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Mutation of Glycine Receptor Subunit Creates 
p-Alanine Receptor Responsive to GABA 

Volker Schmieden, Jochen Kuhse, Heinrich Betz* 
The amino acid at position 160 of the ligand-binding subunit, a l ,  is an important deter- 
minant of agonist and antagonist binding to the glycine receptor. Exchange of the neigh- 
boring residues, phenylalanine at position 159 and tyrosine at position 161, increased the 
efficacy of amino acid agonists. Whereas wild-type a1 channels expressed in Xenopus 
oocytes required 0.7 millimolar p-alanine for a halfJmaximal response, the doubly mutated 
(F159Y,Y161F) a1 subunit had an affinity for p-alanine (which was more potent than 
glycine) that was 110-fold that of the wild type. Also, 7-aminobutyric acid and D-serine, 
amino acids that do not activate wild-type a1 receptors, efficiently gated the mutant 
channel. Thus, aromatic hydroxyl groups are crucial for ligand discrimination at inhibitory 
amino acid receptors. 

Neurotransmitter receptors mediate synap- 
tic transmission in the nervous system and 
constitute important target sites of many 
therapeutic drugs. The ligand-gated ion 
channel subclass of neurotransmitter recep- 
tors ,consists of families of oligomeric pro- 
teins, which are composed of homologous 
ligand-binding and structural subunits (I). 
The mechanism of agonist discrimination 
at these receptors is not understood. Cova- 
lent labeling and site-directed mutagenesis 
experiments indicate that several discontin- 
uous domains in the NH,-terminal extra- 
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cellular region of the ligand-binding sub- 
units contribute to the formation of the 
binding pocket (2-5). 

In the central nervous system, amino 
acids are the major excitatory and inhibi- 
tory neurotransmitters. The glycine recep- 
tor (GlyR) is the most abundant inhibito- 
ry neurotransmitter receptor in the spinal 
cord (6), whereas subtype A of the y-ami- 
nobutyric acid receptor (GABAAR) medi- 
ates inhibition in the mammalian brain 
(7). The GlyR, isolated from spinal cord 
(a), contains five membrane-spanning 
subunits (9) of apparent molecular masses 
of 48 kD (a) and 58 kD (p); both subunits 
are homologous to GABAAR and, to a 
much lesser extent, nicotinic acetylcho- 
line receptor (nAChR) proteins (1, 10). 

Several GlyR a subunits ( a l ,  a2 ,  a2*, 
and a3) have been identified by comple- 
mentary DNA (cDNA) cloning (1 1-1 3). 
On heterologous expression these ligand- 
binding subunits generate agonist-gated 
C1- channels whose pharmacology mimics 
that of the postsynaptic GlyR (1 1-15). 

Studies on mutated GlyR a 1  and a 2  
subunits have identified a conserved gly- 
cine residue (corresponding to position 
160 of the a 1  subunit; Fig. 1) as an 
important determinant of ligand binding 
(12, 16, 17). Interestingly, two aromatic 
amino acids flanking this residue are con- 
served at the corresponding positions of 
the agonist-binding subunits of the 
GABAAR (1 8). However, residue 159, 
where a phenylalanine is found in all GlyR 
subunits, is replaced by a tyrosine in the 
GABAAR polypeptides (Fig. 1). We 
therefore introduded by site-directed mu- 
tagenesis (19) a tyrosine at position 159 
(F159Y) and a phenylalanine at position 
161 (Y161F) of the GlyR a 1  subunit and 
exchanged both aromatic residues in the 
double mutant alF159Y,Y161F. Voltage- 
clamp analysis of the mutated proteins 
expressed in Xenopus oocytes (20) re- 
vealed an unfamiliar agonist pharmacolo- 
gy. First, the glycine concentrations re- 
quired to gate the alF159Y.Y161F channels 
were about 1/10 [concentration for elicit- 
ing a half-maximal response (EC5J of 22 
FM] of those required for the wild-type a 1  
GlyR (EC50 = 260 pM) (Fig. 2 and Table 
1). Second, the glycinergic agonist p-ala- 
nine (7) became more potent than glycine 
(Fig. 2). Its EC50 value decreased about 
110-fold from 720 pM for the wild-type 
a 1  GlyR to 6.5 pM for the double mutant 
(Table 1). Moreover, the Hill coefficient 
(h) for glycine changed from 2.4 + 0.2 
(mean + SEM) for the a 1  GlyR to 1.8 & 

0.2 for the alF159Y.Y161F receptor. The 
response to p-alanine showed an inverse 
behavior, with h = 1.6 + 0.1 for wild-type 
a l ,  and h = 2.5 + 0.2 for the mutant 
c ~ 1 ~ ~ ~ ~ ~ , ~ ~ ~ ~ ~ .  Also, the mean maximal 
currents (I,,,) obtained for the double 
mutant with p-alanine and glycine were 

GlyR 
GABAAR 

Fig. 1. Alignment of partial GlyR, GABAAR, and 
nAChR subunit sequences. The regions homol- 
ogous to amino acids 154 to 166 of the GlyR a1 
subunit are shown; this segment is conserved 
in the mammalian GlyR a1, a2, and a3 subunits 
(13). Amino acids homologous to residues 159 
to 161 of the GlyR a1 subunit are boxed. 
Sequences are from the following references: 
human GlyR a1 subunit ( 1  1 ) ;  bovine GABAAR a 
and p subunits (18); and bovine nAChR a1 
subunit (28). 

256 SCIENCE VOL. 262 8 OCTOBER 1993 



almost equal, but for the a 1  subunit, Fig. 2. Agonist dose-response re- Glycine p - ~ ~ a n i n e  
p-alanine produced an I,,, that was only [ations recorded from oocytes in- 0.01 0.1 I m~ 0.01 0.1 1 10 mM - - - - 
54 & 8% of the glycine I,,, [Fig. 2 and lected with G~YR w i l d - t ~ ~ e  and 

(5)l. 
the mutant ~ i l ~ ~ ~ ~ ~ ,  alYq61F, and 2 

Analysis of the singly mutated alYt61F a1 F159Y,Y161F cRNAs. (Top) Mem- 
brane currents elicited by super- 

and alF'59Y subunits revealed a modest fusion of 0,01, 0,1, and mM 
increase in agonist efficacies for alY161F and glycine (left) and of 0.01, 0.1, 1, 
a much higher increase for alF159Y (Table and 10 mM p-alanine (right). Bars 

- 
I). The corresponding Hill coefficients de- indicate duration of agonist appli- 
creased to h = 1.74 + 0.19 and 2.17 & cation. (Bottom) Glycine (left) 2 

(o), (UI Y161F (A), and 

' - ' Dpv 0.11 for glycine and increased to h = 1.85 and Palanine (right) dose-re- 
-+ 0.23 and 2.16 & 0.28 for p-alanine, SPOnSe curves obtained for the 2 
respectively. Thus, introduction of a O H  ~~~~~~e subunit (') and the 

group at position 159 generated most of the 
a1F15W,Y161F (0) mutants, Current , 

double mutant phenotype, but both substi- values are given as responses 3 tutions contributed to increased agonist relative to those at con- s~o,5 

efficacy. In contrast with a recently de- centrations of agonist, The data 
scribed nAChR mutant (2 1) , this increase are mean values ( 2  SEM) of three 
cannot be attributed to receptor desensiti- to five experiments. Smooth 
zation, because agonist responses declined curves represent a least squares 

log[Glycine (FM)] log[P-Alanine (FM)] 
with similar kinetics for both the a 1  and fit of the Hill equation to the exper- 
the mutant channels (22). imental data. 

To investigate the contribution of ami- 
no acid side chains to ligand discrimina- 

' 

tion, we determined the dose-response single OH- group is sufficient to convert render subsite I more accessible to p-ala- 
relations of D- and L-alanine, D- and the GlyR into a GABA-responsive pro- nine, taurine, GABA, and D-amino acids 
L-serine, GABA, and the putative neuro- tein. Moreover, our findings suggest that by eliminating steric constraints within 
transmitter taurine. All mutants respond- the still controversial p-alanine and tau- the binding site. Interestingly, inhibition 
ed to reduced concentrations of these rine receptors proposed by some investiga- by the antagonist strychnine was not sig- 
amino acids, with the largest effect being tors (23) may originate. from minor modi- nificantly affected by our mutations (24), 
observed for the alF159Y,Y161F double mu- fications of the GlyR a subunit design. but chemical modification of tyrosines 
tant and the agonists taurine, D-alanine, The exchange of the aromatic residues (25) and substitution of tyrosine 161 by 
and p-alanine (Table 1). For example, a t  positions 159 and 161 generates recep- alanine (16) reduced strychnine binding 
D-serine, which produces no current at tors that are preferentially gated by ago- to the GlyR. 
100 mM with wild-type receptors, activat- nists with longer carbon chains, such as - A motif of aromatic-small-aromatic 
ed the double mutant channels with an p-alanine, taurine, or GABA (Fig. 4). On side chains equivalent to positions 159 to 
EC,, of 4 mM. Moreover, GABA, which the basis of site-directed mutagenesis of 161 of the GlyR a 1  subunit is highly 
fails to evoke C1- currents in a l -  and the a 1  and a 2  subunits, we proposed that conserved at the homologous positions of 
alY'61F-expressing oocytes, produced a the ligand-binding region of the GlyR ligand-binding GABA,R and nAChR 
significant current in alF'59Y and a large contains two distinct subsites for agonists proteins (Fig. 1). In the Torpedo nAChR 
response in alF159Y~Y161F-inje~ted cells, (5). Accordingly, subsite I of the a 1  a 1  subunit, the corresponding residues 
with I,,, values of 26 and 80%, respec- - s"bunit mediates activation by glycine, tryptophan 149 and, to a much lesser 
tively, of the maximal glycine-induced whereas subsite I1 allows gating by p-ala- extent, tyrosine 151 are covalently labeled 
current (Fig. 3). These results demon- nine and taurine. Because mutations of 
strate similarities between the agonist glycine 160 selectively affect subsite I (5), 
binding pockets of the inhibitory amino our results are consistent with the assump- , 1 ~ 1 ~ ~ ~ , ~ 1 6 ~ ~  ai 

acid receptors because the exchange of a tion that the mutations described here GIY GABA GIY GABA 

0.5 1 lOmM 1 50 mM 

Table 1. Agonist pharmacology of wild-type and mutant GlyR a1 subunits. Dose-response curves 
for the different agonists were obtained from oocytes injected with the different cRNAs. Data 
represent the mean ( k  SEM) of two to seven experiments (n). No detectable membrane current, n.d. 
The amino acids glutamate, proline, arginine, aspartate, and 2-aminoisobutyric acid (50 to 100 mM 

I:? 30 s K.5L 
each) failed to elicit current responses. 

32v--, EC50 OLM) C c 1 
Agonist 

a1 ,I F159Y ,lY161F ,1 Fl59Y.Yl61F g -2 l W ! ~ l ~ l  (mM)I 
0 0 0.5 1 1.5 

0 
Glycine 260 2 22 (13)* 87 +. 5 (4) 120 2 19 (5) 22 ? 4 (7) I 2 

p-Alanine 850 2 200 (4) 29 ? 4 (4) 283 ? 77 (3) 7 +. 1.6 (5) log[GABA (mM)] 
Taurine 1,920 2 316 (7) 135 ? 15 (2) 876 ? 161 (3) 45 +. 15 (2) Fig. 3. Responses to the indicated concentrations 
L-Alanine 3,100 2 775 (6) 990 +. 11 1 (2) 1,250 +. 50 (2) 290+. l l O ( 2 )  of glycine and GABA of the a1 F159Y,Y161F and the 
L-Serine 6,070 +. 520 (3) 815 +. 85 (2) 1,250 +. 50 (2) 270 +. 50 (2) wild-type a1 subunits expressed in oocytes are 
D-Alanine 12,700 2 2,500 (3) 910 ? 292 (2) 2,330 2 676 (3) 127 ? 27 (3) shown as current traces above the GABA dose- 
D-Serine >50,000 (4) 6,300 2 200 (2) >50,000 (2) 4,000 ? 1,000 (2) curve for the a1F159Y,Y161F (1"- 
GABA n.d. (5) 7,030 rt- 559 (3) n.d. (3) 3,600 +. 700 (2) set) A Hill plot yields a Hill coefficient of 2.4 for this 
'Value ~ncludes data from (5) experiment (mean 2.1 3 +. 0.26). 
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ECSo ratio [allmutant] acid transmitters may be relevant for the directed mutagenesis of the human GlyR a1 sub- 
1 40 80 120 unit cDNA, and complementary RNAs (cRNAs) future design drugs acting at their receptor were synthesized as described (6, 14). 

recognition sites. 20 Oocytes were prepared and ~njected with cRNA 
as described (14). Voltage-clamp recordings of 
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