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ABSTRACT. The glycine receptor enables the generation of inhibitory postsynaptic currents at synapses
via neurotransmitter-dependent activation. These receptors belong to the ligand-gated ion channel gene
superfamily, in which all members are comprised of five subunits, each of which possesses a signature
13-residue disulfide loop (Cys loop) in the extracellular domain. In this study, we used alanine-scanning
mutagenesis of the residues between C138 and C152 of the Cys loop of the glycine redepibunit

to identify residues critical for receptor activation and allosteric modulation. Mutation of L142, F145, or
P146 to alanine produced decreases in the potency, maximal amplitude, and Hill coefficient for currents
elicited by glycine and impaired receptor activation by the agonist taurine. These residues, along with
D148, are positionally conserved in the family of LGIC subunits. Mutation at several other positions had
little or no effect. The inhaled anesthetics halothane and isoflurane potentiate submaximal agonist responses
at wild-type receptors, via an allosteric site. The mutations L142A, F145A, P146A, and D148A abolished
positive modulation by these anesthetics, in some cases revealing a small inhibitory effect. A molecular
model of the glycine receptarl subunit suggests that the Cys loop is positioned in a region of the
receptor at the interface between the extracellular and transmembrane domains and that the critical functional
residues identified here lie along the face of a predominantly hydrophobic surface. The present data implicate
the Cys loop as an important functional moiety in the process of glycine receptor activation and allosteric
regulation by anesthetics.

The ligand-gated ion channel (LGIKdamily includes the in vitro as a homomer of fivex subunits. In addition, the
glycine (GlyR), y-aminobutyric acid type-A (GABA), receptor has physiologic significance in mediating inhibition
5-hydroxytryptamine type-3 (5-HJ, and nicotinic acetyl-  in the spinal cord and brain stem (reviewed in ré&nd8).
choline (nACh) receptors. These channels are pentamericAllosteric modulation of the GlyR presents a novel thera-
proteins that are clustered at the postsynaptic membranepeutic approach at inhibitory synapse®,(as well as a
where they subserve fast chemical neurotransmissipn ( potential mechanism for the actions of some anestheiti)s (
LGIC member subunits share significant sequence homologyThe inhaled general anesthetics halothane and isoflurane
and consist of a large, extracellular ligand-binding domain enhance glycine receptor sensitivity to agorid(a process
made up largely off sheets %), four transmembrane termed potentiation. Site-directed mutagenesis studies in the
o-helical segments3], and an intracellular component of  GlyR a1 subunit (2) suggested the existence of a cavity
unknown structure. Numerous studies have identified amino |ocated between adjacent transmembrane helik®sajthin
acid residues critical for LGIC assembly, agonist affinity, which volatile anesthetics might bind4). However, the
and conductance4( 5, 6). Less well described are the molecular mechanism by which volatile anesthetics enhance
structural domains involved in the conformational changes receptor activation by agonist remains unknown.
required for the coupling of ligand binding to channel gating.

The GIlyR is an attractive LGIC for study, because of its
structural simplicity; a functional receptor can be assembled

Recent studies of the GABAand glycine receptors have
implicated an aspartic acid residue within the signature
disulfide loop (Cys loop) of the extracellular domain as a
potential mediator of the gating proceds$,(16, 17). This
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highly conserved residues appear to be important for receptor Gly al
activation and noted that these Cys loop residues also Gly a2

influence allosteric modulation of the GlyR by inhaled
anesthetics.

MATERIALS AND METHODS

Mutagenesis and Expressiomhe cDNA encoding the
human GlyRal (hGlyRol) subunit was subcloned into the

pCIS2 expression vector. Site-directed mutagenesis was
performed using the QuikChange method (Stratagene, La

Jolla, CA). All mutant clones were confirmed through
automated fluorescent DNA sequencing (Rockefeller Uni-
versity, NY). Wild-type or mutant receptor cDNA was
transiently expressed in human embryonic kidney (HEK) 293
cells (American Type Culture Collection, Rockville, MD)
cultured in Eagle’s minimal essential medium (Sigma
Chemical, St. Louis, MO) supplemented with 5% fetal bovine
serum (Hyclone, Logan, UT),-glutamine (0.292xg/mL;
GIBCO BRL, Grand Island, NY) and penicillinstreptomy-

cin (100 units/mL; 10Qwg/mL, GIBCO). For electrophysi-

ological recordings, cells were plated onto glass coverslips

coated with polye-lysine (Sigma). Coverslips of HEK 293
cells were transfected with 2/g of each cDNA plasmid
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Ficure 1: Amino acid alignment of the Cys loop of human GlyR
al, a2, a3, andp; GABA, al, 52, andy?2; 5-HTza; andTorpedo
nACh al subunits. The bold type highlights the position of key
functional residues.

is defined ase = Inaxrauflmaxclyy Where Imaxray is the
maximal current elicited by a saturating concentration of
taurine andlmaxcy) IS the maximal current elicited by a
saturating concentration of glycine. Statistical significance
was assessed using a one-way ANOVA with a Dunnett's
multiple comparison post test. Data are presented as mean
+ SE, withn = number of cells tested.

Molecular Modeling A molecular model of the GlyR1
subunit was constructed using the PDB coordinates of the
acetylcholine-binding protein (AChBPL9) as a template

using the calcium phosphate precipitation method. Cells werefor the extracellular domain of the protein and the PDB

washed after 24 h of contact with cDNA precipitate and used
for patch-clamp recording at 482 h post transfection.
Electrophysiology.Glycine- and taurine-gated chloride

coordinates of a four-helical bundle found in bovine cyto-
chromec oxidase (10CC)Z0) as a template for the helices
comprising the transmembrane domalt-{24). The primary

currents were recorded at room temperature using the wholesequence of the human GlyRl was edited to make a
cell patch-clamp method. Cover slips of transfected HEK transmembrane domain sequence beginning at Tyr225 and
293 cells were transferred to a large chamber (60 mL) and ending at Arg414. The four predictedhelical segments of

perfused continuously at a flow rate of 1.1 mL/min with
extracellular solution (145 mM NaCl, 3 mM KCI, 1.5 mM
CaCh, 1 mM MgCl, 6 mM p-glucose, and 10 mM HEPES/
NaOH (adjusted to pH 7.4). Whole-cell patch-clamp record-
ings from HEK 293 cells (voltage clamped-a60 mV) were
made using the Axopatch 1C amplifier (Axon Instruments,
Foster City, CA). Patch pipets were at a resistance-t 4
MQ and contained 145 mN\-methylb-glucamine hydro-
chloride, 5 mM dipotassium ATP, 1.1 mM EGTA, 2 mM
MgCl,, 5 mM HEPES/KOH, and 0.1 mM Cag{pH 7.2).
Taurine or glycine and halothane or isoflurane were applied
rapidly (~50 ms exchange time) to the cell by local perfusion
using a motor-driven solution exchange device (Rapid
Solution Changer RSC-100; Molecular Kinetics, Pullman,
WA). Laminar flow was maintained via a multichannel
infusion pump (WPI, Sarasota, FL). The solution changer
was driven by protocols in the acquisition program of
pPpCLAMP 5 (Axon). Responses were low-pass-filtered and
digitized with the TL-}125 interface (Axon) and stored
for off-line analysis.

Data Analysis and Statistic3he peak current amplitude

GlyR were threaded separately onto the corresponding
o-helical segments in the template of a four-helical bundle.
Therefore, the edited sequence of GlyR was divided into four
predicted a-helical segments: 1le225-Asn245, Ala251-
Ser273, Ala282-Asn305, and Lys389-Arg414. These seg-
ments were aligned with the foux-helical segments in
10CC, C129-C149, C161C183, C195-C218, and C235
C258. We then generated the three interconnecting loops
using the Homology module of Insight Il (version 2000.1,
Accelrys, San Diego, CA). The resulting model of the TMD
corresponds closely to the coordinates in the homologous
NAChR (10ED) (3). In the extracellular domain, we built
loops to fill in gaps between the Gly&1l sequence and the
AChBP template sequence and refined the side chains in the
model using the autorotamer feature in the Biopolymer
Module of Insight Il. The backbone atoms (CaCand N)

of each GIlyR residue were tethered to the coordinates of
the corresponding residues in the template with a force
constant of 100 kcal/A and the structure was optimized with
the Discover_3 module of Insight Il to a derivative of 1 kcal/
A. Coulombic interactions were calculated with a constant

of each glycine response was measured for each cell, andjielectric of 1 and a cutoff at 9.5 A. The structure was relaxed

the agonist concentratiettesponse amplitude data were
fitted using a sum of the least-squares method to a Hill
equation of the following form:

| = I, Jagonist*/([agonist]" + ECy,™)

wherel is the peak currentiya is the maximum current
amplitude, [agonist] is the agonist concentrationsHEthe
agonist concentration eliciting a half-maximal current, and
ny is the Hill coefficient. The relative efficacy) of taurine

by performing 5000 2-fs steps of molecular dynamics at 298
K and was then reoptimized with Discover_3.

RESULTS

The Cys loop in the GlyRxl subunit is defined by a
disulfide bond that cross-links cysteine residues C138 and
C152 (Figure 1). Each of the 13 amino acid residues within
the Cys loop was individually mutated to alanine, and
homomeric wild-type or mutant GlyRs were transiently
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Ficure 2: Representative electrophysiological recordings of glycine
responses from HEK293 cells expressing the (A) wild-type and
(B) mutated receptor L142A GlyRl homomers. (C) Effect of
alanine mutations in the GlyR1 subunit on agonist reponse. The
glycine EGy ratio is calculated as the mutant g@alue divided

by the wild-type EGy value and is a measure of the change in
glycine potency, with larger values corresponding to defects in
receptor activation.

expressed in HEK293 cells. Inward Glurrents were evoked
in a concentration-dependent manner by glycine (O-€IL
mM); representative current traces are shown in Figure 2A.

Schofield et al.

Table 1: Summary of Glycine Responses at Wild-Type and Mutant
GlyRs?

glycine activation

GlyRal EGso (uM) Ny Imax (PA) N

wild type 27+1 1.66+ 0.06 —944+ 77 26
P139A 67+ 7 1.62+0.14 —840+ 81 13
M140A 165+ 11° 1.08+ 0.0% —932+ 71 12
D141A 29+ 2 1.69+ 0.12 —1228+ 197 11
L142A 575+ 61° 0.77+£0.03 —291+ 29 14
K143A 66+ 8 1.55+0.10 —1157+178 11
N144A 41+5 1.69+ 0.15 —948+ 94 10
F145A 775+ 6% 0.73+0.0Z —250+ 16° 10
P146A 463t 26° 0.86+ 0.04 —339+ 44 10
M147A 102+ 12 1.334+ 0.09 —489+ 60° 15
D148A¢ 932+ 118  0.82+0.0% —217+ 19 12
V149A 58+ 4 1.87+0.11 —1014+91 11
Q150A 73+ 10 1.71+0.09 —1050+ 125 13
T151A 145+ 10 1.81+ 0.07 —902+ 113 11

a ECso concentration, Hill coefficientr(y), and maximal current {ay)
are presented as meah SE for N cells determined. Statistical
significance from the wild type was assessed using a one-way ANOVA
with Dunnett's multiple comparison post tesp < 0.05.¢p < 0.01.
dData reproduced from Schofield et al5j.
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Ficure 3: Effect of alanine mutation on GlyR activation by taurine.
Itaflcy represents the mean fraction of saturating glycine-gated
current activated by 100 mM taurine. The dashed line marks the
level of full efficacy displayed at the wild-type receptor. Values
represent the mean of multiple cells & 6—10). Statistical
significance from wild-type was assessed using one-way ANOVA

All mutant receptors were expressed successfully andwith Dunnett's post test. The double asterisks indigate 0.01.
maximal current amplitudes were between 20 and 130% of

that observed in the wild-type GlyR (data are summarized agonist action at the wild-type receptor (& 100+ 5 uM,
in Table 1). In seven of the mutated receptors, activation by ny = 1.47 + 0.06,¢ = 0.98 4+ 0.02, andn = 10). In the

glycine was little altered; in P139A, D141A, K143A, N144A,
V149A, Q150A, and T151A, the glycine Egvalues, Hill
coefficients, and maximal current amplitudes were not
significantly different from the wild-type GlyR. The most
deleterious mutations studied were L142A (Figure 2B),
F145A, and P146A. The functional properties of these
mutations were similar to those previously reported for =
alanine mutation at residue D1485); these receptors
displayed large;-15—30-fold increases in the glycine B
and decreases in the Hill coefficient and maximal current.
The mutant M140A displayed a significant decrease in
glycine potency, with an increase in EfCfrom 27+ 1 to
165+ 15uM (p < 0.05); the Hill slope value and maximal
current were similar to those of the wild type. Alanine
substitution at position M147 did not affect glycine potency
but did significantly lower the Hill coefficient and maximal
current. The effects of alanine substitution on GlyR activation
are summarized in Figure 2C.

To further characterize the effects of alanine mutation, we
examined receptor activation by the agonist taurine at wild-
type and mutant GlyRs (Figure 3). Taurine displayed full

mutant receptors P139A, D141A, K143A, N144A, M147A,
V149A, and Q150A, the mean fraction of saturating glycine-
gated current activated by 100 mM taurihglcy) was from
0.85to 1.00. In contrast, taurine sensitivity was significantly
reduced at the mutants L142/{/lgy = 0.534+ 0.03,n =

7), F145A (radley = 0.52+ 0.03,n = 7), P146A (tadlcyy

= 0.60+£ 0.06,n = 6), and D148A Itaflcy = 0.58+ 0.03,

n = 8). The mutant T151A displayed a significant decrease
in the potency of taurine (Bg= 2.26 + 0.22 mM,ny =
0.85+ 0.08,Itaflcy = 0.57+ 0.03, anch = 7). The largest
reduction in taurine sensitivity was observed at M140A
(Itafley = 0.25+ 0.02,n = 8).

To investigate the involvement of Cys loop residues in
the allosteric modulation of the GlyR, we then studied
submaximal agonist responses at wild-type and mutant
receptors in the presence of halothane or isoflurane. Glycine
EC, concentrations were first calculated for the wild-type
and each individual mutated receptor, using the data from
Table 1. Each receptor was then activated with the appropri-
ate EGo concentration of glycine, and then halothane or
isoflurane was preapplied f@ s before a coapplication of
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Halothane (mM) Ficure 5: Effect of alanine mutations in the Gly&L subunit on
Ficure 4: Action of halothane at wild-type and mutant GlyRs. submaximal agonist modulation by (A) 0.50 mM halothane and
(A) Representative electrophysiological recordings from HEK293 (B) 0.75 mM isoflurane. Values represent the mean of multiple
cells expressing the wild type and mutants, M147A, L142A, and cells (» = 5—13). Statistical significance from the wild type was
D148A, GlyR ol homomers. Cl currents were evokedyba 3 s assessed using one-way ANOVA with Dunnett's post test. The
application of each receptor’s calculated Z€oncentration of single asterisks indicate < 0.05, and the double asterisks indicate
glycine (first and third traces). Halothane was preapplied for 3 s p < 0.01.
before coapplication of the Egconcentration of glycine (middle
traces). (B) Halothane concentratieresponse curves for the wild To examine the effects of tryptophan substitution, we
type and GlyR mutants M147A, L1424, and D148A. Each data generated the additional mutant L142W. When expressed

point represents the mean of multiple cefis% 5-11). in HEK293 cells, this receptor displayed a normal glycine

glycine, followed by removal of the anesthetic and a third Sensitivity (EGo =22+ 2 uM, n = 9), a Hill slope (n =
(recovery) application of glycine (Figure 4A). Halothane and 1-81% 0.11), maximal current fax= —988+ 174), taurine
isoflurane were applied within the range of clinically relevant Potency (EGo = 66 + 5 uM, ny = 1.30+ 0.07,n = 8),
concentrations 25). Wild-type receptors showed robust @and taurine relative efficacy & 0.93+ 0.04,n = 11). We

potentiation of the glycine response by 0.50 mM halothane also measured potentiation by isoflurane and halothane at
(110 15%,n = 10) and 0.75 mM isoflurane (128 15% L142W. Both anesthetics potentiated submaximal glycine

n = 13). Seven of the mutant receptors, P139A, K143A, '€sponses in the normal manner (halothan&05 + 11%,
N144A, M147A, V149A, Q150A, and T151A, displayed N = 6 isoflurane= 114+ 15%,n = 7).

normal sensitivity to halothane and isoflurane (potentiation

ranging from 814 11 to 146+ 24%). The mutated receptors DISCUSSION

M140A and D141A (parts A and B of Figure 5) showed a  The present study outlines a role for the signature disulfide
significant increase in their responses to halothane andloop of the GlyRal subunit in the process of receptor
isoflurane, respectivelyp(< 0.05). In contrast, the potentiat- activation. We have identified critical residues at positions
ing effects of isoflurane and halothane were completely L142, F145, and P146, which along with D1485) are
abolished by the mutations L142A, F145A, P146A, and required for optimal agonist response at the glycine receptor.
D148A (Figure 4A, and parts A and B of Figure 5), in some The effects of alanine substitution in the Cys loop were
case revealing a small inhibitory effect of the anesthetic position-specific, because mutation of residues adjacent to
(Figure 4A). We constructed concentration-effect curves for the critical residues produced little or no change in the
halothane, which showed a concentration-dependent andreceptor function. These four critical residues are highly
saturable-enhancing effect of halothane in the wild-type conserved throughout the LGIC subunit family (Figure 1).
GlyR, as well as in the mutant M147A. In contrast, mutation For example, P146 and D148 are invariant in all LGIC
at residues L142 or D148 produced a loss of sensitivity to subunits, while residue F145 is conserved as an aromatic
halothane across a wide range of anesthetic concentrationsesidue, with a tyrosine residue present at the corresponding
(Figure 4B). position in the GABA 2 subunit.
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Ficure 6: (A) Molecular model of the GlyRx1 subunit. The amino acid backbone is shown as a blue tube an@ shrands, as gray
ribbons. (B) View from the center of the ion channel, in the plane of the extracellular membrane surface. The Cys loop is highlighted
yellow, and the four transmembranehelices are shown as purple cylinders. The disulfide bond between C138 and C152 is rendered in
ball-and-stick format. Key residues identified in this study are rendered with space-filling surfaces to show their position; carbon, nitrogen,
oxygen, and hydrogen atoms are colored green, blue, red, and white, respectively.

Several pieces of evidence support the suggestion that theposition by approximately 63.8%Aand studied the function
Cys loop is involved in receptor activation but not in agonist of the mutant receptor GlyRu1(L142W). This receptor
binding. First, previous work suggests that mutation of the displayed normal glycine sensitivity, maximal currents, and
highly conserved GlyR1 residue D148 alters channel gating taurine efficacy. Our experimental results with L142A and
and not agonist bindindL, 26). Second, mutation at residues L142W are clearly not consistent with a large-scale confor-
L142, F145, and P146 all produced receptors with increasesmational change in the GlyR1 subunit protein elicited by
in the glycine EGo,, decreases in the Hill slope, lower alanine (or tryptophan) mutagenesis. The apparent discrep-
maximal currents, and decreased sensitivity to taurine; all ancy between these and previous experimental results in the
of these changes are highly characteristic of defects in thenAChR may reflect a degree of functional divergence in the
channel-gating mechanisr@7 28). Third, molecular model-  role of the Cys loop among LGIC family members.
ing of the GlyR based on the AChBP structure, showed that The ablation of positive allosteric modulation by halothane
the agonist binding site is located approximately 30 A from or isoflurane in the mutant receptors L142A, F145A, P146A,
the critical residues of the Cys loop (Figure 6), and this or D148A indicates that the Cys loop is important for the
distance was confirmed recently in a structure derived from action of these compounds. Two possible explanations for
cryo-electron microscopy images of the nAChE); This these observed effects are (1) the Cys loop may form part
relatively large separation suggests that mutation in the Cysof a binding pocket within which volatile anesthetics act
loop is unlikely to alter agonist bindinginlessit causes a  or (2) the Cys loop participates in a conformational change
significant and widespread conformational change in the that is necessary for receptor modulation by the inhaled
protein. anesthetics. Our data indicate that the first mechanism is

There is a limited degree of variability among the amino unlikely. If the Cys loop is forming part of the anesthetic
acids homologous with GlyRu1(L142). While leucine is binding pocket, then substitution of one of these critical
conserved in all GlyR and GABAsubunits, the correspond- residues with a larger side chain would be expected to
ing residue in the 5-Hfreceptor is an isoleucine and in the prevent the binding of halothane or isoflurane and fully or
NAChR subunits, a valine. Single channel analysis of the partially block potentiation. This method has been used
mutation nAChR(V132L), which is linked to a form of previously to delineate the anesthetic binding cavity in the
congenital myasthenic syndrom29, showed a defect in  GlyR al subunit located between TM2 and TM3 formed
receptor function, and this was attributed to a decrease inby residues S267 and A2880). To test this idea, we
agonist-binding affinity. It was hypothesized that the muta- measured potentiation by isoflurane and halothane at the
tion NAChRu(V132L) alters the distant agonist-binding site  mutant receptor GlyR1(L142W). Both anesthetics potenti-
because of the displacement of the adja¢gestrand, as a  ated submaximal glycine responses in the normal manner.
consequence of the incorporation of a larger side chain atThe experiments with L142A and L142W seem consistent
this position. To determine whether this might also occur in with the idea that volatile anesthetics are not directly binding
the GIlyR, we mutated the homologous residue L142 to to the Cys loop but that critical residues within the Cys loop
tryptophan, which increases the molecular volume at this are required for the receptor to undergo the conformational
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changes necessary for the potentiation of agonist activation
by the anesthetic. Additionally, we found that the mutations
M140A and D141A produced increases in response to 3

halothane and isoflurane, respectively. One possible explana-

tion is that if the Cys loop is indeed mobile during channel
gating, as suggested for the GABAeceptor 16), then a

decreased steric interference caused by substituting alanine
for larger residues at certain positions might perhaps promote 15.

gating and the modulation of gating by anesthetics.
A molecular model of the GlyRx1 subunit shows that

the Cys loop is positioned in a region of the receptor at the 16,

interface between the extracellular and transmembrane
domains (Figure 6). Interestingly, two of the four critical
residues identified in the GlyR (L142 and F145) have amino

acid side chains that are very hydrophobic, and these appear

to be positioned along one face of the Cys loop, where they
might form favorable interactions with other hydrophobic
domains. The amphipathic nature of the Cys loop might
allow it to move between hydrophilic and hydrophobic
environments during receptor activation, as recently dem-
onstrated in the nAChR (31).

The common genetic ancestry of LGIC subunits would
imply that conserved residues within conserved structural
domains of the receptor mediate important receptor functions
that are similar among the LGIC family. The data presented
here indicate that conserved residues in the Cys loop are
critical for both optimal agonist-dependent activation and
allosteric modulation by anesthetics in the GlyR.
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