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Abstract: An investigation of the mechanisms of inactivation of the pyridoXgpltosphate (PLP)-dependent pig
brain y-aminobutyric acid (GABA) aminotransferase by 4-amino-5-fluoro-5-hexenoic &jca(monofluorinated
analogue of the anticonvulsant drug vigabatrin, is described. InactivatiorfHjPI[P-reconstituted GABA
aminotransferase with followed by denaturation released the coenzyme in two forms, one as PLP and the other in
a modified form in the ratio 7:3. All enzyme activity was lost upon inactivatior2blgut about 30% of the activity
returned upon incubation with PLP, consistent with the formation and release of 30% of the coenzyme in a modified
form, as noted above. Inactivation of GABA aminotransferase witPHR2 followed by gel filtration resulted in

the attachment of 0.7 equiv of tritium to the enzyme, even though complete inactivation occurred. This also is
consistent with the above results that about 30% of inactivation is the result of release of a modified coenzyme,
leaving 30% of the enzyme as its apoenzyme form. Isolation and mass spectral analysis of the modified coenzyme
gave peaks consistent with a modified coenzyme formed from a reaction with the inact®gtobDgnaturation of

the enzyme containing 0.7 equiv of radioactivity from the above experiment led to release-6tD&quiv of the
radioactivity asy-acetyl-GABA @0). Treatment of the denatured enzyme with sodium periodate generated 0.2
0.25 equiv of succinic acid, leaving 0.15 equiv of radioactivity still covalently bound to the enzyme. Analysis of
amine metabolites shows the formation of 0.5 equin2@f Analysis of the nonamine metabolites resulted in the
identification of 1 equiv of 4-oxo-5-hexenoic aci@d4). After inactivation, 2.6t 0.1 equiv of fluoride ions was
detected, consistent with the loss of 1 fluoride ion to produce inactivation, 1 fluoride ion to generate the 4-0x0-5-
hexenoic acid, and 0.5 fluoride ion released in the productignaxfetyl-GABA. Normal transamination also occurs;
6.3+ 0.6 transamination events occurred during inactivation, as measured by the converkiGhafietoglutarate

to [1“C]glutamate. These results indicate that there are, at least, three different inactivation mechanisms in effect
(Schemes 4-6). All of these mechanisms begin with Schiff base formation bedeeehthe active site PLP followed

by removal of they-proton and elimination of the fluoride ion. It is from this conjugated allene intermedidje (

that all of the inactivation pathways and metabolites result, except for the normal transamination product. The
partition ratio, the amount of inactivator converted to a product per inactivation event, is about 8; 6.5 transaminations,
0.5 conversion t®0, and 1.0 conversion t@4 per 1.0 inactivation event.

y-Aminobutyric acid (GABA) is a major inhibitory neu- inhibited that same enzymieThese types of irreversible enzyme
rotransmitter throughout the central nervous systewihen the inhibitors are known as mechanism-based enzyme inactiv&tors.
concentration of GABA falls below a threshold level in the A detailed study of the mechanism of inactivation of GABA
brain, convulsions begif. These convulsions can be stopped aminotransferase by-vinyl-GABA revealed that it functioned
by injecting GABA directly into the braif,but this is not a by two separate inactivation pathways, one leading to covalent
practical means of controlling seizures. When oral or intrave- attachment to the protein (705%) and the other leading to
nous injection is attempted, however, a problem arises becausecovalent attachment to the active site PLP£268%)° Because
GABA does not cross the bloetrain barrier and, therefore,  of the success of this inactivator as a drug, a series of fluorinated
is not an effective anticonvulsant agéntOne approach analogues of/-vinyl-GABA were designed, synthesized, and
Succ_e.SSfu”y used to raise GABA levels in the brain I.S the (2) Karlsson, A.; Fonnum, F.; Malthe-Sgrensen, D.; Storm-Mathisen, J.
administration of a compound that crosses the bidagin J. Biochem. Pharmacoll974 23, 3053-3061.
barrier and inhibits the enzyme responsible for GABA catabo-  (3) (a) Purpura, D. P.; Girando, M.; Smith, T. A.; Callan, D. A;
lism, namely, the pyridoxal 'Sphosphate (PLP)-dependent Groundfest, JJ. Neurochem1959 3, 238-268. (b) Tower, D. BGABA
enzyme GABA aminotransferag8eThe epilepsy drugy-vinyl- Tﬁl}\lemous System FunctiprRaven Press: New York, 1976; pp 461
GABA (1, vigabatrin)$ was designed to be converted by GABA (4) Meldrum, B. S.; Horton, R. WEpilepsy Churchill Livingston:
Edinburgh, 1974.
(5) (@) Nanavati, S. M.; Silverman, R. B. Med. Chem1989 32, 2413~
K/\ 2421. (b) Jung, M. Neurotransmitter Interaction and Compartmentation
H;N €00

Plenum: New York, 1982; pp 32%44.
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tested as mechanism-based inactivatdr§wo of the analogues
were monofluorinated, namely, 4-amino-5-fluoro-5-hexenoic
acid ) and ¢)-4-amino-6-fluoro-5-hexenoic aci@), Despite

F
+ +
H;N Coo° H,N
4

2 3
the minimal difference in the structures of these compounds,
they showed vastly different inhibitory properties with
GABA aminotransferase. On the basis of one-concentration
assays of inactivatiof?, it appeared that wherea3 was
about half as potent aE compound2 was 1/50th or less as
potent asl. We have now synthesized the diastereomes, of
namely, E)-4-amino-6-fluoro-5-hexenoic acidd), and have
found it to be comparable in inactivation potency3o There
are many different inactivation mechanisms that can be pro-
posed for these inactivators. In this paper we present our re-
sults on the mechanisms of inactivation of GABA amino-
transferase by, and in the subsequent paper we show that
compound3 and its isomer4) proceed by inactivation path-
ways completely different from those @& and, in fact, the
inactivation mechanisms of the isomers also are different from
each other.

+

coo H;N coo

Results

Syntheses of 4-Amino-5-fluoro-5-hexenoic Acid (2),2)-
4-Amino-6-fluoro-5-hexenoic acid (3), and E)-4-Amino-6-
fluoro-5-hexenoic acid (4). Our synthetic route to compounds
2—4 is a shortened modification of that described by Kolb et
all® and is shown in Scheme 1. Kolb and co-workers
synthesized 5-vinyl-2-pyrrolidinon&(Scheme 1) by an eight-

v@inan et al.

Scheme 1.Synthesis of Monofluorovinyl GABAs
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step reaction sequence; our synthesis was initiated by thermal

neat cyclization ofy-vinyl-GABA, obtained as a generous gift
from Marion Merrell Dow Research Institute, to the corre-
sponding lactan®b. The remainder of the synthesis followed
that of Kolb et alt® with minor modifications. However, upon
potassiumtert-butoxide-induced elimination of HBr, a third
isomer not reported by Kolb et &P, (E)-(5-fluorovinyl)-2-
pyrrolidinone @0), was isolated; instead of this isomer, Kolb
et all9 report the isolation of the double-elimination product,
namely, 5-ethynyl-2-pyrrolidinone. Compouf@is the precur-
sor to E)-4-amino-6-fluoro-5-hexenoic acid), whose inactiva-
tion mechanism is discussed with that3fn the subsequent
paper.

Synthesis of fH]-4-Amino-5-fluoro-5-hexenoic Acid. The
incorporation of tritium int® is depicted in Scheme 2. Whereas
treatment oB with a strong base, such as LDA, caused a large
amount of elimination to the corresponding ethynyl lactam, it
was found that an equilibrium reaction containB)@ equiv of
a milder base (potassiutert-butoxide), and 2 equiv ofH,0,
allowed to react for several days, effectively incorporated the
tritium label with no detectable elimination of HF.

Kinetics of Inactivation of GABA Aminotransferase with
2. The values forK; and kinact 9.1 mM and 0.04 mint,
respectively, were determined by a Kitz and Wilson Blot
(Figure 1).

Inactivation of [3H]PLP-Reconstituted GABA Aminotrans-
ferase by 2 with Removal of Excess Inactivator.After control

(9) Nanavati, S. M.; Silverman, R. Bl. Am. Chem. Sod991 113
9341-9349.

(10) Kolb, M.; Barth, J.; Heydt, J. G.; Jung, M.Jl.Med. Chem1987,
30, 267-272.

(11) Kitz, R.; Wilson, I. B.J. Biol. Chem1962 237, 3245-3249.

Scheme 2Incorporation of Tritium into2
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Figure 1. Kitz and Wilsori! plot for inactivation of GABA ami-
notransferase bg.

radioactivity was subtracted, thé-inactivated fH]PLP-
reconstituted GABA aminotransferase released 93% of its
cofactor as JH]PLP. About 6% of the radiolabel remained
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Figure 2. HPLC trace of the inactivation oft]PLP-reconstituted
GABA aminotransferase b after removal of excess inactivator and
denaturation (see Experimental Section for details).
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Figure 3. HPLC trace of the inactivation ofiH]PLP-reconstituted
GABA aminotransferase b following denaturation without removal
of excess inactivator (see Experimental Section for details).

bound to the enzyme and about 1% was released as PMP. Th

HPLC chromatogram and radioactivity elution are plotted in
Figure 2.

Inactivation of [ *H]PLP-Reconstituted GABA Aminotrans-
ferase by 2 without Removal of Excess Inactivator.It was
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metabolites are analyzed by HPLC of the corresponding dansyl
derivatives. Although dansylate?l and dansylateg-acetyl-
GABA elute by HPLC about 5 min apart under the conditions
developed for analysis of these dansylated amines, if the sample
has a large excess of inactivator, it is difficult to detect the
dansylatedy-acetyl-GABA. Incubation with 50 equiv o2
inactivates the enzyme 80%. Increasing to 100 equiv improves
the inactivation to only 90%, and 150 equiv of inactivator brings
the enzyme to 95% inactivated. The sample with 150 equiv is
about 1.8 mM2. Slightly more concentrated inactivator was
used for the upcoming experiments (2.0 mM) to facilitate
inactivation without having to use such an excess that the
analyses become difficult.

Equivalents of [*H]-2 Bound to GABA Aminotransferase
after Inactivation. Inactivation of GABA aminotransferase by
[3H]-2 resulted in 0.7 equiv of inactivator remaining bound to
the enzyme following exhaustive dialysis.

Identification of the Modified Coenzyme Formed during
Inactivation of GABA Aminotransferase by 2. GABA
aminotransferase was inactivated withi[-2 and gel filtered,
and excess inactivator was removed by Dowex 50 ion exchange.
The nonamine eluant was analyzed by HPLC, and two radioac-
tive peaks were observed, one at about 60 min and one at about
50 min (see Analysis of Nonamine Metabolites Formed during
Inactivation of GABA Aminotransferase witBH]-2). The peak
at about 60 min contained 0.3 equiv of tritium. The experiment
was repeated with nonradiolabeled inactivator, and the fractions
eluting from the HPLC at 5860, 60-62, and 62-64 min were

fsolated. After lyophilization, FAB (Figure 4) and FAB mass

spectra were obtained. The major component of the 630
min fraction had a mass of 375 Da (FABjave 376 and FAB
gave 374; another major peak was at 281 in the FABectrum
and at 279 in the FAB spectrum, the fragment after loss of

found that without removal of the excess inactivator a Schiff the phosphate group), consistent with struc@ife

base complex between the inactivator and PLP formed; under

the given elution conditions, the retention time was about 60
min. After control radioactivity was subtracted, tBenacti-

vated enzyme released 93% of its cofactor as a combination of

the compounds with peaks at 13 min (PLP) and at 60 min,
although the amount of radioactivity in the 60 min peak was at
a higher proportion to that in the peak at 13 min than is usually

seen in the inactivations with other inactivators under the same
conditions (3:1 vs 2:1), indicating the possible presence of
another species that elutes at about 60 min (see Identification

of the Modified Coenzyme Formed during Inactivation of
GABA Aminotransferase bg). Three percent of the remaining
radioactivity coeluted with PMP and 4% remained bound to

the enzyme, as ascertained by counting the radioactivity

remaining in the pellet. The HPLC spectrum and radioactivity
elutions are shown in Figure 3.

Partial Reactivation of 2-Inactivated GABA Aminotrans-
ferase by PLP. GABA aminotransferase was inactivated with

Equivalents of [*H]-2 Bound to GABA Aminotransferase
after Inactivation and Denaturation with Urea. Analysis of
urea-denaturedifi]- 2-inactivated GABA aminotransferase showed
that only 0.35+ 0.05 equiv of labeled inactivator remained
bound to the enzyme. This indicates that denaturation of the
enzyme with urea releases approximately half of the label that
was bound to the enzyme after dialysis.

Analysis of Amine Products Released from GABA Ami-
notransferase after Inactivation with [3H]-2 and Denatur-
ation with Trichloroacetic Acid. Approximately 0.2-0.3
equiv (three experiments) of radioactivity, based on the specific
activity of the inactivator, was releasedjascetyl-GABA 0)
from the PH]-2 inactivated GABA aminotransferase following
trichloroacetic acid denaturation and dansylation (Figure 5).

Sodium Periodate Oxidation of the Stable Adduct Formed
after [3H]-2 Inactivation and Urea Denaturation of GABA
Aminotransferase. Sodium periodate oxidation of the stable

2. After the excess inactivator was removed, the enzyme hadadduct bound to GABA aminotransferase aftét]f2 inactiva-

4% activity. Incubation with PLP resulted in the return of
activity of GABA aminotransferase to 32% of the original
activity, indicating that about 33% (normalized to account for
the 17% loss of enzyme activity in the control over that time
period) of enzyme inactivation results from release of a modified
coenzyme.

Inactivation of GABA Aminotransferase with 50, 100, and
150 Equivalents of 2. GABA aminotransferase was inactivated
with 50, 100, and 150 equiv &to determine whether complete
inactivation could be achieved with a concentration Df
significantly under theX, of the system. This was desirable

tion and denaturation resulted in the release of-0.25 equiv
(three experiments) of tritium as succinic acid; about 0.15 equiv
of tritium remained attached to the enzyme (Figure 6). A
control, which contained denatured enzyme not oxidized with
sodium periodate, retained all of the radioactivity bound to the
enzyme directly following the urea denaturation.

Equivalents of [°H]-2 Bound to GABA Aminotransferase
after Inactivation and Denaturation with Trichloroacetic
Acid. After trichloroacetic acid denaturation ofH]-2-
inactivated GABA aminotransferase, 0.2 equiv of the inactivator
remained bound to the enzyme.

because in the experiment in which the amine metabolites are Analysis of Amine Metabolites Formed during Inactiva-
analyzed, excess inactivator cannot be removed. The aminetion of GABA Aminotransferase with [3H]-2. The HPLC
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Figure 4. FAB* and FAB™ mass spectra of the nonamine eluting on
the HPLC at about 60 min (see Experimental Section for details).
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aminotransferase inactivation with is shown in Figure 7.
Because a large amount 6H]-2 was necessary for complete

readily visible. From the amount of radioactivity in theacetyl-

Analysis of Nonamine Metabolites Formed during Inac-
tivation of GABA Aminotransferase with [3H]-2. Analysis

cofactors released after inactivation SH[PLP-reconstituted

v@inan et al.

Enzyme
~ 1507 Succinic Acid [ 300
1.25 1 H i
- 200
£
= F100 G
= £
Q =3
= 0 [3)
w
2
<«
0.00 T T T T -100

0 10 20 30
time (min)

Figure 6. HPLC analysis of the sodium periodate oxidation of the
stable adduct formed afteiH]-2 inactivation and urea denaturation of

GABA aminotransferase.
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Figure 7. HPLC analysis of dansylated amine metabolites formed by
turnover during inactivation of GABA aminotransferase withi]f2.
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Figure 8. HPLC analysis of nhonamine metabolites formed during
inactivation of GABA aminotransferase witAH]-2.

GABA aminotransferase b¥in which excess small molecules
were not removed (see ldentification of the Modified Coenzyme
Formed during Inactivation of GABA Aminotransferase 2)y

A peak corresponding to 0.3 equiv of tritium, eluting at about
60 min, was detected (Figure 8), as was observed in the
corresponding experiment witBH]PLP-reconstituted enzyme
(Inactivation of PH]PLP-Reconstituted GABA Aminotransferase
Figure 5. HPLC analysis of dansylated amine metabolites released by 2 without Removal of Excess Inactivator). This confirms
from the adduct formed by inactivation of GABA aminotransferase by that the peak at about 60 min is a product containing part or all
[3H]-2 (see Experimental Section for details).

of PLP and2 (such a27).

) ] ] The radioactive peak eluting at approximately 50 min (Figure
spectrum of the amine metabolites released during GABA g)\yas shown to comigrate on reversed-phase HPLC with 4-oxo-
7-thio-9-hydroxynonanoic acid (the product of Michael addition
of B-mercaptoethanol t®4), synthesized as a standard by
inactivation of GABA aminotransferase, the peaks of dansylated incubating 4-oxo-5-hexenoic acid afiemercaptoethanol in 100

2 were removed from the plot for the amine metabolites to be mM sodium phosphate buffer, pH 6.0. High-resolution FAB
mass spectral analysis of the standard gave a peakmiathf
GABA peak, it was determined that 0.5 equiv of inactivator 05,0273, corresponding to 4-oxo-7-thio-9-hydroxynonanoic
was converted tg-acetyl-GABA during inactivation.

acid (m/z 205.0534).

Fluoride lon Release during Inactivation of GABA Ami-
notransferase with 2. Inactivation of GABA aminotransferase

was done using the same HPLC conditions used to detect theby 2 was monitored for fluoride ion release. Because of the
sensitivity of the system to pH fluctuations, the pH values of
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Scheme 3 Catalytic Mechanism for GABA Aminotransferase
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Scheme 4First Potential Mechanism of Inactivation of
GABA Aminotransferase by
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the inactivated samples and controls were carefully monitored.
After correction for the controls, it was found that 2460.1
fluoride ions were released per inactivation event.
Transamination Events per Inactivation of GABA Ami-
notransferase with 2. GABA aminotransferase, which had
been inactivated bg in the presence of [$iC]-a-ketoglutarate,
produced 6.3t 0.6 equiv of [52“C]glutamate per inactivation

Scheme 5Second Potential Mechanism of Inactivation of
GABA Aminotransferase by
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converted back to PLP in a second half-reaction involving the
concomitant conversion af-ketoglutarate to glutamate.

With this mechanism in mind, there are several mechanisms
that could be written for the inactivation of GABA aminotrans-
ferase by2 (Schemes 47 show four possibilities). All of these
mechanisms are initiated by the normal catalytic mechanism,
namely, Schiff base formation with the PLP followed by
y-proton removal. As shown in Scheme 4, followipgproton
removal isp-elimination of the fluoride ion to give the allene
17. Nucleophilic addition of an active site lysine residue to
the conjugated allene followed by isomerization would give
covalent adduct8. This is the same adduct that was suggested

event, which represents the number of transaminations IC,erpreviousl)lz to be the adduct generated from inactivation of

inactivation event.

Discussion

The mechanism of GABA aminotransferase is typical of PLP-
dependent aminotransferases (Scheme 3).
reaction, the lysine-bound PLP undergoes transimination with
GABA to give the PLP-GABA Schiff base 13). Removal of
the y-proton of substrate followed by reprotonation on the
coenzyme give&4. Hydrolysis produces succinic semialdehyde
(15 and pyridoxamine 'sphosphate (PMP)16), which is

In the first half-

GABA aminotransferase by-ethynyl-GABA. Upon denatur-
ation of 18, PLP would be liberated and addut® would be
formed. Hydrolysis ofl9would givey-acetyl-GABA 0) and/
or covalent adduc21. Both of these products were identified
as the products of-ethynyl-GABA inactivation of GABA
aminotransferas®.

A second mechanism (Scheme 5) is the same as Scheme 4
up to 17. Instead of nucleophilic addition of the active site

(12) Burke, J. R.; Silverman, R. B. Am Chem. S0d.991, 113 9329~
9340.
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Scheme 6.Third Potential Mechanism of Inactivation of
GABA Aminotransferase by
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Scheme 7 Fourth Potential Mechanism of Inactivation of
GABA Aminotransferase by
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lysine to the allene, transimination occurs, leading to enzyme-
bound PLP and the alleneami@, which is protonated to the
o,f-unsaturated imin€3. Release 023 would give 4-0x0-5-
hexenoic acidZ4); nucleophilic addition of an active site residue
followed by hydrolysis would lead to covalent add@& A

v@inan et al.

which is present because of the omission of the gel filtration
step. Compoun®1 was easily prepared by the addition 2f

to PLP under the conditions of this experiment. It appears, then,
that, although gel filtration does not remove PLP, it releases
some modified coenzyme. This suggests that part of the cause
for inactivation is simply a function of apoenzyme formation,
resulting from release of a modified coenzyme. In fact,
following inactivation and gel filtration, 33% of the enzyme
activity could be regenerated by incubation with PLP, consistent
with the formation of about 0.3 equiv of apoenzyme. The
identity of the modified coenzyme is discussed below.

The next phase of the investigation was concerned with the
fate of the inactivator after inactivation. Dialysis or gel filtration
of GABA aminotransferase that was inactivated with®ff-2
resulted in no return of enzyme activity, yet only 0.7 equiv of
radioactivity was tightly bound to the protein. This is consistent
with the formation and release of a modified coenzyme that
accounts for the loss of activity of about 0.3 equiv of the
enzyme. The regain of about 33% of the enzyme activity upon
incubation of the inactive enzyme with PLP is consistent with
the attachment of only 0.7 equiv of inactivator to the enzyme,
even though complete loss of enzyme activity occurs. Since
the release of 0.3 equiv of tritium results regardless of whether
[®H]PLP-reconstituted enzyme or P&4]-2 is used suggests that
the modified coenzyme is some type of an adduct between PLP
and 2. Isolation and HPLC analysis of the nonamines gave
peaks at approximately 50 min (1 equiv), shown to be the
B-mercaptoethanol Michael addition product to 4-oxo-5-hex-
enoic acid 24, Scheme 5; see below), and at about 60 min (0.3
equiv). The 0.3 equiv of radioactivity was shown to correspond
to the released modified coenzyme by repeating the experiment
with unlabeled® and isolating the HPLC fractions between 60

small amount of this pathway may have occurred in the case of and 64 min. Both FAB and FAB™ mass spectrometries were

y-ethynyl-GABA inactivation of GABA aminotransferase.

An alternative to protonation @2 in Scheme 5 is alleneamine
addition to the enzyme-bound PLP, givir@p (Scheme 6).
Addition of water t026 gives the modified coenzynm#7. No
evidence was found for the formation of this adduct when
y-ethynyl-GABA was the inactivator. A fourth mechanism
(Scheme 7) does not involve elimination of fluoride ion at all.
Isomerization, as with GABA, gives a potent Michael acceptor
(28); active site nucleophilic attack would gi&9. Hydrolysis
produces PMP and covalent add@6t without loss of fluoride

consistent with structurg7 (Scheme 6), lending support to the
notion that this modified coenzyme results in inactivation of
about 30% of the enzyme molecules. The mechanism shown
in Scheme 6 is closely related to the mechanism proposed for
the formation of the modified coenzyme whe#vinyl-GABA
inactivates GABA aminotransferasg Scheme 85. The only
difference in the two modified coenzymear(vs 32) is that27
has an additional hydroxyl group, as expected, s one
oxidation state higher thah

When GABA aminotransferase, which was inactivated with

ion. Table 1 summarizes the differences in the results expected[2.3}-2, was dialyzed and then acid denatured, only about half

for the four mechanisms.

To determine the fate of the coenzyme after inactivation,
GABA aminotransferase was reconstituted withl]JPLP and
inactivated with2. Following gel filtration and denaturation,

of the 0.7 equiv of radioactivity originally bound to the enzyme
remained bound. This suggests that at least three different
pathways are important to inactivation: one that gi&¥%
(Scheme 6), one that forms a covalent adduct to the enzyme

HPLC of the supernatant showed that essentially all of the that s |abile to acid denaturation, and one that forms an adduct
with [3H]PLP (1% with PMP) (Figure 2); 6% of the radioactivity  gmounts.

remained bound to the enzyme. The fact that essentially no According to the mechanism in Scheme 4, denaturation of

PMP is formed by denaturation eliminates the fourth mechanism
(Scheme 7). If gel filtration is omitted prior to denaturation,
however, almost all of the radioactivity migrates with three
peaks; PLP (13 min), the Schiff base &fand PLP 81) (60
min), and an unknown modified coenzyme (about-6@ min)
(Figure 3). The Schiff basgl arises when the active site PLP

F
SN
N COoOr

~H

pyr 31

the inactivated enzyme should generatacetyl-GABA @0).

To detect this amino acid, dansylation was carried out prior to
HPLC analysis, which showed the formation of 623 equiv

of 20 produced upon acid denaturation (Figure 5). Scheme 4
also predicts that, concomitant with the formatior26fa stable
covalent adduct21) should be formed. Sodium periodate
treatment of the labeled covalent adduct obtained a2ter
inactivation and gel filtration produced G:B.25 equiv of
succinic acid (Figure 6). This result is consistent with the
predicteda-amino ketone structure &1; sodium periodate is
known to oxidizea-amino ketones to carboxylic aciéfs.Since

(13) Moehrle, H.; Haug, W.; Federolf, Brch. Pharm. (Weinhein1)973

is released upon denaturation in the presence of the inactivator,306 44—54.
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Table 1. Expected Differences in the Inactivation Mechanisms
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cofactor release unstable adduct release

mechanism fluoride release
p-elimination—Michael addition (Scheme 4) yes
p-elimination, then stable adduct (Scheme 5) yes
cofactor-inactivator complex (Scheme 6) yes
isomerization/Michael addition (Scheme 7) no

PLP y-acetyl-GABA

PLP no
modified cofactor release of modified cofactor
PMP no

Scheme 8Proposed Mechanism for the Formation of a
Modified Coenzyme upon Inactivation of GABA
Aminotransferase by-Vinyl-GABA®
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sodium periodate does not oxidize-keto ethers,o-keto

thioethers, oni-keto esters, the amino acid residue attached to
the inactivator cannot be serine, threonine, cysteine, aspartate,

or glutamate? the only amino acid adduct that is consistent
with the formation of succinic acid is one with a lysine residue.

Scheme 9Potential Mechanism of Inactivation of GABA
Aminotransferase by without Initial Elimination of HF
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Scheme 10Reaction ofs-Mercaptoethanol witt24
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The same covalent adduct was suggested as the product of

inactivation of GABA aminotransferase kyethynyl-GABA!?

of allene 22 to produce the observed produ@d and 27,

and sodium periodate oxidation released succinic acid in that respectively. These cannot be generated by any of the pathways

case as well. As shown in Figure 6, however, not all of the

radioactivity is released by treatment with sodium periodate.

Approximately 15% of the radioactivity remains bound. This

shown in Scheme 9. Furthermore, two additional products
should have resulted if Scheme 9 were relevant. Scheme 9,
pathway b, modeled after the mechanism in Scheme 6, would

stable adduct could be the result of addition of another amino give a stable ternary adducsg); elimination of HF in base

acid to the conjugated allen&q, Scheme 4) or the product of
Michael addition of the lysine residue &8 (Scheme 5) to give
adduct25; 8-amino ketones are stable to periodate oxidatfda.
The inactivation mechanisms shown in Schemes 4ll

begin with the elimination of HF. There are many examples
of elimination of HCI or HBr from halovinyl compounds to
give allenes? but we were unable to find an example of a
fluorovinyl analogue undergoing elimination of HF to the
allenel® The enzyme-catalyzed elimination of HF from (1-
fluorovinyl)glycine was proposed as its mechanism of inactiva-
tion of alanine racemadgand tryptophan synthas&however,

no evidence to support elimination of HF was offered. An

would give adducB6. Product27 (Scheme 6), however, was
obtained just by gel filtration at neutral pH. Addu@s and

36 would be stable under those conditions, an@revould be
observed. Furthermore, metabol#é would not be generated

by the mechanism shown in Scheme 9. Althod3H{Scheme

9) was not synthesized as a standard, the following evidence
suggests that it is not a metabolite. The metabolite suspected
to be24, in the presence gf-mercaptoethanol, was converted
into the f-mercaptoethanol adducsd8 (Scheme 10). As
described under Results;mercaptoethanol addu@8 is the

50 min peak in Figure 8. This is consistent with the formation
of 24, not 37, compound37 would not be expected to react

alternative mechanism, shown in Scheme 9 (pathway a), waswith -mercaptoethanol to giv@8. These results suggest that

suggested in a footnote to a papele Although this mechanism
would eventually lead to the elimination of fluoride ion and
producel8, as in the case of Scheme 4, it cannot rationalize

the mechanism shown in Scheme 9 is not important in the
inactivation of GABA aminotransferase &
To characterize the action of GABA aminotransferase on

any result that requires an unbound intermediate. For example,[3H]-2 fully, the metabolites generated during inactivation were
the mechanisms shown in Schemes 5 and 6 require the formationsplated and characterized. With regard to amine metabolites,

(14) (a) March, JAdvanced Organic Chemistry8rd ed.; Wiley: New
York, 1985; p 1063. (b) Perlin, A. S. I@xidation Augustine, R. L., Ed.;
Dekker: New York, 1969; Vol. 1, pp 18912. (c) Jackson, E. LOrg.
React.1944 2, 341—-375. (d) Fatiadi, A. J. Irsynthetic ReagentRizey, J.
S., Ed.; Halsted Press: New York, 1981; Vol. 4, p 227.

(15) Taylor, D. R.Chem. Re. 1967, 67, 317—359.

(16) We thank a reviewer for pointing this out to us.

(17) Thornberry, N. A.; Bull, H. G.; Taub, D.; Wilson, K. E.; Gimenez-
Gallego, G.; Rosegay, A.; Soderman, D. D.; Patchett, Al.&Biol. Chem.
1991, 266, 21657 21665.

(18) Xu, Y.; Abeles, R. HBiochemistry1993 32, 806-811.

dansylation of the amine-containing small molecules isolated
by gel filtration and Dowex 50 purification produced one major
radioactive peak (and three small peaks). The major peak,
determined to contain 0.5 equiv of radioactivity, was identified
by HPLC as (dansylatedy-acetyl-GABA (Figure 7). This
could be the product of water addition to the conjugated allene
(Scheme 11).

As noted above, the nonamine fraction of metabolites obtained
by treatment of GABA aminotransferase witfH|]-2 gave a
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Scheme 11Proposed Mechanism for the Formation of 30% of the enzyme as the apoenzyme. The last 20% or so of
y-Acetyl-GABA during Turnover of2 the total inactivation comes from a mechanism like that shown
a ~OH, in Scheme 5, producing5. Because of the stability of this
;éB;f« HK/\ —_— (b adduct, it is likely that the amino acid to which it is attached is
HNY oo NH coo a lysine residue at the active site. In addition to these
~ (/)r 17 inactivation pathways, there are several other routes that do not
pyr P produce inactivated enzyme. Hydrolysis of the purported
\ conjugated allene intermediater( Scheme 11) appears to occur
,,ﬂi - % OH to produce 0.5 equiv of-acetyl-GABA (0) (in addition to
B-H H 0O ﬁLcoo- the 0.2-0.3 equiv of20 that was generated upon denaturation
i+ i of 18). Release and hydrolysis of intermedi2®&(Scheme 5)

pyr pyr could be responsible for the formation of 1.0 equiv2df in
” addition to the 0.+0.2 equiv of 23 that, presumably, was
trapped by the enzyme to produ2é. Finally, normal tran-
\//C; o) samination generates about 6.5 equiv of product. Therefore,
H oo 10 +iﬂ ) the partition ratio, the amount of inactivator converted to a
7+ -PLP - H;N €00 product per inactivation event, is about 8; 6.5 transaminations,

pyr 20 0.5 conversions ta20, and 1.0 conversion t@4 per 1.0
inactivation event.

Scheme 12Transamination o

Experimental Section

F
;’é B:"}}f/\ Ff/\ H,0 Ff/\
}E_Hr\ HN+ coo i coor PMP o oo Analytical Methods. Opt_ical spectra and GABA aminotransferase
¢ 39 assays were recorded on either a Perkin-Elmer Lambda 1 or a Beckman
pyr

DU-40 UV—vis spectrophotometer'H NMR spectra were recorded
on either a Varian XL-400 400 MHz or a Gemini 300 MHz
peak in the HPLC corresponding to themercaptoethanol  spectrometer. Chemical shifts are reporteddaglues in parts per

Michael addition product of 4-oxo-5-hexenoic ac&B) equal million downfield from tetramethylsilane (TMS) in CDEbr from

to about 1 equiv of radioactivity (Scheme 5, pathway b produces 3-(trimethylsilyl)propionic acid in BO. 'F NMR spectra were
24, which is converted int@8 by the reaction with3-mercap- recorded on a Gemini 300 MHz spectrometer; chemical shifts are
toethanol, as shown in Scheme 10). reported asd values upfield from CFGl Coupling constants are

. L . . I reported in hertz. An Orion Research Model 720A pH meter was used
The inactivation mechanisms in Schemest4are initiated with a general combination electrode for pH measurements and with

by af-elimination of fluoride ion from2. Consequently, the 5, 5rion Research Model 96-09-00 combination fluoride electrode for
release of fluoride ion was measured with a specific fluoride fiyoride ion concentration measurements. For centrifugations, a
ion electrode. After complete inactivation, 2460.1 fluoride Beckman Model J-21C centrifuge was used with either a JA-10 or JA-
ions were detected in solution. This is consistent with the results 20 rotor, and a Beckman Microfuge B was used for microcentrifuga-
obtained: 1.0 equiv of Freleased for inactivation, 0.5 equiv  tions. Column chromatography was done with either silica gel 60
of F~ to generate the-acetyl-GABA (20) metabolite, and 1.0 (230—400 mesh) or silica gel 60H (TLC grade silica), both from Merck.

equiv of F to generate the 4-oxo-5-hexenoic acigd) Thin-layer chromatography was performed using Whatman PE SIL/
nonamine metabolite. UV silica gel plates with UV indicator. Amines were visualized on

. I TLC plates by dipping the plate in a solution of ninhydrimifutanol
Finally, the amount of transamination (normal turnover by 1 ?hen hgatir?g QOthef compounds were viSLi/aIized withor!

azallylic isomerization into the pyridine ring of the coenzyme)  ,,,5phomolybdic acid in ethanol followed again by heat. Radioactivity
of 2 by GABA aminotransferase, presumably to generate was measured by liquid scintillation counting using a Beckman LS-
5-fluoro-4-oxo-5-hexenoic aci9) and PMP (Scheme 12), was  3133T counter and Fisher ScintiSafe scintillation cocktaftCJToluene
determined by incubation of the enzyme wiln the presence (4 x 10°F dpm/mL) and {H]toluene (2.22x 10° dpm/mL, corrected

of [1“C]-a-ketoglutarate. If PMP is formed, then the second for first-order decay) from New England Nuclear were used as external
half-reaction of the enzyme will catalyze the conversion of the standards. Radiopurities of radioactive compounds were assessed by
PMP back to PLP, concomitant with the conversion of €]t running TLC_agalnst a sta_ndard comp_ou_nd ona 10 cm plate, scraping
a-ketoglutarate tofC]glutamate. Transamination does not lead the silica off in 5 mm sections, and scmtﬂlaﬂoq courjtlng. HPLC was
to fluoride ion release. YC]Glutamate (67 equiv) was performed using Beckman 110B pumps in series with a Beckman 163

roduced, indicating that normal turnover (azallylic isomeriza- variable wavelength detector or a Beckman Gold system with a 125P
P ’ . 9 . Y . solvent delivery module and 166 variable wavelength UV detector fitted
tion) occurs six to seven times for every two to three times

R . A : . with an analytical flow cell. Microcentrifugation was carried out with
fluoride ion is released (inactivation and metabolite formation 5 geckman Microfuge B. Mass spectral analyses were performed by

all eliminate fluoride ion). the Analytical Services Laboratory at the Department of Chemistry,
Northwestern University, on a Model VG70-50SE high-resolution mass
Conclusion spectrometer and integrated data system from VG Analytical Instru-

o ) ] ) ] ments equipped with both electron impact (El) and liquid secondary
Inactivation of GABA aminotransferase is a multimechanism jon mass spectrometry ion sources (LSIMS). Elemental analyses were

process; three of the five mechanisms described above (Schemeperformed by Oneida Research Services in Whitesboro, NY.

4—6) appear to be involved. Appoximately 50% of the total Reagents. The synthesis of 4-amino-5-oxohexanoic acid hydro-
inactivation pathways appear to occur by the mechanism (or achloride -acetyl-GABA) was previously reportédl. 4-Oxo-5-hex-
related one) shown in Scheme #8]. Upon denaturationl 8 enoic acid was synthesized using a modification of the method of
decomposes, with release of PLP, to equal amoungdaind Condon et af’ 4-Amino-5-hexenoic acid jtvinyl-GABA) was

21 About 30% of the total inactivation results from the ©btained as a generous gift from Marion Merrell Dow Research
mechanism (or a related one) depicted in Scheme 6. In thislnstitute. Dansyl chloride, sodium periodate, potassium carbonate, 1.0
case the coenzyme i$ modified 2@, which is loosely bound _ (19) Bullerwell, R. A. F.; Lawson, A.; Morley, H. V0. Chem. Sod954

to the active site, and is released spontaneously, thereby leaving283-3287.
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M potassiumtert-butoxide in THF, N-bromosuccinimide, and HF/
pyridine were purchased from Aldrich. Sodium sulfate, phosphoric

J. Am. Chem. Soc., Vol. 118, No. 6, 199849

3.5,Jur = 16), 4.54 (dd, 1 H, trans CFGHIuy = 3.5, Jur = 48), 4.2
(m, 1 H, CHN), 2.4 (m, 4 H, CkCH,); 1% NMR (CDCk) 6 —111

acid, potassium phosphate, and sodium phosphate were acquired from{ddd, 1 F,Ju= = 16, 48, 16); high-resolution electron impact mass

Fisher. y-Aminobutyric acid, a-ketoglutarate,3-mercaptoethanol,
NADP*, gabaculine, bovine serum albumin (BSA), pyridoxat 5
phosphate, pyridoxamine-phosphate, and potassium pyrophosphate
from Sigma were used. Ultrapure urea was a product of ICN
Biomedicals. [5%C]-a-Ketoglutarate and3H]sodium borohydride
were obtained from Amersham3H]Water (5 G/mL) was a product
of New England Nuclear. Dowex 50 and Dowex 1 resins from Bio-
Rad Laboratories were utilized. GABAse was purchased from Boe-
hringer Mannheim. HPLC grade methanol was obtained from Mallinck-
rodt and was filtered and degassed before use. Doubly distilled

deionized water was also filtered and degassed before use as a HPLG,

solvent. Tetrahydrofuran and ether were distilled over sodium with
benzophenone ketyl indicator under nitrogen directly before use.
5-Vinyl-2-pyrrolidinone (5). 4-Amino-5-hexenoic acidl{ 4.5 g,

spectrometry calcd for igFNO 129.0590, found 129.0593. Isolation
of 9 and10 is described in the subsequent paper.

After 4 months of storage in a desiccator, the 132 mg§whs taken
up in ethyl acetate. A solid precipitated from the solution which was
filtered, leaving, after rotary evaporation of solvent, 95 mg of a yellow
oil, which was further purified by column chromatography with 15 g
of TLC grade silica gel and a 5:1 ethyl acetate/hexane solvent system,
giving 8 (58 mg) as a light yellow oil.

4-Amino-5-fluoro-5-hexenoic Acid (2). Compound (79 mg, 0.61
mmol) was heatechi1l N HCI to 85°C for 19 h, and then the water
as evaporated. The residue was dissolved in water, and the water
was evaporated. This dilution/evaporation process was repeated twice
more. The resulting brown semisolid was triturated with ether, leaving
83 mg of a light brown powder. Attempts to recrystallize this solid

34.8 mmol) was heated under argon in a pressure tube until it changedyyith 2-propanol/ether met with no success. The solid remaining after

from a white solid to a brown oil (180C). This oil was taken up in
chloroform and purified on a silica gel column (23600 mesh, 5 g)
using ethyl acetate as solvent. Fractions containing a compound with
anR; value of 0.30 (ethyl acetate) were combined, and the solvent was
evaporated, yielding 3.66 g (95%) of 5-vinyl-2-pyrrolidinor® &s a
clear colorless oil:'H NMR (CDCls) 6 7.55 (s, 1 H, CONH), 5.75
(ddd, 1 H, GHCH, Jncis = 10.3 Hz,Iuntrans= 17 HZ,Iun = 6.7 Hz),
5.17 (dd, 1 H, CHEly, Jutgem = 1.0 Hz, Junyrans = 17 Hz), 5.05 (dd,
1 H, CHCHa, Jirgem= 1.0 HZ,Jueis = 10.3 Hz), 4.10 (m, 1 H, CHN),
2.25 (m, 3 H, CHHCH,CO), 1.75 (m, 1 H, EIHCH,CO).

5-(1(or 2)-Bromo-2(or 1)-fluoroethyl)-2-pyrrolidinone (6 or 7).
N-Bromosuccinimide (6.8 g, 38.2 mmol) was dissolved under nitrogen
in 30 mL of ether in a 50 mL plastic centrifuge tube equipped with a
septum and a line toN To this stirred solution was added 33 mL of
HF/pyridine (70%, 1.16 mol). The mixture was stirred in an ice bath
for 15 min, at which time 3.66 g (32.9 mmol) &fin 3 mL of ether
was added slowly. The reaction was allowed to warm to room
temperature over 30 min. After being stirred at room temperature for
2 h, the mixture was poured into iegvater containing KCO; (79.8 g,
0.578 mol). The reaction mixture was extracted four times, each with
300 mL of ether, and then the water layer was subjected to continuous
extraction with ether for 6 h. The combined ether layers from these
extractions were dried over B80,. The ether was evaporated on a
rotary evaporator and the remaining yellow oil was chromatographed
on a 15 g silica gel column (238100 mesh) to separate the succinimide.
The product (3.30 g, 15.7 mmol, 48% yield) was obtained as a 1:3
mixture of 5-(2-bromo-1-fluoroethyl)-2-pyrrolidinones)( and 5-(1-
bromo-2-fluoroethyl)-2-pyrrolidinone7j:1° 'H NMR (CDCl;) 6 4.65
(m, 2 H from?7), 4.1 (m, 2 H from6, 2 H from 7), 3.5 (m, 2 H from
6), 2.4 (m, 3 H from6, 3 H from7), 2.0 (m, 1 H from6, 1 H from 7).

5-(1-Fluorovinyl)-2-pyrrolidinone (8). The mixture of6 and 7
(3.30 g, 15.7 mmol) in 20 mL of THF was cooled t6/8 °C in a dry
ice/acetone bath, and 63 mL of 1.0 M potassitem-butoxide in THF
was added dropwise. The reaction was allowed to warm36 °C
and was kept between30 and—20 °C for 2 h. It was then cooled
back down to—78 °C, and 2.7 mL of acetic acid was added followed
by 15 mL of ether. The precipitate was removed by filtration and
washed with ether. Solvents were evaporated, leaving 1.93 g (95%
yield) of a 2:5:1 mixture of 5-(1-fluorovinyl)-2-pyrrolidinone), (2)-
5-(fluorovinyl)-2-pyrrolidinone 9), and €)-5-(fluorovinyl)-2-pyrroli-
dinone (L0). The mixture was column chromatographed using 15 g of
TLC grade silica gel and a 5:1 ethyl acetate/hexane solvent system.
The first compound to elute off the column, with Rn= 0.30, was8.
Several of these columns were necessary, with 100 mg of the mixture
of (fluorovinyl)pyrrolidinones applied each time, and then repeat
columns were run on the fractions that contained mixtures of products.
The three compounds haw values very close to one another, and
analysis of the column fractions was done by removing the solvent by
rotary evaporation and checking for purity by NMR. At the end of
the chromatography, 132 mg of pug° a light yellow oil, was obtained
(27% vyield): H NMR (CDCL) 6 4.71 (dd, 1 H, cis CFCH Jun =

(20) Condon, M. E.; Petrillo, E. W.; Ryono, D. E.; Reid, J. A.; Neubeck,
R.; Puar, M.; Heikes, J. E.; Sabo, E. F.; Losee, K. A.; Cushman, D. W.;
Ondetti, M. A.J. Med. Chem1982 25, 250-258.

recrystallization attempts was purified on ax570 mm Dowex 50
column, usig 1 N NH,OH as eluent. Ninhydrin positive fractions were
combined and lyophilized, leaving 29 mg of a light brown sBl{@3%
yield): *H NMR (D;0) 6 5.04 (dd, 1 H, cis ChCF, Jur = 17.3,Jun

= 4), 4.87 (dd, 1 H, trans C}F, Jur = 50, Jun = 4), 4.07 (dt, 1 H,
NCHCF,Jue = 23, 34w = 8), 2.52 (m, 2 H, CHCOOH), 2.10 (m, 2 H,
NCHCH,); F NMR (D;0) 6 —114 (ddd,Jur = 50, 23, 17); high-
resolution electron impact mass spectrometry calcd fgll;ENO;,
147.0696, found 147.0699.

[®H]-5-(1-Fluorovinyl)-2-pyrrolidinone. To 47.5 mg of 5-(1-
fluorovinyl)-2-pyrrolidinone 8) in THF under nitrogen was added 17
uL of H,O (5 Ci/mL, corrected for decay, 2 equiv). Potassitert-
butoxide in THF (1.1 mL, 1.0 M, 3 equiv) was added, which turned
the reaction solution cloudy yellow. The reaction mixture was allowed
to stir for 8 days, and then another 4E of 3H,0 was added. The
solution was stirred for another hour, and then it was quenched with 3
drops of glacial acetic acid. The solid was removed by filtration and
rinsed with THF (1 mL). Solvent was evaporated by bulb-to-bulb
distillation in a closed system. The remaining semisolid was dissolved
in water and evaporated by bulb-to-bulb distillation two times. The
result was 7.1 mg ofl as a gold solid in a 15% yield. TLC on silica
gel utilizing ethyl acetate as the mobile phase showed that the
radioactivity comigrated with 5-(1-fluorovinyl)-2-pyrrolidinone.

[®H]-4-Amino-5-fluoro-5-hexenoic Acid (12). [*H]-5-(1-Fluorovi-
nyl)-2-pyrrolidinone (7.1 mg, 0.055 mmadl1l) was dissolved in 5 mL
of 1 N HCl and was stirred at 84 for 17 h. The residue was dissolved
in 2 mL of water and the water was evaporated. Additional water was
added and evaporation was repeated. The product was then dissolved
in 1 mL of water, 1 mL of benzene was added, and the solvent was
evaporated again. The resulting brown semisolid was purified on a 5
x 70 mm Dowex 50 column, eluting vitl N NH,OH. Fractions
were counted, and those containing radioactivity were combined and
evaporated, leaving 4.4 mg of an off-white soli®(54% yield). The
compound was found to have a specific activity of 9.7 mCi/mmol and
a radiopurity of 97%. The radioactivity comigrates with 4-amino-5-
fluoro-5-hexenoic acid on silica gel with a 3:1mBuOH/HOAc/HO
solvent system. Some unlabel2dvas added to increase the amount
of product and to lower the specific activity. This mixture was
dissolved in water and run over a6 70 mm Dowex 50 column,
resulting in PH]-2 (12), which is 97% radiopure and has a specific
activity of 3.3 mCi/mmol.

[7-3H]Pyridoxal 5'-phosphate. Tritiated pyridoxal 5-phosphate
([3H]PLP) was synthesized using a variation on the method of Stock
et al?! PLP (140 mg) was dissolved in 1.8 mL of water and 20 drops
of 1 M sodium hydroxide. The solution was protected from light and
cooled to 0°C. Sodium $H]borohydride (100 mCi, 11.6 Ci/mmol)
was dissolved in 450L of a 0.3 M solution of sodium borohydride in
0.1 M NaOH. This was added to the cold PLP solution and was stirred
for 20 min. Another 2.5 mg of unlabeled sodium borohydride was
added in an attempt to remove all of the yellow color from the solution.
This solution was then stirred at’@ for another 20 min. The solution

(21) Stock, A.; Ortanderl, F.; Pfleiderer, Biochem. 21966 344, 353
360.
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remained very light yellow, however, and the reaction was quenched pH 7.0, fa 4 h toremove the PLP that had been released from the
with 120 4L of concentrated HCI. active site of the enzyme.

At this point, 74 mg of manganese dioxide, which had been purified  Reconstitution of apoGABA Aminotransferase with BH]PLP.
and dried as described by Silverman and Invéfgeas added. The The apoGABA aminotransferase prepared as described above was
solution was stirred at room temperature for af@h with no visible incubated with a 30-fold excess OHJPLP until maximum activity
change. The solution was divided into two centrifuge tubes and brought returned. Assays were performed every hour to monitor the return of
to pH 8 with 1 M NaOH. After centrifugation with a table-top  activity, which generally took about 4 h. About 60% of the activity
centrifuge, the pellet was dark brown and the supernatant dark yellow. returned. The reconstituted enzyme was isolated from the eX€iss [
The supernatant was collected, and the pellet was rinsed six times withPLP by running 250ul portions over Sephadex G-50 using the
water. All of the supernatants were combined, and the solvent was Penefsky spin methd8lin a 3 cn? syringe fitted with a polyethylene

removed by bulb-to-bulb distillation in a closed system. frit and spun in a table-top centrifuge at mach 3 for 1.5 min. The
The PH]PLP was purified over a Dowex 1 column that had been columns were rinsed with 1QL of 100 mM potassium phosphate at
cleaned by washing wit5 M acetic acidl M NaOH, ad 5 M acetic pH 7.4. All of the enzyme samples and rinses were combined and

acid once more. Between each of these washes, the column was washedialyzed agairts4 L of 100 mMpotassium phosphate, pH 7.4, overnight
with water until the eluate was neutral. Finally, the column was and used in experiments the next day to avoid decomposition of the
equilibratedn 4 M sodium acetate. ThéH]PLP solution was applied [BH]PLP.
to the column and was eluted with 10 mL of water, followed by a  |nactivation of [ 3H]PLP-Reconstituted GABA Aminotransferase
gradient of 250 mL of water and 250 mlf & M acetic acid. A by 2 with Removal of Excess Inactivator. GABA aminotransferase,
peristaltic pump was attached to the column and run at 1.4 mL/min which had been reconstituted witPH]JPLP, was incubated at 25C
while 10 min fractions were collected. The fractions that were and protected from light in 100 mM potassium phosphate containing
radioactive and yellow were combined, and the solvent was removed 9.0 mM 2, 5.0 mM a-ketoglutarate, and 5 mM-mercaptoethanol at
by lyophilization. pH 7.4. A control was run with the same concentrations of each
Just before use, théH]PLP was purified using three HPLC systems.  reagent, excluding inactivator. After the enzyme was greater than 95%
All utilized a C;g semipreparative HPLC column with solvent flowing  inactivated, excess small molecules were removed by running the
at 1.0 mL/min. Detection was at 254 nm. The first purification was solutions over Sephadex G-50 using the Penefsky spin method. The
done using HO/0.1% TFA as the mobile phase. Five milliliter fractions  pH of each solution was adjusted to-112 usirg 1 M KOH. These
were collected; those containing radioactivity and coeluting with were incubated at room temperature foh and then added to enough
authentic PLP were combined, and the solvent was removed by TFA to quench the base and make a 10% v/v TFA solution. After
lyophilization. The second column was run with 100 mM potassium being allowed to stand at room temperature for 10 min, the denatured
phosphate, pH 7.0, as the mobile phase. Fractions of 1.0 mL were enzyme solutions were microcentrifuged for 5 min. The supernatants
collected, and those coeluting with unlabeled PLP and containing were collected individually, 7%L of 10% TFA was added, and the
radioactivity were combined and lyophilized. Finally, desalting was solution was microcentrifuged for another 5 min to rinse the pellet.

carried out with HO/0.1% TFA as eluant. This purifie@H]PLP was This was repeated three times, and the rinses were added to the
then used immediately in the reconstitution of apoGABA aminotrans- supernatants, which were freeze-dried. Analysis of the cofactors was
ferase (vide infra). carried out by dissolving the resulting solid in 100 of water and
Enzymes and Assays.GABA aminotransferase was isolated from  adding 20uL of a PLP/PMP standard, which had also undergone the
pig brains as described by Churchich and Md8eSuccinic semial- basification and acidification steps, and then injecting the samples onto

dehyde dehydrogenase (SSDH) was isolated from GABAse, a com- a Cyg reversed-phase HPLC column. The mobile phase w&swith
mercially available mixture of SSDH and GABA aminotransferase, by 0.1% TFA flowing at 0.5 mL/min for 15 min. The flow rate was
inactivation of the GABA aminotransferase with gabaculine as described increased to 1.0 mL/min from 15 to 20 min, and then a solvent gradient
previously?* Protein assays were carried out using BSA and Pierce into 100% methanol was run over the next 60 min. Under these
Coomassie protein assay reagent for standard curves. All buffers andconditions, PLP elutes at 13 min and PMP at 7.5 min. Fractions were
solutions were prepared in distilled deionized water. GABA ami- collected every minute, and the elution of radioactivity was followed
notransferase activity assays were carried out using a modification of by liquid scintillation counting.

the coupled assay developed by Scott and Jakoifhe assay solution Inactivation of [ 3H]PLP Reconstituted GABA Aminotransferase
contained 11 mM GABA, 5.3 mMr-ketoglutarate, 1.1 mM NADR by 2 without Removal of Excess Inactivator. The same experiment
and 5 mMB-mercaptoethanol in 50 mM potassium pyrophosphate, pH described above was run with no attempt to remove excess small

8.5. Excess SSDH was used for the assays. Using this assay, thenolecules. In this experiment, both the inactivation and the control
change in absorbance at 340 nm indicates production of NADPH which \ere run as above; however, a second control was run with 40 mM

is directly proportional to the activity of GABA aminotransferase. GABA containing no inactivator on-ketoglutarate. The first control

Kinetics of Inactivation of GABA Aminotransferase by 2. GABA should release the cofactor as PLP, while the second should release
aminotransferase (1%L, 0.23 nmol) was diluted 10-fold by addition ~ PMP. When the enzyme in the inactivator solution was less than 5%
to 135ulL of solutions containing various concentrations 2f 1.0, active, the solutions were immediately adjusted to pH14. Purifica-

2.0, 3.5, 5.0, 7.5, and 10.0 mM. The solutions were incubated in a tion over Sephadex was omitted. The rest of the experiment was
water bath at 28C, and assays were performed at various time points jdentical to that described above. HPLC analysis was done using water
until the sample was less than 30% active. The log(% activity) was containing 0.1% TFA flowing at 0.5 mL/min for 20 min. The flow
plotted against time for each inactivator concentration; then the inverse rate was changed to 1.0 mL/min over the next 5 min; then a 15 min
slopes from these plots were plotted against the inverse of the gradient to 15% methanol was run. Elution at 15% methanol was

concentration. Using a Kitz and Wilsdrplot of this sort, theK; and continued for 10 min, and then the column was washed with methanol
kinact values were extrapolated. by changing the solvent to 100% methanol over 2 min. Fractions were
Formation of apoGABA Aminotransferase. GABA aminotrans- collected for liquid scintillation counting every minute for 90 min.

ferase was incubated with 120 mM GABA in 100 mM potassium  partial Reactivation of 2-Inactivated GABA Aminotransferase
phosphate, pH 7.4, at room temperature and protected from light for by PLP. GABA aminotransferase (2.1 mg) was incubated v@t(2
30 min. Monobasic potassium phosphate was added toaconcentratior}nM) in 2.03 mL of 100 mM potassium phosphate buffer, pH 7.4,
of 0.5 M. This solution was dialyzed agair& L of 0.5 M KHPG, containing 0.5 mMo-ketoglutarate and 7.0 mj-mercaptoethanol at
for2h. Anassay showed less than 1% activity remaining. The enzyme 25 °C in the dark. A control containing no inactivator also was
solution was then dialyzed agaimsL. of 100 mMpotassium phosphate,  prepared. The sample containi2yad only 10% of the original activity
- - - - remaining afte4 h and 4% after 22 h. The control containing GABA
ggg (S:':]\Lerrcnﬁi?l F;: E:’. I'\r)l\éigso,g .g?g.créehn;ﬁt?ggf ngg E%Z:(fi%g: aminotransferase with r@dretained 100% of its original activity over
(24) Hopkins, M. H Bichle’r, K. A Su, T.. Chamberlain, C. L.; 4 h and 83% after 22 h. The small molecules were separated from

Silverman, R. BJ. Enzyme Inhibitiori992 6, 195-199.
(25) Scott, E. M.; Jakoby, W. Bl. Biol. Chem.1958 234, 932-936. (26) Penefsky, HMethods Enzymoll979 56, 527—530.




Inactivation of GABA

enzyme by the Penefsky spin mett¥§dThe effluents were collected
and assayed for activity. The inactivation sample contained 4% of its
original activity, while the control remained at 83% its original activity
(on the basis of 83% activity in the control, the inactivated sample
was normalized to 5% active). The effluent of the inactivation sample

J. Am. Chem. Soc., Vol. 118, No. 6, 199851

min and then were stored at78 °C until ready for analysis by mass
spectrometry. Prior to mass spectral analysis, the@Pmin fraction
was lyophilized to dryness and then was taken up inB0f 0.1%
TFA in water and lyophilized to dryness again. The fraction from 62
64 min, which during previous experiments witPH]-2 contained

was then made 1.0 mM in PLP by addition of solid PLP, and the sample substantial amounts of radioactivity, was analyzed by mass spectrometry

was incubated in the dark for 30 min at ambient temperature.
Schiff Base Adduct Formed between PLP and 2.A 50 uL
solution containing 20 mM PLP and 100 m&4n 100 mM potassium

using both FAB and FAB™ ionization.
Equivalents of [*H]-4-Amino-5-fluoro-5-hexenoic Acid Bound to
GABA Aminotransferase after Inactivation and Denaturation with

phosphate, pH 7.4, was incubated at room temperature for 1 h. TheUrea. GABA aminotransferase was inactivated as described under

pH was adjusted to +112 with 1 M KOH (5uL), and the solution

Inactivation of GABA Aminotransferase byH]-4-Amino-5-fluoro-

was incubated for another hour at room temperature protected from 5-hexenoic Acid. A 45Q@.L portion of the inactivated enzyme sample

light. Enough TFA to quench the base and form a 10% v/iv TFA
solution was added (5/). The solution was microcentrifuged for 5
min, and then the solvent was removed by lyophilization. The resulting
solid was dissolved in 10@L of H,O with 0.1% TFA and injected
onto the HPLC with a KD/0.1% TFA solvent system, flow rate 0.5
mL/min. After 20 min, the flow rate was changed to 1.0 mL/min over
5 min; then a gradient to 15% methanol was run over the next 15 min.
The column was eluted with 15% methanol for another 10 min, and

was dialyzed two times agains L of 10 mM sodium phosphate with

6 M urea, pH 7.0, fo4 h each time. A protein assay using BSA
standards in 10 mM sodium phosphatel &M urea, pH 7.0, was run
on the final solution, and 6aL was counted by liquid scintillation
counting. Equivalents of inactivator remaining bound to the enzyme
were determined by the ratio of millimoles of radioactivity present from
the specific activity of the inactivator to the millimoles of active enzyme.

Analysis of Amine Products Released from GABA Aminotrans-

then the solvent was changed to 100% methanol over 2 min and theferase after Inactivation with [3H]-2 and Denaturation with TCA.
analysis continued for another 40 min. GABA aminotransferase was inactivated and dialyzed as described

Inactivation of GABA Aminotransferase with 50, 100, and 150 under Inactivation of GABA Aminotransferase b§H]-4-Amino-5-
Equivalents of 2. Solutions were made containing ZE of concen- fluoro-5-hexenoic Acid. A 50@:L sample of the enzyme inactivator
trated GABA aminotransferase (1.16 nmol) andu18of a solution of solution was added to 50 mg of trichloroacetic acid, making a 10%
2 (3.3, 6.6, or 10 mM) in 100 mM potassium phosphate containing 0.5 (w/w) solution. This was incubated at 2& for 5 min and was then
mM o-ketoglutarate and 5 mMp-mercaptoethanol, pH 7.4. The  microcentrifuged. The pellet was rinsed twice with 500 of water
solutions contained 50, 100, and 150 equi2pfespectively. These and all of the supernatants were combined. The supernatants were
solutions were monitored for loss of GABA aminotransferase activity diluted to 15 mL using water and were applied to a prewashed’d
at various time points. mm Dowex 50 column. Three milliliters of water was used to wash

Inactivation of GABA Aminotransferase by [3H]-4-Amino-5- the column after all of the solution was applied, and the column was
fluoro-5-hexenoic Acid. In a typical experiment, GABA aminotrans-  then eluted with 1.5 N HCI. Fractions of 2 mL were collected. A 20
ferase was incubated with 2.5 mMH]-2, 0.5 mM a-ketoglutarate, uL portion of each fraction was counted by liquid scintillation counting,
and 5 mMg-mercaptoethanol in 100 mM potassium phosphate for 21 and those containing radioactivity were combined, frozen, and lyo-
h. After the enzyme was less than 3% active, it was dialyzed four philized. The resulting solid was applied to a second Dowex 50 column
times against 700 mL of 100 mM potassium phosphate, pH 7.4, at which was eluted with 0.25 M HCI. Once again the fractions containing
which point no additional radioactivity was removed from the enzyme radioactivity were combined and freeze-dried. This second Dowex 50
solution as monitored by liquid scintillation counting of 5 mL of each  column was necessary because of contamination of the products with
dialysate. sodium chloride from the buffer and the hydrochloric acid. Sodium

Equivalents of PH]-4-Amino-5-fluoro-5-hexenoic Acid Bound to chloride in the sample does not allow the two layers in the next step to
GABA Aminotransferase after Inactivation. GABA aminotrans- mix, thus seriously hindering the desired reaction.
ferase was inactivated and dialyzed as described undetivation of The amine products released upon TCA denaturation were taken up
GABA Aminotransferase by [3H]-4-Amino-5-fluoro-5-hexenoic Acid.  in 125uL of 40 mM Li.COs. A 20 uL sample of this solution was
A 100 uL aliquot of this sample was removed and analyzed for counted, and 10QL was added to a micro-test tube containinglé
equivalents of inactivator bound to GABA aminotransferase after inacti- of 20 mM y-acetyl-GABA 20). A 100uL sample of 20 mM dansyl
vation. The protein concentrations of 80 of the inactivated enzyme chloride in acetonitrile was added, and the mixture was stirred at room
sample and BSA standards were determined in 100 mM potassium temperature for 1 h, protected from light. The entire reaction was then
phosphate, pH 7.4. The sample remaining after the protein assay (abouinjected onto the HPLC equipped with ag&olumn. The detector
65 uL of the inactivated enzyme solution) was counted. Equivalents was set at 254 nm and the flow rate at 1.0 mL/min using solvent A
of inactivator bound to the enzyme were calculated as the ratio of (80% HO/20% methanol containing 0.6% acetic acid and 0.03%
millimoles of inactivator in the sample (determined by scintillation triethylamine). After 2 min, a 60 min gradient into solvent B (100%
counting and the specific activity of the inactivator) to the millimoles methanol) was begun. Fractions were collected every minute for 70
of enzyme in the sample (determined by the protein assay). min and counted by liquid scintillation counting.

HPLC and Mass Spectrometric Analysis of the Modified Sodium Periodate Oxidation of the Stable Adduct after fH]-2
Coenzyme (27) Formed during 2 Inactivation of GABA Ami- Inactivation and Urea Denaturation of GABA Aminotransferase.
notransferase. GABA aminotransferase (0.32 mg) was inactivated GABA aminotransferase was inactivated as described under Inactivation
with 2 (2 mM) in a total volume of 303.L of 100 mM potassium of GABA Aminotransferase by 3H]-4-Amino-5-fluoro-5-hexenoic
phosphate buffer, pH 7.4, containing 0.5 mivketoglutarate and 7.0 Acid. A 450uL portion of the inactivated enzyme sample was dialyzed
mM S-mercaptoethanol at 25C in the dark along with a control two times agairnsl L of 10 mM sodium phosphate wit6 M urea, pH
containing no inactivator. The enzyme samples were placed into 7.0, fa 4 h each time. To 2.4 mg of sodium periodate was added 240
Centricon 10 microconcentrators and were centrifuged to dryness. Theul of the inactivated enzyme solution, making a 50 mM sodium
effluents were applied to eight prewasheck570 mm Dowex 50W- periodate solution. This solution was stirred gently at room temperature
X8 columns. Each column was eluted with 5 mL of deionized water, protected from light for 72 h. A control also was run in which 200
and the effluents were collected, frozen, and lyophilized. The resulting of the urea-denatured sample was incubated at room temperature
residue was taken up in 2Q0 of deionized water with 0.1% TFA protected from light for 72 h. Saturated succinic acid (15 was
and injected onto an Alltech Econosilgolumn (4.6x 250 mm, 10 added to the mixtures, and they were analyzed by HPLC usinga C
um). The sample was eluted with a 0.1% TFA in water/methanol column. Water with 0.1% TFA was the mobile phase, and the flow
gradient (0% MeOH for 20 min followed by an increase to 15% MeOH rate was 1.0 mL/min. The detector was set to 214 nm. Fractions were
over the next 15 min, elution at 15% methanol was continued for 10 collected every 30 s for 15 min and then every 2 min for another 26
min, and then 100% MeOH over the next 2 min) at a flow rate of 0.5 min. The fractions were counted by liquid scintillation counting.
mL/min for the first 20 min and then 1.0 mL/min for the duration of Equivalents of Radioactivity Bound to GABA Aminotransferase
the run with detection at 214 nm. Fractions were collected every 2 after Inactivation with [ *H]-2, Denaturation with Urea, and Oxida-
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tion with Sodium Periodate. GABA aminotransferase was inactivated

v@inan et al.

of radioactivity were analyzed by HPLC using gColumn with 90%

and denatured as described under Sodium Periodate Oxidation of thel00 mM sodium phosphate, pH 6.0, and 10% methanol flowing at 1.0

Stable Adduct after’H]-2 Inactivation and Urea Denaturation of GABA
Aminotransferase. Approximately half of this solution was oxidized
with 50 mM sodium periodate. This solution was stirred gently at room
temperature protected from light for 120 h. A control also was run in
which 200uL of the urea-denatured sample was incubated at room
temperature protected from light for 120 h. Each of these samples
was dialyzed fo4 h agains1 L of 100 mM potassium phosphate at
pH 7.4 containing 1 mMB-mercaptoethanol. Protein assays were

performed on each sample using BSA standards in 100 mM potassium100% methanol over 2 min.

mL/min with detection at 254 nm. Fractions were collected every
minute. Another analysis of nonamine metabolites was carried out as
described above with no 4-oxo-5-hexenoic acid added. This analysis
was done using a fg column with a HO/0.1% TFA solvent system
flowing at 0.5 mL/min for 20 min. The flow rate was changed to 1.0
mL/min over the next 5 min, and then a 15 min gradient to 15%
methanol was run. The column was eluted with 15% methanol for 10
min and then was rinsed with methanol by changing the solvent to
Fractions were collected for liquid

phosphate, pH 7.4. The remainder of the solutions were counted by scintillation counting every minute for 90 min.

liquid scintillation counting. Equivalents of inactivator remaining bound
to the enzyme were calculated by dividing the millimoles of radioactiv-
ity, determined from the specific activity of the inactivator, by the
millimoles of active enzyme used.

Equivalents of [?H]-4-Amino-5-fluoro-5-hexenoic Acid Bound to
GABA Aminotransferase after Inactivation and Denaturation with
Trichloroacetic Acid. GABA aminotransferase was inactivated as
described under Inactivation of GABA Aminotransferase Bhf]{4-
Amino-5-fluoro-5-hexenoic Acid. About 500L of the inactivated
enzyme sample was added to 50 mg of trichloroacetic acid (TCA).
This solution was mixed well and then incubated at room temperature
for 5 min. The enzyme which had fallen out of solution was removed

Analysis of Fluoride lon Release during Inactivation of GABA
Aminotransferase by 2. Two samples containing 1Q¢L of GABA
aminotransferase and 9.0 m®| 3.5 mM a-ketoglutarate, 5 mM
B-mercaptoethanol, and 100 mM potassium phosphate, pH 7.4, were
incubated at room temperature protected from light. Two controls
containing all but inactivator and two controls containing all but enzyme
were incubated as well. After 20 h, the inactivation samples were less
than 2% active.

A standard curve was constructed by measuring the relative millivolts
of a variety of sodium fluoride solutions ranging fromx11076 to 2
x 1075 M in a 1:1 mixture of 100 mM potassium phosphate, pH 7.4,
and a total ionic strength adjustment buffer (TISAB; made from 5.8

by microcentrifugation. The supernatant was separated and the peIIetmg of sodium chloride and 5.7 mL of acetic acid in 100 mL of water,

rinsed three times with water, followed by microcentrifugation each
time. A 500uL aliquot o 2 M potassium hydroxide was added to

each pellet. This was mixed several times on a vortex stirrer and was

allowed to dissolve overnight. An equivalents bound determination
was done by first performing a protein assay using BSA standards in
2 M KOH and then counting the remaining 456D of enzyme solution

by liquid scintillation counting. Equivalents of inactivator remaining
bound to the enzyme were determined by the ratio of millimoles of
radioactivity, determined from the specific activity of the inactivator,
to the millimoles of active enzyme used.

Formation of Amine Metabolites after Inactivation of GABA
Aminotransferase with [?H]-2 and Denaturation. One milliliter of
GABA aminotransferase (15 nmol) was inactivated as described directly
above. Part of this solution (100L, 1.4 nmol) was applied to a
Centricon 30 and was centrifuged using a JA-20 rotor at 5000 rpm for
5 min. The centrifugation was repeated after the addition of 200
of water. This was done a total of three times. The final spin was for
10 min to get all of the liquid through the membrane.

The filtrate was applied to a prewashed Dowex 50 column. The
column was washed with 5.5 mL of water and then eluted with 10 mL
of 1.5 N HCI. The acidic elution solution was freeze-dried.

The amine metabolites were analyzed by dissolving the solid in 125
uL of 40 mM Li,CO;s. Liquid scintillation counting was performed
on 20uL of this solution, and 10@L was added to a micro-test tube
containing 6ulL of 20 mM y-acetyl-GABA. A 100uL portion of 20
mM dansyl chloride in acetonitrile was added, and the mixture was
stirred at room temperature protected from light for 1 h. The entire
reaction was then injected into the HPLC equipped with@cGlumn.

The flow rate was set at 1.0 mL/min with a solvent system consisting
of 80% H0/20% methanol containing 0.6% acetic acid and 0.03%

triethylamine. After 2 min, a 60 min gradient to 100% methanol was

begun. Detection was at 254 nm. Fractions were collected every min
for 70 min and counted by liquid scintillation counting.

Analysis of Nonamine Metabolites Formed during Inactivation
of GABA Aminotransferase with [*H]-2. GABA aminotransferase
(200 L, 2.2 nmol) was incubated fo6 h in 100 mM potassium
phosphate, pH 7.4, containing 9 mNH]-2, 5 mM o-ketoglutarate, 5
mM S-mercaptoethanol, and 3 mM 4-oxo-5-hexenoic acid. A aR5
portion of this solution was applied to a Centricon 30 and centrifuged
using a JA-20 rotor at 5000 rpm for 5 min. To rinse the membrane,
75 uL of water was then added and the centrifugation repeated. This
second spin was for 10 min to get all of the liquid through the
membrane.

The filtrate was applied to a prewashedx570 mm Dowex 50
column. The column was washed with 200004L portions of water
which were collected; %L of each fraction was counted by liquid
scintillation counting. The two fractions containing the greatest amount

adjusted to pH 5.2). The millivolt reading was plotted against log-
[NaF] and a second-order fit was obtained.

The relative millivolts of the inactivated enzyme solution and
controls, also in a 1:1 solution of 100 mM potassium phosphate and
TISAB, were read. Using the formula from the second-order plot
obtained from the standard curve described above, the millivolt reading
was converted to the concentration of fluoride ions in the sample. The
control readings were subtracted out of the inactivated sample reading,
and the concentration of fluoride ions was divided by the concentration
of GABA aminotransferase to find the number of fluoride ions released
per inactivation event.

Transamination Events per Inactivation of GABA Aminotrans-
ferase with 2. The number of turnovers, or transamination events, of
GABA aminotransferase during the inactivation byas determined
by incubating GABA aminotransferase (0.4 nmol) with 9.0 2MLO
mM [*C]-a-ketoglutarate (57 mCi/mmol diluted to 1.4 mCi/mmol with
cold a-ketoglutarate), and 5 mM-mercaptoethanol. Controls were
run containing all but enzyme, two containing everything except
inactivator, and two containing nothing but the labaleketoglutarate
in buffer. After being incubated at room temperature and protected
from light for 20 h, the inactivation sample was less than 2% active.
Each sample was denatured by adding enough 20% TCA to make an
8% solution. These were mixed well and then applied to prewashed 5
x 70 mm Dowex 50 columns. The columns were washed with 6 mL
of water and then eluted with 0.5 mif 8 M NH,OH, followed by 5.0
mL of 2 M NH4OH and then another 2.0 mLf @ M NH4OH to be
certain that all of the radioactivity had eluted from the column. Each
of these four solutions for each sample was collected separately in
scintillation vials and counted by liquid scintillation counting. The
number of counts eluting with the ammonium hydroxide solution is
indicative of the amount of'{C]glutamate present in the sample. By
subtraction of the controls from the inactivated sample and conversion
of the number of counts to millicuries then to millimoles based on the
specific activity of the original }'C]-o-ketoglutarate, the millimoles
of glutamate formed during the inactivation can be calculated. The
ratio of millimoles of glutamate produced to millimoles of active
enzyme used in the sample is the number of transaminations per
inactivation event.
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