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Mutation of Glutamate 155 of the GABA , Receptor (3,
Subunit Produces a Spontaneously Open Channel:
A Trigger for Channel Activation

J. Glen Newell, Ross A. McDevitt, and Cynthia Czajkowski
Department of Physiology, University of Wisconsin, Madison, Wisconsin 53706

Protein movements underlying ligand-gated ion channel activation are poorly understood. The binding of agonist initiates a series of
conformational movements that ultimately lead to the opening of the ion channel pore. Although little is known about local movements
within the GABA-binding site, a recent structural model of the GABA , receptor (GABA ,R) ligand-binding domain predicts that 8,Glu ">’
is a key residue for direct interactions with the neurotransmitter (Cromer et al., 2002). To elucidate the role of the 3,1le '**~Asp '** region
in GABA 4R activation, each residue was individually mutated to cysteine and coexpressed with wild-type «; subunits in Xenopus laevis
oocytes. Seven mutations increased the GABA ECs, value (8- to 3400-fold), whereas three mutations (E155C, S156C, and G158C) also
significantly increased the 2-(3-carboxypropyl)-3-amino-6-(4-methoxyphenyl) pyridazinium (SR-95531) K| value. GABA, SR-95531, and
pentobarbital slowed N-biotinylaminoethyl methanethiosulfonate modification of T160C and D163C, indicating that 3,Thr'® and
B,Asp '* are located in or near the GABA-binding site and that this region undergoes structural rearrangements during channel gating.
Cysteine substitution of 8,Glu '** resulted in spontaneously open GABA , Rs and differentially decreased the GABA, piperidine-4-sulfonic
acid (partial agonist), and SR-95531 sensitivities, indicating that the mutation perturbs ligand binding as well as channel gating. Tether-
ing thiol-reactive groups onto 3,E155C closed the spontaneously open channels, suggesting that 8,Glu'*" is a control element involved
in coupling ligand binding to channel gating, Structural modeling suggests that the 3, Ile>*~Asp '’ region is a protein hinge that forms
anetwork of interconnections that couples binding site movements to the cascade of events leading to channel opening.
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Introduction

Agonists and antagonists induce different molecular rearrange-
ments in neurotransmitter-binding sites of ligand-gated ion
channels (LGICs) (Armstrong and Gouaux, 2000; Boileau et al.,
2002; Chang and Weiss, 2002). Agonists, but not antagonists,
promote opening of the ion channel pore. It is likely that move-
ments of amino acids near or within the neurotransmitter recog-
nition site trigger the cascade of events leading to channel open-
ing (Boileau et al., 2002; Torres and Weiss, 2002; Unwin et al.,
2002; Miyazawa et al., 2003; Chakrapani et al., 2004). Here, we
examined the Ile'**-Asp'® region of the GABA, receptor
(GABA,R) B, subunit to identify residues that mediate local
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movements within the binding site that initiate channel gating
and residues involved in GABA binding.

GABA,Rs are heteropentameric LGICs that mediate fast synap-
tic inhibitory neurotransmission in the brain. The o, 8,7, GABA,R
subtype is the most abundant in vivo, and heterologous expression
studies suggest a 3-a--a-y stoichiometry and subunit arrange-
ment (Chang et al., 1996; Tretter et al., 1997; Farrar et al., 1999;
Baumann et al., 2001, 2002). Expression of « and B subunits also
gives rise to functional GABA,R with putative stoichiometries of
either 3a:2B (Im et al., 1995) or 33:2« (Baumann et al., 2001; Ho-
renstein et al., 2001) that lack sensitivity to benzodiazepines
(Schofield et al., 1987; Pritchett et al., 1989), are responsive to barbi-
turates, and have a high apparent affinity for agonists (Boileau et al.,
1999, 2002; Wagner and Czajkowski, 2001).

A recent homology model of the GABA,R agonist-binding
site predicts that 8,Glu'>” interacts with the positively charged
moiety of GABA (Cromer et al., 2002). In addition, mutagenesis
studies have determined that nearby residues, 8,Tyr'>” and
B,Thr'®, are important for GABA binding (Amin and Weiss,
1993). Similarly, amino acid residues in aligned regions of the
muscle-type nicotinic acetylcholine a1 (Trp'*, Tyr'®', and
Asplsz) (Dennis et al., 1988; Galzi et al., 1991; Sugiyama et al.,
1996), glycine a1 (Asp "*%, Gly '*°, and Tyr '®!) (Vandenberg et al.,
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1992, 1993), and serotonin type 3 receptor subunits (Trp'*°)

(Spier and Lummis, 2000) have been determined to be critical for
agonist—antagonist binding (see Fig. 1) and define region “B”” of
the ligand-binding site. The contributions of these residues in
forming their respective agonist binding sites are supported by
homology models that place this region (from f-strand 7 and
loop 8) within the putative core of LGIC neurotransmitter-
binding sites (Cromer et al., 2002; Holden and Czajkowski, 2002;
LeNovere et al., 2002; Newell and Czajkowksi, 2003; Reeves et al.,
2003).

Here, we demonstrate that expression of o, 3,(E155C) gives
rise to spontaneously open GABA channels. Mutation of
B,Glu '? alters both channel-gating properties and impairs ago-
nist binding. In addition, we provide evidence that 8,Thr '*° and
B,Asp ' are found on an aqueous surface within or near the
GABA-binding site and undergo conformational rearrangements
during pentobarbital-mediated gating events. Together, the data
suggest that movement in this region of the GABA-binding site is
one of the initial triggers for coupling binding to gating.

Materials and Methods

Mutagenesis and expression in oocytes. Rat cDNAs encoding the GABA \R
a, and 3, subunits were used in this study. The [3, cysteine mutants were
engineered using a recombinant PCR method, as described previously
(Boileau et al., 1999; Kucken et al., 2000). Cysteine substitutions were
made in the B, subunit at Ile 154 Glu'®®, Ser '°°, Tyr 157, Gly 158 Tyr 159,
Thr ', Thr'®!, Asp ', and Asp ' (see Fig. 1). Cysteine substitutions
were verified by restriction endonuclease digestion and double-stranded
DNA sequencing.

All wild-type and mutant cDNAs were subcloned into the vector
pGHI19 (Liman et al., 1992; Robertson et al.,, 1996) for expression in
Xenopus laevis oocytes. Oocytes were isolated as described previously
(Boileau et al., 1998). cRNA transcripts were prepared using the T7
mMessage machine (Ambion, Austin, TX). GABA , receptor a; and 3, or
B3, mutant subunits were coexpressed by injection of cRNA (675 pg/
subunit) in a 1:1 ratio (a:B). The oocytes were maintained in modified
ND96 medium [containing (in mm): 96 NaCl, 2 KCl, 1 MgCl,, 1.8 CaCl,,
and 5 HEPES, pH 7.4] that had been supplemented with 100 wg/ml
gentamicin and 100 wg/ml bovine serum albumin. Oocytes were used
2-7 d after injection for electrophysiological recordings.

Two-electrode voltage-clamp analysis. Oocytes under two-electrode
voltage clamp were perfused continuously with ND96 recording solution
[containing (in mm): 96 NaCl, 2 KCI, 1 MgCl,, 1.8 CaCl,, 5 HEPES, pH
7.4] at a rate of ~5 ml/min. The holding potential was —80 mV. The
volume of the recording chamber was 200 ul. Standard two-electrode
voltage-clamp procedures were performed using a GeneClamp500 Am-
plifier (Axon Instruments, Foster City, CA). Borosilicate electrodes were
filled with 3 M KClI and had resistances of 0.5-3.0 M() in ND96. Stock
solutions of GABA, 2-(3-carboxypropyl)-3-amino-6-(4-methoxyphenyl)
pyridazinium (SR-95531) and piperidine-4-sulfonic acid (P4S) (Sigma,
St. Louis, MO) were prepared in water, whereas stock solutions of picro-
toxin (PTX) (Sigma) and N-biotinylaminoethyl methanethiosulfonate
(MTSEA-biotin; 100 mm; Biotium, Hayward, CA) were prepared in di-
methylsulfoxide (DMSO). All compounds were diluted appropriately in
ND96 such that the final concentration of DMSO was =2%. The vehicle
did not affect GABA-activated currents.

To measure the sensitivity to GABA or P4S, the agonist (0.0001-100
mM) or partial agonist (0.00001-10 mm) was applied via gravity perfu-
sion or by pipette application (~5-8 sec) with a 3-15 min washout
period between each application to ensure complete recovery from de-
sensitization. Peak GABA- or P4S-activated current (Igags OF Ipsg) was

“Throughout this paper, the six previously identified binding site regions are named by the letters A~F (Galzi and
Changeux, 1994; Lester et al., 2004). Based on the structure of AChBP (Brejc et al., 2001), these regions can be
defined as follows: region A, B strand 4and loop 5; region B, B strand 7 and loop 8; region C, Bstrand 9, loop 10and
Bstrand 10; region D, B strand 2; region E, 3 strands 5’ and 6; region F, loop 9. When we refer to regions that are
not part of the binding site, these are named by numbers based on AChBP structure.
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recorded. To correct for slow drift in the amplitude of the response as a
function of time, concentration—response data were normalized to a low
concentration of agonist (EC,—EC,). The apparent affinity of pentobar-
bital using concentrations between 0.01 and 10 mMm was determined via
gravity perfusion (~5-8 sec) with a 3—-5 min washout period between
each application. Peak pentobarbital-activated current was recorded.
Concentration-response data for pentobarbital were normalized to a
previous application of pentobarbital (100 wm). Concentration—
response curves for GABA, P4S, or pentobarbital were generated for each
recombinant receptor, and the data were fitted by nonlinear regression
analysis using Prism software (GraphPad, San Diego, CA). Data were
fitted to the following equation: I =1, /(1 + (EC,,/[A])"), where Iis the
peak amplitude of the current for a given concentration of GABA, P4S, or
pentobarbital ([A]), I, is the maximum current, EC,, is the concen-
tration required for half-maximal receptor activation, and 7 is the Hill
coefficient.

To determine SR-95531 or PTX IC,, values, GABA (ECs,) was applied
via gravity perfusion followed by a brief washout period (20 sec) before
application of GABA (EC,,) and increasing concentrations of SR-95531
or PTX. The response to the application of SR-95531/PTX and GABA
was normalized to the response elicited by the agonist alone. Concentra-
tion—inhibition curves were generated by nonlinear regression analysis
using GraphPad Prism software. Data were fitted to the following equa-
tion: 1 — 1/(1 + (ICsy/[Ant])"”), where ICs, is the concentration of an-
tagonist ([Ant]) that reduces the amplitude of the GABA-evoked current
by 50%, and 1 is the Hill coefficient. SR-95531 K| values were calculated
using the Cheng—Prussof correction: K; = IC,,/(1 + ([A]/ECs,)), where
[A] is the concentration of GABA used in each experiment, and ECs, is
the concentration of GABA that elicits a half-maximal response for each
receptor (Cheng and Prussof, 1973).

Modification of cysteine residues by MTSEA-biotin. MTSEA-biotin was
the cysteine-specific reagent used in this study because it is a relatively
impermeant compound (Daniels and Amara, 1998), the dimensions
(14.5 A unreacted moiety; 11.2 A reacted moiety) of which are similar to
SR-95531 (13.5 A) but longer than GABA (4.5 A). Therefore, it is reason-
able to assume that MTSEA-biotin can occupy the GABA-binding site
and that this reagent will principally modify extracellular cysteine resi-
dues. We used the following criterion for stability of the response for
these studies: =10% variation in I, 5, (ECs5,) on two consecutive appli-
cations at regular intervals (10 min). Oocytes were then allowed to re-
cover fully, after which a high concentration of MTSEA-biotin (2 mm)
was applied (2 min). After MTSEA-biotin application, cells were washed
(5 min) with ND96, after which GABA (EC,,) was reapplied to deter-
mine the effect of MTSEA-biotin application on I5,p,. Effects of
MTSEA-biotin were calculated as the difference in the amplitude of the
GABA-gated current before and after MTSEA-biotin application as fol-
lows: (Igapapre — Igasapost/Icasapre) X 100, where “post” refers to
the amplitude of the GABA-gated current after MTSEA-biotin applica-
tion, and “pre” refers to the amplitude of the stabilized GABA-gated
current before covalent modification by MTSEA-biotin.

Rate of MTSEA-biotin reaction. The rate at which MTSEA-biotin mod-
ified introduced cysteine residues (E155C, T160C, and D163C) was mea-
sured using low MTSEA-biotin concentrations, as described previously
(Newell and Czajkowski, 2003). The concentrations of MTSEA-biotin
used were 50 nm (D163C), 100 nm (T160C), and 2 mMm (E155C). The
experimental protocol is described as follows: GABA (ECs,) application
(5 sec), ND96 washout (25 sec), MTSEA-biotin application (10-20 sec),
ND96 washout (2.2-2.3 min). The sequence was repeated until I;;5 5, N0
longer changed after the MTSEA-biotin treatment (i.e., the reaction had
proceeded to apparent completion). The individual abilities of GABA,
SR-95531, and pentobarbital to alter the rate of cysteine modification by
MTSEA-biotin were determined by coapplying GABA (5 X ECs,), SR-
95531 (6 X K;), or pentobarbital (50 or 500 um) during the MTSEA-
biotin pulse. In all cases, the wash times were adjusted to ensure that
currents obtained from test pulses of GABA (ECy,) after exposure to high
concentrations of GABA, SR-95531, or pentobarbital were stable. This
ensured (1) a complete washout of drugs and that (2) reductions in the
current amplitude resulted from the application of MTSEA-biotin.

For all rate experiments, the decrease in I 5, s, Was plotted as a function
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of the cumulative time of MTSEA-biotin exposure and fit to a single-
exponential decay function using GraphPad Prism software. A pseudo-
first-order rate constant (k,) was determined, and the second-order rate
constant (k,) was calculated by dividing k, by the concentration of
MTSEA-biotin used in the assay (Pascual and Karlin, 1998). Second-
order rate constants were determined using at least two different concen-
trations of MTSEA-biotin to ensure accuracy of the protocol.

Statistical analysis. Log (EC5,) values, log (K;) values, and log (k,) rates
were analyzed using a one-way ANOVA followed by a Dunnett’s post hoc
test to determine levels of significance.

Structural modeling. The mature protein sequences of the rat a; and 3,
subunits were homology modeled with a subunit of the ACh binding
protein (AChBP) (Brejc et al., 2001). The crystal structure of the AChBP
was downloaded from RCSB Protein Data Bank (code 119B) and loaded
into Swiss Protein Bank Viewer (SPDBV). The a1 protein sequence from
Thr'>~Tle**” and the B, protein sequence from Ser'°~Leu®'® were
aligned with the AChBP primary amino acid sequence as depicted by
Cromer et al. (2002) and threaded onto the AChBP tertiary structure
using the “Interactive Magic Fit” function of SPDBV. The threaded sub-
units were imported into SYBYL (Tripos, St. Louis, MO), in which en-
ergy minimization was performed (<<0.5 kcal/A). The first 100 iterations
were performed using Simplex minimization (Press et al., 1988) followed
by 1000 iterations using the Powell conjugate gradient method (Powell,
1977). A B,/a; GABA-binding site interface was assembled by overlaying
the monomeric subunits on the AChBP scaffold, and the resulting struc-
ture was imported into SYBYL and energy minimized. Neither water nor
entropy factors were included during the minimizations. After the global
energy minimization, several TRIPOS programs were run to evaluate the
accuracy of the model. Ramachandran plots, x plots, side-chain posi-
tions, and cis- and trans-bonds were all examined. Problems in the struc-
ture that were revealed by these evaluations were fixed manually, and
energy minimizations were run again as needed. Our model is quite
similar to models published recently for the nicotinic ACh receptor
(nAChR) and GABA,R ligand-binding domains (Cromer et al., 2002;
LeNovere et al., 2002). Regions with insertions were modeled by fitting
structures from a loop database. Because the sequence identity of the
AChBP and the GABA,R extracellular ligand-binding domain is only
18%, caution must be used in interpreting the absolute positions of in-
dividual side-chain residues in the model.

Results

Expression and functional characterization of

cysteine mutants

Cysteine substitutions were engineered at 10 individual positions
(Fig. 1) in the GABA,R 8, subunit (Ile'**, Glu'*°, Ser '*°, Tyr'*,
Gly "%, Tyr "%, Thr'®°, Thr'®', Asp '®, and Asp '*?), coexpressed
with wild-type a4 subunits in X. laevis oocytes, and analyzed
using two-electrode voltage clamp. Expression of most mutant 3,
subunits produced functional channels (Igzg, = 1-10 pA), with
the exceptions Y157C and Y159C. We
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Figure 1. The Ile ™**~Asp®® segment (region B) of the rat GABA,R 3, subunit is aligned
with homologous segments of the Torpedo nAChR c, glycine receptor (GlyR) ¢, , and 5-HT;,
subunits. The numbering reflects the position of the residues in the mature GABA,R 3, subunit.
Circled residues B,Tyr"* and B,Thr '®° are implicated in GABA binding (Amin and Weiss,
1993). Residues important for ligand recognition in other binding sites are boxed. nAChR
aTrp™ and possibly Tyr ™" and Asp '*% have been implicated in forming the acetylcholine-
binding site (Dennis etal., 1988; Galzi etal., 1991; Sugiyama etal., 1996). GlyR t,Gly ', Tyr '
(Vandenberg et al., 1992; Schmieden et al., 1993), and Phe "> (Schmieden et al., 1993) are
important for antagonist recognition, whereas 5-HT,, Trp " (Spier and Lummis, 2000) is im-
portant for the actions of serotonin. nAChR eG158S has been reported as a naturally occurring
mutation in myasthenia gravis patients that gives rise to “slow channels” (Sine et al., 1995;
Croxen et al., 1997) GABA,R 3, subunit residues accessible to MTSEA-biotin modification are
underlined (E155C, G158C, T160C, and D163C).

The K; values for the competitive antagonist SR-95531 were sig-
nificantly different from wild type (K; = 163 nm) for E155C,
§156C, and G158C by 11-, 3-, and 18-fold, respectively (Table 1,
Fig. 2B). Small currents (I,,,, < 90 nA) of receptors containing
G158C precluded additional analysis.

Pentobarbital is a barbiturate that exerts its pharmacological
effects (allosteric modulation and channel opening) via interac-
tions with the GABA , receptor at a binding site distinct from the
GABA site (Akk and Steinbach, 2000). Pentobarbital is therefore
useful for assessing the consequences of mutating residues lo-
cated near the GABA-binding site on overall receptor structure—
function. Pentobarbital activated wild-type receptors with an
EC5p0f 1.1 = 0.3 mM (n = 4) (Table 2) but failed to elicit current
in receptors containing Y157C or Y159C, again suggesting that
these mutant B, subunits did not assemble into functional chan-
nels. Sensitivity to pentobarbital was increased approximately
twofold for E155C- and T160C-containing receptors [ECs, val-
ues = 0.53 = 0.1 mM (n = 4) and 0.32 = 0.03 mm (n = 3),
respectively], whereas expression of D163C (EC5, = 2.0 * 0.3
mM; 7 = 3) had no significant effect on pentobarbital ECs,. These
data suggest that the rightward GABA EC,, shifts (Table 1) mea-
sured for E155C-, T160C-, and D163C-containing receptors are
attributable to local effects at the GABA-binding site.

Although it is impossible to know whether the introduced
cysteine residues occupy positions equivalent to wild-type resi-

C
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0.4+
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Amplitude
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speculate that introduction of cysteine res- ()
idues at these positions impaired assembly 1.1
of mutant receptors. é g
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press, seven of eight significantly increased g5 061
GABA ECs, values, demonstrating that g £ ol
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structural perturbation. Expression of re- bE
ceptors containing 1154C, E155C, S156C, 00l w65
G158C, T160C, D162C, and D163C in- w2 2%
creased GABA EC, values 8-, 3375-, 22-,
260-, 23-, 18-, and 9-fold relative to wild .

Figure2.

type (1.6 uM) (Fig. 2A, Table 1). The Hill
coefficients for GABA activation of
G158C- and D163C-containing receptors
were significantly lower than wild type.

45
log [GABA], M
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A, Concentration—response curves of GABA-activated current for wild type (H), E155C (A), G158C(O), T160C (4 ),
and D163C (L) expressed in Xenopus oocytes. Data were normalized to peak /g, for each experiment. Data points represent the
mean = SE of three to five independent experiments. B, Concentration dependence of SR-95531 inhibition of /¢,yg, (EC, ) current
forwild type (), G158C(O), and E155C (A). Data points represent the mean = SE of three independent experiments. The GABA
EC5, values, SR-95531K; values, and calculated Hill coefficients are reported in Table 1.
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Table 1. Concentration-response data for GABA activation and SR-95531 inhibition of wild-type and mutant

receptors expressed in Xenopus oocytes
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SR-95531 (11.1-fold rightward shift) (Ta-
ble 2). Again, it should be noted that for

GABA SR-95531 this mutation, pentobarbital sensitivity

Receptor ECyy () n, N omutwt K (w) n 7 muywt Was increased twofold relative to wild type

3 6+ 02 355018 p : 6 83 Bron 3 ] (Table 2, Fig. 4 D). Mutation of p,Y102 lo-
o0, 6 *0. 35*0. * 13 =0. . .
aBy1540 1214475 113402 3 76  M3+6 087010 3 09 Cﬁted N Fhebc.;AdBAC receptor D reglog of
a,B,(E155C) 5400 +1500*  121+007 3 3375 1810 =401F  0.66+010 3 111 the agonist binding site (i.e., B-strand 2)
a,B,(51560) 345+ 88  132+015 3 2 561178 076+015 3 34  hasalsobeenreported to resultin sponta-
a,B,(Y1570)  No current neously open channels with similar prop-
o, 3,(G1580) 416 = 184** 0.65 = 0.09** 3 260 2920 + 1100* 135+ 040 3 179 erties (Torres and Weiss, 2002).
a1gzmggg @?T"f"ﬂ 7% 140%010 6 23 250 = 88 103+009 3 15 Alterations in EC5, values are difficult
o0, 4117 40 = 0. =+ .03 = 0. . s .
w610 1804  110=014 3 11 12+38  103x006 3 08 °© e(;’all‘.lag? beca‘ilsle Ch;nges lm etl.ther l
a,B,D1620 285+56**  148+013 4 18 187105 149+07 3 11 gand binding andjor channel gating can
a,B 01630 138+38* 082005 3 86  120+32  08=012 3 07  alter this macroscopic  constant

Datarepresent the mean == SE for three to six experiments (). ECs values, K values, and Hill slopes (n,,) were determined from concentration—response data
using nonlinear regression analysis with GraphPad Prism software. Hill slopes, log(ECs,), and log(K() values were analyzed using a one-way ANOVA followed
by a Dunnett’s test to determine the levels of significance (*p << 0.05; **p << 0.01; from wild type). mut, Mutant; wt, wild type.

Table 2. Concentration-response data for GABA, P4S, SR-95531, PTX, and pentobarbital for o, 3, and

a,3,(E155C) receptors expressed in Xenopus oocytes

(Colquhoun, 1998). The increase in open
probability for the E155C mutant indi-
cates that the mutation altered GABA , re-
ceptor channel gating. If the mutation al-
tered gating exclusively, similar-fold
changes in the apparent affinities of a series

B, a,3,(E1550) of ligands as well as leftward shifts in their
Ligand ECoy/ICsy () ny ECoy/ICsy (1) ny mu/wt  concentration responses would be ex-
. " pected (Zhang et al., 1994). The apparent
GABA 16+ 02 135+ 0.15 5400 + 1500 121 % 0.07 3375 affinities for GABA, P4S, and SR-95531
P4S 47+ 04 159 + 0.2 730.7 + 52.1% 130 + 0,11 152 .
SR-95531° 02 + 008 113 %010 18+ 04* 066 + 0.1 117 werealtered by different factors (Table 2),
PIX 47412 0.84 = 002 3101 0.81 = 0.10 06  andrightward shifts in their concentration
Pentobarbital 1100 = 300 1.56 = 0.07 530 = 100% 1.08 % 0.02 05  responses were observed. Thus, these data

Data represent the mean = SE for more than three experiments. ECs, values, ICs, values, K, values, and Hill slopes (n,,) were determined from concentration—
response data using nonlinear regression analysis with GraphPad Prism software. Hill slopes, log(ECy), log(ICs,), and log (K) values were analyzed using a
two-tailed unpaired t test to determine the levels of significance (*p << 0.01; from «, 3,). mut, Mutant, wt, wild type.

“Values are from Table 1.

dues, because SR-95531 and pentobarbital apparent affinities
were similar or, in certain cases, more potent for some mutant
receptors in which there were large rightward shifts in GABA
ECs,, we believe gross structural reorganizations of the GABA
receptor did not occur as a result of these mutations.

Spontaneous openings at o, 3,(E155C)

Expression of «,,(E155C) receptors gave rise to higher than
normal resting conductances (I.,), the magnitudes of which
(=609 £ 76 nA; n = 9) were ~12-fold greater than injection-
matched wild-type receptors (—51 *= 9nA; n = 9). To determine
the nature of this high resting conductance, we applied the
GABA R channel blocker PTX. PTX (100 u™m) reduced I, by
72.1 £4.2% (n = 3) (Fig. 3A), demonstrating that spontaneously
open GABA R channels accounted for the high resting conduc-
tance. PTX inhibited GABA-activated currents elicited from
o, B,(E155C) receptors with an ICs, value of 3.1 uM, which was
not significantly different from wild-type receptor values (4.7
uM) (Fig. 3B-D, Table 2).

Spontaneously active LGICs often arise as a consequence of
mutations in the M2 channel-lining segment, and a characteristic
of these constitutively open channels is a leftward shift in agonist
concentration responses (Bertrand et al., 1992; Filatov and
White, 1995; Labarca et al., 1995; Tierney et al., 1996; Chang and
Weiss, 1998, 1999; Thompson et al., 1999; Findlay et al., 2000).
However, this was not the case on expression of B,E155C,
wherein we observed a 3375-fold decrease in GABA sensitivity.
The sensitivity of the partial agonist (P4S) was also reduced (with
no apparent reduction in efficacy) (Fig. 4A, B), albeit to a lesser
extent than that of GABA (152-fold) (Table 2, Fig. 4C). The mu-
tation also decreased the sensitivity of the competitive antagonist

indicate that, besides altering gating,
E155C decreased the binding of orthos-
teric ligands to the GABA-binding site. We
can exclude the possibility that these dif-
ferential effects arise from a mixed popula-
tion of receptors [i.e.,a;3,(E155C) and B,(E155C)] because ex-
pression of 3,E155C alone produced no currents.

In addition to PTX, covalent modification of E155C by thiol-
specific reagents closed the spontaneously open channels. The
leak current was reduced by MTSEA-biotin (2 mm; 57.2 % 0.7%;
n = 3), MTSEA-biotin-CAP (N-biotinylcaproylaminoethyl
methanethiosulfonate) (2 mMm; 63.0 = 1.8%; n = 3),
2-aminoethyl methanethiosulfonate (MTSEA) (2 mwm; 39.4 =
1.4%; n = 3), MTSET (2-(trimethylammonium)ethyl methane-
thiosulfonate) (2 mm; 30.5 = 0.9%; n = 3), and MTSES (2-
sulfonatoethyl methanethiosulfonate) (2 mm; 26.8 * 7.5%; n = 3)
(Fig. 5). The observation that I, is reduced by tethering differ-
ent chemical groups directly onto E155C suggests that this region
of the binding site may play a key role in the triggering of allo-
steric transitions from the closed to open state.

MTSEA-biotin modification of cysteine residues

To further examine the 8, subunit Ile ">*~Asp '®’ region, we as-
sessed the accessibility of cysteine residues introduced into this
region. Wild-type and mutant receptors were exposed to
MTSEA-biotin (2 mM; 2 min), a thiol-specific reagent that mod-
ifies water-accessible cysteine residues (Karlin and Akabas, 1998).
MTSEA-biotin significantly reduced I, 55 for receptors contain-
ing E155C (91.8 = 1.5%; n = 6), G158C (34.6 = 4.5%; n = 4),
T160C (60.9 = 3.0%; n = 10), and D163C (98.9 = 3.7%; n = 8)
(Fig. 6). MTSEA-biotin had no effect on wild-type receptors or
those containing 1154C, S156C, T161C, and D162C. Lack of ef-
fect indicates that the thiol group was not accessible to modifica-
tion or that modification produced no detectable functional ef-
fect. The accessibility pattern of the residues is consistent with the
predicted side-chain positions observed in homology models of
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Figure3. A, Representative current trace demonstrating that the high resting leak conduc-

tance for v, 3,(E155C) receptors expressed in Xenopus oocytes is sensitive to blockade by PTX
(100 gum). PTX (100 pum) reduced the resting conductance (—609 == 76 nA;n = 9) by 72.1 =
4.2%. Representative current traces obtained from PTX-mediated inhibition of GABA-evoked
currents (ECy, ) for wild-type (WT; B) and c, B,(E155C) ( ) receptors are shown. Note that the
PTXICg, value for the E155C mutant was determined by using the baseline leak current as the
zero. D, Concentration dependence of PTX-mediated reduction of /g, (ECs, ) current for wild
type (H) and E155C (O) expressed in Xenopus oocytes. Data points represent the mean == SE of
three independent experiments. Data were normalized to /g, in the absence of PTX. ICs,
values are summarized in Table 2.

the GABA, receptor, which envision this region of the GABA
receptor forming a loop structure (Cromer et al., 2002).

MTSEA-biotin rates of reaction

The rate of reaction of MTSEA-biotin with an introduced cys-
teine mainly depends on the ionization of the thiol group and the
access route of the methanethiosulfonate reagent (Karlin and
Akabas, 1998). Cysteine residues with ionized sulfhydryls react
10® to 10° times faster than nonionized sulthydryls (Roberts et
al., 1986). Second-order rate constants therefore provide infor-
mation about the local environment of a substituted cysteine.
The fast second-order rate constants (in the absence of other
ligands) for MTSEA-biotin modification of D163C (604,771
M 'sec 1) and T160C (286,100 M ~'sec ') indicate that both
residues are found in an open, aqueous environment. The
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Figure4. Representative current traces obtained from GABA- and P4S-mediated activation

of wild-type (WT; A) and o, B,(E155C) (B) receptors are shown. P4S efficacy at wild-type
(0.41 = 0.05;n = 7) and o, B,(E155C) (0.47 = 0.04; n = 6) receptors was not significantly
different, where efficacy is reported as /..., pas//max caga. Values are given as mean = SE. (,
Concentration—response curves for P4S-activated current for wild-type () and e, B,(E155C)
(O) receptors expressed in Xenopus oocytes. D, Concentration—response curves for
pentobarbital-activated current for wild-type () and o, B,(E155C) (O) receptors. Data
points represent the mean == SE of three to four independent experiments. The EC, values for
P4S and pentobarbital are reported in Table 2.

second-order rate constant for E155C is significantly slower (27.9
M~ 'sec '), suggesting that the thiol group is not well ionized
and/or that the introduced cysteine residue is in a restricted—
buried environment (Table 3, Fig. 7).

To determine whether a given residue lies near the neuro-
transmitter binding site, MTSEA-biotin reaction rates were mea-
sured in the presence of GABA and the competitive antagonist
SR-95531. These ligands promote different conformational
changes in the binding site (Boileau et al., 2002), and thus, if the
rate at which MTSEA-biotin reacts with an introduced cysteine is
slowed by both ligands, then it is likely that the ligands are steri-
cally blocking the reaction and that the sulfhydryl side chain is
facing into or near the GABA-binding site. Both GABA (at EC,,
concentration) and SR-95531 (at IC,, concentration) signifi-
cantly slowed modification of T160C and D163C approximately
twofold (Fig. 8), suggesting that these residues are found within
or near the GABA-binding site (Fig. 9). Although the data are
consistent with GABA and SR-95531 causing a steric block, it is
feasible that the binding of either ligand induces local allosteric
changes in the receptor that leads to the slowing of MTSEA-
biotin reaction rates. Neither ligand slowed modification of
E155C (Table 3). Because o, E155C receptors are spontaneously
open, the control rate of MTSEA-biotin modification of E155C
likely reflects reaction to a “ligand-bound, active” conformation
of the binding site. Thus, the result that GABA and SR-95531 had
no effect on modification rate is not surprising.

Effect of pentobarbital on MTSEA-biotin second-order
rate constants

To identify whether movements occur in and near the Ile
Asp'® region of the GABA-binding site during channel gating
and modulation, we measured the rates of reaction of MTSEA-
biotin with T160C, D163C, and E155C in the presence pentobar-
bital. The ability of pentobarbital to alter the rates of modification
provides an indirect measure of changes that occur within this

154_
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Figure5. Representative traces demonstrating the effects of PTX (100 wum; A) and MTSEA (2
mu; B) on J,,, for &, 3,(E155C) receptors are shown. Reagents were applied in the absence of
GABA and resulted in a reduction in the leak current. Note that the PTX trace is the same as that
presented in Figure 34 butis included here for comparison purposes. G, Bar graph summarizing
the effects of all methanethiosulfonate reagents on /,,.. Note that the maximum effect of each
MTS reagent is normalized to the maximum effect obtained with 100 wum PTX for comparison
purposes. The mean values for blockade of the resting conductance by MTS reagents are re-
ported in Results. Error bars represent SE.
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Figure 6.  Summary of the effects of MTSEA-biotin (2 mm) on wild-type (WT) and mutant

receptors. A, Representative current traces demonstrating the effects of MTSEA-biotin applica-
tion on GABA-mediated current (EC5, ) at wild-type and T160C- and D163C-containing recep-
tors. The arrows in the current traces represent MTSEA-biotin application (2 min), and the
breaks represent the subsequent wash (5 min). B, Summary of the effect of MTSEA-biotin at all
receptors. The effect (percentage of inhibition or potentiation) is calculated using the following:
(UsaBa-post mrsen-biotin/caBa-pre Mrsea-biorin] — 1) > 100. Bars represent the mean = SE for
3-10 experiments. The filled bars indicate values that were statistically different from wild-
type values (*p << 0.001). Note that expression of Y157C or Y159C failed to yield functional
receptors.
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region of the binding cleft in the transition from the resting to the
active—desensitized states. As a result of the slowness of drug
application using the oocyte expression system, we cannot easily
determine whether the movement is associated with open or de-
sensitized states. Nevertheless, coapplication of pentobarbital
and MTSEA-biotin should capture receptor states that differ
from that captured by application of MTSEA-biotin alone. Con-
centrations of pentobarbital (500 um) that activate the receptor
slowed the rate of MTSEA-biotin modification of T160C and
D163C approximately twofold but had no effect on the second-
order rate constant for E155C (Table 3). Thus, T160C and D163C
act as reporters of barbiturate-mediated channel gating. Concen-
trations of pentobarbital that do not open the channel but poten-
tiate GABA current (e.g., 50 um) (Table 3) slowed modification
of T160C but not D163C (Fig. 7 B, C; Table 3). These data suggest
that movements within the binding site associated with channel
gating versus allosteric modulation are distinct.

Discussion

Binding-site movements that initiate ligand-gated ion channel
activation are not well established. Here, we provide evidence
that movement in the 8, Ile '**~Asp '® region of the GABAR is
involved in coupling GABA binding to channel gating, and we
describe a role for 8,Glu"*® as an initial trigger for ion channel
opening.

B, Ile"**~Asp '°> mutations affect ligand binding and

channel gating

If the B, Tle'>*~Asp'®® region plays a pivotal role for coupling
binding to gating, one would expect that mutations within this
domain would affect both processes. Seven cysteine substitutions
significantly increase GABA EC5, values, which reflect changes in
either microscopic binding affinity and/or channel gating
(Colquhoun, 1998). Three of the seven mutations that shift the
GABA ECs, (E155C, S156C, and G158C) also significantly reduce
SR-95531 K, suggesting that at least one effect of these mutations
is to alter ligand binding, because SR-95531 does not gate the
channel (but see Ueno et al., 1997). «,8,(G158C) and
a,3,(D163C) receptors have significantly reduced Hill coeffi-
cients for GABA activation, consistent with a reduction in gating
efficacy (Colquhoun, 1998). B,E155C results in spontaneously
open GABA Rs, clearly demonstrating that this mutation alters
channel gating. In addition, expression of 8,E155C differentially
shifts the concentration dependencies rightward for GABA, SR-
95531, and P4S, indicating that the mutation also perturbs ligand
binding (Zhang et al., 1994). Furthermore, tethering thiol-
reactive groups onto 3,E155C closes the spontaneously open
channels. Together, the data suggest that 8,Glu > occupies a key
position in the activation pathway involved in coupling ligand
binding site to channel gating. Although detailed kinetic analyses
of these mutations are required to quantitatively tease apart the
effects of each of these mutations on microscopic binding affinity
and channel gating properties, the above results indicate that
mutations in 3, Ile'**~Asp'® region of the GABA-binding site
disrupt both affinity and efficacy.

Structural rearrangements during gating transitions

The B, subunit forms the principal side of the GABA-binding
site. We conclude that 8,Asp '®® and B,Thr ' are found within
or near the GABA-binding site, based on a slowing of the rate of
MTSEA-biotin modification of T160C and D163C by both
GABA and SR-95531. Protection by both ligands suggests steric
hindrance of MTSEA-biotin modification, because agonists and
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Table 3. Second-order rate constants for MTSEA-biotin-mediated modification of accessible engineered cysteine residues in the absence (control) and presence of
SR-95531, GABA, and pentobarbital

Control SR-95531 GABA Pentobarbital(500) Pentobarbital(50)
Receptor ky (™ sec ™) n ky (™ "sec™") n kmsec) n kM sec) ok Tsec) n
o, 3,(E1550) 2791 3 248 +38 3 237 =37 3 275+98 3 N.D.
o, 3,(T1600) 288, 664 = 24,911 n 132,200 = 3, 524* 4 122,828 = 37,753* 4 131,768 = 16, 610* 4 107,493 = 17,751* 3
a,3,(D1630) 604,771 = 22, 681 7 293,200 * 43, 267* 3 280,018 = 43, 416* 3 281,760 = 56, 625% 3 479,100 = 48,932 4

Data represent the mean == SE of 3—11 independent experiments (). k, values were calculated by dividing the pseudo-first-order rate constant by the concentration of MTSEA-biotin used in the experiments. The concentrations of
MTSEA-biotin used were 2 mm (E155C), 100 nm (T160C), and 50 nm (D163C). GABA (5 X ECsg), SR-95531(6 X K)), and pentobarbital (500 and 50 1um) were coapplied as described in Materials and Methods to determine their ability to alter

the rate of covalent cysteine modification. N.D., Not determined. *p << 0. 01; from control.

antagonists promote different conforma-
tional changes within the binding site
(Armstrong and Gouaux, 2000). In addi-
tion, mutagenesis and homology model-
ing studies suggest that the B, Ile'*-
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introduced cysteines in the presence of ‘( m:‘ ( zu;‘

pentobarbital (500 um). Although the

binding sites for GABA and pentobarbital J u U

differ, the final structure of the activated
GABA, receptor channel is likely similar
because both drugs produce similar single
channel conductances (Jackson et al.,
1982; Akk and Steinbach, 2000). We can
therefore monitor pentobarbital-induced
movements in the GABA-binding site dur-
ing state transitions from resting to open—
desensitized states. Coapplication of pen-
tobarbital and MTSEA-biotin should
capture this region of the receptor in a
conformation that differs from that cap-
tured by application of MTSEA-biotin alone. The observation
that pentobarbital significantly slows modification of T160C and
D163C (approximately twofold) indicates that the environment
surrounding these residues changes and that they are “conforma-
tionally sensitive” to channel activation, supporting our hypoth-
esis that movements within this region are critical for channel
gating. T160C also appears to act as a reporter for movements
that occur during allosteric modulation, because the rate of
MTSEA-biotin modification of T160C was slowed almost two-
fold in the presence of a low concentration of pentobarbital (50
uM) that potentiates but does not gate the channel.

Figure 7.

B, Ile'**—Asp '®’ is a protein hinge

Local agonist-induced movements within LGIC binding sites
precede a conformational wave that leads to channel gating
(Chakrapani et al., 2004). Structural studies suggest that the
binding of ACh induces a 15° clockwise rotation of the inner
B-sheets of the N-terminal ligand binding domain of the nAChR
a, subunits. This, in turn, brings the B1-B2 loop (loop 2) into
contact with the extracellular M2-M3 loop, and movement of the
M2-M3 loop then causes the M2 region to rotate, which leads to
opening of the channel gate (Miyazawa et al., 2003). Linear free
energy analysis of the nAChR suggest that a conformational wave
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Rate of MTSEA-biotin modification of T160C and D163C. A, Representative GABA-evoked (ECs, ) current traces after
successive application (10 —20 sec) of MTSEA-biotin on o, 3,(D163C) receptors in the absence or presence of SR-95531 (6 X K|)
and GABA (5 X ECy,). Sequential application of MTSEA-biotin reduced the amplitude of subsequent GABA-mediated (ECy,)
currents at receptors containing T160C (B) and D163C ( (). Data were normalized to the current measured at t = 0 for each
experiment and plotted as a function of cumulative MTSEA-biotin exposure. Data were fitted to a single exponential function to
getk,. k, values were calculated by dividing the pseudo-first-order rate constant by the concentration of MTSEA-biotin used. Data
points represent the mean == SE for control (Hl), GABA (L), SR-95531 (O), and pentobarbital (500 wum; @) for at least three
independent experiments. Data are summarized in Table 3.

begins at the binding site and region A of the ACh-binding site
(B-strand 4 and loop 5), followed by movements of loops 2, 7
(Cys-Cys loop) and the M2-M3 linker at the extracellular juxta-
pore region, and finally movement of the transmembrane do-
mains (Grosman et al., 2000; Chakrapani et al., 2004). Studies
examining the structural mechanisms of GABA,R activation
have identified pairs of interacting residues within these regions
that are necessary for coupling GABA binding to channel gating—
desensitization. These include electrostatic interactions between
negatively charged residues in loops 2 (a,Asp”’) and 7
(a,Asp'*) of the GABA,R and a positively charged lysine
(a,Lys?*”®) in the M2-M3 loop (Kash et al., 2003). Recently, a
study using a chimeric receptor comprised of AChBP fused to the
transmembrane pore domain of the 5-HT;, receptor demon-
strated that only when loops 2, 7, and 9 (region F of the binding
site) from AChBP were replaced with 5-HT};, receptor sequences
did ACh binding trigger channel opening (Bouzat et al., 2004).
This indicates that loops 2, 7, and 9 are critical elements involved
in coupling the extracellular binding site domain to the trans-
membrane channel gating domain. During examination of ho-
mology models of the GABA,R, we noticed that the 3, Ile'>*~
Asp'® region of the binding site (B-strand 7 and loop 8)
physically links loops 2 and 9. Thus, we speculate that the 3,
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Figure 8.  Summary of the effects of GABA, SR-95531, and pentobarbital on MTSEA-biotin

second-order rate constants. Data were normalized to the control k, (rate measured when no
other compound was present; denoted as a dashed line). Coapplication of GABA (5 x EC5y;
black), SR-95531 (6 x K;; gray), and pentobarbital [500 pm (white) or 50 wm (lined)] slows
reaction of MTSEA-biotin at receptors carrying T160C and D163C (*p << 0.001; from control).
Note that 50 wum pentobarbital significantly slows the rate of reaction at T160Cbut not at D163C.
The ability of 50 um pentobarbital to alter the rate of reaction at E155C was not determined
(N.D.). Error bars represent SE.

Tle"**~Asp '®® region may act as a protein hinge and that struc-
tural rearrangements within this region of the binding site could
therefore be an efficient means for simultaneously propagating
movements to both loops 2 and 9.

Movements in region B are also likely to be transmitted to the
region C of the GABA-binding site (i.e., end of B-strand 9, loop
10 and beginning of B-strand 10). Based on homology models,
possible interactions within regions B and C include the follow-
ing amino acid pairs: B,Glu'>®> and B,Lys'®’, B,Glu'>> and
B,Arg>"’, as well as 8,Glu ' and B,Lys'®”. Previously, we dem-
onstrated that B,Arg>"” stabilizes GABA binding (Wagner and
Czajkowski, 2001; Wagner et al., 2004). We predict that the car-
boxylate side chain of Glu' is within 2.5 & from the guanido
group of B,Arg>”’ (Fig. 9) and may play a role in positioning the
B,Arg>" side chain. This may explain why mutation of 8,Glu !>
disrupts orthosteric ligand binding. However, mutation of
B,Glu ' also produces spontaneously open channels and indi-
cates that perturbation of this residue has additional long-range
allosteric effects that are likely propagated to the channel gate by
changes in the positions of regions B and C located in the binding
site as well as loops 2 and 9 near the juxtapore region. Additional
experiments are needed to test these hypotheses. Support for in-
teractions between regions B and C of LGIC binding sites comes
from studies of the nAChR. It has been reported that a hydrogen
bond between a residue in region B (G152K) and in region C
(P1931) of the nAChR ¢, subunit is important for nAChR acti-
vation (Grutter et al., 2003) and may serve to explain how the
a,;G153S human polymorphism gives rise to a slow channel my-
asthenic syndrome (Sine et al., 1995).

Finally, the B, Ile'**~Asp'® region may also be involved in
intersubunit interactions. Models of the N-terminal domains of
GABA R predict that 8,Asp '® forms a salt bridge with o, Arg'"®
and B,Arg?®. The roles of salt bridges in GABA,R function are
not presently known, but it is believed that salt bridges may limit
the number of conformations of a protein complex, be key par-
ticipants in determining ligand binding geometry, or be impor-
tant for the association of subunits in multiprotein complexes
(Hendsch and Tidor, 1994). The disruption or formation of
bonds among these charged residues at subunit interfaces may be
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Figure9. Top, Side view of a homology model of the GABA-binding site 3 (cyan)-c (yellow)
subunit interface with residues 3,Glu">®, B,Thr'®, B,Asp™® in region B and residue
;Phe® in region D displayed as sticks. Middle, Position of B,Glu"** (region B) relative to
B,Arg ¥ (region C)is highlighted. B,Arg **” has been identified previously as a GABA-binding
site residue (Wagner and Czajkowski, 2001; Wagner et al., 2004). Bottom, View of the binding
site from below, which shows the close apposition of B,Glu"** and B,Arg >’ (2.5 A), suggest-
ing an electrostatic interaction between the two residues.
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important for conformational changes that occur during activa-
tion and/or desensitization. Mutation of B,Asp '® significantly
decreased the Hill coefficient for GABA activation of the receptor
and is consistent with this hypothesis.

Conclusions

The B, lle "**~Asp '*’ region of the GABA ,R-binding site appears
to be a protein hinge that is uniquely positioned to transduce
binding site movements to the cascade of events that lead to
opening of the ion channel. We demonstrate that the region un-
dergoes conformational rearrangements during pentobarbital-
mediated gating events, and mutation of B,Glu'> gives rise to
spontaneously open channels, suggesting that movements in this
region of the GABA-binding site are one of the initial triggers for
coupling binding to gating. Ultimately, precise mapping of inter-
residue contacts will be required to test this activation mecha-
nism and to define the pathway leading from the binding site to
the channel gate.
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