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c Istituto di Chimica dei Composti Organo Metallici-CNR c/o Dipartimento di Chimica Organica ‘U. Schiff’,
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a b s t r a c t

The use of the antiepileptic drug, 4-aminobutyrate transaminase (GABA-T) inhibitor viga-

batrin (VIGA), has been recently cautioned because it is associated to irreversible field

defects from damage of the retina. Since novel GABA-T inhibitors might prove useful in

epilepsy or other CNS pathologies as VIGA substitutes, the aim of the present investigation

was to characterize the biochemical properties of some taurine analogues (TA) previously

shown to act as GABA-T inhibitors. These include (�)piperidine-3-sulfonic acid (PSA), 2-

aminoethylphosphonic acid (AEP), (�)2-acetylaminocyclohexane sulfonic acid (ATAHS) and

2-aminobenzenesulfonate (ANSA). Kinetic analysis of the activity of partially purified rabbit

brain GABA-T in the presence of VIGA and TA showed that PSA and AEP caused a linear,

mixed-type inhibition (Ki values 364 and 1010 mM, respectively), whereas VIGA, ANSA and

ATAHS behaved like competitive inhibitors (Ki values 320, 434 and 598 mM, respectively).

Among the compounds studied, only VIGA exerted a time-dependent, irreversible inhibition

of the enzyme, with Ki and kinact values of 773 mM and 0.14 min�1, respectively. Furthermore,

the ability of VIGA and TA to enhance GABA-ergic transmission was assessed in rabbit brain

cortical slices by NMR quantitative analysis. The results demonstrate that VIGA as well as all

TA promoted a significant increase of GABA content. In conclusion, PSA, ANSA and ATAHS,

reversible GABA-T inhibitors with Ki values close to that of VIGA, represent a new class of

compounds, susceptible of therapeutic exploitation in many disorders associated with low

levels of GABA in brain tissues.
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1. Introduction

g-Aminobutyric acid (GABA) is one of the most important

inhibitory neurotransmitters and its concentration in the

brain is regulated by two pyridoxal 50-phosphate (PLP)-

dependent enzymes: L-glutamic acid decarboxylase, which

catalyzes the conversion of L-glutamate to GABA, and 4-

aminobutyrate transaminase (GABA-T, EC 2.6.1.19), which

deaminates GABA to succinic semialdehyde (SSA) [1]. GABA-

T, a homodimer with each subunit containing an active site,

belongs to the subfamily II of the a-family of PLP-dependent

enzymes [2]. Its mechanism of catalysis is well known:

GABA is deaminated to succinic semialdehyde, thereby

converting the PLP cofactor to its pyridoxamine 50-pho-

sphate (PMP) form [3]. In the reverse half-reaction, the

enzyme is regenerated by transamination of a-ketoglutarate

to glutamate.

A decrease in GABA brain levels has been implicated not

only in the symptoms associated with epilepsy [4,5] but also in

several other neurological diseases such as Huntington’s

chorea [6], Parkinson’s disease [7], Alzheimer’s disease [8],

brain ischemia [9] and tardive dyskinesia [10]. Oral or

parenteral administration of GABA is not feasible, as it

cannot overcome the blood–brain barrier under normal

conditions. However, a drug that has direct access to the

brain and there selectively inhibits or inactivates GABA-T

should be effective to increase brain concentrations of GABA.

Several competitive inhibitors of GABA-T, particularly com-

pounds with a backbone structure similar to GABA, and a

variety of mechanism-based inactivators [11] of GABA-T

exhibit anticonvulsant activity in experimental settings

[12,13]. Vigabatrin (4-amino-5-hexenoic acid or g-vinyl GABA)

(VIGA) one of the latter compounds, has been shown to be

effective for treating epilepsies that are resistant to other

antiepileptic drugs [14]. Unfortunately, patients have suf-

fered from an irreversible loss of their peripheral visual field

upon treatment with this drug and their central visual

function has also been irreversibly altered. However, the

molecular mechanism of VIGA-attributed retinal toxicity is

still unclear [15–17] and reports of visual dysfunction in

patients with epilepsy treated with other anticonvulsant

drugs raise the possibility that such deficits might be a

relatively common side effect of anticonvulsant treatment or

even a feature of the natural history of epilepsy itself [18,19].

Consequently, novel GABA-T inhibitors might prove useful

not only as novel therapeutic agents in epilepsy or other CNS

pathologies, but also as pharmacological tools to investigate

whether visual field constriction is restricted to VIGA

treatment alone. A recent study performed in this laboratory

has demonstrated that some structural taurine analogues

(TA) were able to inhibit rabbit brain GABA-T with IC50 values

close to that of VIGA [20]. The present report describes their

features as GABA-T inhibitors. (�)3-Piperidinsulfonic acid

(PSA), 2-aminoethylphosphonic acid (AEP), 2-aminobenze-

nesulfonate (ANSA) and (�)trans-2-acetylaminocyclohexane

sulfonic acid (ATAHS) behaved like reversible, not time-

dependent GABA-T inhibitors with Ki values close to that of

VIGA. They might represent a new class of GABA-T inhibitors,

susceptible of therapeutic exploitation in many disorders

associated with low brain GABA levels.
2. Materials and methods

2.1. Compounds

The compounds used in the present study are detailed in

Table 1. GABA, dl-dithiothreitol, bovine serum albumin (BSA),

2-oxoglutarate, 3,5-diaminobenzoic and succinic semialde-

hyde were acquired from Sigma–Aldrich (Milan, Italy).

Reagents were dissolved in MilliQ deionized water. All other

materials were from standard local sources and of the highest

grade commercially available.

2.2. Animals

All experiments were performed in strict compliance with the

recommendation of the EEC (86/609/CEE) for the care and use

of laboratory animals and were approved by the Animal Care

and Ethics Committee of the University of Siena, Italy.

The study was carried out on adult male New Zealand

albino rabbits (Charles River, Calco, Como, Italy), weighing 2.0–

2.5 kg and kept in large individual cages, under a 12:12 h day–

night cycle at 20 8C ambient temperature. Drinking water and

conventional laboratory rabbit food were available ad libitum.

2.3. Enzyme preparation

Rabbit brain GABA-T was partially purified by following the

first two steps of the method described by Fowler and John [23],

with slight modifications. Enzyme preparation procedures

were carried out at 4 8C, unless specified otherwise. A glass

Potter–Elvehjem fitted with a teflon pestle was used to prepare

a 33% (w/v) whole brain homogenate in buffer solution (pH 7.4)

containing sodium acetate (10 mM), EDTA (1 mM), pyridoxal

phosphate (0.1 mM), 2-oxoglutarate (1 mM) and 2-mercap-

toethanol (0.1 mM). The homogenate was then acidified to pH

5.3 with 10% (v/v) acetic acid and added with an ammonium

sulfate solution up to 25% saturation to protect the enzyme

from heat. The suspension was placed in a water bath and the

temperature brought up to 53 8C for 5 min. After cooling to

4 8C, heat-labile proteins were removed by centrifugation at

5000 g for 20 min. Ammonium sulfate was added to the

supernatant and the proteins that precipitated between 45 and

65% (NH4)2SO4 saturation were separated by centrifugation at

10000 g for 30 min and redissolved in 10 mM Tris–HCl contain-

ing 10 mM sodium acetate, adjusted to pH 7.5. The solution

thus obtained, containing GABA-T, was dialysed overnight

against 10 mM HCl, 10 mM sodium acetate and adjusted to pH

7.5 with solid Tris. All the experiments were performed in

buffer A (0.1 mM EDTA, 0.5 mM dithiothreitol and 0.1 mM

KH2PO4) adjusted to pH 8.4 with NaOH.

2.4. Assay of GABA-T activity

Rabbit brain GABA-T-specific activity was assayed by using

the fluorimetric method of Salvador and Albers [24]. The

transaminase assay was based upon the measurement of

succinic semialdehyde produced from GABA during incuba-

tion of the enzyme. Briefly, a buffered substrate solution (BSS)

was prepared containing 0.1 M a-ketoglutaric acid and 0.25 M

g-aminobutyric acid adjusted to pH 8.4 with NaOH. Aliquots of
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Table 1 – Compounds used in the present study

Compound (abbreviation) Structure Origin Inhibition type (Ki)

2-Aminoethane phosphonic acid (AEP) Sigma–Aldrich Mixed (1010 mM)

2-Aminobenzene sulfonate (ANSA) Sigma–Aldrich Competitive (434 mM)

2-(N-acetylamino) cyclohexane sulfonic acid (ATAHS) Synthesised [21] Competitive (598 mM)

(�)Piperidine-3-sulfonic acid (PSA) Synthesised [22] Mixed (364 mM)

GABA Sigma–Aldrich –

g-Vinyl GABA Gifta Competitive (320 mM)

The purity of the compounds synthesised at the department was found to be higher than 95% by 1H NMR or high-performance liquid

chromatography (HPLC). Ki represents the inhibition constant value for competitive inhibition. For further details, see Section 2.7.
a Vigabatrin (Camillo Corvi S.p.A, Italy) was a kind gift of Dr. M. Ulivelli.
12 ml of BSS were added to 25–400 mg proteins and the final

volume adjusted to 250 ml with buffer A. Incubation was

carried out in a water bath at 38 8C for 2 h. Afterwards, equal

volumes of sample and reagent (0.25 M 3,5-diaminobenzoic

acid adjusted to pH 6 with K2CO3) were mixed and heated for

1 h in a water bath at 60 8C. A 15 ml aliquot of the reaction

mixture was then diluted with 3.0 ml of MilliQ deionized

water and the fluorescence of the diluted aliquot was

recorded at excitation and emission wavelengths of 405

and 492 nm, respectively (spectrofluorophotometer Shi-

madzu RF-5000, Tokyo, Japan). A standard curve of SSA

concentrations versus fluorescence was obtained for each set

of samples. The fluorescence background corresponded to

3.3 � 10�5 M SSA, i.e. one order of magnitude lower than that

reported by Salvador and Albers [24]. One unit (U) of enzyme is

defined as that which formed 1 nmole of SSA in 1 min. Protein

concentration was determined by the method of Bradford

[25].

2.5. Determination of time-dependent and irreversible
GABA-T inactivation by VIGA and taurine analogues

Partially purified GABA-T was incubated at 37 8C in buffer A

containing various concentrations of VIGA (100–400 mM) or TA

(each tested at concentrations up to four times their Ki value)

and assayed for its activity. The addition of the inhibitors even
at the highest concentrations tested, did not modify the pH of

the assay mixture.

At various time intervals (0, 2.5, 5, 10, 15 min) aliquots of the

enzyme solution were removed, diluted 1:20 with buffer A and

assayed for GABA-T activity in the presence of GABA and 2-

oxoglutarate at 30 and 12.5 mM final concentration, respec-

tively. Time-dependent inhibition was plotted as linear

decrease of log residual enzyme activity versus pre-incubation

time. For the assessment of irreversible inhibition, com-

pounds at 3 � Ki concentration were pre-incubated with the

partially purified enzyme for 1 h at 37 8C and incubation

solutions processed as described above.

2.6. Determination of GABA content in rabbit cortical slices
after the incubation with VIGA and taurine analogues

To verify whether VIGA and TA by acting as GABA-T inhibitors

could promote GABA accumulation in brain tissues, rabbit brain

cortical slices – prepared as previously described [26] – were

incubated with the drugs and the amount of GABA determined

by using a NMR assay method [27]. Briefly, after the brain

excision, cortices were isolated and placed in oxygenated (95%

O2 + 5% CO2) artificial cerebrospinal fluid (ACSF) with the

following composition (mM): 120 NaCl, 2.5 KCl, 1.3 MgCl2, 1.0

NaH2PO4, 1.5 CaCl2, 26 NaHCO3, 11 glucose, final pH 7.4. Tissue

was then cut into slices with a manual chopper (Stoelting Co.,
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Wood Dale, IL, USA) and dipped in ice-cold ACSF. To minimize

surface damage and hypoxia due to tissue cutting a 350- to 400-

mm thickness of slices was programmed [28,29]. All tissue

manipulation was carried out in a refrigerated room at 4 8C.

Slices were incubated for 3 h with VIGA or TA at their Ki

concentration in ACSF containing glutamine and NH4Cl.

Ammonium chloride was added to stimulate glial glutamine

synthesis that along with the added glutamine would

stimulate GABA synthesis [30,31]. Rapid freezing blocked the

reaction. Slices were subsequently thawed and extracted in

2 ml of a cold 12% perchloric acid (PCA) solution, containing

7.69 mM dichloracetic acid. After careful mixing and centri-

fugation at 3200 g for 15 min at 4 8C, the supernatant thus

obtained was brought to a neutral pH with a solution

containing 4.8 M KOH and 0.3 M K2HPO4 and again centrifuged

at 3200 g for 10 min at 4 8C. The final neutral supernatant was

mixed with 0.5 g of a chelating resin (Chelex1 100, Sigma–

Aldrich, Milano, Italy), filtered and then lyophilized.

The dried powder thus obtained was dissolved in neutral

50 mM deuterated phosphate in D2O containing 2 mM iso-

propanol. Dichloracetic acid was used in the extraction

procedure as an internal standard and a chemical shift

reference.

NMR measurements were carried out at 14.1 T with a

Bruker Avance 600 MHz spectrometer operating at controlled

temperature (295 � 0.1 K) and equipped with a Silicon Gra-

phics workstation. A 5 mm Triple Broadband Inverse (TBI)

probe was used for 1H experiments.

2.7. Data analysis

Kinetic parameters (Km andVmax) were calculated according to

Michaelis–Menten equation for one or two enzymes by

nonlinear regression analysis (Prism 3.03 Graphpad Software

Inc., San Diego, CA, USA).

Inhibition constant values for competitive inhibitors (Ki)

were provided by the negative x-intercept from secondary plots

of slopes obtained with Lineweaver–Burk analysis, versus

concentration of inhibitor, as described by Dixon and Webb

[32]. In the case of mixed inhibitors, the K�i (non-competitive

inhibition constant) was determined by replotting y-intercepts

versus inhibitor concentration [32]. Time-dependent inhibition

was evaluated on a two-step model of a second-order reaction

followed by an irreversible first-order reaction, i.e.:

Eþ IÐ
kþ1

k�1

EI�!kinact
E� I (1)

where kinact represents the limiting rate for time-dependent

inhibition, which is slow as compared to the catalytic turn-

over. From this model, the dependence of the observed rate on

the inhibitor concentration is defined by

kobs ¼
kinact½I�
KI þ ½I�

(2)

whereKI = (k�1/k+1) and represents the dissociation constant for

inhibitor binding to free enzyme. Eq. (2) can be transformed into

the more familiar linearised form by changing the terms of the

equation into their reciprocals, i.e.:

1 ¼ KI 1 þ 1
(3)
kobs kinact ½I� kinact
Values of kinact and KI were obtained from a linear least-

squares fit of (1/kobs) versus 1/[I], where the reciprocal of the y-

intercept represents kinact and the negative reciprocal of the x-

intercept represents KI [33,34]. All the experiments were

performed by using rabbit brain enzyme preparations derived

from at least five individual animals. Values obtained are

expressed as mean � S.E.M.; one-way analysis of variance

(ANOVA), followed by Dunnett’s test for multiple compar-

isons, was used.
3. Results

3.1. Specific activity, Km and Vmax of partially purified
rabbit brain GABA-T

Preliminary assays of GABA-T activity showed that the

amount of SSA formed increased linearly with time up to

3 h and that the initial rates were proportional to the amount

of enzyme preparation proteins added up to 1 mg/ml. The

omission of either a-ketoglutarate or GABA in the BSS

hampered the formation of ASS. Finally, in partially purified

GABA-T preparations, succinic semialdehyde dehydrogenase

activity was not detected under the present experimental

conditions. Taken together, these observations indicate that

the reaction products depend on GABA-T activity.

GABA-T activity measured in crude rabbit brain homo-

genates was 3.4 � 0.05 (n = 5) U/mg protein, while in partially

purified preparations was 51.2 � 0.74 (n = 5) U/mg protein,

indicating that the enzyme was purified 15-fold (33% yield) in

respect to the initial brain homogenate.

The relationship between GABA concentration and GABA-T

activity, expressed as formation rate of SSA, followed the

Michaelis–Menten equation. The apparent Km value was

12.8 mM, while maximum reaction velocity (Vmax) was

6.0 U/mg protein. Rabbit brain GABA-T exhibited only one

binding site for the substrate as indicated by the linearity of

Eadie Hofstee plot (data not shown).

3.2. Kinetic analysis of the inhibition of GABA-T by TA and
VIGA

The mechanism of inhibition of rabbit brain GABA-T by TA and

VIGA was determined by measuring enzyme activity at

various GABA concentrations (7.5–50 mM) in the presence of

increasing concentrations of the inhibitor.

As shown in Fig. 1, panels A and B, PSA and AEP exerted a

linear mixed-type inhibition. Km and Vmax values, in fact, were

both affected by the inhibitor (Km was increased while V

decreased). When plotting the slope or y-intercept obtained in

the Lineweaver–Burk processing of data versus the inhibitor

concentration, a straight line was generated and values for

apparent Ki and K�i could be obtained (Fig. 1, panels C and D).

For both compounds Ki was about three times smaller than the

K�i , constant for non-competitive inhibition, i.e. 364 and

1154 mM for PSA and 1010 and 2913 mM for AEP, respectively.

On the contrary, ANSA, ATAHS and VIGA behaved like

‘‘pure’’ competitive inhibitors (Fig. 2, panels A and B, and Fig. 3,

panel A, respectively) since they increased apparent Km value

while not affecting Vmax. The respective inhibition constants
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Fig. 1 – Kinetic analysis of partially purified rabbit brain GABA-T in presence of PSA and AEP. Panel A: primary Lineweaver–

Burk plot (L/B) of GABA-T activity in absence (&) or in presence of PSA: (*) 250 mM; (^) 500 mM; (!) 750 mM. Panel B: L/B plot

of GABA-T activity in absence (&) or in presence of AEP: (*) 500 mM; (^) 1000 mM; (!) 2500 mM. S indicates substrate (GABA)

and V indicates SSA formation rate expressed as U/mg prot (1 U of enzyme activity was defined as 1 nmole of SSA formed

per minute). Panels C and D are secondary plots of the L/B: 1/Vmax (~) or slope (&) vs. inhibitor concentrations (PSA, panel C

or AEP, panel D). Data are reported as mean W S.E.M. derived from at least five animal preparation. Curves were fitted by a

straight-line equation for linear regression and r2 was 0.99 for each line.
(Ki) are shown in panels C and D of Fig. 2 and panel B of Fig. 3.

The most potent GABA-T competitive inhibitor was VIGA (Ki,

320 mM), followed by ANSA and ATAHS (Ki, 434 and 598 mM,

respectively).

3.3. Time-dependent inhibition of GABA-T by VIGA and
taurine analogues

The enzyme inactivation kinetic at various concentrations of

VIGA, is presented in Fig. 3, panel C. The dissociation constant

for the initial, reversible complex (KI), calculated by transfer-

ring the data into a Kitz–Wilson plot, was 773 mM (Fig. 3, panel

D). The rate of formation of the irreversibly inhibited enzyme,

kinact, was 0.14 min�1 and the efficiency of VIGA with respect to

GABA-T, expressed as a function of the kinact/KI, was

1.81 � 10�4 min�1 mM�1. On the contrary, TA did not affect

the enzyme activity as a function of pre-incubation time,

indicating that the inhibition afforded by them was not time-

dependent (data not shown).

3.4. Reversibility of the inhibition of GABA-T by VIGA and
taurine analogues

Reversibility of the inhibition of GABA-T by VIGA and TA was

assessed by determining the recovery of GABA-T activity upon

dilution of the enzyme/inhibitor mixture, pre-incubated as

previously described. As shown in Fig. 4, after pre-incubating

the enzyme with VIGA, the activity was not restored following

dilution of the reaction mixture. On the contrary, TA exerted a

reversible inhibition since recovery of the activity was

observed. In particular, for PSA and ATAHS the restoring of
enzyme activity was almost complete, while for AEP and ANSA

a partial inhibition was still operant after dilution owing to the

fact that the inhibitor was present in the diluted samples at a

concentration of about 0.15 � Ki, found to inhibit GABA-T by

30%.

3.5. GABA content in rabbit cortical slices after treatment
with VIGA and taurine analogues

To verify whether TA acting as GABA-T inhibitors and VIGA

itself promoted GABA accumulation in brain tissues, rabbit

brain cortical slices were incubated with the drugs at the

respective Ki concentration and the amount of GABA deter-

mined at the end of incubation. Basal GABA content measured

in control slices by NMR analysis was 1.22 � 0.05 nmoles/mg

tissue. As shown in Fig. 5, GABA concentration was signifi-

cantly increased after incubation with VIGA or TA. In

particular, with TA, this increase averaged between

32.0 � 7.8% (ATAHS) and 65.0 � 13.0% (ANSA) over control

values, respectively (P < 0.01).
4. Discussion

The well-known GABA-T inhibitor VIGA, indicated for partial-

and pharmacoresistant-epilepsy, suffers from several major

drawbacks, the most severe of which is the induction of visual

field defects in patients [35]. This demands further research in

this field to discover novel and safer GABA-T inhibitors.

The aim of the present investigation was to define the

mechanism(s) by which some TA previously shown to be
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Fig. 2 – Kinetic analysis of partially purified rabbit brain GABA-T in presence of ANSA and ATAHS. Panel A: primary

Lineweaver–Burk plot (L/B) of GABA-T activity in absence (&) or in presence of ANSA: (*) 500 mM; (^) 750 mM; (!) 1000 mM.

Panel B: L/B plot of GABA-T activity in absence (&) or in presence of ATAHS: (*) 600 mM; (^) 800 mM; (!) 1000 mM. S

indicates substrate (GABA) and V indicates SSA formation rate expressed as U/mg prot (1 U of enzyme activity was defined

as 1 nmole of SSA formed per minute). Panels C and D are secondary plots of the L/B line slopes vs. inhibitor concentrations

(ANSA, panel C or ATAHS, panel D). Data are reported as mean W S.E.M. derived from at least five animal preparations.

Curves were fitted by a straight-line equation for linear regression and r2 ranged between 0.97 and 0.99.
GABA-T inhibitors in rabbit brain homogenates [20] act on

rabbit brain partially purified enzyme. PSA, ANSA and ATAHS

proved to be the most interesting compounds since they were

reversible, not time-dependent inhibitors with Ki values close

to that of VIGA (Table 1). Moreover, all the novel GABA-T

inhibitors promoted a significant increase of GABA content in

rabbit brain slices, which is ascribable to their ability to slow

down cytosolic GABA degradation.

PSA and AEP behaved like fully mixed inhibitors since they

increased the apparent Km and decreased V of the enzyme. In

this case the inhibitor can bind both to the free enzyme and to

the enzyme–substrate complex and, as a result, it slows down

the breakdown of this complex [34]. This type of inhibition

generally results from the combination of a partially compe-

titive and a pure, non-competitive inhibition. However, for both

compounds, the competitive inhibition was predominant since

Ki was one-thirdK�i . This was also the case of 1-anilinonaphtha-

lene-8-sulfonic acid which is a mixed-type inhibitor towards

NADPH:quinone oxidoreductase of z-crystallin [36]. Further-

more, the increase of Km value observed with PSA and AEP

indicates that these compounds caused a decrease of the

affinity of GABA toward the active site of the enzyme. This

suggests that they might induce conformational changes of

GABA-T structure; in this case, in fact, both inhibitor and

substrate do not exclude each other but both bind to the

enzyme, independently. Moreover, PSA and AEP can cause a

decrease in enzyme activity by preventing the enzyme–

substrate complex from being broken down, thus behaving
like partially mixed inhibitors. However, the linearity of the

curves obtained by plotting the velocity versus the concentra-

tion of the inhibitors (data not shown) rules out this hypothesis.

AEP was the least potent among the compounds studied

(Ki > 1000 mM) and for this reason cannot be considered of

great pharmacological interest as a GABA-T inhibitor. Further-

more, this compound shows an affinity in the micromolar

range for rabbit brain GABAB receptors [20] and in vivo causes a

dose-related hyperthermia [37], thus suggesting that it

behaves like a GABAB antagonist in the central mechanisms

of thermoregulation. However, since GABAB antagonists

might have excitatory and proconvulsive effects [38], AEP

GABAB antagonistic properties represent an overwhelming

problem in the light of a possible use in those pathological

conditions with mismatched inhibitory synaptic transmission

like in epilepsy. PSA turned out to be the most effective

inhibitor of GABA-T (Ki 364 mM). Recently, we have demon-

strated that in vivo it induces a dose-related hypothermia

accompanied by inhibition of gross motor behaviour [37]. Also

VIGA is able to decrease body temperature in many mammals

[39–42] by raising brain GABA contents [27]. Coherently, PSA in

the present report has been shown to increase significantly the

GABA content in rabbit brain slices. On the other hand PSA is

not only a GABA-T inhibitor, but it binds also to GABAA

receptors of rabbit [20] and, as originally reported by

Krogsgaard-Larsen et al. of rat brains [43]. Its GABAA affinity

is very close to its Ki for GABA-T [20]. Although it does not

behave like a pure GABA-T inhibitor, only from a more general
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Fig. 3 – Kinetic analysis of partially purified rabbit brain GABA-T in presence of VIGA. Panel A: primary Lineweaver–Burk plot

(L/B) of GABA-T activity in absence (&) or in presence of VIGA: (*) 80 mM; (^) 150 mM; (!) 400 mM. S indicates substrate

(GABA) and V indicates SSA formation rate expressed as U/mg prot (1 U of enzyme activity was defined as 1 nmole of SSA

formed per minute). Panel B: secondary plot from L/B line slopes versus VIGA concentrations. Panel C: Kinetic parameters

for the time-dependent inhibition of GABA-T by VIGA. Initial rates were determined after pre-incubation of enzyme in

absence (&) or in presence of VIGA: (*) 100 mM; (^) 200 mM; (!) 300 mM (~) 400 mM for various time periods (0–15 min) and

expressed as percent of control rate obtained in the absence of any inhibitor. Results are presented graphically in semi-log

plots of residual activity as a function of pre-incubation time. Curves were fitted by a straight-line equation for linear

regression and r2 ranged between 0.96 and 0.99. Panel D: secondary plot of 1/Kobs vs. 1/[VIGA] (mM), according to Kitz and

Wilson [33]. The reciprocal of g-intercept and the negative reciprocal of x-intercept represent kinact, the inactivation rate of

enzyme, and KI, the dissociation constant for the initial reversible complex, respectively.
point of view, being a compound that potentiates GABA-ergic

system by acting simultaneously through different mechan-

isms, it might prove useful. Interestingly, VIGA, besides being

a GABA-T inhibitor, is also able to block GABA transporter

GAT1 of mouse brain at extremely low (nanomolar range) as

well as extremely high (millimolar range) concentrations [44].

PSA, as well as ATAHS and ANSA, due to their different

mechanism of GABA-T inhibition in comparison to VIGA, may

be considered lead compounds for a new class of GABA-T

inhibitors, susceptible of therapeutic exploitation in many

disorders associated with low levels of GABA. Their usefulness

as specific tools, however, might be hampered by their poor

ability to gain access into the central nervous system (CNS).

This problem can be solved by conjugating them to com-

pounds that are effectively transported through the blood

brain barrier into the brain. Jacob et al. [45] have demonstrated

that 1-O-linolenoyl-2-O-(4-aminobutyryl)-3-O-(4-vinyl-4-ami-

nobutyryl)glycerol (LGV) is a pro-drug which readily overcome

the blood–brain barrier and releases upon hydrolysis both

GABA and VIGA into CNS. Interestingly, in respect to VIGA,

LGV in vivo was active at a 300-fold lower dose and it has a

more rapid action onset time.

ANSA and ATAHS were shown to be competitive GABA-T

inhibitors with potency close to that of VIGA. They behaved
like reversible inhibitors, suggesting that they bind to the

same enzyme site as the substrate, i.e. at the active centre.

Their competitive and reversible properties might be due to

the fact that these compounds do not possess such a reactive

group like the vinylic moiety of VIGA. This drug, in fact,

irreversibly inhibits mammalian brain GABA-T because it is

initially accepted as a substrate and acts as a competitive

inhibitor, directly interacting with the enzyme active site.

The fine mechanism for its GABA-T inactivation has been

investigated in the past with various biochemical techniques

and resulted in several proposals (for more details see Storici

et al. [46]). Essentially, the irreversibility depends on the

covalent binding of the active complex PLP-VIGA to a

nucleophilic residue of GABA-T active site. Consequently,

VIGA action is long lasting, the synthesis of new enzyme being

necessary to overcome that effect, and specific because the

drug exploits the enzyme own catalytic mechanism to

precipitate its irreversible inhibition. However, GABA-T

inhibition by VIGA is hypothesised to be at the basis of its

adverse effects. Visual field loss in VIGA-treated epileptic

patients is both dose dependent [47,48] and irreversible [49]

and results from a sequence of events starting from cone

cell injury to a more severe disorganization of the pho-

toreceptor layer [16]. In animals VIGA was found to cross the
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Fig. 4 – Reversibility of partially purified rabbit brain GABA-

T inhibition by VIGA and taurine analogues. GABA-T was

pre-incubated in the presence of (final concentration)

400 mM VIGA, 1000 mM PSA, 4000 mM AEP, 2000 mM ANSA

or 2000 mM ATAHS at 37 8C for 1 h, and then diluted 20

times with buffer A. Details of the experimental

procedures were described in Section 2. Data are reported

as mean (% over CTRL) W S.E.M. derived from at least five

animal preparations. CTRL bars represent 100% GABA-T

activity in the absence of inhibitor. Open bars represent

samples containing 50.0 U/ml of enzyme; black bars

diluted samples (2.5 U/ml). The enzyme activity was

calculated in all samples at the end of incubation period.

Fig. 5 – GABA content in rabbit cortical slices after

treatment with VIGA and taurine analogues. Rabbit brain

cortical slices were incubated for 3 h with the drugs at

their Ki concentration, as described in Section 2. Basal

GABA content measured in non-treated rabbit cortical

slices (CTRL) was 1.22 W 0.05 nmoles/mg tissue. Data are

reported as mean (% over CTRL) W S.E.M. derived from at

least five animal preparations and one-way analysis of

variance (ANOVA) followed by Dunnett’s test for multiple

comparisons was used. **P < 0.01, ***P < 0.001 vs. control.
blood–retinal barrier and reach in the retina a concentration

fivefold higher than that attained in the brain [50], giving rise

to an excessive GABA accumulation in the retina [51].

Although the hypothesis that GABA itself is implicated in

the VIGA-elicited retinal damage has been advanced [16], a

recent report demonstrates that in albino rats acute VIGA
exposure damages the outer retina by a GABA-independent

and VIGA-specific mechanism, which consists in sensitising

photoreceptors (and possibly Müller cells) to light-induced

damage [17]. In this context, reactive oxygen species (ROSs) are

probably involved since they participate to light-mediated

retinal toxicity [52]. Consequently, novel compounds with a

GABA-T inhibition mechanism different from that of VIGA are

needed. Furthermore, it is worth mentioning that GABA-T

inhibitors here investigated are structural analogues of

taurine. This amino acid seems to play an important role

not only in the physiology of normal vision [53–57] but also in

the pathogenesis of retinal degeneration, diabetic retinopathy

and macular edema [55,56,58,59]. Recently, taurine has been

shown to protect photoreceptor outer segment cell mem-

branes against light-induced oxidative damage [60]. In con-

sideration of the involvement of ROSs in retinal light-

mediated toxicity and the neuroprotective role of taurine

[61], we envisage a neuroprotective effect by these TA worth to

be assessed.

Further advances in the development of more effective

anticonvulsant drugs depend upon the elucidation of the

structure and mode of action of GABA-T. However, most

studies on GABA-T, including the present one, have been

carried out on mammalian enzymes other than the human

form. Even though studies of the amino acid sequence have

revealed that GABA-T is highly conserved along the various

mammalian species investigated, the human enzyme has

been proven to be immunologically distinct from the other

mammalian enzymes [62,63]. However, the Km value for GABA

and the catalytic activity of human recombinant GABA-T are

not significantly different from those of other mammalian

enzymes such as pig and cow [62–64]. In contrast, the

difference was more pronounced in the inactivation by VIGA

since bovine GABA-T required a much higher concentration of

VIGA for the same level of inactivation, compared to human

GABA-T [62]. Interestingly enough, the present results show

that the rabbit enzyme is as sensitive to VIGA as the human

form, being KI and kinact values for both enzymes very similar.

Therefore, rabbit brain GABA-T seems to be the ideal enzyme

for performing preliminary screenings on novel compounds,

potential human GABA-T inhibitors.

In conclusion, the present study introduces novel TA, with

an inhibition mechanism of GABA-T different from that of

VIGA, which might be useful for treating pathological

conditions caused by a deficient intracerebral GABA activity.
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