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Molecular Dynamics Simulation Links Conformation
of a Pore-Flanking Region to Hyperekplexia-Related
Dysfunction of the Inhibitory Glycine Receptor

four hydrophobic membrane-spanning segments (TM1–
TM4). TM2 of each subunit points to the center of the
complex, forming the inner lining of the central ion pore
[5]. A large TM3-4 loop is thought to mediate intracellular
interactions; the short C terminus is extracellular. To
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Emil-Fischer-Zentrum date, the X-ray structure of a molluscan acetylcholine

binding protein (AChBP) represents the best model2 Computer-Chemie-Centrum
Friedrich-Alexander-Universität structure for the extracellular N-terminal domain of this

ion channel superfamily [6]. This structure contains 8%Erlangen-Nürnberg
Erlangen of � helix, which is considerably less than found for the

GlyR N-terminal domain by CD and FTIR spectroscopyGermany
3 Max-Planck-Institut für Biophysik (24%) [7]. Based on protease accessibility of reconstitu-

ted GlyRs, a different topology for parts of the N-terminalFrankfurt
Germany domain and TM1 was proposed, containing mainly �

sheets in TM1 [8]. In contrast, a 4 Å electron microscopy
structure of the nicotinic acetylcholine receptor from
Torpedo californica [9] revealed considerable amountsSummary
of � helix in the protein. This structure shows that TM1
and TM2 are both � helical, connected by a short loop,Inhibitory glycine receptors mediate rapid synaptic inhi-

bition in mammalian spinal cord and brainstem. The pre- thus forming a helix-turn-helix (HTH) motif, in agreement
with the classical topology model of the GlyR. Whileviously identified hyperekplexia mutation GLRA1(P250T),

located within the intracellular TM1-2 loop of the GlyR secondary structure assignments of the N-terminal do-
main are diverse [7], the helical structure of the pore-�1 subunit, results in altered receptor activation and

desensitization. Here, elementary steps of ion channel lining TM2 has been demonstrated by NMR analysis for
acetylcholine receptors [10] and GlyRs [11].function of �1(250) mutants were resolved and shown

to correlate with hydropathy and molar volume of resi- Mutations in the GLRA1 gene encoding the �1 subunit
of the GlyR underlie the human neurological disorder,due �1(250). Single-channel recordings and rapid acti-

vation kinetic studies using laser pulse photolysis hyperekplexia (STHE, stiff baby syndrome, OMIM #138491)
[12]. The mutant allele GLRA1(P250T), associated with ashowed reduced conductance but similar open proba-

bility of �1(P250T) mutant channels. Molecular dynam- dominant form of hyperekplexia [13], encodes an amino
acid exchange within the short intracellular TM1-2 loop.ics simulation of a helix-turn-helix motif representing

the intracellular TM1-2 domain revealed alterations in Proline 250 is highly conserved among ligand binding (�)
subunits of the glycine/GABAA/C receptor anion channelbackbone conformation, indicating an increased flexi-

bility in these mutants that paralleled changes in ele- family, but absent from the corresponding position of
cation channels, such as nicotinic acetylcholine or 5-HT3mentary steps of channel function. Thus, the architec-

ture of the TM1-2 loop is a critical determinant of ion receptors. The TM1-2 loop region has been recognized
as part of the ion channel selectivity filter of acetylcho-channel conductance and receptor desensitization.
line-type ion channels [14]. Recombinant GlyR �1(P250T)
channels disclosed reduced apparent agonist affinity asIntroduction
well as complete and rapid receptor desensitization.
While individual channels could not be resolved, noiseThe strychnine-sensitive glycine receptor (GlyR), a mem-

ber of the ligand-gated ion channel family, is the princi- analysis suggested a reduced single-channel conduc-
tance [13]. Receptor desensitization and apparent li-pal mediator of fast inhibitory synaptic transmission in

the human brainstem and spinal cord [1–4]. Presently, gand affinity were shown to be governed by the oppos-
ing action of hydrophobic volume versus charge infour glycine binding � subunits (�1–4) and one structural
position �1(250) [15].� subunit of vertebrate GlyRs have been identified [5].

Here, analysis of elementary steps of GlyR channelDespite considerable advances in the understanding
function showed that the intracellular mutation �1(P250T)of receptor function, comparatively little is known about
reduced channel conductance and stabilized the desen-the structure of ligand-gated ion channels. According to
sitized state, but had little effect on channel gating.the classical topology model for acetylcholine receptor-
Deletion of P250 resulted in a shift in EC50 but no dra-type ion channels, five identical or homologous subunits
matic changes in desensitization or conductance. Mo-assemble into a pentameric membrane complex [3]. For
lecular dynamics (MD) simulations of the protein domaineach subunit, the extracellular N-terminal domain com-
ranging from TM1 to TM2, using a simple helix-turn-prises about 50% of the protein sequence, followed by
helix motif based on published coordinates of this re-
gion, gave trends of backbone conformation and protein
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Miami, Florida 33136. glycine. Thus, MD simulation of a simple model system
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Figure 1. GlyR �1 Wild-Type and Mutant Whole-Cell Current Responses

(A) Whole-cell current responses to saturating concentrations of glycine. Residue 250 is indicated by the one-letter code. Vertical and horizontal
scale bars are 500 pA and 2 s, respectively. Gray bars indicate glycine application. The observed time constants for desensitization of the
wild-type and the mutant P250A were �20 s (2 mM glycine). Desensitization time constants were P250T: 0.11 s (10 mM glycine); P250V: 0.23 s
(5 mM glycine); P250L: 0.036 s (10 mM glycine); �P250: 0.8 s (10% of current), �20 s (2 mM glycine). Except for the �P250 construct,
desensitization of these mutants has been analyzed previously [15].
(B) Dose-response properties of �1(wt) and �1(�P250) current responses. Traces were fitted using the Hill equation. Constants were EC50 �

11 � 1 �M, and nHill � 2.9 � 0.5 for the wild-type (solid squares, solid line), and EC50 � 203 � 9 �M, and nHill � 2.2 � 0.1 for �1(�P250) (open
circles, dashed line).
(C) Leucine-scan of the GlyR TM1-2 loop. Desensitization traces at saturating concentrations of 2 mM glycine are shown (10 mM for �1[P250L]).
Horizontal and vertical scale bars are 5 s and 200 pA, respectively. Same traces for wild-type and P250L as in (A).
(D) EC50 values for whole-cell current responses of leucine mutants. Axis break is between 600 and 1700 �M. GlyR �1(�P250) data are shown
for comparison.
(E) Desensitization rate constants for leucine mutants and the �P250 construct, obtained at saturating ligand concentration. Axis break is
between 1.7 and 15 s�1.

representing an excised receptor domain allowed the whole-cell currents recorded using rapid perfusion.
Consistent with previous observations [13, 15], desensi-prediction of functional characteristics of the corre-

sponding ion channel. tization of whole-cell currents for wild-type and mutant
receptors differed markedly. While wild-type and
�1(P250A) currents desensitized to negligible extentsResults
(	5%, 
desens,sat. � 25 s; Figure 1A), desensitization was
dramatically increased for the mutants bearing large,Whole-Cell Current-Recording—Dose-Response

Properties and Desensitization hydrophobic side chains as well as for the hyperekplexia
mutant �1(P250T) (desensitization 100%, 
desens,sat. �0.1Homomeric GlyR �1(wt) and �1(P250) mutant channels

were expressed in HEK 293 cells, and glycine-mediated s; Figure 1A). Removal of the residue �1(P250) had no
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Table 1. Receptor Characteristics of GlyR �1(245–251) Mutants (Means � SD)

GlyR Variant EC50 (�M) kdesens (s�1) Fraction Idesens (% Itotal) n Cells

�1 wildtype 11 � 1 	0.04 	5 8
�1(N245L) 438 � 7 0.13 � 0.08 75 � 32 3
�1(M246L) 65 � 11 0.32 � 0.04 29 � 7 3
�1(D247L) 7 � 1 0.29 � 0.04 82 � 24 11
�1(A248L) 33 � 4 0.91 � 0.33 72 � 39 4
�1(A249L) 51 � 5 	0.04 	5 8
�1(P250L) 1840 � 62 20 � 4 100 5
�1(A251L) 452 � 112 0.48 � 0.09 90 � 2 6
�1(�P250) 344 � 116 0.07 � 0.04 (1.96 � 1.11)a 27 � 25 3a

a Fast phase observed in 2 of 5 cells; 3 of 5 cells were used for EC50 determination.

significant effect on receptor desensitization (Idesens 27%, type receptors may not have desensitized completely
during 10 s applications of glycine (Isteady-state � 95% of
desens,sat. � 15 s; Figure 1A; Table 1).

Dose-response data yielded an �19-fold difference Imax), while all of the P250T channels were fully desensi-
tized (Isteady-state � 0) after �2 s. Prolonged application ofin EC50-values (wild-type: 11 � 1 �M; �1(P250T): 192 �

14 �M [15]). Hill coefficients nHill were 2.9 � 0.5 for the glycine (up to 60 s) to wild-type receptors confirmed
the low extent and slow time course of desensitization.wild-type and 2.2 � 0.2 for the mutant [15] (Table 2). For

the �1(�P250) receptors, a right-shift in dose-response Strychnine inhibition of �1(P250T) currents was consis-
tent with a competitive, or partially competitive inhibitioncurve was observed, the fitted constants were EC50 �

203 � 9 �M, and nHill � 2.2 � 0.1 (Figure 1B). The concen- mechanism [2] and indicated similar strychnine affinities
for wild-type and P250T mutant receptors (not shown).tration dependence of maximum whole-cell currents

(Figure 1B) was compatible with a 2-ligand model of
receptor activation. We found neither improvement of Leucine Scan: Positional Effects
fit nor significant alterations in the constants when a within the GlyR TM1-2 Loop
third ligand was included. This is reminiscent of a GlyR To test whether the differences in EC50 values and de-
isoform expressed in embryonic mouse spinal neurons sensitization rates of GlyR �1(P250) mutants were due
[16], and homomeric serotonin 5-HT3 receptors [17]. to a specific position within the GlyR TM1-2 loop, a
Dose-response data comprise information from two hydrophobic scan across this region was performed.
equilibria, ligand binding and gating. Here, we used an Previously, we could show that leucine had the most
independent technique—laser pulse photolysis (lpp)— pronounced effect on receptor desensitization and EC50
to evaluate the gating constant φ. Resensitization, de- [15]. Thus, TM1-2 loop residues (i.e., N245–A251) were
fined as the period between consecutive saturating individually replaced by leucine. All mutants gave func-
glycine applications after which a maximum whole-cell tional homomeric receptor channels, as assessed by
current response could again be elicited from GlyR whole-cell current recordings at saturating concentra-
transfected HEK cells, was practically spontaneous for tions of glycine (Figure 1C; Table 1). Distinct patterns
the wild-type (
resens 	 5 s, within the time resolution of the were observed for EC50 (Figure 1D) and receptor desen-
application system), but markedly slower for �1(P250T) sitization (Figure 1E). Distribution of EC50 values was
mutant channels (
resens � 44 � 3 s, not shown). Note reminiscent of a U-shaped positional dependence, with
that due to their large nondesensitizing current, wild- residues close to the putative membrane entry being

most sensitive to hydrophobic substitution (Figure 1D),
in marked contrast to the positional dependence of re-

Table 2. Constants Describing Activation and Gating of ceptor desensitization rates (Figure 1E). Note that the
Recombinant Homomeric Glycine Receptors (Means � SD) mutant A249L, adjacent to position �1(250), was com-

�1(wt) �1(P250T) pletely nondesensitizing, while both, EC50 and kdesens were
highest for the P250L mutant. One possible explanationEC50 [�M] 11 � 1a 192 � 14a,b

could be that two neighboring side chains in a polypep-nHill 2.9 � 0.5a 2.2 � 0.2a,b

tide may not face in the same direction. It may, therefore,Imax [pA] 4570 � 100 2340 � 50

resens [s] 	5 44 � 3 be assumed that desensitization is sensitive to the pro-
� [pS] 69d 7d � 10c

tein surface of the TM1-2 loop with the main determinant
kop [s�1] 1630 � 40e, 2200 � 100f 818 � 225d

of desensitization being located at position �1(250).
kcl [s�1] 23 � 2e, 38 � 30f 29 � 9d

φ 0.014 � 0.001e, 0.017 � 0.013f 0.035 � 0.015d

Pmax 0.99e 0.97d Single-Channel Recordings—Conductance
and Open State Dwell Timea From dose-response curves.
Functional impairment of mutant receptor function mayb From [15].

c Cell-attached patch, slope conductance of main state. be due to (1) low protein expression, (2) reduced open
d From outside-out patches. probability, or (3) smaller single-channel conductance
e From laser-pulse photolysis. of mutant channels. To differentiate between these pos-
f From [24].

sibilities, we performed single-channel recording experi-
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Figure 2. Single Channel Recordings

(A) Cell-attached single-channel recordings
of �1(wt), �1(�P250), and �1(P250T) GlyRs.
1.5 s segments are shown; horizontal and ver-
tical scale bars denote 5 pA and 200 ms, re-
spectively. GlyR �1(wt): 5 �M glycine,
Vpip � �80 mV; GlyR �1(�P250): 100 �M gly-
cine, Vpip � �60 mV, GlyR �1(P250T): 20 �M
glycine, Vpip � �130 mV.
(B) Current-voltage relationships using data
from cell-attached recordings: GlyR �1(wt):
� � 64 � 4 pS (solid squares, solid line); GlyR
�1(�P250): � � 49 � 6 pS (open circles, bro-
ken line); GlyR �1(P250T): � � 10 � 4 pS (solid
triangles, dotted line). Note possible inward
rectification for GlyR �1(�P250) currents; if
only data points between �30 and �90 mV
were used, the slope conductance was 47 �

3 pS.
(C) GlyR �1(wt) and �1(P250T) open channel
dwell times. The main conductance state ob-
served in cell-attached recordings was ana-
lyzed; note that in the analyzed voltage range,
GlyR gating kinetics are linear [19]. �1(wt):
recordings at �80 mV and �50 mV were com-
bined. Time constants for open state dwell
times were 3.0 � 1.3 ms (65%) and 28.8 �

12.1 ms (35%). �1(P250T): recorded at �130
mV; open channel dwell time constants were
4.1 � 0.9 ms (82%) and 54.0 � 29.7 ms (18%).
(D) Outside-out single-channel recordings of
�1(wt) receptors at �60 mV. Left: single-
channel trace; right: all-point current histo-
gram, baseline centered at 0 pA. Note multi-
ple openings. Main transition: 4.15 pA at �60
mV (black arrow), corresponding to a main
state conductance of 69 pS; a subconduc-
tance level of 15 pS is indicated (gray arrow).
(E) Outside-out single-channel recording of
�1(P250T) channels at �90 mV, scale bars
apply to traces in (D) and (E); one conduc-
tance level of 0.6 pA was detected (arrow),
indicating a conductance of 7 pS.

ments. Cell-attached recordings from HEK 293 cells slightly skewed current histogram (Figure 2E). The calcu-
lated conductance for �1(P250T) channels of 7 pSshowed similar bursting behavior (Figure 2A) and slope

conductance for wild-type and �1(�P250) constructs, agreed with the value of 10 pS obtained from cell-
attached recordings (Figure 2B).indicating that chloride permeation across these chan-

nels was not significantly different (�1(wt): �slope � 64 � 4 Main state dwell-time histograms were constructed
from cell-attached single-channel traces (Figure 2A),pS, �1(�P250): �slope � 49 � 6 pS, Figure 2B). In contrast,

�1(P250T) channels showed a dramatic reduction in uni- which had to be extensively filtered due to the low con-
ductance of �1(P250T) mutant channels. The open-statetary conductance, yet single channels could be resolved

(Figure 2A). The transition corresponding to the level dwell time histograms could be fit by double-exponen-
tial time courses (Figure 2C), yielding time constants forclosest to baseline was fit with a linear regression yield-

ing a slope conductance of �10 pS (Figure 2B). the wild-type of 
fast � 3.0 � 1.3 ms (65%), and 
slow �
28.8 � 12.1 ms (35%). For mutant channels, the timeWild-type single channels recorded from outside-out

patches produced a main conductance level of �69 pS constants were 
fast � 4.1 � 0.9 ms (82%) and 
slow �
54.0 � 29.7 ms (18%), indicating that the mutation had(Figure 2D), in agreement with cell-attached recordings

(� � 64 pS, Figure 2B). This value was lower than the no detectable effect on the open-close equilibrium of
GlyR channels. Open state dwell time constants for thereported maximum conductance of 86 pS [18], but was

reproducibly observed as the predominant conductance wild-type agreed with reported values [19]. Similar open
channel dwell times for �1(wild-type) and �1(P250T) mu-level with our line of HEK 293 cells. Under the same

experimental conditions, �1(P250T) channels were hard tant channels were a necessary, but not sufficient, indi-
cation of unaltered gating in �1(P250T) receptors.to resolve in outside-out patches, resulting only in a
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Laser-Pulse Photolysis-Direct
Measurement of kop and kcl

As low conductances of mutant �1(P250T) receptors
precluded a detailed single-channel analysis, channel
gating was investigated by an additional, independent
method. To this end, laser-pulse photolysis (LPP) was
used as a rapid kinetic technique, allowing direct deter-
mination of the rate constants kop and kcl [20]. Upon
irradiation with a 340 nm laser pulse, free glycine was
released within less than 25 �s from its biologically inert
precursor, �-CNB-caged glycine [19, 21]. LPP current
traces for wild-type [19] and �1(P250T) mutant channels
permitted an analysis of channel opening and closing
rates (Figures 3A and 3B). Using the 2-ligand model of
receptor activation, rate constants of kcl � 29 � 9 s�1,
and kop � 818 � 225 s�1 were obtained from the intercept
and the slope of the linear fit of the data according to
equation 4 (Figure 3C). Constants for the wild-type were
kop � 1630� 40 s�1 and kcl � 23� 2 s�1, in good agreement
with previously reported values [19] (Table 2).

The LPP method does not require the release of satu-
rating ligand concentrations, since the linear relationship
given by equation 4 is valid over the entire concentration
range [20]. The technique relies on the assumption that
ligand binding occurs on a much faster time scale than
channel-opening and closing, as previously shown for
GlyRs, where the association rate for glycine of 107

M�1s�1 exceeds the channel-opening rate of 2200 s�1 by
more than three orders of magnitude [19]. Nevertheless,
ligand binding may become rate-limiting at low ligand
concentrations. For the �1(P250T) mutant, kop had to be
extrapolated from measurements at low agonist con-
centration, since the technique has an upper limit of
photorelease from caged glycine that was not saturat-
ing. While this might result in a higher error associated
with numeric values of the rate constants, the principal
results, namely that (1) kcl is largely unchanged between
wild-type and mutant receptors, and (2) kop �� kcl for
both GlyR constructs, are valid despite the limited ago-
nist concentration range available for �1(P250T) channels.

Figure 3. Laser-Pulse-Photolysis

Right hand panels show control flow experiments with 1 mM (wt)Molecular Dynamics Simulation
or 2 mM �1(P250T) glycine used for calibration. Left hand panelsof the TM 1-2 Domain Structure
show scaled laser pulse photolysis traces. Typically, 2–8 mM caged

To identify alterations in the domain structure of the glycine was flown over the cell and the laser fired at time 0 (arrow).
intracellular TM 1-2 loop that correlated with the ob- Imax was determined and the concentration of liberated glycine deter-
served changes in elementary steps of channel function, mined by comparing to control flow measurements.

(A) GlyR �1(wt) control traces.molecular dynamics (MD) simulations were carried out
(B) Laser-pulse photolysis currents recorded from �1(P250T) re-using a simple helix-turn-helix motif (Figure 4A). For
ceptors.TM2, coordinates from published NMR structures of
(C) Analysis of laser-pulse photolysis data (equation 5). Nineteen

model peptides of the nicotinic acetylcholine receptor data points from eight individual cells were used for analysis. Data
[10] were used to generate the starting structures. This points corresponding to similar concentrations of liberated glycine
starting geometry was in good agreement with a recently were pooled; x-errors are indicated (and are smaller than the sym-

bols in some cases). Using Kd � 427 �M (vd. Figure 1), time constantspublished structure of the Torpedo nicotinic acetylcho-
of kop � 818 � 225 s�1 and kcl � 29 � 9 s�1 were determined fromline receptor at 4 Å resolution [9]. The entire motif, con-
the slope and the intercept, respectively of the linear regression.sisting of 64 residues, was placed in a simulated water
For the wild-type, 31 data points from 5 cells were used in the

box (Figure 4A) applying periodic boundary conditions; analysis; constants were kop � 1630 � 40 s�1 and kcl � 23 � 2 s�1.
no explicit membrane fragment was included in the sim-
ulations. Energy minimization followed by MD equilibra-
tion and production was carried out for the wild-type basis. After modifying the mutant residue at position

250, the systems were geometry optimized and sub-and the mutants �1(P250A/S/T/V/L/F). In each case,
wild-type coordinates served as identical geometrical jected to MD equilibration and production phases. The
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Figure 4. Molecular Dynamics Simulations of
the TM 1-2 Loop of GlyR �1(P250) Mutants

(A) Schematic view of the helix-turn-helix sys-
tem used for simulation.
(B) Peptide backbone of the calculated aver-
age structures of the GlyR �1(P250) wild-
type (green), and the mutants �1(P250A) (yel-
low), �1(P250T) (blue), �1(P250L) (red), and
�1(�P250) (gray), visualized as C� trace. Note
outward movement of the TM 1-2 loop for
the hydrophobic mutants �1(P250T,L) (black
arrow), and altered conformation for the dele-
tion mutant �1(�P250) (gray arrow).

introduced residue types were chosen to reflect increas- around position 250 (Figure 4B, black arrow), consistent
with an altered protein surface presented to the celling hydrophobic volume in the critical position 250 [15].

Serine was included to detect potential effects of the interior at the TM1-2 loop. The calculated RMS values
(Figure 5A) indicated a threshold above which pro-hydroxyl function during the simulation.

To analyze the influence of the point mutations on the nounced desensitization was observed in the GlyR mu-
tants. Alanine and serine, both producing wild-type-likegeometries of the different helix-turn-helix-motifs, we

calculated for every mutant the average structure over receptor responses [15], showed the smallest overall
deviation (Figures 4B and 5A). MD simulation of theeach of the 200 snapshots sampled during the produc-

tion phases of each molecular dynamics run. Each mu- construct �1(�P250), which was characterized by no or
little desensitizing whole-cell current responses, gavetant average structure for the wild-type and �1(P250A,L)

was overlaid on the average wild-type geometry by a an equilibrium loop conformation that differed from the
wild-type (Figure 4B, gray arrow), but did not presentroot mean square (RMS) fit of the C� coordinates of the

protein backbone residues L233–I244 and V253–T258. the outward bulge that was observed in the hydrophobic
mutants. Apparently, desensitization of mutant recep-Fitting over all residues of the model system appeared

inappropriate because the long helices were both kinked tors in whole-cell current recordings coincided with a
particular conformation observed in the MD simulationsduring all simulations. Interestingly, the areas denoted

above, which are located adjacent to the loop, perfectly of the loop model system (Figure 4B).
The simulation results (Figure 4B) suggested that themaintained their helical secondary structure during the

simulation. In contrast, P250 mutants with increasing equilibrium protein conformation of the two parallel heli-
ces of the helix-turn-helix motif was only slightly af-side chain hydrophobicity (P250A/S/T/V/L) showed a

gradual outward movement of the peptide backbone fected by structural disturbances in position �1(P250),
while most of the deviations were located within thewithin the TM1-2 loop, exposing the protein region
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Figure 5. Molecular Dynamics Simulations of
GlyR �1(P250) Mutants

Correlation between RMS deviations of the
indicated protein region and the hydropathy/
volume index (HVI) for residue 250. Increasing
values of HVI indicate an increasing hy-
drophobic surface presented by the residue,
RMS deviations served as a measure for local
protein flexibility, R is the correlation coeffi-
cient.
(A) RMS deviation of the region covering the
loop TM1-2 (residues N245–R252) calculated
after fitting the mutant average structures (C�

atoms only) of the residues V235–I244, T258
to the wild-type.
(B) RMS deviation versus hydropathy/volume
index (HVI) for the cytoplasmic half of TM 2.
(C) Correlation of RMS deviation versus HVI for
the TM 1-2 loop. Note that in (B) and (C) the
mutant P250F was not included in the fit, due
to inconsistent electrophysiological properties
of the construct GlyR �1(P250F) [15].
(D) Correlation of desensitization rates [ln(kdes)],
of GlyR �1(P250) mutants versus RMS devia-
tion for the cytoplasmic half of helix 2.
(E) Correlation of desensitization rates [ln(kdes)],
of GlyR �1(P250) mutants versus RMS devia-
tion for the TM 1-2 loop.

TM1-2 loop (Figures 4B and 5). To confine the influence ion channel properties in GlyR �1(250) mutants [15].
RMS deviations of the entire motif could be broken downof amino acid substitutions on the averaged geometries,

we turned to an alternative description of the orientation into separate contributions of TM 2 and the short loop.
The correlation between HVI for residue 250 and theof TM 2 in relation to TM 1. This could be achieved by

fitting the C� atoms of residues V235–I244, representing resulting RMS deviation of the TM 1-2 loop was excellent
(Figure 5C, R � 0.98), being much stronger than for theTM 1, and T258. The latter residue prevented the loop

and TM 2 from rotation upon the helix axis of TM 1, cytoplasmic side of TM 2 (Figure 5B, R � 0.73). Note
that the mutant �1(P250F) did not fit into this model,which would potentially complicate interpretation of the

simulation results. Based on this fit, Figure 5A shows despite its increased hydrophobic volume. This is con-
sistent with previous observations, where whole-cellthe RMS C� differences of residues N245 to T258, repre-

senting the TM1-2 loop and the N terminus of helix 2, current responses for the construct GlyR �1(P250F)
were rarely observed, compared to �95% success ratesrespectively (note that the deletion mutant, �1[�P250],

could not be used in these calculations, due to the differ- for all other subunits [15]. Apparently, the effects of
the phenylalanine side chain are not compatible with aent number of amino acid residues). RMS values of the

�1(P250A/S) mutants showed only small geometric devi- regular GlyR function, and cannot be fully accounted for
by MD simulations. The hyperekplexia mutant �1(P250T)ations from the wild-type. The hydrophobic residues

�1(P250V/L/F) caused increasing RMS deviations from was characterized by increased RMS deviation of the
TM 1-2 loop region, similar to that of the hydrophobicthe wild-type coordinates in the protein region around

and including the TM 1-2 loop (Figures 4B and 5B–5D). mutants (Figures 4B and 5). Presence or absence of
hydroxyl groups had no significant effect on simulationThese RMS differences correlated closely with the hy-

dropathy/volume index, HVI, for residue 250, which had results or channel function, as evident from the compari-
son of the alanine and serine mutants, indicating thatpreviously been shown to be an empiric predictor for
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specific hydrogen bonds or interactions with OH groups sistently obtained by three independent techniques: (1)
concentration-dependence of wild-type and mutantwere not relevant. Rather, volume and hydrophobicity

of residue �1(250), as reflected in the HVI, were the only whole-cell currents gave similar estimates for the gating
constant φ, yielding an open probability near 1 for bothdeterminants of backbone conformation. Given the ns

time scale of the simulation, RMS deviation was taken constructs; (2) open-channel dwell times did not differ
significantly between wild-type and mutant receptors;as a measure for protein flexibility on the ms-s time

scale of receptor desensitization. Indeed, correlation of and (3) Laser-pulse photolysis using caged glycine [20]
permitted a direct measurement of kop and kcl, whichln(kdes) of mutant receptor constructs versus RMS (Fig-

ures 5C and 5D) showed excellent correlation for the were not significantly different for �1 wild-type and
�1(P250T) mutant receptors, indicating an almost identi-TM 1-2 loop (Figure 5E, R � 0.95), while correlation for

the cytoplasmic face of helix 2 was considerably weaker cal Popen (Table 2). This is in contrast to the hyperekplexia
mutation �1(K276E), located in the extracellular TM2-3(Figure 5D, R � 0.84). This indicated that desensitization

was most sensitive to changes of protein flexibility in loop, where the principal effect of the mutation is on
gating, as evident from unchanged main state conduc-the TM 1-2 loop.
tance and reduced open channel dwell times [24].

A hydrophobic scan of the intracellular region GlyR
Discussion �1(245–251) yielded two key results: (1) receptor activa-

tion and desensitization were independent processes,
The identification of protein domains that control ligand- which showed different sensitivity toward modification
gated ion permeation is a prerequisite to understand of individual residues within the TM1-2 loop; and (2)
neurotransmitter receptor function and molecular pa- GlyR �1(250) is by far the most critical position with
thology. Here, we investigated the intracellular hyperek- respect to both receptor EC50 and desensitization. Re-
plexia mutation �1(P250T) and related amino acid sub- cently, Wotring et al. showed that deletion of residue
stitutions [13, 15] as a model for the dependence of P(290)-corresponding to GlyR �1(P250)-in the 
1 GABA
elementary steps of GlyR activation and desensitization receptor slightly reduced ion selectivity; the double mu-
on subtle alterations of protein structure. Deviation of tation 
1(�P290/A291E) resulted in a cation-selective
the TM1-2 loop from wild-type architecture was identi- GABA receptor [25]. It was concluded that alterations
fied as an essential parameter of ion channel dysfunc- of effective charge near the cytoplasmic mouth of the
tion. The functional impact could be correlated to struc- channel pore affected ion selectivity [25]. Similar obser-
tural changes observed by MD simulations of the vations were reported for the GlyR �1(�P250) mutant,
excised protein motif. where removal of proline 250 resulted in slightly in-

In electrophysiological recordings, the apparent gly- creased cation permeability [26], although these recep-
cine affinity of �1(P250T) receptors was reduced by ap- tors were still found to be predominantly chloride selec-
proximately one order of magnitude as compared to tive. Our results for the �1(�P250) variant are in good
the wild-type. This is contrasted by radioligand binding agreement with reported data, indicating that excision
studies [13, 15] and strychnine inhibition of glycine- of proline 250 predominantly affects pore size and selec-
induced whole-cell currents where both Ki for strychnine tivity rather than channel gating kinetics. Since the
and equilibrium KD for glycine were found to be unaf- amino acid exchanges reported here left the effective
fected by the mutation [15]. Discrepancies between charge of the TM1-2 loop unchanged (compare [25]),
equilibrium binding data and whole-cell current re- one should still expect all GlyR mutants studied here to
cordings suggest an involvement of elementary steps be chloride channels. In a mutagenesis study of GABAA

downstream of ligand binding, which are not accessible receptors, desensitization was shown to be sensitive to
by equilibrium radioligand studies [22, 23]. Desensitiza- mutation of leucine 9¢ within TM 2 of �1�3�2L receptors;
tion studies were consistent with the presence of dis- introduction of hydroxylated residues resulted in pro-
tinct receptor states: wild-type receptors desensitized longed channel openings, due to a decreased channel
slowly, but resensitized rapidly, while the �1(P250T) mu- closing rate [27]. In this case, reduced hydrophobicity
tant desensitized quickly and resensitized slowly. For within TM 2 stabilized the open-channel state, thereby
the wild-type, desensitized and nondesensitized states indirectly slowing macroscopic desensitization. Investi-
appear to interconvert easily, suggesting similar thermo- gation of chimeric �1�3� and �1�3�2L GABAA receptors
dynamic stability. For �1(P250T) channels, rapid desen- also implicated a region within TM2 in receptor desensi-
sitization and slow current recovery indicated that the tization [28]. Our experiments indicated that desensitiza-
desensitized state was thermodynamically favored as tion, but not the rates of channel opening and closing
compared to the wild-type, and both states would not were affected by TM1-2 loop mutations. Thus, desensiti-
interconvert in the continued presence of glycine. In zation is probably not a homogenous process but is
addition to a lower conductance, the major functional controlled by several domains of the receptor protein.
consequence of the mutation �1(P250T) appeared to be Structural effects of mutations in position �1(250)
a reduced ligand affinity of the nondesensitized receptor could be inferred by molecular dynamics simulations of
and a greatly increased stability of the inactivated state. the TM1-2 region assuming a helix-turn-helix motif. In

Analysis on the single-channel level indicated that a simple approach, coordinates for TM 2 from published
the mutation �1(P250T) predominantly affected channel NMR structures were used, and the motif was inserted
conductance, while the microscopic gating equilibrium, into a water box. Energy minimization followed by exten-
i.e., the transition between open and closed channel sive MD equilibration showed parallel trends for aver-

aged backbone conformations and receptor current re-states, was essentially unchanged. This result was con-
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sponses [15]. Rapidly desensitizing mutants showed an characterized by hypertonus, myoclonic seizures and
increased startle reactions to external auditory or tac-increasing deviation from the wild-type peptide back-

bone, primarily within the TM 1-2 loop. The deletion tile stimuli. The GlyR belongs among the acetylcholine
receptor-type superfamily of ligand-gated ion chan-mutant �1(�P250) showed yet another backbone con-

formation, different from both the rapidly desensitizing nels. In this family, a large body of data has been
assembled from electrophysiological and biochemicalmutants and the wild-type. This again paralleled channel

properties of this mutant, which was non- or slowly investigation of receptor mutants, but detailed struc-
tural information is still scarce. Here, we present adesensitizing but had a reduced glycine affinity. Since

the time scale of atom and molecule dynamics is much study of elementary steps of GlyR activation and de-
sensitization. A hyperekplexia mutation, GlyR �1(P250T),faster than the scale of protein interaction, the physio-

logical consequence of GlyR �1(P250) mutations would located within the short cytoplasmic loop preceding the
actual ion channel region, as well as several �1(P250)be an increasingly hydrophobic protein surface at the

TM 1-2 loop presented to the interior of the cell. Surpris- mutants, including the deletion mutant �1(�P250) were
generated and their ion channel properties investi-ingly, molecular modeling as well as functional analysis

of the channel suggested that neither the particular con- gated using patch-clamp recording techniques. Increas-
ed hydrophobic volume within the loop region resulted information of proline, nor the presence of hydroxyl

groups were of any consequence in this protein environ- rapidly desesensitizing, low-affinity receptor channels
with position �1(250) being the most critical. Indepen-ment. Previously, analysis of electrophysiological data

showed that an index HVI, reflecting only hydrophobicity dently, molecular dynamics (MD) simulations of a he-
lix-turn-helix motif representing the TM1-2 loop regionand volume of an amino acid side chain actually pre-

dicted ion channel function of mutant GlyRs [15]. Here, of the receptor gave deviations in protein conforma-
tion consistent with increased backbone flexibility forMD simulation also found HVI to be the critical parameter

determining TM 1-2 loop conformation. mutant constructs, which showed an excellent corre-
lation with functional characteristics obtained fromDesensitization, i.e., the transition to the liganded,

closed-channel state, might be envisaged as a refolding patch-clamp studies. Thus, MD simulation of a simple
model system allowed prediction of the correspondingof the receptor protein. Since MD simulations were per-

formed on a picosecond time scale, and receptor desen- GlyR ion channel properties. These results indicate
that the short intracellular TM1-2 loop of the GlyRsitization occurs on the order of milliseconds to sec-

onds, RMS deviations should reflect local protein represents an independent regulatory domain whose
structure-function relationship can now be unraveled.flexibility. Protein folding kinetics have been related to

structural and orientational parameters of the polypep-
Experimental Procedurestide chain [29], observing logarithmic relationships [30].

Receptor desensitization at a saturating concentration
Site-Directed Mutagenesisof ligand will occur almost exclusively from the bili-
Single nucleotide exchanges corresponding to codons �1(245–251),

ganded state (RL2), and can thus be described by the as well as the P250 deletion were introduced by PCR-mediated site-
single rate constant kdes [23]. Accordingly, we investi- directed mutagenesis as described [15]. All mutated clones were

sequenced across the PCR-generated sequence to verify success-gated how changes in kdes related to alterations of pro-
ful mutagenesis using the ABI sequencer system (ABI systems, Weit-tein flexibility of the GlyR TM 1-2 loop, as expressed by
erstadt, Germany).the relation of RMS deviation �ln(kdes). Indeed, RMS

deviations in the TM 1-2 loop more closely correlated
Whole-Cell Recording and Data Analysiswith changes in kdes than those of the cytoplasmic face
GlyR constructs were expressed in HEK 293 cells as described [15].

of TM 2 (Figures 5C and 5D), indicating that protein Whole-cell recording experiments were performed using an EPC9
flexibility at the short intracellular loop exerts a signifi- amplifier controlled by Pulse software (HEKA electronics, Lam-

brecht, Germany). Recording pipettes (2–5 M�) were pulled fromcant influence on receptor desensitization.
borosilicate glass (World Precision Instruments, Berlin, Germany)Conformation of the TM1-2 loop, and residue GlyR
using a Sutter P-97 horizontal puller. Ligand application was carried�1(P250) in particular, had a pronounced effect on GlyR
out using a U-tube that bathed the suspended cell in a laminar flowfunction. It appears that the helix-turn-helix motif of the
and allowed ligand equilibration over the cell with a time resolution

protein region around the TM1-2 loop forms an indepen- of 10–30 ms. The external buffer consisted of NaCl 137 mM, KCl
dent regulatory unit, as suggested by structural data [9] 5.4 mM, CaCl2 1.8 mM, MgCl2 1.0 mM, and HEPES 5.0 mM (pH

adjusted to 7.2 with NaOH); the internal buffer was CsCl 120 mM,and the functional and modeling results presented here.
N(Et)4Cl 20 mM, CaCl2 1.0 mM, MgCl2 2.0 mM, EGTA 11 mM, andThe complementary approaches, kinetic analysis of
HEPES 10 mM (pH adjusted to 7.2 with CsOH). Current responseswild-type and mutant GlyR function, and structure pre-
were measured at room temperature, at a holding potential of �60diction on an atomic scale can thus be combined to
mV unless otherwise noted. Strychnine inhibition measurements

give a more detailed understanding of structure-function were performed under conditions of simultaneous application of
relationships of ligand-gated ion channels. agonist and inhibitor. For laser-pulse photolysis experiments, the

HEPES concentration was raised to 30 mM to counteract possible
acidification of the solution upon dissolution of the caged com-
pound.Significance

Dose-response curves were constructed from the maximum cur-
rent amplitudes and calculated by a nonlinear fitting routine usingThe inhibitory GlyR (GlyR) is the predominant mediator
Microcal Origin (Additive, Friedrichsdorf, Germany). Dose-response

of rapid synaptic inhibition in mammalian spinal cord data were normalized to the maximum response at saturating gly-
and brainstem. GlyR defects underlie the human motor cine concentration (2 mM). The Hill equation (equation 1) was used

for analysis. As an additional check for consistency, data were ana-disorder, hyperekplexia (STHE, stiff baby syndrome),



Chemistry & Biology
1348

lyzed according to a two-ligand model assuming independent bind-
kobs � kcl � kop � L

L � Kd
�

2

. (5)
ing sites [31].

The channel gating equilibrium constant φ is then calculated as:IGly �
Imax

1 � �EC50

[Gly]�
nH (1)

φ �
kcl

kop

. (6)

Here, Imax is the maximum observed current, IGly the current obtained
at a given glycine concentration, EC50 the glycine concentration
evoking half-maximum current amplitudes, and [Gly] the glycine Calculation of the Combined Hydropathy/Volume Index, HVI
concentration. For desensitization analysis of whole-cell current HVI was computed as described [15]. Briefly, the mean molar volume
traces, the decaying current phase was analyzed (Microcal Origin) (vol(mean)) after [33]) of 14 proteinogenic amino acid residues
using a single or double exponential decay function plus a constant. (G,A,S,P,T,V,I, L,F,C,Y,R,Q,N) was calculated to be 88.8 ml/mol. The

volume index for each residue was:Iobs � I1 * e
�

t

1 � I2 * e

�
t


2 � Iconst. (2)

[vol(residue) � vol(mean)]
10

,Iobs is the observed current, I1 is the fraction of current amplitude
decaying with time constant 
1, I2 is the fraction of current amplitude
decaying with time constant 
2, and Iconst. is the nondesensitizing where values ranged from �4.5 to 3.5. These volume index values
current fraction. Generally, desensitization could be described satis- were added to the corresponding hydropathy indices after [34] with-
factorily using a single exponential function. out further weighting of the two indices. This procedure yielded

a combined hydropathy/volume index, HVI, ranging from �10 (R)
Single Channel Recording to 7 (F).
For cell-attached recordings, pipettes of 5–10 M� resistance were
filled with external buffer containing 5 �M glycine for �1(wt), 100 Three-Dimensional Structure of the Helix-Turn-Helix Motif
�M for �1(�P250), or 20 �M glycine for �1(P250T) constructs. For For the generation of the starting geometry of the wild-type P250,
outside-out patches, pipettes were filled with intracellular buffer and the amino acids F214 to V277 of the human GlyR �1 chain precursor
the cell flow device was used for perfusion. Data were recorded at sequence (SwissProt entry P23415, locus GRA1_HUMAN) were as-
a sampling rate of 3–10 kHz, stored in ASCII format, converted to sumed to fold in a typical helix-turn-helix (HTH) motif (TM 1: 220–244;
pCLamp format using Axoscope (Axon Instruments, Union City, CA), loop 1–2: 245–252; TM 2: 253–270). Alignment of the GRA1_HUMAN
and analyzed using the programs Fetchan and Pstat from the HTH fragment with the sequence of the TM 2 region of the Torpedo
pClamp 6 program suite (Axon Instruments). For all-point current californica nicotinic acetylcholine receptor � subunit, for which the
histograms, data were used without further filtering. For open-chan- three-dimensional structure was solved by NMR spectroscopy (PDB
nel dwell time histograms, data were refiltered at 1 kHz, and entry 1DXZ), revealed sequence homology of the two TM 2 regions
smoothed twice using a 7-point (wt), or 11-point (P250T) Savitzky- which justified the use of the nACh TM 2 coordinates for the genera-
Golay algorithm prior to data conversion and analysis. Analysis was tion of our HTH model. The TM 1 region of the HTH fragment was
carried out by manually scanning the traces using pClamp 6 (Axon modeled as an ideal � helix. The backbone dihedral angles of the
Instruments); doubtful events and multiple openings were dis- loop region were assumed in a way that both helix axes are almost
carded. Note that due to the low conductance of �1(P250T) chan- parallel. To achieve optimal comparability of all simulations, this
nels, some noise remained after filtering, which was binned among system always served as template for the generation of the point
the high-frequency transitions and may have increased the number mutations at position P250, for which only the considered amino
of brief events in the dwell time histogram. The 2 ms component acid was replaced.
was, therefore, not considered in the analysis of open channel dwell To validate our starting geometry for MD calculations, we ex-
times. Typical single-channel traces are given in Figure 2. The num- tracted the TM1-loop-TM2 motif of the receptor � chain from coordi-
ber of patches used for analysis were: �1(wt) cell-attached 5, out- nates (RCSB Database entry 1OED) of the Torpedo nicotinic acetyl-
side-out 2; �1(P250T) cell-attached 7, outside-out 2; �1(�P250): cell- choline receptor that had recently become available [9]. These
attached 2. coordinates were compared to our average mutant geometries by

an RMS fit of the C� coordinates of the model protein backbone
Laser-Pulse Photolysis residues L233–I244 and V253–T258 to the corresponding residues
An EPC7 amplifier (HEKA) and pClamp 6 (Axon Instruments) soft- of the extracted receptor HTH-motif. Although within the starting
ware were used for data acquisition. After storage on a computer geometry for our mutants, only TM2 was modeled according to
hard disk, individual current traces were analyzed offline using Mi- experimental NMR data, the overall geometries of the MD averages
crocal Origin software. �CNB-caged glycine [21], kindly provided were in excellent agreement with the structural data provided by
by Professor G.P. Hess (Cornell University, Ithaca, NY), was flown electron-microscopic techniques. The RMSD values over the above
over the cells at concentrations of 1 to 8 mM. Photoliberation was residue range are smaller than 3 Å for all mutants. Considering the
initiated by a 15 ns 340 nm laser pulse from a XeCl excimer laser- fact that the resolution of the receptor pore is only 4 Å, this compari-
pumped dye laser using p-terphenyl (3 mM) in dioxan. Chloride son validates the geometry and assumptions of our model and justi-
currents were digitized at a rate of 10–50 kHz, and low-pass-filtered fies its use for the geometric and dynamic description of the TM1-2
with a 3–10 kHz Bessel filter, prior to analysis. Calibration of the loop motif under investigation.
photo-released glycine concentration was carried out by using 1 mM
or 2 mM glycine applied to the same cell by rapid perfusion and

Molecular Dynamics Simulationscomparing lpp- and flow current amplitudes. Values corresponding
All simulations were performed using the AMBER5 suite of programsto similar concentrations of photoliberated glycine were pooled,
and the previously established parm94 force field [35]. Each of theerrors for abscissa and ordinate are shown in Figure 3C (note that
generated starting geometries was placed in a box of TIP3P waterx-errors are smaller than the symbol size for some data points).
molecules, assuring that at least 10 Å were between the peptideCurrent rise reflects the transitions of the channel between open
and the edges of the box. To neutralize the overall system, twoand closed states following a concentration jump of activating ligand
chloride ions were added according to the electrostatic potentialand was fitted to [32]:
of the peptide. The final system had a box size of 58 � 83 � 41 Å
consisting of 64 amino acids, two chloride ions, and 4494 waterI(t) � Imax * (1 � e kobst). (4)
molecules. For nonbonded interactions, a cutoff of 9 Å was used
in all simulations with periodic boundary conditions. SHAKE wasThe individual time constants of channel opening and closing can

be determined from the current rise time according to equation employed to keep all bonds involving hydrogen atoms rigid. The
simulation time step was 1 fs with constant pressure conditions(5) [32]:
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(coupling constant 0.2 ps) and coupling the temperature to a heat mutation (P250T) in dominant hyperekplexia defines an intracel-
lular determinant of glycine receptor channel gating. J. Neu-bath with a time constant of 0.2 ps.

Prior to the molecular dynamics (MD) simulations, all systems rosci. 19, 869–877.
14. Corringer, P.J., Bertrand, S., Galzi, J.L., Devillers Thiery, A.,were geometry optimized by 5000 cycles of conjugant gradient mini-

mization to relax all atoms without any geometrical restraints. The Changeux, J.P., and Bertrand, D. (1999). Molecular basis of
the charge selectivity of nicotinic acetylcholine receptor andgeneral procedure for all MD simulations of the protein fragment

in the water box comprises (1) heating the system to 300 K and related ligand-gated ion channels. Novartis Found. Symp. 225,
215–224.equilibration for 400 ps and (2) production phase for 400 ps for data

acquisition. During equilibration, the temperature was raised to 300 15. Breitinger, H.G., Villmann, C., Becker, K., and Becker, C.M.
(2001). Opposing effects of molecular volume and charge atK and the solvent density stabilized around 1 g/cm3. During the

production phase, 200 snapshots of the actual geometries were the hyperekplexia site alpha 1(P250) govern glycine receptor
activation and desensitization. J. Biol. Chem. 276, 29657–29663.collected as a trajectory for calculating average geometries with the

AMBER module carnal, and for simulation stability control. 16. Walstrom, K.M., and Hess, G.P. (1994). Mechanism for the chan-
nel-opening reaction of strychnine-sensitive glycine receptors
on cultured embryonic mouse spinal cord cells. BiochemistryAcknowledgments
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