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SUMMARY
The amino-terminal extracellular domain of the subunits compris-
ing the ‘y-aminobutyric acid (GABA) receptor contains two cys-
teine residues (designated at relative positions 1 and 1 5) sepa-
rated by I 3 amino acids. These two cysteines (presumably
disulfide bonded) are located approximately 1 50 amino acids
from the amino terminus. There is significant homology in the
amino acid sequence of this cysteine loop both between the
different subunits of the GABA receptor and with subunits of
other members of this ligand-gated ion channel superfamily
(nicotinic acetylcholine- and glycine-activated ion channels). A
number of highly conserved amino acids within the cysteine loop
have been postulated to play a role in agonist binding. Here,
using site-directed mutagenesis and oocyte expression, we have
examined the effects of mutating amino acids comprising the
cysteine loop on the activation of recombinant GABA channels
composed of rat al , $2, and ‘y2 subunits. Preventing the for-
mation of the putative cysteine-cysteine disulfide bond in any of

the subunits, by mutating the cysteine at position 15 to serine,
prevented the functional expression of that subunit. For example,
coexpression of ‘YC15S with wild-type a and fi subunits resulted
in GABA-activated currents with properties identical to those of
GABA-activated currents from coexpression of a and fi subunits
alone. These properties included sensitivity to activation by
GABA (similar ECsc values), blockade by Zn2�, and lack of
modulation by the benzodiazepine diazepam. We also mutated
conserved amino acids in the � subunit that had been specifically
proposed to form the GABA binding site (flR6, $‘f�, and $D11).

These mutations (as well as several others within or adjacent to
the cysteine loop) produced either a very moderate effect or no
effect on GABA sensitivity, suggesting that these particular
amino acids do not play a key role in activation of the GABA
channel. The data presented in this study support a role for the
cysteine loop in subunit assembly, rather than channel activation.

The GABA-activated chloride channel is a member of a

receptor-operated ion channel superfamily that also includes

the nACh- and glycine-activated ion channels (1-3). The sub-

units comprising these presumably pentameric (4-6) receptor!

ion channels display significant sequence homology and share

several structural features, such as four putative membrane-

spanning domains (M1-M4), a long and sequence-variable in-

tracellular loop between M3 and M4, and a large amino-ter-

minal extracellular domain. In addition, all subunit isoforms

identified thus far contain a cysteine loop in the same approx-

imate position of the amino-terminal extracellular domain. The
cysteine loop consists of two disulfide-bonded cysteine residues

separated by 13 amino acids.

The striking conservation of several amino acids within the

cysteine loop motif in all known subunit isoforms of the nACh,
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GABA, and glycine channels has drawn considerable attention
to this domain as being potentially important for channel
function. More specifically, it has been proposed that the
amphiphillic cysteine loop may form part ofthe agonist binding

site (7, 8). In support of this proposal, a synthetic peptide

corresponding to residues 125-147 (with the cysteines at posi-

tions 128 and 142 being disulfide bonded) of the nACh channel

a subunit binds ACh and the competitive antagonist a-bungar-

otoxin (9). Modeling studies of the ligand-binding pocket based
on agonist structure and a comparative amino acid sequence
analysis of all subunit isoforms postulate specific amino acids

within the cysteine loop essential for agonist binding to nACh-,
glycine-, and GABA-activated ion channels (10-12). What role
the cysteine loop plays in agonist-dependent gating of the

GABA channel, however, is still unclear.

We have been using site-directed mutagenesis and oocyte

expression to examine the effects of mutations in the cysteine

loop on the activation of recombinant GABA channels com-

posed of rat al, fl2, and �y2 subunits. Here we present evidence
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that suggests that the cysteine loop does not form a crucial

component of the agonist binding site. Although some muta-

tions within the cysteine loop did slightly impair activation of

the GABA channel, evidence suggests that this impairment

may occur indirectly through structural alterations of the pro-

tein. Finally, preventing the formation of the disulfide bond of

the cysteine loop in either the al, �92, or -y2 subunits prevented

the functional expression of the mutated subunit, suggesting

that the cysteine loop may be required for proper subunit

folding or association. Preliminary observations of this study

have previously appeared in abstract form (13).

Materials and Methods

Isolation of GABA channel subunit cDNAs. Based on the pub-
lished sequences (14-17), we used the PCR to isolate cDNAs encoding

the al, fl2, and -y2 subunits from total RNA. Tots! RNA was isolated
from rat brain using standard procedures (18) and was then reverse

transcribed using the downstream PCR oligonucleotide as a primer.

The upstream and downstream primers were as follows: al upstream,

5’-GCGAAGCTTGACCATGAAGAAAAGTCGGGG-3’; al down-

stream, 5’-CGGTCTAGAGTGCAGAGGACTGAACAAACG-3’; �2

upstream, 5’-GCGGTCGACGACCATGTGGAGAGTCCGGAA-3’; �92

downstream, 5’-CGGGGATCCGmGAAGAGGAATCTA-3’; �y2 up-

stream, 5’-GCGAAGCTTGACCATGAGTTCGCCAAATAC-3’; �y2

downstream, 5’-CGGTCTAGACCCAAACCTCCTCACAGATAA-3’.

Sequences in italics are “GC clamps” to prevent the ends of the PCR
product from flaring during cloning procedures, sequences in bold type

are restriction sites (Hindu! and XbaI for al and �y2 and Sail and
BamHI for fl2), and underlined bases are Kozak sequences to enhance

translation (19). Standard procedures were used for the PCR (20). The

amplified cDNAs were cloned into the pSP72 vector using the engi-

neered restriction sites and sequenced (21) until a clone was found that
matched the published amino acid sequence.

Site-directed mutagenesis and in vitro transcription. cDNAs
were cloned into the pSELECT vector (Promega, Madison WI) and

oligonucleotide-mediated site-directed mutagenesis was achieved with

Altered Sites (Promega). Successful mutagenesis was verified by se-
quencing.

cDNAs were linearized with SspI, which leaves a several-hundred-

base pair tail that may increase cRNA stability in the oocyte. cRNA
was transcribed from the linearized cDNAs by standard in vitro tran-

scription procedures or Megascript (Ambion, Austin TX).
Oocyte isolation and cRNA injection. Xenopus lo.evis (Xenopus

I, Ann Arbor MI) were anesthetized by hypothermia and oocytes were
surgically removed from the frog and placed in 0R2, which consisted
of 82.5 mM NaC1, 2.5 mM KC1, 10 mM HEPES, 2 mM CaCl2, 1 mM

MgCl2, 10 IflM Na2HPO4, 50 units/ml penicillin, and 50 �g/ml strep-

tomycin, pH 7.5. Oocytes were dispersed in 0R2 without Ca’� with

0.3% collagenase A (Boehringer Mannheim, Indianapolis IN). After
isolation, the oocytes were thoroughly rinsed with OR2. Stage VI

oocytes were separated and maintained overnight at 18’.
Micropipettes for injecting cRNA were fabricated on a Sutter P87

horizontal puller and the tips were cut off with microscissors. cRNAs
for the desired subunit combinations were mixed (in equal ratios),

diluted 5-30-fold with diethylpyrocarbonate-treated water, and drawn

up into the micropipette with negative pressure. The cRNA was injected

into the oocytes by application of positive pressure using a Picospritzer

II (General Valve Corporation, Fairfield, NJ). A different micropipette
was used for each cRNA combination, to prevent the possibility of
cRNA cross-contamination.

To ensure that equal concentrations of cRNA for each construct

were injected (especially important for comparison of maximum

GABA-activated currents), in vitro synthesized cRNAs, at different

fixed dilutions, were electrophoresed on a 1% formaldehyde-containing
agarose gel. The amount of cRNA was judged and matched by inter-

polation of lanes containing different dilutions of the corresponding

cRNA.

Electrophysiology. One to 3 days after injection, oocytes were
placed on a 3OO-�m nylon mesh suspended in a small-volume chamber
(<100 il). The chamber had an inlet in the top and an outlet in the

bottom, which allowed continuous perfusion. Eighteen separate reser-

voirs (50-ml syringe barrels) were connected to three six-way valves,

and the outlet of each of these six-way valves was connected to one
four-way valve. The outlet of the four-way valve led to the chamber.
The four-way valve gated between the three banks of six reservoirs and
the six-way valve controlled the individual reservoirs within a bank of
six. In this way, up to 18 different solutions could be introduced to an
individual oocyte. Switching between the different solutions was con-

trolled manually. The oocyte was continuously perfused with 0R2

(without antibiotics and with 10 mM Na2HPO4 replaced with 10 mM

NaCl) and briefly switched to the test solution containing GABA.
Applications of high concentrations of agonist were separated by sev-

era! minutes, to reduce desensitization. To test and correct for cumu-
lative desensitization, the same nondesensitizing concentration of ag-

onist was applied after every two test applications (correction procedure

explained below).
Recording microelectrodes were fabricated with a P87 Sutter hori-

zontal puller and filled with 3 M KC1. They had resistances of 1-3 M(1.

Standard two-electrode voltage-clamp techniques (9050A Oocyte
Clamp; Knight Industrial Technologies, Miami FL) were used to record
currents in response to application of agonist. In all cases, the mem-
brane potential was clamped to -70 mV. Data were monitored with a
Gould EasyGraf chart recorder during the experiment and recorded
with a videocassette recorder (Instrutech lOb) for off-line analysis.

Data analysis. Peak current amplitudes were measured directly

from the chart record. The following equation was used to correct the
current amplitudes for cumulative desensitization:

(1)

where ‘obs.rv.d �5 the recorded current, Jo is the current amplitude in

response to the first application of the control concentration of agonist,
and I, is the current amplitude in response to the control application

preceding the particular test application. This correction was only
necessary at high agonist concentrations and usually changed �
by <20%. Equation 1 corrects only for cumulative desensitization and

does not correct for fast components of desensitization that occur

before the peak and would produce an underestimation of the peak

amplitude.
With high levels of GABA channel expression (maximum GABA-

activated currents of >2.5 zA), the EC� was shifted slightly to the left.
With lower levels of expression, normalized dose-response curves were
very reproducible between experiments even when the maxima were

very different. Therefore, data presented in this report were limited to

oocytes that displayed a maximum current of <2.5 isA.
To quantify the agonist sensitivity, each dose-response relationship

was fitted with the following equation using a nonlinear least squares
method:

(2)

where I is the peak current at a given concentration of agonist A, I�
is the maximum current, EC� is the concentration of agonist yielding
half-maximal current, and n is the Hill coefficient. For measurements

comparing maximum GABA-activated currents, GABA was applied at
a concentration nlO-fold higher than the EC� for that particular
subunit combination.

Results

This study examined GABA-activated chloride currents from

oocytes expressing various combinations of wild-type and mu-
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tant al, fl2, and ‘y2 subunits (henceforth designated simply as
a, /3, and fly). Fig. 1A shows the aligned amino acid sequences
of the a, �, and �y subunits for the cysteine loop and flanking

regions. For ease of reference, the amino acids comprising the

cysteine loop of all three subunits are numbered 1 through 15,

starting at the first cysteine of each isoform. (Conversion
factors for the actual amino acid positions are given in the

legend to Fig. 1.) Fig. lB shows the approximate location of the

cysteine loop in a diagram of the putative membrane topology
of the GABA channel subunits (3). The cysteine loop is located

n150 amino acids from the amino terminus and �7O amino

acids from the first membrane-spanning domain.
Note in Fig. 1A that several cysteine loop amino acids are

conserved in the a, /3, and -y subunits, namely the leucine at
position 5, the proline at position 9, and the aspartic acid at
position 11. These three amino acids are also conserved in all
other identified a, �, �y, and � subunit isoforms. Several other

positions, although not identical, show conservative variability,
such as position 3 (hydrophobic), position 8 (aromatic), and

position 10 (hydrophobic). The amphiphillic nature of the

cysteine loop and its conservation of several amino acids be-
tween subunit isoforms have been cited as supporting evidence
for a role of the cysteine loop in ligand binding (8, 11, 12).

Mutations that prevent the formation of the putative

disulfide bond. Fig. 2A shows GABA-activated currents, at

several representative concentrations of GABA, from an oocyte
expressing wild-type a, /3, and ‘y subunits. Fig. 2B, squares, plot

the peak of the currents (normalized to the maximum) versus
GABA concentration (data averaged from five oocytes). Fig.

2B, solid line through the squares, shows an average of the best
fit of the Hill equation to the individual dose-response relation-
ships, which yielded an EC� (concentration required for half-

Fig. 1. Amino acid sequence of the al, $2, and ‘y2 cysteine loops and
the location of the cysteine loop with respect to the putative membrane
topology of the GABA subunits. A, The single-letter amino acid se-
quences are given for the al , fl2, and ‘y2 subunits. For ease of reference,
the amino acids have been numbered I through 15. For conversion to
the proper amino acid positions, add 137, 135, and 150 to the indicated
numbers for al , $2, and y2, respectively. B, The cysteine loop is located
in the large amino-terminal extracellular region �7O amino acids from the
first membrane-spanning domain.
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Fig. 2. The dose-response relationship for GABA-activated currants from
oocytes injected with a, �, and �yc�s cRNAs was identical to the dose-
response relationship seen with coexpression of a and fi subunits alone.
A, GABA-activated currents from an oocyte expressing afly (wild-type)
GABA channels. Currents are shown at six representative GABA con-
centrations. Bars above the currents, duration of oocyte exposure to
GABA. B, Peak GABA-activated currents measured at several GABA
concentrations and normalized to the maximum for each oocyte. Points,
means ± standard deviations for five, three, and four oocytes for afly,

afi, and a$’yci� coexpression, respectively. Solid and dashed lines, best
fits of the data using the Hill equation, as desCribed in Materials and
Methods. The parameters of the fits are listed in Table 1 . Note that the
activation properties of the GABA-activated currents in oocytes injected
with a/3 and a�yci� cRNA combinations are indistinguishable. C, Peak
GABA-activated currents measured at several GABA concentrations and
normalized to the maximum for each oocyte. Points, means ± standard
deviations for five and three oocytes for fl’y and acissfry coinjections,
respectively. Solid and dashed lines, best fits of the data using the Hill
equation, as described in Materials and Methods.

maximal activation) of 45.8 ± 3.6 �zM and a Hill coefficient of

1.59 ± 0.09 (Table 1).
We next prevented the formation of the presumed disulfide

bond of the cysteine loop (3), in each subunit, by mutating the
cysteine at position 15 to serine (Fig. 1A). For each mutant
subunit, cRNA was transcribed from the cDNA and injected,
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TABLE 1

Parameters determined from fitting the Hill equation to dose-
response relationships, as described in Materials and Methods
All ECn and Hill coefficient values are means ± standard deviations. Combinations
for which no GABA-activated currents were observed were tested with concentra-
boos of GABA of 10,000 �M or greater. Mutations � and I3RRe.7� each
represent two point mutations. � is the ratio of the maximum GABA-
activated current of the mutant to the maximum GABA-activated current of the
wild-type receptor. The maxima were determined, in a separate set of experiments,
by injection of equal amounts of cRNA for the different subunit combinations and
application of GABA at a concentration � 1 0 times the ECse.

No. of
oocytes
tested

Comtsnation EC� Hill coefficient !,rx_x.,y.4!rr�_x.*, (n)

a and 13 alone (compare Fig. 2B, circles and triangles; also see
parameters in Table 1). Second, coinjection of ‘YC15S and �3

cRNAs did not result in the expression of GABA-activated

currents, whereas coexpression of the fi subunit with the wild-
type �y subunit did result in functional GABA channels (Table
1). Individual injections of a, �3, or -y cRNAs in oocytes did not
result in GABA-activated currents (22).1

The third line of evidence suggesting that the �yC15S subunit

was not functionally present when coinjected with wild-type a

and fi cRNAs was demonstrated by examining Zn2� blockade

(23, 24). GABA-activated currents (3 �cM GABA) from oocytes

expressing only a and fi subunits were almost completely
blocked by 10 �cM Zn2� (Fig. 3, top). As demonstrated in Fig. 3,

middle, only a small component of the current from a, �, and
_Y coexpression was blocked by Zn2� (25.7 ± 4.9%; n = 7). [The
fraction of the current in afry-expressing oocytes blocked by

Zn2� may represent the Zn2�-blockable subpopulation of afi

(23) and fl�y1 subunit combinations.] Thus, the presence of the

_y subunit prevented Zn2� blockade of the GABA channels. Fig.

3, bottom, demonstrates that, similar to coexpression of a and

fi subunits alone, GABA-activated currents from oocytes coin-

jected with a, i3, and yC15S cRNAs were almost completely

blocked by 10 �tM Zn2�.
Finally, the fourth line of evidence suggesting the functional

absence of the 1C15S subunit was derived by examining benzo-

diazepine potentiation of GABA-activated currents. The pres-

ence of the �y subunit is required for potentiation of GABA-

3 �M GABA

3JIMGABA +

10 �tM 7�2+

MM

a�-y 45.8 ± 3.6 1 .59 ± 0.09 5 1 .0 ± 0.26 (5)
a� 4.2 ± 0.9 1.23 ± 0.12 3

I�_y 30.1 ± 8.4 1 .51 ± 0.09 5
cry No GABA-activated currents

observed
4

(ti3D4NY 31 .2 ± 2.4 1 .46 ± 0.07 4
(t&501 No GABA-activated currents

observed
4

a#{216}L5My 272.9 ± 1 6.5 1 .29 ± 0.09 3 0.03 ± 0.03 (5)
ct&5o�V 547.8 ±162.8 1.06±0.10 3

(�R6K�Y 126.8 ±24.8 1.38±0.14 3 0.78 ± 0.25(5)
a/�R6NY 119.1 ± 3.9 1.29 ± 0.00 3 0.28 ± 0.20 (3)
(t$R6EY 158.3 ± 9.1 1.21 ± 0.09 3 0.22 ± 0.07 (5)

aflRR6.7KKY 149.2 ± 29.5 1 .47 ± 0.1 1 5

a�pR67Nsy 190.6 ± 48.3 1.35 ± 0.14 12
(t/�Y5FY 17.2 ± 3.6 1.72 ± 0.38 3

afly�y No GABA-activated currents
observed

10

a�o11Ny No GABA-activated currents
observed

13

a41� 44.5 ± 3.8 0.88 ± 0.08 3 0.003 ± 0.002 (6)
(t�lE12tYY 69.1 ±20.5 1.30±0.12 2

(tl�E12OY 62.3 ± 15.3 1.22 ± 0.04 2
a�YC15S 5.06±1.53 1.15±0.18 3

1�YC15S No GABA-activated currents

observed
7

0Ci5SI�Y 46.5 ± 1 1 .6 1 .24 ± 0.3 3

0C15S� No GABA-activated currents
observed

5

a�C15SV No GABA-activated currents
observed

3

Ct#{216}T16AY 173.1 ±45.1 1.36±0.17 4 0.06 ± 0.04(5)

a�1Ll7oy No GABA-activated currents
observed

3

a��lL17oy No GABA-activated currents
observed

4

aI�L17MY No GABA-activated currents
observed

6

OD11EfrY 16.0 ± 3.9 1.38 ± 0.15 3

ct�yD11E 26.8 ± 3.3 1.60 ± 0.09 3

I50 nA

at�yciss

along with its wild-type counterpart cRNAs, into oocytes.

Coexpression of the �YC15S subunit (cysteine at position 15 of

the �y subunit replaced with serine) with wild-type a and fi
subunits resulted in robust GABA-activated currents. Fig. 2B,

triangles, plot the average dose-response relationship (three

oocytes) for coinjection of a, /�, and �yc�s cRNAs. Fig. 2B,

dashed line, shows an average of the best fit of the Hill equation

to the individual dose-response relationships, which yielded an

EC5t) Of 5.1 ± 1.5 MM and a Hill coefficient of 1.15 ± 0.18

(Table 1).

There are four lines of evidence suggesting that �yC15S was not

functionally present when coexpressed with wild-type a and fi
subunits. First, the activation properties for GABA-activated

currents with a, $, and YCI5S cRNA coinjection were indistin-

guishable from the activation properties with coexpression of

Fig. 3. Zn2� blocks GABA-activated currents from oocytes injected with
a, �3, and �Yci5s cRNAs. GABA-activated currents were examined in
response to application of 3 MM GABA, applied alone or coapplied with
1 0 �M Zn2�. GABA-activated currents from oocytes expressing only a

and /3 subunits were blocked by 10 �M Zn24 (top). Coexpression of a,
and -y subunits yielded GABA-activated currents that were only partially
blocked by Zn2� (middle). As was true for a and � coexpression alone,
GABA-activated currents resulting from coinjection of a, fi, and ,‘c�s

cANAs were blocked by Zn2� (bottom).

320 Amin eta!.

J. Amin, I. M. Dickerson, and D. S. Weiss, unpublished observations.
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activated currents by benzocliazepines (25). GABA-activated
currents from oocytes coinjected with a, fi, and �YC15S cRNAs,

as was true for afl coexpression, were not potentiated by the

benzodiazepine diazepam (1 SM), whereas 1 �M diazepam po-

tentiated GABA-activated currents from the afl’y subunit com-

bination by �3.4-fold (336 ± 28%; n = 3 oocytes; data not

shown).
We also examined the C15S mutant of the a subunit. Coin-

jection of aciss, �, and �y cRNAs resulted in GABA-activated

currents with activation properties similar to those of the fry

subunit combination (Fig. 2C; Table 1). Fig. 2C, circles, show

normalized dose-response relationships for oocytes expressing

j9 and �y subunits (five oocytes) and Fig. 2C, triangles, show

normalized dose-response relationships for oocytes coinjected
with ac��s, �, and �y cRNAs (three oocytes). Because the fry

activation properties were similar to the afry activation prop-

erties (Table 1), the data in Fig. 2C did not provide evidence

on the absence or presence of the mutant a subunit. However,

coinjection of aciss and /3 cRNAs did not yield GABA-activated
currents (Table 1), suggesting the functional absence of the

aci&s subunit.

Finally, we tested the C155 mutant of the fi subunit. Coin-
jection of a, flC15S, and �y cRNAs resulted in no GABA-activated

currents, as was true for coinjection ofwild-type a and �y cRNAs

(Table 1).
The data presented in this section suggest that preventing

the formation of the disulfide bond in either the a, /3, or ‘y
subunit prevented the functional expression of that subunit.

This suggests that the cysteine loop may be required for proper

folding or assembly of the subunits in the plasma membrane.

These data, however, do not preclude a role for the cysteine
loop in activation of the GABA channel.

Mutations of amino acids within the cysteine loop

postulated to form part of the agonist binding site. Evi-

dence from photoaffinity labeling studies suggests that the
major components of the GABA binding site reside on the fi
subunit (26, 27). Modeling studies based on the structure of

GABA and an amino acid sequence analysis of the cysteine

loop region propose specific residues within the f3 subunit

cysteine loop that interact with GABA (12). More specifically,

the arginine at position 6 (�9R6) has been postulated to interact
with the carboxylate group of the GABA molecule, whereas the

aspartic acid at position 11 (�D11) has been postulated to inter-

act with the amino group of GABA. In addition, the �3 subunit

of the GABA channel is distinct from all other isoforms in this
receptor-operated superfamily, in that it contains a tyrosine,

rather than a phenylalanine, at position 8 (fly�). This tyrosine

has been proposed to form a side-chain hydrogen bond with flR6

that optimizes the position of the arginine for interaction with
GABA. We tested this model of the agonist binding site by

examining the effects of mutation of �R6, �, and $Dii on

agonist-mediated activation.
The arginine at position 6 of the � subunit cysteine loop was

substituted with lysine (fl�K), asparagine ($�N), or glutamic
acid ($asE). Fig. 4A shows dose-response relationships for wild-

type and tht6 mutants and Fig. 4B plots the EC� values deter-

mined for afry, aflR6Ky, af3R6N�y, and af�R6Ey subunit combina-

tions. All three mutations resulted in a �3-fold increase in the

EC�, compared with the wild-type receptor (Table 1), and

produced a modest depression in the maximum GABA-acti-

vated current (Table 1).

Fig. 4. Mutation of fine produced a very moderate, and charge-independ-
ent, decrease in GABA sensitivity. A, Peak currents were measured at
several GABA concentrations and normalized to the maximum current,
as in Fig. 2. Points, means ± standard deviations for five wild-type and
three mutant oocytes. Solid, dashed, and dotted lines, best fits of the

data using the Hill equation, as described in Materials and Methods. The
parameters from these fits are listed in Table 1 . B, The means ± standard
deviations of the EC� values for channels with substitutions at fiRe are
shown. The moderate decrease in GABA sensitivity did not correlate
with the charge at this position.

The three substitutions presented in Fig. 4 were conservative
in terms of hydrophilicity. In addition, the /�R6K substitution

was conservative in terms ofcharge (positive), whereas the $RSN

and f3RSE mutations replaced the positive charge at this position
with a neutral and negative charge, respectively. The data in
Fig. 4 demonstrate that the shift in EC� for the mutants did
not correlate with the charge substituted at this position.

Conservative substitutions of amino acids forming the bind-

ing sites of ACh-, glycine-, and GABA-operated ion channels
typically yield EC�,o increases of at least 10-fold, whereas less

conservative substitutions typically abolish agonist-dependent
gating (28-32). Therefore, the lack of correlation between the
shift in EC� and the amino acid substitution at fiRs, coupled
with the relatively minor shifts in EC�,o, suggests that $R6 does

not form a crucial component of the agonist binding site.

Furthermore, the observed depression in the maximum GABA-
activated current suggests that the mutations may affect chan-
nel assembly or gating.

We next substituted the tyrosine at position 8 with a phen-

ylalanine (flysF), which would prevent the formation of the

proposed side-chain hydrogen bond between $R6 and fly� (12).

As shown in Table 1, this mutation did not impair activation

of the GABA channel by GABA. In fact, the sensitivity to

GABA activation was increased by �3-fold and there was a

concomitant increase in the Hill coefficient. We also substi-
tuted a serine at this position (fly�) (Table 1). Although this
mutation conserved the hydroxyl group, no functional GABA-

activated currents were observed when fly�s was coinjected with
wild-type a and �y cRNAs. The much smaller size of serine,

however, may impose steric constraints on the region sufficient
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to disrupt the cysteine loop structure and prevent channel

function or assembly.

Mutation of flDii to asparagine (flDI1N) and coinjection with

wild-type a and �y cRNAs resulted in no GABA-activated

currents (Table 1). The more conservative mutation (in terms

ofcharge) to glutamic acid ($D11E) did produce GABA-activated
currents. This substitution did not affect the EC50 but, inter-

estingly, decreased the Hill coefficient, suggesting a decrease in

the cooperativity of channel activation. Such an effect on the

Hill coefficient with no alteration in the EC50 is incompatible

with a simple effect on agonist binding. Moreover, there was a

dramatic decrease in the maximum GABA-activated current

with the flD11E mutant (Table 1), suggesting a significant dis-

ruption in channel assembly and/or gating.
The aspartic acid at position 1 1 is also conserved in the a

and �y subunits. We mutated these corresponding aspartic acids
to glutamic acid and coexpressed these mutant a and �y subunits

with their wild-type counterparts. GABA-activated currents

were then measured to determine the EC� values for the

aDll5fry and afryDliE subunit combinations. As shown in Table

1, GABA-mediated activation was not impaired in either case
(in fact, there was a very slight decrease in the EC� values),

suggesting that these conserved amino acids do not play a

crucial role in agonist-mediated activation of the GABA chan-

nel. In conclusion, site-directed mutagenesis of flR6, $y�, and

flD1I suggests that the GABA binding site model proposed by

Cockcroft et al. (12), at least in its present form, is unlikely.

Mutations of other amino acids in the fi subunit cys-
teine loop. We have also examined the effects of mutating

other amino acids in the $ subunit cysteine loop on GABA-

mediated activation. The substitutions I9D4N, flR7N, �R7S, flE12D,

and flEI2Q all had negligible effects on sensitivity to GABA

(Table 1), suggesting that these amino acids do not play a
crucial role in GABA-mediated activation. On the other hand,
substitutions of f� did decrease the apparent sensitivity to

GABA (Table 1). The conservative substitution I3LSM increased
the EC� value 6-fold, whereas the less conservative substitution

/9L5Q increased the EC� value 12-fold. Furthermore, substitution
of � with aspartic acid prevented the formation of functional

GABA channels. The increase in EC� for I3LSM was also asso-
ciated with a >30-fold decrease in the maximum GABA-acti-

vated current (Table 1). This decrease in the maximum current

is incompatible with a simple effect of the mutation on agonist

binding and may represent a disruption of channel assembly
and/or gating. Finally, we have tested the effects of mutating
the threonine at position 16 and the leucine at position 17

(both just outside the cysteine loop). flT16A produced an only
moderate increase (3-fold) in the EC� and a significant depres-

sion (17-fold) in the maximum current (Table 1). All substitu-

tions tested thus far at $L17 (i3L17M, 13L17Q, and flL17D) prevented

the formation of functional GABA channels (Table 1), suggest-

ing that this leucine may play a crucial structural role.

Discussion

Cockcroft et at. (12), using comparative molecular modeling,

proposed that the extracellular cysteine loop forms a type VIA

hairpin turn, with residues 1-7 and 10-14 forming opposing /3-

strands. In their model flDii, through a charge interaction, binds
the amino group of the GABA molecule while flR6 interacts with
the carboxyl group of GABA. Proper positioning of flR6 is

accomplished by side-chain hydrogen bonding between $� and

This study was designed to test the role of the cysteine loop

in agonist-mediated activation of the GABA channel and, more

specifically, to test the hypothesis that the cysteine loop forms

part of the GABA binding site. To this end, we examined the
effects of mutating f3R6, fly�, and /3D11 on GABA-mediated acti-
vation. Although our experiments do not measure GABA bind-

ing directly, substitution of residues critical for agonist binding

would be evident as a rightward shift in the dose-response

relationship for GABA-activated currents.

Substitution of fins decreased the sensitivity to GABA by �3-

fold. This 3-fold shift in sensitivity was observed regardless of

the charge of the amino acid substituted at this position.
Because conservative mutations of amino acids crucial for

agonist binding usually decrease agonist sensitivity by 1 order

of magnitude or more, whereas nonconservative mutations
typically abolish agonist-mediated activation, we conclude that

$R6 does not contribute a crucial component of the agonist
binding site. We also substituted phenylalanine for � which
would prevent the formation of the proposed side-chain hydro-

gen bond with flR6. This substitution did not decrease the

sensitivity to activation by GABA. Finally, substitution of f3D11

with glutamic acid did not increase the EC�o, although it did

decrease the Hill coefficient and the maximum GABA-activated

current. Single-channel analysis is underway to gain insight

into the mechanism by which this mutation affects the coop-

erativity of activation.

Mutations of other amino acids within the cysteine loop (/3D4,

flR7, and flE12) produced very little effect on the agonist sensitiv-

ity. Substitution of /3� with methionine and glutamine, how-

ever, produced a 6- and 12-fold decrease in efficacy, respec-
tively. These decreases in efficacy were associated with dra-

matic reductions in the peak current, consistent with an

impairment of channel assembly or of the coupling between

agonist binding and gating of the pore (32).

It should be mentioned that mutations could affect fast

components of desensitization (which would go undetected in

these studies), thereby producing an apparent decrease in ago-

nist sensitivity. A detailed electrophysiological examination of

the effects of these mutations on desensitization is better

carried out in transfected mammalian cells or membrane

patches, where a more rapid application of agonist can be

achieved.
How do our results compare with what is known about the

role the cysteine loop plays in the function of other members
of this receptor-operated superfamily? Mutation of the position

6 lysine (homologous to $R6) and the position 11 aspartic acid

in the homomeric glycine receptor did not impair sensitivity to

activation by glycine (33). Studies using monoclonal antibodies

directed to the cysteine loop region of the nACh channel

concluded that the cysteine loop does not form part of the

agonist binding site (34, 35). Mishina et a!. (36) prevented the

formation of the disulfide bond in the a subunit of the nACh
channel and observed no ACh-activatable currents (but see
Ref. 37). They proposed that the cysteine loop motif may be
required for proper assembly of the subunit. Along similar lines,

Sumikawa and Gehle (37) observed that disruption of the

disulfide loop structure in the nACh channel a or /3 subunits

led to intracellular retention of the assembled receptor com-
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plexes, suggesting that the cysteine loop may be required for
efficient transport of the receptors to the plasma membrane.

Our data, in part, agree with these observations, in that

mutations that prevented the formation of the disulfide bond
of the cysteine loop prevented the functional expression of that

particular subunit. Furthermore, mutations of several amino

acids in or around the cysteine loop produced a decrease in the
maximum GABA-activated current, suggesting a possible im-
pairment of channel assembly. However, the decrease in the
maximum current was sometimes associated with a decrease in
agonist sensitivity (/3R6, th�, and flT17), suggesting that these
mutations did not simply result in assembly impairment (i.e.,
they also altered channel function). The decrease in agonist
sensitivity could result from an alteration in protein structure
that indirectly affected agonist binding (i.e., the cysteine loop

may help shape the binding pocket). Alternatively, the cysteine

loop domain may play a role in the transduction mechanism
between agonist binding and channel opening. This mechanism
could account for both the increase in EC� and the decrease in
the maximum current. Nevertheless, studies on the nACh and
glycine receptors, and now the GABA receptor, suggest that it
is unlikely that the cysteine loop forms a crucial component of

the agonist binding site in this family of receptor-operated ion
channels.
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