ " concentrations
(n = 4). One millimolar Zn™" inhibited WT and Q266H
GlyRs by a similar degree, inhibiting current through WT
GlyRs by 72 = 9.5% (n = 3) and by 88 * 4.3% (n = 3) for
Q266H GlyRs, indicating that the mutation did not confer
enhanced Zn™™ sensitivity on the mutant channels. Prelim-
inary concentration-response curves suggested that the IC;,
for Zn™ " inhibition of Q266H GlyR current was almost dou-
ble that for Zn* " inhibition of WT GlyR current (Fig. 6B),
being about 80 uM for the Q266H GlyRs and about 40 uM for
the WT GlyRs. The direction of this shift in the concentra-
tion-response curve is opposite to that expected if Zn™* ™ re-
acted with His in the aqueous pore. These results thus pro-
vide no evidence that the histidine side chain was exposed to
the channel interior, although they do show that the Q266H
mutation also impairs the initial allosteric potentiation of
current amplitude by low concentrations of Zn™ " that is seen
in WT GlyRs.

The current through both WT and Q266H GlyRs activated
by an approximate half-maximal concentration of glycine
was reduced, relative to that measured at pH 7.4, at both low
pH (6.4) and high pH (8.4) (Fig. 7). The extent of inhibition
was similar whether the altered pH solution was applied
when the channels were predominantly open or whether it
was applied when the channels were closed (i.e., in the pres-
ence or absence of glycine, respectively; Fig. 7, A and B). The
inhibition was also similar at both negative (=21 mV) and
positive (+19 mV) membrane potentials (Fig. 7C), indicating
little voltage dependence and suggesting that some allosteric
interaction, as opposed to direct channel pore block, mediates
the inhibition. At a holding potential of —21 mV, WT GlyR
current was decreased by 75 = 5% (n = 6) at pH 6.4 and by
48 *= 8% at pH 8.4 (n = 6, p = .01). The inhibition of current
through Q266H GlyRs induced by changes in pH was signif-
icantly less than that observed for WT GlyRs. At a holding
potential of —21 mV, Q266H GlyR current was decreased by
33+ 8% (n =5,p <.01) at pH 6.4 and virtually unaffected
at pH 8.4 (5 £ 3% inhibition, n = 5, p < .01). This result is
likely to reflect another example of how the Q266H mutation
has impaired allosteric modulation by pH rather than reflect-
ing a change in pH sensitivity due to exposure of histidine
side chain to the channel interior.

expressing WT GlyRs bathed in symmetrical 153 mM Cl~ (@) and in an
external solution of 83 mM NaCl ([J). To normalize current from different
experiments, it has been expressed relative to the current observed at a
holding potential of 14 mV. The filled circles represent the mean of eight
experiments, whereas the open squares represent the mean from a subset
of these experiments (n = 4). D, current-voltage relationship for glycine
activated currents in cells expressing Q266H GlyRs bathed in symmet-
rical 153 mM Cl~ (@) and in an external solution of 83 mM NaCl ().
Data have been normalized as in C. The filled circles represent the mean
of seven experiments, whereas the open squares represent the mean from
a subset of these experiments (n = 4). C and D, the error bars, represent-
ing S.E.M., are shown when larger than the symbols, and the continuous
lines are third-order regression fits to the data. The dashed lines in C and
D show the current-voltage relationship observed in low external NaCl
and corrected for the change in reversal potential (i.e., the curve was
redrawn and shifted to the left so that it passed through the origin). This
procedure was undertaken so as to more easily compare the slope of the
current-voltage relationship in normal and reduced NaCl.
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The perfusion of both WT and Q266H transfected HEK-293
cells with a bath solution of pH 6.4 induced an initial tran-
sient inward current which inactivated during the ~8 s per-
fusion time (Fig. 7A). Although the identity of this current
was not investigated, there was no difference in its incidence,
amplitude, or time course between WT GlyR and Q266H
GlyR-transfected cells.

Discussion

The present study has investigated the functional effects of
the Q266H missense mutation of the human GlyR that
causes autosomal dominant hyperekplexia, or startle dis-
ease. The mutation primarily manifests itself as a 6-fold
increase in glycine EC;, and a large decrease in single-
channel open time without associated major changes in li-
gand-binding parameters, or permeation properties, such as
conductance and anion-to-cation selectivity. There was also a
striking difference between WT and Q266H GlyRs in their
response to taurine. Taurine was converted from a full ago-
nist at WT GlyRs into a weak partial agonist at Q266H

A) WT Glycine (20uM)
+ Z n2+
100 uM Zn*
400 pA | no Zn"
10 pM Zn™
2s

B) WT & Q266H
g 1007 e WT
g O Q266H
T 80 Q
=}
S 60
E 40 -
g
E 204
= A
= )
S o4 3 C

1.0 10 100
[Zinc] (nM)

1000

Fig. 6. Actions of ZnCl, on whole-cell glycine-activated currents in WT
and Q266H GlyRs. A, examples of glycine- (10 uM) activated current
through WT GlyRs illustrating initial potentiation of current upon coap-
plication of glycine and low doses of ZnCl, (10 uM) and a delayed inhi-
bition in response to coapplication of glycine and larger doses of ZnCl,
(100 uM). Holding potential was —21 mV. B, dose-response curves for the
Zn™**-induced inhibition of glycine-activated currents through WT (closed
symbols) and Q266H (open symbols) GlyRs. Points represent individual
data points from either two (WT) or three (Q266H) experiments. The lines
represent Hill fits to the mean of these data points with EC;, and ny
values, respectively, of 34.4 + 6.0 uM and 1.29 + 0.25 for the WT and
91.7 = 3.0 and 1.54 * 0.07 for the Q266H GlyRs.
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GlyRs, and caused antagonism of the response of the latter
GlyRs to the full agonist glycine. This change in agonist
behavior has been observed in all of the hyperekplexia mu-
tations studied to date and confirms the notion that this
agonist/antagonist behavior is determined by channel-gating
efficacy and not ligand binding affinity. All of these observa-
tions are consistent with the Q266H mutation causing an
impairment of GlyR channel gating.

Comparison with Other Startle Disease Mutations.
In previous studies of hyperekplexia mutations, the different
mutations have all shown an impaired ability for glycine to
activate the channel and the agonist taurine was converted
to either a partial agonist or a full antagonist (Laube et al.,
1995b; Rajendra et al., 1995; Lynch et al., 1997). The degree

A) WT
) pH 7.4 pH 6.4 pH 7.4
+glycine +glycine +glycine
g g WU
|400 PA
4s
B) WT pH 74+ glycine
pH 6.4 + glycine
l 400 pA
4s,
35s
O Wild Type Q266H
pH: 6.4 8.4
V, (mV): 21 19 21 19
T ™!
%" 20
=
=
£ 40
=
c
= 60
RS
80

Fig. 7. The effects of changing extracellular pH on glycine-activated
whole-cell currents. A, currents through WT GlyRs in response to 20 uM
glycine dissolved in the buffered external solution with a pH of 7.4 or 6.4.
Note the reversible reduction in glycine-gated current amplitude and the
small, transient, inward current produced by perfusing the cell with the
reduced pH solution. Holding potential was —21 mV B, two successive
glycine-activated currents superimposed. In the first, glycine (20 uM, pH
7.4) is applied continuously for about 10 s, whereas in the second trace,
the 10-s application of glycine (20 uM, pH 7.4) is interrupted by a 4-s
application of the lower pH glycine solution (20 uM, pH 6.4). The first
response, recorded at pH 7.4, has been stretched horizontally for clarity
by about 15%. Consequently, the time bar for this trace corresponds to
3.5 s and to 4 s for the subsequent response. This shows that the reduc-
tion in current also occurs when the lower pH glycine solution is applied
during the application of glycine. Holding potential was —21 mV. C, bar
graph showing the extent of inhibition of current through WT and Q266H
GlyRs, relative to the current measured at pH 7.4, by both low pH (6.4)
and high pH (8.4), at both negative (=21 mV; filled columns) and positive
(19 mV; open columns) holding potentials. Bar graphs and error bars
represent the mean and S.E.M. of inhibition of glycine-activated current
in six (WT) and five (Q266H) separate cells.
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of this conversion and the extent of the shift in the concen-
tration response curve has been used to classify the different
startle disease mutations as “partial” or “complete” disrup-
tion phenotypes (Lynch et al., 1997). The Q266H mutation
resembles the partial phenotype because there is a less than
10-fold shift of EC;, and taurine can cause some receptor
activation and does not totally inhibit glycine-gated currents.
Both phenotypes are also associated with abolition of the
allosteric potentiation of glycine currents by Zn* " (Lynch et
al., 1998), an effect also seen for the Q266H mutation. How-
ever, the position of the Q266H mutation is quite different to
those previously identified; lying within the transmembrane
M2 region as opposed to the extracellular M2 to M3 loop or
the intracellular M1 to M2 loop. Nevertheless, the pheno-
types of all of these startle disease mutations seem to have
some qualitatively similar actions. Our results suggest that
the transduction mechanism mediating channel opening, ag-
onist/antagonist discrimination, and Zn*" potentiation of
glycine-gated currents also involves residues in the M2 do-
main. However, it is still consistent with the M1 to M2 and
M2 to M3 loops acting as hinges for movement of the actual
channel “gate” in the M2 domain (Lynch et al., 1997). In
contrast to this mutation, the two Arg271 mutations, both of
which result in the removal of the ring of positive charge at
the extracellular border of the M2 domain, cause a radical
decrease in the maximum whole cell current response and a
decrease in single channel conductance due to a redistribu-
tion of subconductance states to lower levels (Langosch et al.,
1994; Rajendra et al., 1995). It thus seems that the Arg271
mutations affect ion permeation in addition to gating, imply-
ing that the ring of positive charge directly affects conduc-
tance. The present study has uncovered a startle disease
mutation that has normal single-channel conductance levels,
but has impaired channel kinetics. It bears most similarity to
the K276E startle disease mutation that has recently been
shown to cause a shift in EC;,, a decrease in single-channel
open time, and a shift in the open-closed equilibrium without
any appreciable change in single-channel conductance (Lewis
et al., 1998).

Possible Mechanisms Mediating the Effects of the
Mutation. EC;, depends both on the ligand-binding affinity
and efficacy of gating (Colquhoun and Farrant, 1993). The
data in this study indicate a clear reduction in channel open
times with little change in the briefest closed times, suggest-
ing that the Q266H impairs the efficacy of gating and stabi-
lizes the closed state or destabilizes the open state (see ki-
netic schemes in Colquhoun and Hawkes, 1994; Aidley and
Stanfield, 1996). The lack of change in maximal whole-cell
current and ny for glycine-gated currents in the mutant
GlyRs, coupled with the large reduction in the taurine re-
sponse, suggests that glycine is a high-efficacy agonist at the
WT GlyR, whereas taurine is a lower efficacy agonist. GIn266
may play a role in the rotation, or some movement, of the M2
domain that has been suggested to occur on the basis of
electron micrographic evidence (Unwin, 1995).

Despite the impairment of channel gating in the Q266H
GlyR, it was interesting to note no change in the distribution
of subconductance states in the mutant. The most plausible
explanation for this is that there is a common or similar
mechanism for gating or activation of these subconductance
states. A similar conclusion about gating was drawn by Tw-
yman and Macdonald (1991) for two main subconductance

states in spinal neurons based on the similarity of their open
and burst kinetics.

Relative Position of the Q266H Residue in the Chan-
nel Pore. How may the substitution of a glutamine with
histidine, an amino acid of similar volume, cause this gating
impairment? Could its side chain contribute to a structural
component of a “gate”? Exposure of the histidine side chain to
the pore interior may have resulted in some change in con-
duction in response to Zn* ", protons, and DEPC (De Biasi et
al., 1993; Lu and MacKinnon, 1995). The maximum inhibi-
tion by 1 mM Zn™" was similar in both receptor types,
whereas the sensitivity to Zn™* and the inhibition of current
at both pH 6.4 and 8.4 was actually reduced in the Q266H
mutant. In addition, this inhibition induced by the changes
in pH was voltage-independent (Fig. 7). Such voltage-inde-
pendence for both WT and mutants for the different pH
values suggests a site of action outside the membrane field
(i.e., not in the channel pore). It seemed unlikely that elec-
trostatic repulsion reduced the access of Zn™* (and perhaps
also protons) to this outer vestibule region of the pore be-
cause in the homologous nAChR and GABA, receptor chan-
nels methanethiosulphonate reagents of the opposite charge
to the permeating ion can penetrate the open channel from
the extracellular end at least as far as the residue homolo-
gous to threonine 265 (i.e., one residue deeper into the pore
than the 266 residue) (Xu and Akabas, 1993; Akabas et al.,
1994). This suggests that inhibition by Zn** and pH is not
mediated by direct actions within the conduction pathway.
Indeed, it has recently been shown that the potentiating
action of Zn™" on recombinant a1-homomeric GlyRs is inde-
pendent of effects on binding and is mediated instead via
allosteric effects on the gating process (Lynch et al., 1998).
The above effects of these two agents suggest that the GIn266
residue does not extend its sidechain into the channel inte-
rior and does not interact directly with the permeating ion.

Implications for Other LGICs. This study provides the
first evidence that residues within the M2 domain of LGICs
can impair gating without actually being exposed to the
channel interior and without directly interacting with the
permeant ion. A number of single-point mutations in the
nAChR channel do, however, show a similar relationship
between parallel shifts in the whole-cell concentration-re-
sponse curve and changes in channel open time. In particu-
lar, these studies involved mutations to either the conserved
leucine residue in the central part of the M2 domain of all
LGIC subunits, or in other M2 residues thought to be exposed
to the pore, some of which are causative for slow channel
congenital myasthenia (Filatov and White, 1995; Engel et al.,
1996; Lena and Changeux, 1997). In contrast to these “gain of
function” congenital myasthenia mutations which increase
channel open time and sensitivity to ligand, the hyperek-
plexia mutations show an opposite “decrease of function”
phenotype.

Physiological Relevance for Inhibitory Neurotrans-
mission and Disease Phenotype. The present study has
identified an impairment in the function of GlyR al-homo-
meric channels with all five subunits containing the Q266H
mutation. Native GlyRs are composed of both « and B sub-
units (Langosch et al., 1988), and affected individuals for this
dominantly inherited disorder are heterozygous. Incorpora-
tion of WT a1 subunits and/or 8 subunits with the mutated
al subunits would thus be expected to reduce the GlyR
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impairments identified in the present study, as has been
observed in vitro when combinations of other hyperekplexia
mutated a1 subunits and native 8 subunits have been coex-
pressed (Langosch et al., 1994; Laube et al., 1995b). That this
still leads to the observed phenotype suggests that only mi-
nor impairments of the GlyR function are sufficient to impair
motor control (see Brune et al., 1996). How may this impair-
ment come about? A number of studies on the developmental
changes in glycinergic (Takahashi et al., 1992) or nicotinic
(Sakmann and Brenner, 1978; Mishina et al., 1986) trans-
mission have shown a close correlation with the mean open
time of single-channel events and the decay time of synaptic
currents. Presumably then, individuals with the Q266H mu-
tation will have glycinergic synaptic potentials of reduced
duration and amplitude causing impairment of motor con-
trol.
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