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ABSTRACT. A detailed understanding of GABAreceptor assembly is an important issue in view of its
role as attractive target for treatment of epilepsy, anxiety, depression, cognitive defects, and nociceptive
disorders. Heteromerization of GABAR1 and GAB/A-R2 subunits is a prerequisite for the formation

of a functional GABAs receptor. Each individual subunit contains one stretck®® amino acid residues
within its intracellular C-terminal domain that mediates heteromer formation. To investigate the mechanism
of the GABAs-R1/GABAg-R2 interaction and to assess the subunit stoichiometry of the complex,
recombinant polypeptide chain fragments containing the heteromerization site were produced by
heterologous gene expressionHkscherichia coli When mixed in equimolar amounts, these peptides
preferentially formed parallel coiled-coil heterodimers under physiological buffer conditions. This
demonstrates that the short C-terminal regions are sufficient to determine the specificity of interaction
between GABA receptor subunits. In contrast, isolated GABR1 peptides folded into relatively unstable
homodimers, whereas GABAR?2 peptides were largely unstructured. Together with the data reported in
the literature, the results presented here indicate that the functional @A&®&ptor is a heterodimer
assembled by parallel coiled-caithelices.

y-Aminobutyric acid (GABAY is the main inhibitory residues %, 12—15). Members of this family contain an
neurotransmitter in the vertebrate central nervous system,intracellular C-terminal domain, seven characteristic trans-
where it exerts its effects through ionotropic (GARA  membrane spanning segments, and an extended N-terminal
GABA.) and metabotropic (GAB# receptor systemsl{- extracellular domain, which in case of the two GABA
4). In contrast to type A and C receptors, which mediate receptors is N-glycosylated. GABAR1 and GABAs-R2
fast inhibitory activity, GABAs receptors produce slow, mMRNAs are expressed only in the brain where they are very
prolonged synaptic inhibition through G protein-coupled abundant and show considerable colocalization as revealed
second-messenger pathways §). Via these signal trans- by in situ hybridization §, 8—11). Importantly, GABAs-
duction molecules, they regulate the release of neurotrans-R1a, GABAs-R1b, and GABA-R2, when expressed indi-
mitters and the activity of ion channels and adenylyl cyclase vidually, show functional differences to endogenous GABA
3. receptors §—11). In particular, neither GABA-R1 nor

Recently, two homologous genes encoding GABécep- GABAG3-R2 alone activate Kir3- and GIRK-type potassium
tor isoforms, termed GABAR1 and GABA-R2, have been  channels §—11). Furthermore, GABA-R1a fails to reach
cloned from man and rab{-11). GABAg-R1 exists in two the cell surface when expressed by itself in heterologous
splice variants (a and b) which differ in their N-termij ( systems and is retained in the endoplasmatic reticulLén (
At the protein level, the two receptors share 35% identical Thus, coexpression of GABAR1 and GABA-R2 appears
residues §—10). As expected, both proteins belong to the to be a prerequisite for the formation of a functional high
seven transmembrane, G protein-coupled receptor family. Inaffinity GABAg receptor 6—11, 16).

particular, GABA; receptors are most closely related and  \joregver, it has recently been demonstrated that GABA
similar in size to members of the metabotropic glutamate r1 ang GABA-R2 interact via their intracellular domains
receptor family, which range from 872 to 1,203 amino acid g form heterodimers or larger oligomei ). On the basis

of this observation, it has been speculated that this heterotypic

T This work was supported by the Swiss National Science Foundation ; : ; ; Had_~ril_hali
(Grant 31-49281.96 10 J. E.). interaction is mediated by coiled-coil-helices ). The

*To whom correspondence should be addressétyeduEngel, o-helical coiled coil is probably the most widespread subunit
Department of Biophysical Chemistry, Biozentrum, University of Basel, oligomerization motif found in proteins7—20). This type
Klingelbergstrasse 70, CH-4056 Basel, Switzerland. Telephengt of protein structure consists of two to five amphipathic

612072250, Faxt égn?rlibﬁgazéggéﬁ;Tf':ﬁg%ﬂ?ygbac'”'un'baS'Ch' a-helices that “coil” around each other in a left-handed

L Abbreviations: {221, mean molar residue ellipticity at 221 nm; ~ supertwist 1—25). The sequences of coiled coils are
A, absorbance; CD, circular dichroism; GAB#saminobutyric acid; characterized by a heptad repeat of seven residues denoted

GABA;-R, B-type GABA receptor; GuHCI, guanidine hydrochloride; _ ; _ ; ;
kDa, kilodaltons; PCR, polymerase chain reaction; SP3GE, a—g, with a 3,4-hydrophabic repeat of mostly apolar amino

sodium dodecy! sulfate polyacrylamide gel electrophord@sismidpoint acids at positiona andd (26, 27). Interactions between the
of thermal denaturation. core residues aa andd and its two flanking positionse
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and g, determine the number of strands, the parallel or by immobilized metal affinity chromatography on 2

antiparallel orientation of ther-helices, and the homo- or
heterotypic association of subunits into a coiled coil (for
review see refd7, 18).

A detailed understanding of GABAreceptor assembly

Sepharose (Novagen) was performed under native (GABA
R1 cc) or denaturing conditions (GABAR1p, GABAs-R2p,
and GABAg-R2 cc) as described in the manufacturer’s
instructions. Separation of recombinant GABAeceptor

is an important issue in view of its role as attractive target Polypeptide chain fragments from the 6xHis-tagged carrier
for treatment of epilepsy, anxiety, depression, cognitive Protein by thrombin cleavage was carried out as described

defects, and nociceptive disorde28{30). To investigate
the mechanism of the interaction between GABRAL and
GABAg-R2 in detail, we have produced recombinant GABA

by Kammerer et al. 32). GABAg-R2p contains one ad-
ditional N-terminal Gly residue, and GABAR1p and
GABAGg-R2 cc carry two additional residues, Gly and Ser,

receptor polypeptide chain fragments, containing the putativeat their N-termini, which originated from the expression

coiled-coil domains irEscherichia coli Subsequently, we

plasmids and are not part of the GABAeceptor coding

have analyzed the structures of the individual and combined Sequences. Recombinant polypeptide chain fragments were

peptides by nondenaturing PAGE, Tricine/SEFAGE,

analyzed in 10 mM sodium phosphate buffer (pH 7.0)

circular dichroism (CD) spectroscopy, and analytical ultra- supplemented with 150 mM sodium chloride. Concentrations

centrifugation. We found that GABAR1 and GABA-R2

of GABAg-R1p, GABAg-R2p, and 6xHisTrx-GABA-R1 cc

polypeptide chain fragments specifically interact to form a were determined by Trp and/or Tyr absorptiar6iM GuHCI

parallel coiled-coil heterodimer under physiological condi-
tions. Together, with the data reported in the literatufe (
9), our results indicate that the functional GABAeceptor

is a heterodimer assembled by parallel coiled-gélilelices.
Although isolated coiled-coil domains usually display the

(34) and the concentration of GABAR2 cc was estimated
by the BCA assay (Pierce).

Gel ElectrophoresisNondenaturing PAGE and Tricine/
SDS-PAGE 85) were performed on 1% 13-cm slab gels
at 4 °C and room temperature, respectively. Proteins were

same subunit stoichiometry as the native protein, an ag-visualized by staining with Coomassie Brilliant Blue R-250.

gregation of GABAs receptor heterodimers to higher order
oligomers cannot be excluded by our approach.

EXPERIMENTAL PROCEDURES

Construction of Expression PlasmidBNA fragments

Apparent molecular masses were obtained by comparison
with low molecular mass markers (Amersham Pharmacia
Biotech and Sigma).

CD SpectroscopyCD spectra were acquired on a Jasco
J720 spectropolarimeter. Far-ultraviolet spectra (2280

coding for amino acid residues Glu-865 to His-927 (desig- NM) were measured in a 0.2-mm path length quartz cell and

nated GABA-R1p) and Glu-885 to Ser-918 (GABAR1
cc) of GABAg-R1a (7) and Ser-774 to Tyr-825 (GABA
R2p) and Thr-785 to Asp-818 (GABAR?2 cc) of GABAg-
R2 (7) were amplified by PCR from human adult brain

represent averages of 10 accumulations. Spectra were
normalized for concentration and path length to obtain the
mean molar residue ellipticity after subtraction of the buffer
contribution. Helix content was calculated by the method of

cDNA (Clontech). Oligonucleotide primer sets were designed Chen et al. §6). Temperature scans were recorded on a Cary

(GABAg-R1p: p-3 (5-CCCGGATCCGAATGGCAGTCG-
GAGGCG-3) and p-3 (5-CCCGAATTCTTATTAGTG-
GCGCCGGGAGCGGAG-3; GABAg-R1 cc: p-5 (5-
CCCGGATCCGAGGAGAAGTCCCGGCTGTTG B and
p-3 (5-TCTCCCGAATTCTTATTAGCAACCACCAGAC-
TGGAGTTGATGGCGCAG-3; GABAg-R2p: p-3 (5-
CCCGGATCCACCTCGGTCACCAGTG"pand p-3 (5-
CCCGAATTCTTATTAGTAGGTGGTCTTTTCTGGTGTG-
3); and GABAs-R2 cc: p-5 (5-CCCGGATCCACAT-
CCCGCCTGGAGGGCC-3and p-3 (5-TCTCCCGAAT-
TCTTATTAGCAACCACCGTCCTGCAGCTGCATGGTG-
AC-3')) to obtain aBanH | site at the 5end and two
translation stop signals (TAA) followed by dxcadR | site
at the 3 end of each construct. In addition, the linker
sequence GlyGly—Cys was introduced at the C-terminal
end of GABAs-R1 cc and GABA-R2 cc. The amplified
products were ligated into thBanH I/EcoR | site of the
bacterial expression vectors pPEP-T (GABR1p, GABAs-
R2p, and GABA-R2 cc)@1) and pHisTrx2 (GABA-RL1 cc)-
(32). PCR and DNA manipulations for cloning were per-
formed according to standard protocoB3), Recombinant
insert DNA was verified by Sanger dideoxy DNA sequenc-
ing.

Expression and Purification of Recombinant GABA
Receptor Polypeptide Chain Fragment$he E. coli

61 spectropolarimeter equipped with a thermostated 1-mm
path length quartz cell. Thermal stability was determined by
monitoring the change in the mean molar residue ellipticity
at a fixed wavelength of 221 nm@J.1, as a function of
temperature. A scan rate of AC/min was used for all
experiments. Data analysis was performed with the Jasco
(Japan Spectroscopic Co.), LABView (National Instruments),
and Sigma Plot (Jandel Scientific) software packages.

Analytical UltracentrifugationSedimentation equilibrium
and sedimentation velocity experiments were performed on
a Beckman Optima XL-A analytical ultracentrifuge equipped
with 12-mm Epon double-sector cells in an An-60 Ti rotor.
The recombinant GABA receptor peptides were analyzed
in 10 mM sodium phosphate buffer (pH 7.0) supplemented
with 150 mM sodium chloride, and protein concentrations
were adjusted to 0-20.4 mg/mL. Sedimentation velocity
runs were performed at 2T at a rotor speed of 56 000
rpm, and sedimenting material was assayed by its absorbance
at 234 or 278 nm. Sedimentation coefficients were corrected
to standard conditions (water, 2T)(37). Sedimentation
equilibrium scans were carried out at 22 000 to 38 000 rpm,
depending on molecular mass. Average molecular masses
were evaluated by using a floating baseline computer
program to obtain the best linear fit ofArversusr? where
Ais the absorbance amdhe distance from the rotor center

JM109(DE3) host strain (Promega) was used for expression.(37). A partial specific volume of 0.73 mL/g was used for
Production and purification of 6xHis-tagged fusion proteins all calculations.



Mechanism of GABA Receptor Assembly
RESULTS AND DISCUSSION

The distinctive, repetitive pattern of the heptad repeat
provides a characteristic feature for the identification of
coiled-coil regions from the primary sequence of a protein.
Secondary structure analysis, using the COILS algorithm
(version 2.2;18, 38), which compares an amino acid

sequence with sequences in a database of known two-

stranded coiled coils, predicts with high probability coiled-
coil stretches from residues Glu-317 to Phe-339 and Glu-

Biochemistry, Vol. 38, No. 40, 19993265

A
GABA,-R1p
efgabcdefg

GSEWQSEAQDTMKTGSSTNNNEEEKSRLLEKE -

abcdefgabcdefgabcecdefgabe
NRELEKITAEKEERVSELRHQLQSRQQLRSRRH

885 to Ser-918 in human GABAR1a (7) and residues Thr- GABA,-R2p
785 to Asp-818 in GABA-R2 (7). For other regions of the
GABAG receptor subunit sequences, a tendency to assume efgabcdefgabedefgabe

a putative coiled-coil conformation was not predictable.
Interestingly, the last two predicted coiled-coil domains

GSTSVTSVNQASTSRLEGLQSENHRLRMKITE-

approximately correspond to the sites that have been mappeddefgabcdefgalbc

to mediate the interaction between GABR1 and GABAs-

R2 by the yeast two-hybrid syste®)(Using this approach,

an interaction was found between GABR1 and GABAs-

R2, but not among GABAR1 molecules or GABA-R2
molecules, suggesting a heterotypic assembly of the two
receptor subunits. Interaction between the C-termini of
GABAg-R1 and GABA-R2 has also been confirmed by
glutathione S-transferase fusion protei@s (

To understand the mechanism of the GABPAeceptor
subunit interaction and to address the stoichiometry of the
complex, two recombinant peptides, GABR1p and
GABA3-R2p, were produced by heterologous gene expres-
sion in E. coli (Figure 1A; see Experimental Procedures).
To distinguish the two by Tricine/SDS-PAGE and analytical
ultracentrifugation, GABA-R1p and GABA-R2p were
designed to differ in size. In addition, both peptides contain
an aromatic Tyr or Trp residue for protein quantitation. The
homogeneity of the affinity-purified GABAreceptor pep-

LDKDLEEVIMQLQDTPEKTTY

B
kDa
106-
81— an ™
6.2
1 2

Ficure 1: Design of GABAs receptor peptidesA) Sequences of
GABAg-R1p and GABA-R2p, comprising residues Glu-865 to
His-927 of GABAs-R1a (7) and Ser-774 to Tyr-825 of GABA

R2 (7), with two (Gly—Ser) and one (Gly) additional N-terminal
residues, respectively. Heptad positions of the predicted coiled-

tides was assessed by Tricine/SDS-PAGE. Single bandscoil domains are indicated by lowercase letteB). Tricine/SDS-

migrating with mobilities corresponding to their expected

molecular masses were detected (Figure 1B).

PAGE analysis under reducing conditions of recombinant GABA
receptor polypeptide chain fragments after affinity purification and
thrombin cleavage. Lane 1, GAB/AR1p; lane 2, GABA-R2p.~10

CD spectroscopy was used to test for the secondaryug of peptide was loaded per lane. The migration of marker proteins

structure of the peptides. The far-ultraviolet CD spectrum
recorded from GABA-R1p indicated a substantial amount
of a-helicity at 5°C (Figure 2A). However, the CD spectrum
was characteristic for partial helix formation as evidenced
by a shift of the minimum from 208 to 205 nm. In contrast,
GABAg-R2p was largely unfolded at 8C as revealed by
its CD spectrum; typical for proteins in a random coil
conformation, there is a pronounced minimum at 200 nm
(Figure 2A). However, when mixed in equimolar amounts,
the CD spectrum of the combined GABA&R1p and GABA-
R2p peptides displayed a significant increasexihelicity
with characteristic minima at 208 and 222 nm (Figure 2A).
The [0]222 value of—25 000 deg crhdmol™2, which indicates

a degree ofi-helicity of ~60—70% for a 75«M total peptide
solution @6), is consistent with the predicted coiled-coll

is indicated.

concentration dependence of the midpoint of thermal unfold-
ing (Tm) was observed for the mixed peptides (data not
shown). At a total peptide concentration of /1, the profile
showed aTl,, at 48°C (Figure 2B). In contrast, the thermal
melting profile recorded from GABAR1p exhibited a
broad, noncooperative transition, indicating partial unfolding
of the peptide at low temperatures (Figure 2B). Consistent
with its CD spectrum, GABA-R2p yielded no significant
thermal unfolding profile (data not shown).

GABA3g-R1p and GABA-R2p peptides were designed to
have net charges of1 and—3, respectively. Accordingly,
preferential heteromer formation of GABAeceptor peptides
could also be demonstrated by nondenaturing PAGE (Figure

stretches in the two peptides. This suggests that the combined). As nondenaturing gels separate on the basis of a

GABAg receptor peptides form a heterotypic-helical
coiled-colil structure, a conclusion which is further supported
by the temperature-induced denaturation profile recorded
from the mixture at 221 nm (Figure 2B). The thermal
unfolding profile exhibited the sigmoid shape typical for
coiled caoils, implying a two-state transition. Accordingly,
the profile was monophasic and reversible wit®0% of

the starting signal regained on cooling. As expected,

combination of molecular mass, shape, and net charge of
proteins, the faster electrophoretic mobility of the heterotypic
complex (lane 2) relative to that of the GABAR2p
component (lane 3) can be understood in terms of formation
of a compact structure, which is less resistant to migration
in the electric field.

To determine the subunit stoichiometry of the GABA
R1/GABAg-R2 heteromer, equimolar solutions of all peptide
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Ficure 3: 10% nondenaturing PAGE performed &G indicating
A (nm) complex formation between GABAreceptor peptides. Lane 1,
GABAg-R1p; lane 2, GABA-R1p/GABAg-R2p complex; lane 3,
B GABAg-R2p. ~5 ug of peptide was loaded per lane.

obtained at physiological body temperature (calculated
-5000 molecular mass of 7.8 kDa). Over the entire temperature
range analyzed, GABAR2p exhibited molecular masses of

dimers explain the lack of interaction observed among
GABAg-R1 or among GABA-R2 molecules in yeast two-
~25000 1 hybrid screens? 9). As the stability of a coiled coil is
determined by interactions between residues in the hydro-
phobic interface, the instability of the GARBAR1p ho-

T(°C) modimer can be rationalized by the presence of Ser-888 and
FIGURE 2: (A) Far-ultraviolet CD spectra recorded from GABA ~ ASN-895 side chains at two heptagpositions and Lys-905
Rip @), GABAg-R2p (O), and an equimolar mixture of both  at ad position, all of which correspond to a violation of the
peptides ¥) at 5 °C. Peptide concentrations were /81 in 10 3,4-hydrophobic repeat. In particular, Lys residues are only
::nh'}/ér%%dle?e]ph%zﬁiggg_(gg OZ)g)d ggzﬁh”mgr};%igt“gsstﬁg't“m very rarely found ird positions of dimers39). The presence
the mixture ofzééth peptides is60—70% helical. B) Temperature ofa chgrged reSIdue.at a hept:hqbq&j,ltlon IS presumably a
induced unfolding profiles of GABAR1p @) and GABAs-R1p/ very efficient mechanism to destabilize the short homodimer.
GABAg-R2p (¥) monitored by the change of the CD signal at 221  Similarly, replacement of Leu residues by Arg or Lys in the
nm. Only the mixed peptides exhibit a sigmoidal unfolding |eucine zipper of GCN4 has been reported to significantly
transition with aTn of 48 °C. Peptide concentrations and buffer e ce the stability of this homodimeric coiled catd. In
conditions were as above. " . . -

addition, the GABA-R1p homodimer is also disfavored by

combinations were analyzed by analytical ultracentrifugation four repulsive electrostatic interchain I+5 interactions
(Table 1). Sedimentation equilibrium yielded average mo- betweenre andg residues (e.g., Glu-894/Glu-89@nd Arg-
lecular masses of 13.3, 14.1, and 15.0 kDa for the heterotypic908/Arg-913; residue i of chain 1 to residuéti5 in chain
GABAG receptor complex over a temperature range from 6 2; g to €). Electrostatic interactions between these residues
to 37 °C, which is consistent with the formation of a can occur because the side chains of residues at positions of
heterodimer (calculated molecular mass of 13.8 kDa). € andg of the proceeding heptad are close to each other
Furthermore, sedimentation velocity revealed a sedimentation(22). It is likely that the close proximity of side chains of
coefficient of 1.28 S. This value is consistent with an like charge at positiong and g of opposing GABA-R1
elongated shape of a dimeric complex, because a globulatmmonomers disrupts the complementary packing at the dimer
protein of the same molecular mass would yield a sedimen-interface of the coiled coil, thus accounting for the instability
tation coefficient of 1.7 S and for globular monomeric of the GABAg-R1 homodimers. A destabilization of ho-
GABAg-R1p and GABA-R2p peptides g, values of 1.1 modimers due to the presence of unfavorable residues at the
and 0.9 S, respectively, are predicted. Isolated GABAp a andd positions as well as repulsive electrostatic interchain
peptides appear to form a mixture of momomers and dimersinteractions has also been reported for the leucine zipper
at lower temperatures, which explains the broad, noncoop-domains of the Fos and c-Myc transcription facto4&—
erative thermal transition profile of the peptide. As expected 43).
from the peptide’s thermal instability, an average molecular In contrast, the instability of GAB&AR2p cannot be
mass of 7.7 kDa corresponding to peptide monomers wasexplained by the above factors alone. In fact, as the peptide

10000 | 6.7, 7.2, and 7.5 kDa, indicative of the predominance of
g monomers (calculated molecular mass of 6 kDa).

5 Taken together, these findings demonstrate that, when
£ -15000 1 mixed in equimolar amounts, GABAR1p and GABA-R2p

I peptides preferentially form a heterodimeric coiled-coil.

2 20000 Our results on the instability of GABAreceptor homo-

[<2)

10 20 30 40 50 60 70 80 90
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Table 1: Sedimentation Coefficientsd) and Average Molecular Masses of Recombinant GABReceptor Polypeptide Chain Fragménts

molecular mass (kDa)

peptide S20.:(S) observed calculatéd

GABAg-R1p 0.98 13.3(8C) 7.8
11.0 (20°C)
7.7 (37°C)

GABAg-R2p 0.95 7.5 (6C) 6.0
7.2 (20°C)
6.7 (37°C)

GABAg-R1p/GABAs-R2p 1.28 15.0 (6C) 13.8
14.1 (20°C)
13.3(37°C)

6xHisTrx-GABAg-R1cc/GABAs-R2cc 2.19 22.9 (20C) 22.8

2 All peptides were analyzed in 10 mM sodium phosphate buffer (pH 7.0) containing 150 mM sodium cHldinlecular mass of the monomer
or the heterodimer based on its amino acid sequence.

contains four attractive electrostatig to € interchain A
interactions and only one polar residue (Asn-795) in a heptad kDa
a position, one would rather expect a stable homotypic
GABAg-R2p coiled coil. Complete destabilization of GABA

R2p due to the presence of Gly-790 is also not likely, since 3.0
a single Gly residue is found in the three-stranded coiled- 201 -
coil domain of tenascin-C, which despite comprising only 10 6
3.5 heptad repeats is very stabi#@); Therefore, the reasons .
for the instability of homotypic GABA-R2p coiled-coil . -
structures remain elusive.

Recent evidence indicates that intrahelicaHi3iand i,
i+4 salt bridges favorably contribute to coiled-coil stability
(44). By introduction of interactive combinations of surface 1 2 3 4 5 6
salt bridges referred to as complex salt bridges into the GCN4
leucine zipper, Spek et al44) observed an increase in
thermal stability of 22°C of the mutant peptide relative to

the wild-type. Interestingly, the number of possible3i GABAg-R1
and i, H4 intrachain electrostatic interactions in the coiled-
coil domains of GABA-R1 (10 attractive and 7 repulsive ages 4891l  ag9s A9 a902 4905 a%09 91z a9lE

interactions) and GABAR2 (5 attractive and 4 repulsive EEKKE%"S}EHQLQS
interactions) correlates with the relative peptide stabilities. TSRLEGLQSENHRLRMKITELDKDLEEVTMQLQD

. . . . 788 4791 9 da798 ag02 dsos 809 dsi2 816
Notably, none of the repulsive electrostatic interchain * e * :
interactions seen in GABAR1p would be present in the GABA.-R2
parallel GABAs-R1/GABAs-R2 heterodimer. Likewise, re- _ o 8 _ o _
lief of unfavorable electrostatic interactions in Fos and c-Myc Efnﬂ';fn‘; tiéﬁ)sTJ'ﬁg;er/ ﬁgﬁ;ﬁ%‘?ﬂ%ﬁgﬁ% iﬁg'?gﬁdgﬁgdcgﬁﬁ?.de
Igucm_e Z.Ipper hqmgdlmers appears to account for hEt,ero'tions (lanes 46) indicates formation of a parallel heterotypic
QImerlzatlon specificity of Jun/Fos and c-Myc/Ma>_< transcrip- - GABAg receptor coiled-coil. Lanes 1 and 4, 6xHisTrx-GABA
tion factors §1-43, 45-47). To probe the relative helix ~ R1cc;lanes 2 and 5, 6xHisTrx-GABAR1 cc/GABAs-R2 cc; lanes
orientation in the GABA receptor heterodimer, two ad- 3 and 6, GABA-R2 cc.~10 ug of peptide was loaded per lane.
ditional peptides denoted GABAR1 cc and GABA-R2 cc (B) Model of the GABAs receptor coiled-coil heterodimer with
d. Both id | d h constituenta-helices arranged in parallel register. Residues that
were generated. Both peptides exactly correspond 1o thep,ue putative electrostatic interactions between subunits are boxed
predicted coiled-coil stretches and contain a C-terminat-Gly and connected by lines. The dot indicates the buried, polar
Gly—Cys linker sequence. In addition, to distinguish the two interaction between Asn residues at positioof the second heptad
peptides on Tricine/SDS gels, GABAR1 cc was fused to ~ repeat. Heptad positions are indicated by lowercase letters and
the C-terminus of 6xHis-tagged thioredoxB2). As revealed nur?bers _l[ﬁfer tFi 3mm‘?da0|d posnfmgz B\:.ngn %Agﬁgci%tgr
o . o . proteins. The coiled-coil domains o an -
by Tricine/SDS-PAGE analysis, specific formation of co-  gypynits share 29% identical and 38% similar residues.
valently linked heterodimers was observed after air oxidation

of an equimolar mixture of the reduced pepfides (Figure 4A, 55 g ypa) The observation that the disulfide-linked GABA
compare lanes 2 and 5). As_expected, the single fr_ee CySreceptor heterodimer did not aggregate into larger oligomers
sulfhydryl group of the C-terminal GlyGly—Cys extension indicates that GABA-R1 cc and GABA-R2 cc peptides

also produced disulfide-linked homodimers of individual have a significant preference for a parallel alignment of their
6xHis-GABAg-R1 cc (lane 1) and GABAR2 cc (lane 3) asignrricant prefe P 9
constituent helices (Figure 4B).

peptides. Sedimentation equilibrium of the disulfide-linked
heterotypic complex yielded an average molecular mass of Together with the data reported in the literatuve ),

22.9 kDa (Table 1), a value that is consistent with the these results indicate that the functional GAB#®ceptor is
formation of a heterodimer (calculated molecular mass of a parallel heterodimer assembled by coiled-ecihelices.
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stoichiometry in the GABA receptor heterodimer is the polar

Asn residue at positioa of the second heptad repeat present for helpful discussi

ons and critical review of the manuscript.

in both peptides (Figure 4B). It has been demonstrated thatyye 4re grateful to Dr. U. Christen for excellent technical

a hydrogen-bonded AsrAsn buried polar interaction im-
parts structural uniqueness to the leucine zipper of GCN4

assistance.

as well as to a synthetic heterodimeric coiled-coil derivative REFERENCES

termed “Velcro” @8—50). Importantly, mutants, though they
formed a more stable complex, did no longer fold into a
unigue structure48, 49) or were lacking a specific chain
orientation 60). There exists a second, buried polar residue
(Lys-905) at positior of the third heptad repeat in GABA

R1 cc (Figure 4B), which may also play a role in GABA
receptor heterodimer specificity. A similar situation is
observed in the antiparallel seryl-tRNA synthetase coiled coil
where Arg-54 at al position interacts with Glu-74 in g
position of the neighboring helix5(). As the analogous
interaction isa to € in a parallel coiled coll, there exists a
possible interaction between Lys-905 and Asp-806 in the
GABAg receptor heterodimer. In addition, the parallel
heterodimer exhibits four favorable electrostagjcto €
interchain interactions (e.g., Arg-787/Glu-89alu-894/Arg-
799, Lys-801/Glu-906 and Asp-808/Arg-913. It is gener-
ally accepted that relief of unfavorable electrostatic interac-
tions in homodimers substantially contribute to heterodimeri-
zation specificity. However, the contribution of interhelical
electrostaticg to € interactions to coiled-coil stability is
fiercely debated in the recent literatug2(-55).

Finally, it has been demonstrated that the type of hydro-
phobic residue occupying the core positions can exert a major
influence on oligomer specificity2@, 24). Major roles in
oligomer specification are played by Leu and lle. Dimers
were found to be favored by sequences enriched for lle at
the a sites and Leu atl (23). The preference for specific
amino acids at the core positions of dimers can be explained
in terms of a different packing geometry of side chains at
the a andd positions 2). Consequently, lle and Leu side
chains can be best accommodatedaatnd d positions,
respectively. Notably, the distribution of lle and Leu residues
at the a and d positions of the GABAR1 and GABA-R2
coiled-coil domains is consistent with a dimeric structure of
the complex (Figure 4B).

Taken together, our findings demonstrate that the interac
tion between GABA-R1 and GABA-R2 subunits is medi-
ated by a parallel heterodimeric coiled coil. On the basis of
the fact that isolated coiled-coil domains usually display the
same subunit stoichiometry as the native protein, we
anticipate the structure of the functional GABAeceptor
to be that of a parallel heterodimer. However, limited by
our approach using polypeptide chain fragments, we cannot
exclude the possibility that GABAR1/GABAg-R2 hetero-
dimers further aggregate to higher order oligomers. Our data
are consistent with the notion that heteromerization of
GABAg-R1 and GABA-R2 is a prerequisite for the proper
activation of Kir3- and GIRK-type potassium channels as
well as proper posttranslational processing of GABA
receptor subunits6(-11, 16). The finding that interactions
among either GABA-R1 or GABAg-R2 do not take place,
can be explained by homodimer instability. Whether there
is a biological significance to the instability of homotypic
GABAg receptor complexes remains to be elucidated.
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