
Biochemical and Biophysical Research Communications 316 (2004) 636–642

BBRC
www.elsevier.com/locate/ybbrc
Modelling extracellular domains of GABA-A receptors:
subtypes 1, 2, 3, and 5

Kuo-Chen Chou*

Tianjin Institute of Bioinformatics and Drug Discovery (TIBDD), Tianjin 300074, China

Life Science Research Center, Shanghai Jiaotong University, Shanghai 200030, China

Received 13 February 2004
Abstract

GABA is the main inhibitory neurotransmitter in the mammalian central nervous system. When GABA binds to the ubiquitous

GABA-A receptors on neurons, chloride channels are activated leading to a rapid increase in chloride conductance that depresses

excitatory depolarization. The GABA-A receptors are targets for many clinically important drugs, such as the benzodiazepines,

general anaesthetics, and barbiturates. All of these drugs enhance the chloride current activated by GABA. Of the GABA-A re-

ceptor family, the subtype 2 is critical for the treatment of anxiety spectrum disorders. To avoid unwanted side effects, it is necessary

to find highly selective drugs that interact only with subtype 2 but not with the related receptors such as subtypes 1, 3, and 5. To

realize such a goal, it is important to have not only the 3D (dimensional) structure of subtype 2 but also the 3D structures of

subtypes 1, 3, and 5. In this study, the 3D structures of all the four subtypes of GABA-A receptors have been derived. The

computer-modeled heteropentameric structures bear the following features: (1) each of the five subunits in the pentamer has an

intrachain disulfide bond, a hallmark of ligand-gated pentameric channels; (2) those residues which are sensitive to the binding of the

benzodiazepine site ligands are grouped around the a1;2;3;5=c2 interfaces; and (3) those residues which are sensitive to the binding of

GABA molecules are grouped around the a1;2;3;5=b2 interfaces. All these findings are fully consistent with experimental observations.

Meanwhile, for those sensitive or key residues, a close look at their subtle difference among the four subtypes has been provided

through a highlighted superposition picture. In addition to providing the atomic coordinates, the predicted structures have further

clarified some ambiguities that could not been uniquely determined by the existing experimental data, such as the directionality of

the subunit arrangement in the heteropentamers. The 3D models may provide a reasonable structural frame or footing for designing

highly selective drugs. The present models might be also useful in understanding the basic mechanism of operation of the GABA-A

receptors, stimulating novel strategies for developing more specific drugs and better treatments.

� 2004 Elsevier Inc. All rights reserved.
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Several amino acids have distinct excitatory or in-

hibitory effects upon the nervous system. As an amino

acid derivative, GABA (c-aminobutyric acid) is the most

important and abundant inhibitory neurotransmitter in
the brain. Acting as a “balancer,” it helps induce re-

laxation and sleep by balancing excitation of the brain

with inhibition. The formation of GABA occurs by the

decarboxylation of glutamate catalyzed by GAD (glu-

tamate decarboxylase). The enzyme is present in many
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nerve endings of the brain as well as in the b-cells of the
pancreas. Neurons that secrete GABA are termed

GABAergic. GABA exerts its effects by binding to two

distinct receptors, GABA-A and GABA-B. The GABA-
A receptors are pentameric membrane proteins that

operate as GABA-gated Cl� channels responsible for

synaptic inhibition. The anxiolytic drugs of the benzo-

diazepine family exert their soothing effects by potenti-

ating the responses of GABA-A receptors to GABA

binding. The GABA-B receptors are coupled to an in-

tracellular G-protein and act by increasing conductance

of an associated Kþ channel. The present studies are
focused on GABA-A receptors.

mail to: kchou@san.rr.com


Fig. 1. Schematic drawing to show the stoichiometry and the ar-

rangement of the five subunits in a GABA-A receptor, with a view

from C- to N-terminal. According to the existing experimental data, a

mirror image subunit arrangement is equally possible [8]. The 3D

model derived from this study can help clarify such an ambiguity and

uniquely define the arrangement. See Eqs. (1)–(4) and the relevant text

for further explanation.
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GABA-A receptors exhibit varied structural hetero-
geneity and are assembled from a repertoire of at least

18 subunits. These receptors are most clearly distin-

guished by their subunit architecture, which in mam-

malian brain comprises seven different classes of

subunits with multiple variants (a1–6, b1–3, c1–3, d, e, 0,
and q1–3). Most GABA-A receptor subtypes in vivo are

believed to be composed of a, b, and c subunits. Of the

12 constituent subunits (a1–6, b1–3, and c1–3), b2 is
ubiquitous and the most abundant subunit in the brain.

And c2 is a necessary subunit for benzodiazepine

binding [1]. For the six a isoforms, only a1, a2, a3, and

a5 determine benzodiazepine pharmacology. This is

because the residue His-129 of a1 (or the equivalent His

at a2, a3, and a5) is critical for benzodiazepine binding

[2]. The equivalent position at a4 and a6 is occupied by

Arg and its mutation to His is required for their in-
teraction with classical benzodiazepines. Accordingly,

despite numerous possible abc combinations, akb2c2
(k¼ 1, 2, 3, and 5) combinations, or subtypes 1, 2, 3,

and 5, appear to be prototypic for GABA-A receptors,

sharing many properties with those of native neuronal

receptors. Of the four receptors, subtype 1 is thought to

be the most abundant in the adult brain [3]. On the

other hand, it has been shown by mounting evidence
that the subtype 2 is critical for mediating the anxiolysis

produced by classical benzodiazepines. Acting by en-

hancing the GABA-A receptor function in the central

nervous system, classical benzodiazepine drugs are in

wide clinical use as anxiolytics, hypnotics, anticonvul-

sants, and muscle relaxants [4]. To stimulate the

structure-based design for new drugs that target re-

stricted neuronal networks and minimize side effects, it
is vitally important to find the 3D structures of GABA-

A receptors in all the relevant subtypes. The present

study was initiated in an attempt to find the 3D

structures for the ectodomains of subtypes 1, 2, 3, and

5, respectively.
Materials and methods

In the existing literature, the symbols for the subtypes 1, 2, 3, and

5 of GABA-A receptors are usually denoted by a1b2c2, a2b2c2, a3b2c2,
and a5b2c2, respectively. Since they are heteropentameric membrane

proteins in which the C-terminals of the five subunits are located in

the cytoplasmic side and their N-terminals at the extracellular side,

the existing representations would lack uniqueness. To clarify the

ambiguity, here let us propose the following symbol to uniquely ex-

press their stoichiometry and subunit arrangement [5–7]. As shown in

Fig. 1, the subunits S1; S2;S3;S4; and S5 follow a clockwise order

arrangement when viewed from C- to N-terminal, or from the cyto-

plasmic to the extracellular side. However, according to the existing

experimental data a corresponding mirror image subunit arrangement

is equally possible [8], implying that the directionality could not be

uniquely defined. In other words, if the pentamer of Fig. 1 is for-

mulated by

S1S2S3S4S5

�������!
ðC ! NÞ ð1Þ
where the subunits follow a clockwise order arrangement when viewed

from C- to N-terminal, then its mirror image will be formulated by

S1S2S3S4S5�������!ðC ! NÞ ð2Þ

where the corresponding subunits will follow a counterclockwise order

arrangement as indicated by the underlying arrow bar. Therefore,

before the issue regarding the possible two arrangements can be solved,

subtypes 1, 2, 3, and 5 of GABAA receptors may be expressed as either

(clockwise)

a1b2a1c2b2
�������!

ðC ! NÞ for subtype 1

a2b2a2c2b2
�������!

ðC ! NÞ for subtype 2

a3b2a3c2b2
�������!

ðC ! NÞ for subtype 3

a5b2a5c2b2
�������!

ðC ! NÞ for subtype 5

8>>>>><
>>>>>:

ð3Þ

or (counterclockwise)

a1b2a1c2b2�������!ðC ! NÞ for subtype 1

a2b2a2c2b2�������!ðC ! NÞ for subtype 2

a3b2a3c2b2�������!ðC ! NÞ for subtype 3

a5b2a5c2b2�������!ðC ! NÞ for subtype 5

8>>>>>><
>>>>>>:

ð4Þ

The sequences of a1, a2, a3, a5, b2, and c2 subunits for the four

human GABA-A receptors studied here were taken from [9–13]. The

numbers of total residues for a1, a2, a3, a5, b2, and c2 subunits are 456,
451, 492, 462, 474, and 467, respectively. The sequence locations in

different domains for each of the six subunits are given by

a1 : 1–27 ðsignalÞ; 28–251 ðextracellularÞ; 252–456 ðintracellularÞ
a2 : 1–28 ðsignalÞ; 29–251 ðextracellularÞ; 252–451 ðintracellularÞ
a3 : 1–28 ðsignalÞ; 29–276 ðextracellularÞ; 277–492 ðintracellularÞ
a5 : 1–31 ðsignalÞ; 32–258 ðextracellularÞ; 259–462 ðintracellularÞ
b2 : 1–24 ðsignalÞ; 25–244 ðextracellularÞ; 245–474 ðintracellularÞ
c2 : 1–39 ðsignalÞ; 40–273 ðextracellularÞ; 274–467 ðintracellularÞ

8>>>>>><
>>>>>>:

ð5Þ



Fig. 2. The multiple sequence alignment between 1i9b (one chain of the

AChBP homopentamer) and a1, a2, a3, a5, b2, and c2 subunits of

GABA-A receptor heteropentamer. The codes in boldface type rep-

resent the residues known important to ligand binding. See Eq. (5) and

the relevant text for further explanation.
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where the sequence positions in different domains were obtained either

directly from [9–13] or derived by a bioinformatic analysis (see, e.g.,

[14,15]). For the current study, the signal peptide segments were not

included because they will be cleaved off by signal peptidase during the

secretory process (see, e.g., [16]). Also the intracellular domains need

not be considered here since they are outside of the benzodiazepine

binding site. Accordingly, our target should be focused on the extra-

cellular domains.

Since molluscan AChBP (acetylcholine-binding protein) is a

structural and functional homologue of the amino-terminal ligand-

binding domain of a GABA-A receptor [17], the crystal structure of

AChBP (1i9b.pdb) could be used as a template for the current pre-

diction. The relevant sequence alignment was performed using the

CLUSTALW [14]. The aligned result is shown in Fig. 2, where only

one chain of AChBP (abbreviated as 1i9b) is shown due to the fact that

AChBP is a homopentamer. According to the alignment of Fig. 2, the

3D model of the a1b2a1c2b2
�������!ðC ! NÞ was constructed through the

following five steps. (1) Generate the a1 subunit based on the 1st chain

of 1i9b.pdb with the presence of its other four chains as an environ-

ment. (2) Generate the b2 subunit based on the 2nd chain of 1i9b.pdb

with the presence of the new-generated a1 subunit as well as the chains

3–5 of 1i9b.pdb as an environment. (3) Generate the second a1 subunit

based on the 3rd chain of 1i9b.pdb with the presence of the two sub-

units generated in steps 1–2 as well as the chains 4–5 of 1i9b.pdb. (4)

Generate the c2 subunit based on the 4th chain of 1i9b.pdb with the

presence of the three subunits generated in steps 1–3 as well as

the chains 5 of 1i9b.pdb. (5) Generate the second b2 subunit based on the
5th chain of 1i9b.pdb with the presence of the four subunits generated

in steps 1–4. The presence of the other chains during the modeling

process as described in the above steps is important in order to avoid

the formation of any conflicting structure with overlap or penetration.

Obviously, during the above steps if the order for generating the sec-

ond a1 subunit and c2 subunit was reversed, then the heteropentamer

thus obtained would be a1b2a1c2b2�������!ðC ! NÞ, which just has an oppo-

site direction to a1b2a1c2b2
�������!ðC ! NÞ (see Eqs. (3) and (4)). During the

above operation, each of the subunit chains was computed by using the

segment matching modeling method, in which a database of known

protein structures was employed to build an unknown target structure-

based on an amino acid sequence alignment [18–22]. In the current case

the target structure was each of the subunits in a heteropentamer that

are to be predicted. The modeling operation consisted of the following

procedures: (a) the target chain was first broken into short segments of

sequence; (b) the database (formed by more than 5200 high-resolution

X-ray protein structures) was searched for matching segments ac-

cording to the sequence alignment and the shape of the template

protein chain; (c) these segment coordinates were fitted into the

growing target structure under the monitor to avoid any van der Waal

overlap until all atomic coordinates of the target structure were ob-

tained; and (d) the process was repeated 10 times and an average model

was generated, followed by energy minimization of the entire chain

with the presence of the corresponding other four chains as an envi-

ronment as described in the above steps 1–5.

Finally, the five chains thus generated were subjected to an overall

energy minimization with respect to all the atoms to create the final 3D

models for a1b2a1c2b2
�������!

ðC ! NÞ and a1b2a1c2b2�������!ðC ! NÞ, respectively.
By following the similar procedures, the 3D structures for

a2b2a2c2b2
�������!ðC ! NÞ and a2b2a2c2b2�������!ðC ! NÞ; a3b2a3c2b2

�������!ðC ! NÞ and

a3b2a3c2b2�������!ðC ! NÞ, as well as a5b2a5c2b2
�������!ðC ! NÞ and a5b2a5c2b2�������!

ðC ! NÞ were also derived.

The segment matching approach was previously used to model the

structure of the protease domain of caspase-8, at a time before the X-ray

coordinates were released for caspase-3 [23]. In that particular study, the

atomic coordinates of the catalytic domain of caspase-3 were predicted

based on the X-ray structure of caspase-1, and then the caspase-3
structure thus obtained served as a template to model the protease do-

main of caspase-8. After the X-ray coordinates of caspase-3 protease

domain were finally released and the X-ray structure of the caspase-8
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protease domain was determined [24], it turned out that the RMSD

(root-mean-square-deviation) for all the backbone atoms of the

caspase-3 protease domain between the X-ray and predicted struc-

tures was 2.7�A, while the corresponding RMSD was 3.1�A for

caspase-8 and only 1.2�A for its core structure. This indicates that

the computed structures of caspase-3 and -8 were quite close to the

corresponding X-ray structures. Later on, this method was succes-

sively applied to model the CARDs (caspase recruitment domains)

of Apaf-1, Ced-4, and Ced-3, based on the NMR structure of the

RAIDD CARD [25], and to model the Cdk5-P35 complex [26] as

well as the protease domain of caspase-9 [27]. Recently, it was also

used to model the tertiary structure of b-secretase zymogen

successfully elucidating the experimental observations that the

prodomain of b-secretase does not suppress activity as in a strict

zymogen [28].
Results and discussion

Let us first examine the structures as formulated by

Eq. (3), i.e., a1b2a1c2b2
�������!ðC ! NÞ; a2b2a2c2b2

�������!ðC ! NÞ;
a3b2a3c2b2
�������!ðC ! NÞ, and a5b2a5c2b2

�������!ðC ! NÞ. When

viewed along the fivefold axis, the four structures (Figs.

3A–D) resemble a windmill toy, with petal-like pro-
tomers. When viewed perpendicular to the fivefold axis,
Fig. 3. The computed structure of GABA-A receptor (viewed from C- to N-te

5, where a1 subunit is in red, a2 in pink, a3 in purple, a5 in light blue, b2 in yel

depicted by white ball-and-stick drawing. (For interpretation of the references

of this paper.)
they form a cylinder, with a diameter of about 75�A. The
diameter of the central hole is about 15�A, between side

chains. In the four heteropentamers the only subunit

contacts are dimer interfaces. These features provide a

proper structural foundation for the ion-pumping

mechanism [29,30]. The computed a1b2a1c2b2
�������!ðC ! NÞ

molecule contains 1122 residues, 18,222 atoms, and 571

hydrogen bonds; a2b2a2c2b2
�������!ðC ! NÞ contains 1120

residues, 19,287 atoms, and 559 hydrogen bonds;

a3b2a3c2b2
�������!ðC ! NÞ contains 1170 residues, 19,036 at-

oms, and 658 hydrogen bonds; and a5b2a5c2b2
�������!ðC ! NÞ

contains 1128 residues, 18,282 atoms, and 555 hydrogen

bonds. The following three criterions were used to test

the predicted structures. Let us first consider the struc-

ture a1b2a1c2b2
�������!ðC ! NÞ.

(1) Disulfide bonds. A hallmark of the ligand-gated

pentameric channels is the existence of a disulfide bond

in each of its subunits at the N-terminal. This is exactly

true as for a1b2a1c2b2
�������!ðC ! NÞ as shown by the ball-

and-stick drawing in Fig. 3A. According to the pre-
dicted model, the a1 subunit is with a disulfide bond
rminal) for (A) subtype 1, (B) subtype 2, (C) subtype 3, and (D) subtype

low, and c2 in green. The Cys pair involved in forming disulfide bond is

to colour in this figure legend, the reader is referred to the web version



Fig. 4. A close view to show that (A) a1-Phe92, a1-Arg147, and b2-
Tyr181, b2-Thr184, b2-Thr226, b2-Tyr229 are grouped around the

a1=b2 interface, and that (B) a1-His129, a1-Tyr-187, a1-Gly228, a1-

Thr234, a1-Tyr237, and c2-Met96, c2-Phe116, c2-Ser130, c2-Gly143,

c2-Met169 are grouped around the a1=c2 interface. Both are fully

consistent with the experimental observations. See text for further

explanation.
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between Cys166 and Cys180, b2 subunit with a disulfide
bond between Cys160 and Cys174, and c2 with a di-

sulfide bond between Cys190 and Cys204.

(2) a1/b2 interface. As is well known, the GABA

molecule first docks into a1=b2 interface, leading to an

allosteric conformational change and increasing the ion

flow through the channel and the affinity of diazepam to

the a1=c2 interface. The ion flow is called GABA-in-

duced chloride current or GABA current. Moreover, the
binding of diazepam will further increase the affinity of

GABA to the a1=b2 interface, implying that the whole

process is a positive cooperative one [5,7,31,32]. Muta-

tional studies [5,6,31] have shown that the key residues

to GABA affinity are a1-Phe92, a1-Arg147 and

b2-Tyr181, b2-Thr184, b2-Thr226, b2-Tyr229, suggesting
that such six residues must be grouped around the a1=b2
interface. The predicted structure for a1b2a1c2b2

�������!
ðC ! NÞ indeed indicates so, as shown in Fig. 4A.

Meanwhile, it has been found that the area of the sur-

face buried into the interface between a1 and b2 subunits
is 1235�A2.

(3) a1/c2 interface. It is known that the benzodiaze-

pine binding site of GABA-A receptors is located in the

a1=c2 interface (see, e.g., [5]). Furthermore, a series

of experimental observations through binding and

functional studies indicate that a1-His129, a1-Tyr-187,

a1-Gly228, a1-Thr234, a1-Tyr237, and c2-Met96, c2-
Phe116, c2-Ser130, c2-Gly143, and c2-Met169 are im-
portant either to the binding of benzodiazepine or to the

function of stimulating GABA currents by ligands of the

benzodiazepine binding site [5,6,31], suggesting that

these residues should be grouped around the a1=c2 in-

terface. Again, the predicted structure does indicate so,

as shown in Fig. 4B. Also, it has been found that the

area of the surface buried into the interface between a1

and c2 subunits is 1114�A2.
The above results have indicated that the predicted

structure for a1b2a1c2b2
�������!ðC ! NÞ is completely consis-

tent with all the relevant experimental results known so

far. Likewise, the same was true by following the above

three examination procedures for the structures

a2b2a2c2b2
�������!ðC ! NÞ (Fig. 3B), a3b2a3c2b2

�������!ðC ! NÞ
(Fig. 3C), and a5b2a5c2b2

�������!ðC ! NÞ (Fig. 3D),
respectively.

However, if the criteria (2) and (3) were used to

examine the structures of Eq. (4), i.e., a1b2a1c2b2�������!
ðC ! NÞ; a2b2a2c2b2�������!ðC ! NÞ; a3b2a3c2b2�������! ðC ! NÞ, and

a5b2a5c2b2�������!ðC ! NÞ, it was found that those residues

which should be grouped around a1;2;3;5=b2 interfaces

were instead grouped around a1;2;3;5=c2 and b2=c2 inter-

faces, and that those residues which should be grouped

around a1;2;3;5=c2 interfaces were grouped around

a1;2;3;5=b2 and c2=b2 interfaces. Accordingly, the struc-
tures as formulated in Eq. (4) are not consistent with the

experimental observations and hence will be dropped for
further consideration. Also, this has clarified the ambi-

guity about the two possible arrangements of the five

subunits in GABA-receptors that could not be uniquely

determined by the existing experiment data. In other

words, the subtypes 1, 2, 3, and 5 of GABA-A receptors

should be formulated by a1b2a1c2b2
�������!ðC ! NÞ;

a2b2a2c2b2
�������!ðC ! NÞ; a3b2a3c2b2

�������! ðC ! NÞ, and

a5b2a5c2b2
�������!ðC ! NÞ, respectively.



Fig. 5. A structural superposition of the key residues of subtype 2 (red) with those of subtype 1 (yellow), subtype 3 (purple), and subtype 5 (green) to

help pinpoint the subtle structural difference around (A) the a1;2;3;5=b2 interfaces and (B) the a1;2;3;5=c2 interfaces. See the legends to Figs. 4–5 for

further explanation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this paper.)
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As far as the constituent subunits are concerned, the

only difference among subtypes 1, 2, 3, and 5 is in the a
subunit. The sequence identity of a2 with a1; a3, or a5

subunit is 81%, 81%, or 78%, respectively (Fig. 2).

Therefore, the overall structure of subtype 2 (Fig. 3B)

looks almost the same as those of subtype 1 (Fig. 3A),

subtype 3 (Fig. 3C), and subtype 5 (Fig. 3D). Never-
theless, there is some subtle difference among the four

structures that might be important for designing drugs

with subtype 2 selectivity. To provide a close look at the

difference, a structural superposition of the aforemen-

tioned key residues in the four subtypes of GABA-A

receptors is presented in Fig. 5, where panel (a) is for

those regarding a1;2;3;5=b2 interface and panel (b) for

those regarding a1;2;3;5=c2 interface.
Conclusion

GABAergic inhibition has become one of the most

rapidly developing topics in neuropharmacology. To

stimulate the structure-based design of highly selective
drugs in this area, the 3D structures of the extracellular

domains of subtypes 1, 2, 3, and 5 of GABA-A receptors

have been derived. A comparison with various experi-

mental observations has indicated that the predicted

structures are quite consistent with the existing data

known so far. Furthermore, the predicted structures

have clarified some ambiguities that could not
beensolved by the existing experimental data, such as

the arrangement order of the subunits in the hetero-

pentamers. Expressed in terms of the symbols intro-

duced in the current paper, the stoichiometry and

arrangement of the five subunits for subtypes 1, 2, 3, and

5 of GABA-A receptors should be a1b2a1c2b2
�������! ðC ! NÞ;

a2b2a2c2b2
�������!ðC ! NÞ; a3b2a3c2b2

�������!ðC ! NÞ, and a5b2a5c2b2
�������!

ðC ! NÞ of Eq. (3), respectively, but not their mirror

images of Eq. (4). Since GABA is a common therapeutic

target for the treatment of CNS diseases, the current

models may serve as a reasonable 3D structural frame

for conducting mutagenesis and docking studies, pro-

viding insights or stimulating development of novel

strategies for designing highly selective drugs for CNS
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diseases such as generalized anxiety disorders, sleep
disturbances, muscle spasms, and seizure disorders.
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