
Biochemical Pharmacology. Vol. 28. pp. 1705.-- I7 12. 
Pergamon Press Ltd. 1979. Printed in Great Britain. 

COMMENTARY 

INHIBITORS OF GABA METABOLISM 

BRIAN W. METCALF 

Centre de Recherche Merrell International, 16 rue d’Ankara, 67084 Strasbourg, France 

The recognition of y-aminobutyric acid (GABA) as a 
major inhibitory neurotransmitter in the mammalian 
central nervous system [ I ] has stimulated the search for 
drugs such as GABA receptor agonists. GABA uptake 
inhibitors and inactivators of 4-aminobutyrate%oxo- 
glutarate aminotransferase (GABA-T, EC 2.6.1.19), 
the GABA catabolizing enzyme, which may potentiate 
GABA neurotransmission. Such agents may be useful 
in treating several diseases in which a deficiency of 
GABA function has been demonstrated or implicated, 
e.g. Huntington’s disease [ 2-41, tardive dyskinesia [ 5 I, 
Parkinsonism I 61. epilepsy and schizophrenia [ 7 1. Of 
course, as GABA itself does not readily cross the blood 
brain barrier, its oral administration would not correct 
a deficiency of GABA in brain 181. During the last 
ten years a new concept of enzyme inhibition has been 
enunciated. This concept requires that the inhibitor 
contain a latent reactive functionality which is Liberated 
as a result of the target enzyme’s own mechanism of 
action. Such inhibitors, which have been designated 
“K&” inhibitors 191 or “suicide enzyme inactiva- 
tors” [ 101, are expected to be highly-specific because 
they should inhibit only those enzymes which can 
accept them as substrates. Several inhibitors, which 
function by a mechanism requiring activation by 
GABA-T prior to that enzyme’s irreversible inactiva- 
tion, have recently been designed and synthesized [ 1 l- 
13 1 or isolated from natural sources [ 14 1. It is the intent 
of this Commentary to describe the status of inhibitors 
of GABA metabolism from a mechanistic, and hence 

specificity. viewpoint. Another Commentary entitled 
“GABA agonists and antagonists” will appear in a 
forthcoming issue of this journal [ I5 1. 

GABA-T, being a pyridoxal phosphate (PyCHO)- 
dependent enzyme, operates via a tautomerism of the 
Schiff base formed between GABA and PyCHO. The 
Schiff base function activates the adjacent C-H bond, 
so that proton abstraction is facilitated. Reprotonation 
leads to the tautomeric Schiff base which is hydrolyzed 
to the products, succinic semialdehyde and pyridoxam- 
ine (Fig. I). In order for further transamination of 
GABA to proceed, the holoenzyme must be converted 
back to the pyridoxal form. This is achieved with the 
advent of another substrate, a-ketoglutarate, which 
undergoes Schiff base formation with the pyridoxam- 
ine. The sequence shown in Fig. 1 is then reversed with 
the amino group of p~idoxamine being transferred to 
sc-ketoglutarate, thus regenerating PyCHO and glu- 
tamic acid 1161. 

In view of the dependency of this mechanism on 
Schiff base formation, it is not surprising that the first 
reported inhibitors of GABA-T were compounds cho- 
sen to form a more stable Schiff base with PyCHO, than 
could GABA itself. By this reasoning, the non-specific 
aldehyde antagonists hydroxylamine (NH* OH) I 17 1, 
hydrazine (NH,NH, ) [ 181 and an alkyl-substituted hy- 
droxylamine, aminooxyacetic acid (HOOCCH,ONH,, 
AOAA) [ 191, which more closely resembles GABA 
itself in chain length and charge separation, were intro- 
duced. Despite their inherent lack of discrimination 
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among PyCHO-dependent enzymes, administration of 
each of these compounds in vivo results in an increase in 
brain GABA concentrations; the elevation of GABA 
levels induced by AOAA being the greatest and more 
sustained. 

Glutamic acid decarboxylase, (GAD, EC 4.1.1.1 S), 
the GABA biosynthesizing enzyme, is also PyCHO- 
dependent, and is subject to inhibition by AOAA, in 
vitro and in vivo [ 20, 2 1 I. That AOAA is still able to 
induce an increase in brain GABA content, while inhib- 
iting GAD, reflects a lower degree of inhibition of this 
enzyme, compared to that of GABA-T, in vivo. 

AOAA, as well as hydrazine, exerts an anticonvul- 
sant action at low doses, while at higher doses it has 
been found to be excitatory 1221. Since at higher doses 
of AOAA, GAD activity is considerably reduced, the 
conclusion has been drawn that the susceptibility to 
induced convulsions in animals depends not only on 
GABA cencentrations, which may be highly elevated, 
but also on GAD activity, which determines the rate at 
which GABA is introduced into the synaptic cleft. Such 
a correlation of occurrence of convulsions with a de- 
crease in GAD activity has been observed with a 
variety of agents which inhibit both GABA-T and 
GAD, as a result of their property of being general 
PyCHO antagonists. Thus AOAA 1221, hydra- 
zine [ 23 1, glutamic acid y-hydrazide [ 241 and isonico- 
tinic acid hydrazide 1251 have all been shown to be 
convulsant agents at doses where brain GAD activity is 
reduced, while GABA concentrations are elevated. In- 
deed, an empirical mathematical expression has been 
devised to reflect the degree of brain excitability as a 
function of brain GABA concentration and GAD activ- 
ity, the latter term being the dominant expression [ 231. 
Since these drugs have anticonvulsant properties at low 
doses, where GAD activity is not seriously affected, 
while brain GABA concentrations are elevated as a 
result of GABA-T inhibition, the search for more spe- 
cific GABA-T inhibitors as potential anticonvulsant 
agents has continued. 

In 19 6 8 Van Gelder introduced hydrazinopropionic 
acid (HOOCCH, CH, NHNHz), a substituted hydra- 
zine which retains such characteristics of the GABA 
molecule as conformational flexibility and zwitterionic 
charge distribution 1261. In accordance with this mo- 
lecular similarity to GABA plus the possibility of 
essentially irreversible hydrazone formation with 
PyCHO at the active site, hydrazinopropionic acid has 
been found in vitro to be potent inhibitor of both 
mammalian GABA-T and GAD, the inhibition kinetics 
being compatible with those of a competitive inhibitor. 
The inhibition of GABA-T is not reversed by PyCHO 
suggesting an extremely high aflinity of the pyridoxal- 
hydrazone for the enzyme. In vivo GAD is inhibited to 
a lesser extent than is GABA-T, so that brain GABA 
levels rise dramatically upon administration of the drug 
and remain elevated for at least 16 hours. Although a 
systematic study of the anticonvulsant and convulsant 
properties of hydrazinopropionic acid has not been 
reported, it appears that, like AOAA, it produces seda- 
tion at low doses (l-20 mg/kg subcutaneous), while 
higher doses (30 mg/kg) result in convulsions and 
death [ 261. Although one of the most potent GABA-T 
inhibitors known (K, = 2.35 x lo-‘M, while Km for 
GABA = 2.65 x 10eZM), the drug has not been widely 
used in studying the effects of inhibition of GABA 
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catabolism, as has AOAA, presumably owing to its 
general lack of availability and stability. 

Di-n-propyl acetate (DPA, Structure 1) is an effec- 
tive anticonvulsant in several animal seizure 
models 1271, and in the treatment of petit ma1 epi- 
lepsy 1281. The mechanism of its anticonvulsant action 
has been suggested to result from a competitive inhibi- 
tion of GABA-T, with the consequent elevation of brain 
GABA concentrations. Its inhibitory effect on GABA- 
T is rather weak (K, = 1.4 x 10e3), and with an intra- 
muscular dose of 400 mg/kg in mice, whole brain 
GABA levels are maximally increased by 37 per 
cent 1291. This is to be compared to a 400 per cent 
increase on administration of an anticonvulsant dose of 
AOAA (25 mg/kg, i.p.). It is therefore conjectural that 
GABA-T inhibition is the mechanism responsible for 
the anticonvulsant effects of DPA. It has been noted 
that administration of DPA decreases the brain concen- 
tration of the putative excitatory neurotransmitter, as- 
partate, in mice [ 301 and in rats 13 11, to a similar 
degree to which it raises brain GABA concentrations. 
The concentrations of DPA found effective clinically, 
however, are only a fraction of those found necessary in 
animals to perturb brain aspartate or GABA levels, and 
it would seem that the mechanism of the anticonvulsant 
effect of DPA and of other branched-chain fatty 
acids 1321 remains to be elucidated. 

Cycloserine (StructureJ) has been shown to be an 
irreversible inhibitor of a number of PyCHO-depend- 
ent enzymes, including GABA-T and GAD [33, 341, 
and again, as its effect on GABA-T is more pronounced 
than on GAD, it is able to induce an increase in whole 
brain GABA concentrations in uivo [ 3 3 1. However, as 
it inhibits other PyCHO-dependent enzymes, such as 
aspartate aminotransferase and alanine aminotrans- 
ferase 1351, its usefulness in the study of the functional 
role of GABA in the CNS has been precluded. An 
examination of the structure of cycloserine (2) suggests 
that its action towards PyCHO-dependent enzymes 
would not be of the hydrazine or hydroxylamine type. 
Indeed, it has been suggested that cycloserine (2) is a 
substrate for these enzymes, and that irreversible inhibi- 
tion results from the formation of an alkylating species 
generated by the enzyme’s own mechanism of action, as 
shown in Fig. 2 1341. 

Thus, if cycloserine (2) is accepted as a substrate by 
GABA-T, Schiff base formation with PyCHO should 
occur facilitating cleavage of the C-H bond m to the 
Schiff base (compare with Fig. 1). Reprotonation 
would then lead to the acylating species& which could 
react with an appropriately-situated nucleophilic group 
(Nu) in the active site, leading to covalent bond forma- 
tion and hence irreversible inactivation. Cycloserine 
(2) would thus be the first example of an irreversible 
inhibitor of GABA-T which requires transformation by 
that enzyme prior to its irreversible inhibition. The 
enzyme hence commits suicide by its own mode of 
action. 

The substituted cycloserine& which is a GABA 
analog, has also been shown to be an irreversible 
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inhibitor of GABA-T, the inactivation process being 
time-dependent i 35 1. Data as to its in vivo effects or 
specificity have not yet been published. 

Ethanolamine-O-sulfate (EOS.J), another enzyme- 
activated irreversible inhibitor of GABA-T, was de- 
signed by Fowler and John [ 111 to take advantage of 
the proton abstraction step involved in the transamina- 
tion of GABA by GABA-T (Fig. 1). Thus EOS (L), a 
substrate analog. undergoes Schiff base formation at the 

active site of GABA-T. The subsequent cleavage of the 
LX C-H bond than induces p-elimination of sulfate to 
generate the alkylating species 3.3 then undergoes 
covalent bond formation with a nucleophile (Nu) in the 
active site leading to irreversible inhibition (Fig. 3). 
This process finds analogy in the irreversible inhibition 
of aspartate am~otransfer~e by serine o-sulfate 1361. 

As implied by its mechanism of action, which de- 
mands that it be accepted as a substrate by GABA-T, 
EOS (5) is a specific irreversible inhibitor of GABA-T 
having no in vitro inhibitory action towards GAD, 
alanine aminotransferase or aspartate aminotransferase 
at millimolar concentrations [ 1 I]. It apparently does 
not readily penetrate the brain when administered pe- 
ripherally, as large doses are needed to influence brain 
GAB A concentrations [ 3 71. 

More recently, two other enzyme-activated inhibi- 
tors of GABA-T, y-acetylenic GABA II) 1121 and y- 
vinyl GABA (8) [ 131, have been designed and synthe- 
sized. With both: and3 the inactivation process has 
been shown to be time-dependent and irreversible. That 
the mechanism of inhibition demands that the inhibi- 
tors be first accepted as substrates by the enzyme, is 
confirmed by the demonstration of a primary kinetic 
isotope effect on the rate of inhibition when the inhibi- 
tion induced by the y-deuterio analogs is compared with 
that of the corresponding protio compounds [ 3 8 I. This 
suggests that the inhibition process involves cleavage of 
the propargylic C-H bond in the case of2, and of the 
allylic C-H bond in the case of_& Both2 and& hence, 
are accepted as substrates by GABA-T in a similar 
manner to GABA itself. It is proposed that the inhibi- 
tion of GABA-T by y-acetylenic GABA (7) can be 
rationalized in the following manner (Fig. 4). 

Thus the usual abstraction of the proton a to the 
pyridoxaldimine function followed by reprotonation 
could lead to the tautomeric imine (path a). In this case 
the acetylene group, which in2 is an unreactive appen- 
dage to the GABA structure, would enter into conjuga- 
tion with the newly-generated imine and hence become 
an alkylating agent, capable of alkylating a nucleophilic 
residue (Nu) in the active site. Irreversible inhibition 
would then result from the covalent attachment of 
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tr~sformed inhibitor to the active site. Alternatively 
(path b), the proton abstraction described above could 
initiate, upon reprontonation, the formation of an al- 
lene, which being conjugated to the pyridine ring of the 
co-enzyme, would also be an active alkylating agent 
and thus lead to irreversible inhibition I121. 

Path a suggests that if the acetylenic group were to be 
replaced by a vinyl group, i.e. if y-vinyl GABA (,@ is 
accepted as a substrate by GABA-T, then the initially- 
unreactive vinyl function would be transformed by the 
enzyme’s own mode of action into an alkylating agent 
which, once again, could elicit irreversible inhibi- 
tion [ 131 (Fig. 5). This proposal is analogous to that 
originally proposed to account for the irreversible inhi- 
bition of aspartate aminotr~sferase by vinyl gly- 
tine 139 1, although an alternative mechanism involving 
isomerisation of the double bond of vinyl glycine has 
now been found to be operative 1401 and could also 
apply to y-vinyl GABA @) (Fig. 5). 

Both Y-acetylenic GABA (7) and y-vinyl GABA (ES) 
inhibit GABA-T in vivo when administered peripher- 
ally [4 1,421. Thus, at a dose of 100 mglkg i.p. in mice, 
y-acetylenic GABA (7) induces a long-lasting inhibi- 
tion of whole brain GABA-T activity, which drops to 
nearly zero within 2 hr and is still only 15-20 per cent 
of control 24 hr after administration. As a consequence 
brain GABA levels rise to about 4 times control levels 
at 8 hours, then slowly return to control values [ 4 11. ?- 
Vinyl GABA (s) enters the brain less readily than does 
y-acetylenic GABA u), hence higher doses are re- 
quired to induce a comparable inhibition of GABA-T. 
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Thus, a single dose of 1500 mg/kg i.p. in mice reduces 
brain GABA-T activity to approximately 20 per cent of 
control, this level of inhibition being maintained for at 
least 48 hr. Concomitant with this inhibition of GABA- 
T, brain GABA concentrations rise to about 5 to 6 
times control levels, and are still more than double 
control after 4 days 1421. 

Both y-acetylenic GABA a) and y-vinyl GABA (8) 
protect mice against convulsions induced by audi- 
ogenic stimuli, electoshock, thiosemicarbazide, isoni- 
azide and strychnine, the pattern of protection mirror- 
ing that ofwhole brain GABA elevation 143.441.l and 
2 do not protect against seizures induced by picrotoxin 
or bicu~ulline, suggesting that their ant~convuls~t ac- 
tivity is not secondary to their sedative effect 1451. 

r-Acetylenic GABA (2), but not y-vinyl GABA !‘.,!$I, 
is also an irreversible inhibitor of GAD in vitro and in 
vivo 14 11. The conception of y-acetylenic GABA Q) as 
an irreversible inhibitor of GABA-T was based on its 
potential acceptance as a substrate by this enzyme. In 
keeping with this, is its observed lack of inhibitory 
activity towards the PyCHO-dependent alanine and 
aspartate aminotransferases. Its time-dependent irre- 
versible inactivation of GAD was therefore unexpected. 
In vitro studies using the commercially-available bacte- 
rial enzyme suggest that the mechanism of this inhibi- 
tion can be rationalized in the basis of the microscopic 
reversibility principle. As y-acetylenic GABA Q) is an 
analog of GABA, the product of decarboxylation of 
glutamic acid catalyzed by GAD, it is believed that the 
proton abstraction step inherent in the reverse direction 
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(potential c~~xylation of GABA to afford glutamic 
acid) would initiate, in the case of y-acetylenic GABA, 
the formation of a propargylic anion which could lead 
to irreversible inhibition analogously to that suggested 
by paths a or b in the inhibition of GABA-T by this 
compound (Fig. 4) [46]. 

As a number of PyCHO-dependent dec~~xylases 
operate by a similar mechanism, it was felt that the 
concept of enzyme inhibition via microreversibility 
could be generalized. Wence, a-acetylenic putrescine 
(9) was synthesized and found in vitro to be an enzyme- 
activated irreversible inhibitor of mammalian ornithine 
decarboxylase (ODC, EC 4.1.1.17), the enzyme which 
catalyzes the dec~~xylation of omithine to putres- 
tine 1471. On in viva administration to rats, however, 
not only ODC, but GABA-T and GAD were found to 
be inactivated, suggesting that cx-acetylenic putrescine 
@) is metabolized to y-acetylenic GABA (7) 1481. As 
the inhibition of GABA-T and GAD in vivo by9 could 
be prevented by pretreatment with the monoamine 
oxidase inhibitor, pargyline, it appears that4 is oxi- 
dized via monoamine oxidase in an analogous manner 
to that found operative for the transformation of mono- 
acetylputrsscine to GABA 1491. 

Recently, y-amino-P-chloropropionic acid hydrox- 
amide (ACPH, 10) was reported to be an inhibitor of 
GABA-T, but not of GAD, in vivo 1501. A dose of 
350 mg/kg, administered intr~uscularly, induces a 
twofold rise in whole brain GABA concentrations as a 
result of a 48 per cent inhibition of GABA-T. GAD 
activity was unaffected. No in vitro studies were de- 
scribed and speculation as to the mechanism of GABA- 

T inhibition was not attempted. If. however, the struc- 
ture of ACPH (1.) is compared with that of GABA, it 
becomes apparent that ACPH is a GABA analog, 
substituted in the y position by a chloromethyl group. It 
is suggested that ACPH will prove to be an enzyme- 
activated irreversible inhibitor of GABA-T. Thus, if 
ACPH (10) is accepted as a substrate by GABA-T, the 
usual proton abstraction a to the pyridoxaldimine func- 
tion would lead to chloride elimination with the genera- 
tion of an alkylating species; Irreversible inhibition 
could then ensure via the condensation of a nucleophilic 
residue in the active site with this a&unsaturated imine 
{Fig. 6). This proposal finds analogy in the inhibition of 
alanine racemase by ~-chloro-D-alpine [ 5 11. It is thus 
predictable that other GABA analogs bearing a halo- 
methyl substituent in the y position will also prove to be 
irreversible inactivators of GABA-T. 

A recent, exciting development is the isolation of a 
new, potent inhibitor of GABA-T, gabaculine (IA) 
from Sfreptomyces ~oyocQens~s [ 141. The inactivation 
of GABA-T by 1J is time-dependent and irreversi- 
ble 152,531, and has been shown to involve a novel 
enzyme-induced aromatization process 1541. 

As demonstrated in Fig. 7, gabaculine (1_1), being a 
substrate for GABA-T, undergoes the normal Schiff 
base formation with PyCHO. Proton abstraction, fol- 
lowed by reprotonation, leads to the tautomeric Schiff 
base, which spon~eously isomerises via a 1,3 hydro- 
gen shift to the me&-anthranilic acid derivative 12, the 
driving force being aromatization of the cyclohexadiene 
unit. As a result, the cofactor is covalently and irreversi- 
bly modified 1541. 
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Gaba~uline irreversibly inhibits GABA-T in vivo, 
when administered by a peripheral route to mice 
(100 mg/kg, i.p.). Concomitant with this inhibition, 
brain GABA levels rise until at 20 hr they are 15 times 
higher than controls 1551. 

As other cyclohexadienes could be expected to 
undergo a similar enzyme-induced ~omatization, we 
have synthesized 12, an isomer of gabaculine. As antic- 
ipated 13 shows a similar activity in vitro and in vivo to 
gabaculine itself [ 561. 

As would be expected from its mechanism of action, 
gabaculine (1J) at millimolar concentrations has no 
inhibitory effect on GAD, ODC, aspartate aminotrans- 
ferase and alanine racemase in vitro 1551. It has been 
recently demonstrated, however, that both gabaculine 
(11) and y-acetylenic GABA Q), but not y-vinyl 
GABA (8), are enzyme-activated irreversible inhibitors 

of L-ornith~e:2-oxoacid ~inotr~sferase in vitro and 
in vivo [57]. As a result, not only brain GABA concen- 
trations, but also the level of putrescine is augmented in 
vivo upon administration of 7 or 1_1 1571. 

The design of specific inhibitors of GAD has not yet 
evolved to the level of sophistication comparable to that 
of GABA-T inhibitors. Many of the inhibitors in use 
are non-specific carbonyl trapping agents such as 
AOAA [ 191 and glutamic acid y-hydrazide [ 241, which 
also inhibit GABA-T. The convulsant 3-mercapto-pro- 
pionic acid has been shown to be a competitive inhibi- 
tor of GAD 1581, 2-mercaptopropionic acid and 2- 
mercaptoacetic acid being less effective 1591. Thiom- 
alit acid, which more closely resembles glutamic acid is 
equipotent with 3-mercaptopropioni~ acid 1601. It has 
been suggested that the mercapto derivatives inhibit 
GAD by combining with the pyridoxal phosphate- 
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lysine Schiff base. In keeping with this are their inhibi- 
tory effects towards GABA-T, although, with thiomalic 
acid, GABA-T inhibition is less pronounced [ 601. 

Recently, 4,5-dihydroxyisophthalic acid (l>), 
which like gabaculine (13) is elaborated by Strepto- 
myces toyocaensis [ 6 1 I, has been found to be the most 
potent GAD inhibitor known (K, = 0.18,~ M, Km for L- 
glutamate = 3.6 mM). Details as to its specificity are as 
yet unknown. 

Allylglycine, long known to be a convulsant 1621, 
demonstrates only weak inhibitory activity towards 
GAD in vitro, and its convulsant activity had been 
attributed to the formation of a meta~lite 1631. This 
hypothesis has recently found support, as prior treat- 
ment of either D- or L-allylglycine with D- or L-amino 
acid oxidase respectively leads to an oxidation prod- 
uct(s) which powerfully inhibits GAD in vitro 1641. 
That the obvious oxidation product, 2-keto-4-pentenoic 
acid, or its conjugated isomer 2-keto-3-pentenoic acid, 
is responsible, has yet to be demonstrated conclusively. 
Interestingly, the decrease in brain GABA concentra- 
tions which occurs after treatment with D-ahyglycine, is 
localized in hind brain areas, in which the preferential 
localization of D-amino acid oxidase has been re- 
ported 165 I. 

CONCLUSION 

Several potent and relatively-specific inhibitors of 
GABA catabolism are now available. Although the 
clinical utility of GABA-T inhibition is as yet un- 
known, such specific inhibitors of GABA metabolism 
will continue to prove useful in the study of the manipu- 
lation of GABA-mediated neurotransmission. Un- 
doubtedly, GAD too, will prove to be subject to specific 
inhibition by an irreversible inhibitor which requires 
prior transformation by the target enzyme (as distinct 
from the allylglycine case). Such an inhibitor, although 
of interest as a ph~macological tool, should also be of 
use in the mapping of GABA neurons. Finally, it 
should be appreciated that the experience gamed in 
designing enzyme-activated enzyme inhibitors of 
GABA-T, as well as the elucidation of the complete 
mechanism of action ofthese inhibitors, will prove to be 
of immense value to the rational design of inhibitors of 
other enzymes. 
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