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Abstract-Incubation of rat brain or bacterial 4.~inob~tyra~e am~ot~a~sferase (EC 2.6.1.19) with 
both (S)-(+)- and (R)-( -)-enantiomers of 4-am~~ohex-5-~oic acid results in a time-dependent irrevers- 
ible loss of enzymatic activity. Rat brain glutamate decarboxylase (EC 4.1.1 .lf) is inactivated by 
the (~)-(~)-e~~tiomc~ while the bacteria1 glutamate decarboxylase is inactivated by the (@-f-)- 
enantiomer. In addition, we demonstrate that (RR)-(-)-4-aminohex-5-ynoic acid is a selective and 
effective inhibitor of rat brain 4-aminob~tyrate aminotransfer~e in viva. 

The recognition of ~arninobu~~~ acid as a major 
inhibitory n~urotr~~s~tt~r in the m~mal~an ten- 
tral nervous system [l, 21 has stimulated the search 
for inhibitor of 4-am~nobutyrate: 2-oxoglutarate 
aminotransferase {EC 2.6.1.19, 4-ami~obutyrate 
ami~otransferase~, the 4-aminobutyric acid cataboli- 
zing enzyme [3]. (R ,S)-4-Aminohex-S-jmoie acid was 
designed and synthesized as an enzyme-activated 
irreversible inhibitor of this enzyme [4]. However, 
although it does inactivate ~~minobutyrate amino- 
transferases from mammaiia~ and bacterial origin, 
it also inactivates L-glutamate d~carboxylas~ (EC 
4.1.1,15), the enzyme responsible for the biosyn- 
thesis of Qaminobutyric acid f&6]. Previous work 
with the enantiomers of ~am~nohex-5-~~oi~ acid 
showed that (S)-(i)~-aminohex~~-y~oi~ acid was 
responsibIe for the inactivat~ans of bacterial and 
mammalian 4-~inobutyrate aminotransferase and 
of mammalian L-glutamate de~arboxylase [7] while 
the (RI-(-)-enantiomer was the species inactivating 
bacterial L-g~ut~ate decarboxylase [S]. 

Our recent observation that both (S>- and (R>- 
enantiamers of S-hexyne-1,4-diamine, a precursor of 
4-aminohex-5-ynoi~ acid [9], inactivated brain 
4-aminobutyrate aminotransferase ira uiuo [lo] lead 
us to reinvestigate the stereosel~~tivit~ of the inactiv- 
ation of 4-aminobutyrate ami~otra~sferases and gtut- 
amate decarboxylase by enantiomers of 4-aminohex- 
S-ynoic acid in y&o and in viva. 

C~~~~c~~~~u~~~. D,z-[l-W] glutamate (specific 
radioactivity 5O~~rnol~ was purchased from New 
England Nuclear Corp. (Boston, MA, U.S.A.). 
Bacterial glutamate decarboxylase (type II from E. 
co&) and ‘Gabase’ (bacterial 4-~minobutyrate amino- 

* To whom correspondence should be addressed. 

transferase from ~~~~~o~~~~ ~~~~~~c~~~~ were 
obtained from Sigma Chemical Co. (St Louis, MU, 
U.S.A.), The pure enantiomers of 4-aminohex- 
ynoic acid were obtained according to a pub~shed 
procedure 181. The rotations were [&]D i- 35.6“ 
(C 1.03, H@) and [r.~]afo - 37.6’ (C 1.00, H&) for 
the (S)- and the (~~-e~ant~omer respectively, The 
enantiome~c purity of enantiomers was assessed, 
after appropriate derivatization, by a gas chromato- 
graphic assay (J. Wagner, unpublished results; see 
also ref. [11]>. The enantiome~c excess was higher 
than 99.5% for both compounds. All other chemical 
products were of the purest grade commercially 
avaifabge. 

Enzyme ~r~~~~~~~~~ md activity ~~~~~~~n~, 
Rat brain 4-aminobutyrate aminotransferase was 
purified f&owing the method of John and Fowler 
[12] up to the second ammonium sulfate precipitation 
except that 2~oxogl~tarate was omitted from the last 
dialysis buffer. The resulting preparation had a 
SF* act. of 8 ~o~hr/mg protein. Succinate 
sem~~de~yde dehydrogenase from guinea pig kidney 
was partially purified by following the method of 
Pitts et af. [B] up to the second ~monium sulfate 
precipitation. 

Rat brain glutamate decarboxylase was partially 
purified by the method of Lippert et al. [ 141. The 
resulting preparation bad a sp. act. of 0.5 ~o~rng 
protein, 

The ~rnrner~i~ preparations of bacterial &amino- 
butyrate aminotransferase and glutamate decarhoxy- 
lases were used without further puri~cation. 

Assays of enzyme activities and determination of 
time-dependent enzyme inhibition were performed 
essentially as described previously [5,7,8,14], 

A~~~~~. Male rats of the Sprague-Dawiey strain 
(2~22~g body weight) were purchased from 
Charles River (St. Aubin-Gus-~lbeuf, France). Ani- 
mals had access to standard diet and water ad l~b~~~ 
and were kept under a constant 12 hr light/l:! hr dark 
fighting schedule. They were killed by decapitation 
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Fig. 1. Time-dependent inhibition of rat brain 4-aminobutyrate aminotransferase activity by the 4- 
aminohex-Synoic acid enantiomers : A. (S)-( +)-enantiomer (0, control; #, 0.005 mM; A, 0.0067 mM; 
A, O.OlOmM; +, 0.015mM; 0, 0.025mM.); B. (R)-(-)Menantiomer (0, control; 0, O.lOmM; A, 
0.15 mM; A, 0.20 mM; 4,030 mM). Partially purified rat brain il~aminobutyrateaminotransferase was 
incubated in 0.1 M pyrophosphate buffer (pH 8.6) containing 1 mM 2smercaptoethanol and the abave 
mentioned concentrations of inhibitor, at 20”. At given time-intervals, aliquots were removed and 

assayed for remaining enzyme activity. (GABA-T = 4-aminobutyrate aminotransferase). 

at about the same time of day to minimize effects 
due to diurnal fluctuations. Drugs, dissolved in 0.9% 
saline, were injected intraperitonealty. Rats given 
saline served as controls. 

~~l&~~~~~o~~ uf activit&s of brain 4-aminobuty- 
rate aminotratlsferase and glutamate decarboxylase 
and of 4-aminobutyric acid concentrations. The 
assays of brain 4-aminobutyrate aminotransferase 
and glutamate decarboxylase, and the measurements 
of whole brain 4-aminobutyric acid concentration 
were performed according to a described procedure 

PI. 
Data processing. Kinetic constants were calculated 

by using a least-squares fit of the data points with a 
Hewlett-Packard 9820 Calculator, 2% viva values of 
enzyme activities and of 4-aminobutyric acid concen- 
trations were the means & S.E.M. of five animals. 

The significance of the differences between controls 
and treated animals was caicufated by Student’s 
f-test with the above-described calculator. 

RESULTS 

Effects of 4-aminohex-5ynoic acid enantiomers on 
4-aminobutyrate aminotransferase activity in vitro. 
Incubation of the preparation of rat brain 4-amino- 
butyrate amiaotransferase with the (S)-( i-)- and the 
(R)-( -)-enantiomers of 4-aminohex-.5-ynoic acid 
resulted in a time-dependent loss of enzyme activity 
which followed pseudo first-order kinetics for 
approximately two half-lives. Over longer time- 
periods, the semi~oga~thmi~ plots deviated from lin- 
earity (Fig. 1) Loss of activity was related to the 

I / INHIBITOR ( mM”‘) 

Fig. 2. Effect of concentrations of 4-aminohex-S-ynoic acid enantiomers: A. (S)-(+)-enantiomer; B. 
(I?)-(-)-enantiomer) on the time of half-inactivation of rat brain 4-aminobutyrate aminotransferase. 
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Table 1. Effects of preincubation with various ligands on the time of 
half-inactivation of rat brain 4-aminobutyrate aminotransferase by the 
4-aminohex-5-ynoic acid enantiomers. Times of half-inactivation were 
calculated by using a least-squares fit of the data-points with a Hewlett- 

Packard 9820 Calculator 

Enantiomer Addition to 
incubation media 

Time of half-inactivation 
(min) 

None 
(W+)- 

(0.015 mM) 
id. 

(R)-(-)- 
(0.20 mM) 

id. 

id. 

id. 

None 

None 
4-Aminobutyric 

acid (1 mM) 
None 

4-Aminobutyric 
acid (1 mM) 

4-Aminobutyric 
acid (1 mM) 

+ 2-oxoglutarate 
(0.1 mM) 

Glutamate (5 mM) 

concentration of inhibitor. By plotting the time of 
half-inactivation (t l/2) as a function of the reciprocal 
of the inhibitor concentration (l/I) according to Kitz 
and Wilson [IS], straight lines were obtained (Fig. 
2). In the case of (S)-(+)-4-aminohex-Synoic acid 
the line did not pass through the origin but inter- 
cepted the positive y axis, demonstrating a satu- 
ration-effect which involves the enzyme’s active-site 
in the inhibitory process (Fig. 2A). The kinetic con- 
stants for the time-dependent inhibition of rat brain 
4-aminobutyrate aminotransferase by the (S)-(+)- 
enantiomer can be extrapolated from Fig. 2A. The 
apparent dissociation constant (KI) is 75 PM and 
the time of half-inactivation extrapolated at infinite 
concentration of inhibitor (t&j is 3.4 min. In the case 
of (R)-( -)-4-aminohex-Synoie acid, no saturation- 
effect was observed (Fig. 2B). However, the inhibit- 
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ion of rat brain 4-aminobutyrate aminotransferase by 
both 4-aminohex-5-ynoic acid enantiomers is active- 
site directed since the natural substrate 4-amino- 
butyric acid protected against inactivation (Table 1). 
Further studies concerning rat brain 4-aminobutyrate 
aminotransferase inactivation by (R)-( -)4-amino- 
hexJ-ynoic acid showed that the alternative sub- 
strate L-glutamate, also protected against inac- 
tivation (Table 1). Moreover, the addition of Z- 
oxoglutarate to enzyme previously-protected by 
either L-glutamate or 4-aminobutyric acid, partially 
restored the original rate of inactivation of 4-amino- 
butyrate aminotransferase by (R)-( -)4-aminohex- 
5-ynoic acid (Table 1). 

Incubation with 0.7mM of either enantiomer 
resulted in 93% inactivation of rat brain 4- 
aminobutyrate aminotransferase after 1 hr. Pro- 

45 60 

INCUBATION 

Fig. 3. Time-dependent inhibition of Pseud~mo~us 

I_ 
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~u~~e~ce~~ 4-aminobutyrate am~notransferase 
activity by the 4-aminohex-5-ynoic acid enantiomers : A. (S)-(+)-enantiomer (0, control; 0. 0.05 mM: 
A, O.lOmM); B. (R)-(-)-enantiomer (0, control; 0, O.lOmM; A, 0.50mM; A, 1 mM). Partially 
purified 4-aminobutyrate aminotransferase of Pseudomonas puorescens was incubated at 20” in 0.1 M 
pyrophosphate buffer (pH X.6) containing 3 mM 2-mercaptoethanol and the above-mentioned concentra- 
tions of inhibitor. At given time-intervals. aliquots were removed and assayed for remaining enzyme 

activity. (GABA-T = 4-aminobutyrate aminotransferase). 
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longed (24 hr) dialysis against two buffer changes 
(10 mM sodium phosphate, 1 mM EDTA; 0.1 mM 
pyridoxal phosphate; adjusted to pH 6.8 with acetic 
acid) did not lead to regeneration of enzyme activity. 

The effects of both enantiomers of 4-aminohex- 
ynoic acid were also studied on a commercial 4- 
~inobutyrate aminotransferase preparation from 
Pseudomun~ ~uorescens. As shown in Fig. 3, incu- 
bation of the bacterial enzyme preparation with each 
enantiomer also resulted, in both cases, in a time- 
dependent loss of enzyme activity which followed 
pseudo first-order kinetics for at least two half lives. 
However, the (R)-(-)-enantiomer was, once again, 
approx. 10-20 times less potent than the (S)-(+)- 
enantiomer as inactivator of bacterial 4-amino- 
butyrate aminotransferase. 

Effects of 4-aminohex-S-ynoic acid enantiomers on 
glutamate decarboxylase activity in vitro. Incubation 
of rat brain glutamate decarboxylase with 1 mM (S)- 
(+)-4-aminohex-5-ynoic acid resulted in a time- 
dependent loss of enzyme activity while the same 
concentration of (fi)-( -)-enantiomer had no effect 
(Fig. 4). Conversely 1 mM (a>-( -)-4-aminohex- 
ynoic acid inactivated bacterial glutamate decar- 
boxylase with a half-life of 4 min while the (,S)-(+)- 
enantiomer was without effect (Fig. 5). These results 
are in agreement with previously published data 
[7. 81. 

Effects of 4-aminohex-Synoic acid enantiomers on 
4-aminobutyrate aminotransferase and glutamate 
decarboxylase activities and 4-aminobutyric concen- 
trations in the whole brain ofrats in vivo. We investi- 
gated the dose-dependent effects of single adminis- 
tration of each enantiomer on the activities of 4- 
aminobutyrate aminotransferase and glutamate 
decarboxylase, and on the 4-aminobut~ic acid con- 
centrations in the whole brain, 4 hr after intraperi- 

0 IO 20 
INCUBATION TIME ( m,n 1 

Fig. 4. Time-dependent inhibition of rat brain glutamate 
decarboxylase activity by the 4-aminohexd-ynoic acid 
enantiomers. Partially purified rat brain glutamate decar- 
boxylase was incubated at 37” in 50 mM potassium phos- 
phate buffer (pH 6.5) containing 1 mM mercaptoethanol, 
0.1 mM nyridoxal phosphate and 1 mM (S)-f+)-enanti- . . _ _ .I~ I 

omer (0) or 1 mM (~)-(-)-enantiomer (0). At given time- 
intervals, aliquots were removed and assayed for remaining 

enzyme activity. (GAD = glutamate decarboxylase). 
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Fig. 5. Time-dependent inhibition of E. coli glutamate 
decarboxylase activity by the 4-aminohex-5-ynoic acid 
enantiomers. A stock sohnion of 3 mg of commercial 
enzyme was made up in 2.5 ml potassium phosphate buffer 
(10 mM. pH 6.5) containing 0.2% of bovine serum albu- 
min. For a typical experiment 100~1 of this solution was 
mixed with 56 $ of pyridine hydrochloride buffer (0.4 M. 
uH 4.5) and 30 ul of water. At time zero. 20 UI of 10 mM 
IS)-(+)-enantiomer (e) or 10 mM (R)-(-)-enantiomer (0) 
in solution in water was added. At given time-intervals. 
aliquots were removed and assayed for remaining enzyme 

activity. (GAD, glutamate decarboxylase). 

toneal injection to rats. Results given in Table 2 
show that both enantiomers caused dose-dependent 
decreases of 4-aminobutyrate aminotransferase 
activity in the rat brain, but that the (.S)-( +)-enanti- 
omer was approx. 4 times more potent than the (R)- 
(-)-enantiomer. However, as distinct from the (S)- 
(+)-enantiomer. the (R)-( -)-enantiomer did not 
affect glutamate decarboxylase activity and, thus, 
appears to be selective for 4-aminobutyrate amino- 
transferase. In parallel with the decreases of 4- 
aminobutyrate aminotransferase activity, brain con- 
centrations of 4-aminobutyric acid increased. How- 
ever, despite its inhibitory effect on glutamate decar- 
boxylase activity, the (S)-( +)-enantiomer caused 
higher increases of 4-aminobutyric acid concentra- 
tions than did the (R)-( -)-enantiomer for the same 
4-aminobutyrate aminotransferase inhibition. 

DISCUSSION 

The stereochemistry of proton removal by trt 
aminotransferases has been studied recently by 
several groups [7, 16-191. It has been reported that 
the pro-S hydrogen at the prochiral w-carbon is 
specifically abstracted from lysine by L-lysine E- 
aminotransferase 1171, from ornithine by L-ornithine 
Gaminotransferase [17,18] and from 4-aminobutyric 
acid by 4-aminobutyrate aminotransferase of bac- 
terial [7, 191 or mammalian origin [7], whereas bac- 
terial w-amino acid : pyruvate aminotransferase 
removes speci~caily the 4-pro-R hydrogen of J- 
aminobutyric acid 1191. Therefore it could be 
expected that 4-aminobutyrate aminotransferases 
would remove, the hydrogen at C-4 of (S)-(+)-(4)- 



Stereochemistry of the inactivation of 4-aminobutyrate aminotransferase 1745 

Table 2. Effects of one single intrape~tone~ injection of 4-aminohex-5.ynoic acid enantiomers, 4 hr before killing 
of animals on 4-aminobut~ate aminotransferase and glutamate decarboxylase activities, and ii-aminobutyric acid 
concentrations in the whole brain of rats. The signiiicance of the differences between control and treated animals 

was calculated by Student’s t-test (* P < 0.001, t P < 0.005) 

Enantiomer 

Dose 

(ms/okp) 
25 
50 

100 
200 

4-Aminobutyrate 
aminotransferase 

activity (% control) 

N-(+1- (R)-(-)- 

100 t 2 
37 + 2* 692 l* 
16 -r 2* 502 1* 
18 2 3* 34” 1* 
10 r 6” 18 r I* 

Glutamate decarboxylate 
activity (% control) 

N-(+1- (R)-(-)- 

10022 
67 t 3* 101 t 4 
50 + 2* 101 Ifr 1 
45 2 lo* 99 r 1 
31 i 6’ 101 t 2 

4-Aminobutyric 
acid concentration 

(pmole/g) 

(0(+I- (RI-(-)- 

2.5 2 0.1 
6.1 + O.l* 2.7 rt 0.1 
8.5 t 1.3* 3.3 rt 0.1: 
9.5 2 1.6* 4.7 St 0.3* 

11.2 ? 0.8* 7.2 r 0.3* 

aminohexJ-ynoic acid but not that of the (R)-(-)- 
enantiomer. Indeed a previous study showed that 
the (S)-( +)-enantiomer inactivated both pig brain 
and Pseudomonas puorescens 4-aminobutyrate 
aminotransferases at the same rate as the racemate 
at a double concentration [7]. In the present study, 
we show that N-20 times higher concentrations of 
the (R)-(-)-en~tiomer inhibit also in a time-depen- 
dent irreversible manner mammalian (rat brain) and 
bacterial (pseudomonas ~uoresce~) 4-aminobutyr- 
ate aminotransferases. The protection against 
enzyme inactivation by 4-aminobutyric acid, or by 
L-glutamate, is explained by the transformation of 
the hoioenzyme from the pyridoxal into the pyridox- 
amine form which is, then, unable to bind and activ- 
ate the inhibitor [5]. Conversely the addition of 2- 
oxoglutarate regenerates the pyridoxal-phosphate 
holoenzyme which can bind the inhibitor. These data 
show that inactivation of 4-aminobutyrate amino- 
transferases by (R)-( -)-4-aminohex-5-ynoic acid is 
active-site directed and catalytic. This is corrobor- 
ated by the presence of mercaptoethanol (1 mM) in 
the preincubation medium and by the absence of a 
lag time before the onset of inhibition which rule out 
the possibility of inhibition uia affinity labelling by a 
diffusible alkylating species [ZO]. 

In the first half reaction catalyzed by amino- 
transferases, the pyridoxal phosphate form of the 
enzyme binds the amino group of the substrate and 
forms the coenzyme-substrate Schiff base. Cleavage 
of the C-~LH bond is followed by protonation at C- 
4’ of the cofactor during aldimine-ketimine tauto- 
merization. In many examples reviewed by Floss and 
Vederas [16], this reaction has been demonstrated to 
proceed with internal proton transfer. This internal 
proton transfer strongly suggest that deprotonation 
and protonation are mediated by a single base of 
the active site, implying that the process must be 
suprafacial [l&21]. Tanizawa et al. 1171 have 
extended this hypothesis to explain the mechanism 
of w-amino acid aminotransferase. On the other 
hand, racemization of a-amino acids catalyzed by 
pyridoxal phosphate-dependent racemases could be 
accomplished by two acid/base groups situated on 
opposite sides of the coenzyme-substrate complex, 
or by a single base which first abstracts a proton on 
one face and then adds it back either on the same 

or the opposite face [l&22,23]. This demands, of 
course, that the base and the binary complex have 
undergone relative displacements. In this respect, 4- 
aminobutyrate aminotransferase may act both as an 
aminotransferase and as a racemase. In the presence 
of the natural substrate, the effect of one base in the 
proton abstraction may be predominant. This same 
base would be responsible for the proton abstraction 
from (S)-( ~)-4-aminohex-5-ynoic acid. Regarding 
the mechanism of 4-aminobutyrate aminotransferase 
inactivation by the (R)-( -)-enantiomer, a second 
base, normally unoperative, could abstract the pro- 
ton at C-4 of the compound if we assume that both 
the aldimine and the ketimine formed occupy the 
same position in the active site. This proton abstrac- 
tion would be facilitated by the ethynyl group which 
increases the acidity of the a-hydrogen. Alternately, 
in the hypothesis of a single-base mechanism of 
racemases [16,23], the steric hindrance of the ethy- 
nyl group of (R)-(-)-4-aminohex-5-ynoic acid may 
induce a misplacement of the coenzyme-substrate 
complex within the active site allowing the catalytic 
base to abstract the proton. 

In addition, we confirm previous results [7] show- 
ing that (Ii)-( -)-4-aminohex-.5-ynoic acid does not 
inactivate mammalian glutamate decarboxylase. 
This led us to the interesting finding that (R)-( -)-4- 
aminohex-5-ynoic acid is a selective and effective 
inhibitor of rat brain 4-aminobutyrate transaminase 
in uivo as distinct from the racemic mixture [6] and 
the (S)-( +)-enantiomer which inhibits also glutamate 
decarboxylase in the brain. 
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