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ABSTRACT: (1R,3S49)-3-Amino-4-fluorocyclopentane-1-carboxylic acid) (vas previously shown to be

a mechanism-based inactivator gfaminobutyric acid aminotransferase (GABA-AT) [Qiu, J. and
Silverman, R. B. (2000J. Med. Chem. 43706—720]. Two mechanisms were considered as reasonable
possibilities, a Michael addition mechanism and an enamine mechanism. On the basis of a variety of
chemical studies, including tedious radiolabeling experiments, it was concluded that inactivafion by
proceeds by a Michael addition mechanism. Here, a crystal structutéadfind to pig liver GABA-AT

is reported, which clearly demonstrates that the adduct formed is derived from an enamine mechanism.
This represents another example of how crystallography is an important tool for elucidation of inactivation
mechanisms.

Mechanism-based enzyme inactivators are unreactiveize a proposed inactivation reaction. The use of X-ray
compounds that have a structure similar to that of the crystallography, however, could readily depict the exact
substrate for a specific enzyme and are converted by thestructure of the enzyme adduct without the necessity of
normal mechanism of action of the enzyme to a species thatradioactivity or degradation of the enzyme. Often alternative
inactivates it {). These compounds have been shown to be inactivation mechanisms produce different potential adduct
very useful for the elucidation of enzyme mechanisms structures); in these cases, the crystal structure could be
because they require the catalytic action of the enzyme for used to differentiate these alternative mechanisms directly.

inactivation. Many approaches have been used to investigate The crystal structure of-aminobutyric acid aminotrans-
the mechanism by which the target enzyme converts theferase (GABA-AT} has been determineds)( and the
inactivator into the activated specie.(In general, a variety  elucidation of adduct structures with this enzyme allowed
of isotopically labeled analogues of the inactivator are the differentiation of alternative inactivation mechanisms for
synthesized and are incubated with the enzyme. If the isotope,,.vinyl-GABA and y-ethynyl-GABA directly 7). We refer

is radioactive, then the radioactive products are isolated ando the use of X-ray crystallography to support mechanistic
characterized; either the radiolabeled enzyme is degraded an¢ationa|izations as “mechanistic Crysta”ography”_

the modified peptide characterized or chemical reactions are 5 Aga.AT is a pyridoxal B-phosphate (PLP)-dependent
carned. out on the modified enzyme in an attempt .to enzyme that catalyzes the conversion of the inhibitory
determine the structure of the covalently bound adduct. Site- o, oransmitter GABA to succinic semialdehyde concomi-
directed mutagenesis has been used to identify the nucleoy, o it the conversion af-ketoglutarate to the excitatory

ph'l'erS'?.uef‘ '?VOIVE;.d n m;’\:t/lctlvatlon, tht thf[s dofes n((j)_'ﬁc_gl(\j/e neurotransmitter-glutamate (Scheme 1; the protonated base
mechanistic informationd). Mass spectrometry of modifie that donates a proton to the coenzyme may also be Lys-

peptide adducts is a convenient tool, but it only gives mass, 329). Inhibition of this enzyme, which raises the GABA

not co.mplete structure mformauon, .and. therefore generally levels in the brain, is one therapy for the treatment of epilepsy
is not important for mechanism elucidatiof) (It is rare for (8). Several years ago we designed 4-amino-5-fluoropen-

tr;e .SX?C(; strgctltjtre of thfh enzyme-boand_ adduct t,? beltanoic acid 1) as a mechanism-based inactivator of GABA-
elucidated, and often more than oneé mechanism can rationala (9). Initially, it was proposed that its mechanism of

TWe are grateful for financial support from the National Institutes inactivation proceeded by a Mlqhael addition pathway
of Health (Grant GM66132). (Scheme 2, pathway a9), but later it was demonstrated to
*To whom correspondence should be addressed. Phone (847)proceed via an enamine mechanism (Scheme 2, pathway b)

491-5653 (R.B.S.). Fax: (847) 491-7713 (R.B.S.). E-mail: Agman@ (1) by isolation and characterization of the modified PLP
chem.northwestern.edu (R.B.S.). .

# University of Basel. coenzymes. The noncovalent comple&kwas isolated after

S Current address: Department of Biology, Discovery Research denaturation of GABA-AT that had been inactivated by
Oncology, Pharmacia Corp., Viale Pasteur 10, 20014 Nerviano, Italy.

'Northwestern University.

Y Department of Medicinal Chemistry, Replidyne, Inc., 1450 Infinite 1 Abbreviations: GABA,y-aminobutyric acid; GABA-AT ,y-ami-
Dr., Louisville, CO 80027. nobutyric acid aminotransferase; PLP, pyridoxapBosphate.

10.1021/bi0487185 CCC: $27.50 © 2004 American Chemical Society
Published on Web 10/16/2004




14058 Biochemistry, Vol. 43, No. 44, 2004 Storici et al.

Scheme 1

=0,,0" N

enzyme-bound
PLP

H,0

H

OJ\/\CO()’ ~00C ~00C :

- B 329rys
succinic -
semialdehyde O)\/\COO HN Co0

a-ketoglutarate L-Glu N*

H‘ ,H \ / c “l'_I
N o-

+’1:{ > =0,P0 z I
=05PO z | o \N+ CH3
H

N
NI ~CH;
H

Apparently, upon denaturation of GABA-AT inactivated by by 7 releases 148 fluoride ions (i.e., 148 moleculeg afe
1, the covalent adduch decomposes to the noncovalent turned over), accounting for the less efficient inactivation

adduct6. rate. Evidence using a tritium-labeled dibromo analodi3g (
indicated that, unlikel, the cyclic analogue appears to
F <F inactivate GABA-AT by covalent attachment to the protein
ooc’\):NH . _OOC,O\NH . rather than to the PLP; 1 equiv of radioactivity was
1 3 7 3 apparently covalently attached to the enzyme after inactiva-

tion and urea denaturatiod ).
On the basis of the structure of a series of halogenated

4-aminocyclopentanecarboxylic acid derivatives were de- BT

signed as potential, more lipophilic, inactivators of GABA- _OOC/O\NH .

AT (11). The most potent of these cyclopentane analogues Br }

was (IR,3549)-3-amino-4-fluorocyclopentane-1-carboxylic 13

acid (7), a time-dependent, irreversible inactivator. On the

basis of the inactivation mechanism fdr (Scheme 2, The mechanism of inactivation of GABA-AT by,

pathway b) and the previously obtained mechanistic resultstherefore, was proposed to occur via a Michael addition
described below for (11), two inactivation mechanisms for mechanism (Scheme 3, pathway a) rather than by the
7 were proposed, a Michael addition mechanism (Schemeenamine mechanism (Scheme 3, pathway b) previously
3, pathway a) and an enamine mechanism (Scheme 3jproposed fod. Both mechanisms are initiated by Schiff base
pathway b), a mechanism originally proposed for the formation @) followed by rate-determining deprotonation and
inactivation ofL-aspartate aminotransferase by serine sulfate then elimination of fluoride ion t®. The Michael addition
(12). Cleavage of the €EF bond was shown not to be rate mechanism (pathway a) would produce addl@tand the
determining; 3-CG-H bond cleavage is the rate-determining enamine mechanism (pathway b) would generate modified
step in the inactivation mechanism. The rate of inactivation coenzymel2. Although the chemical evidence supports a
of GABA-AT by 7 was found to be 1/15 that of inactivation Michael addition mechanism (the adduct formed by inactiva-
by the corresponding open-chain analogiie Whereas  tion with dibromo analoguel3 is apparently covalently
inactivation byl releases only one fluoride ion, inactivation attached to the protein) over an enamine mechanism (the
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adduct would not be attached to the protein), a crystal containing 100 mM7) was mixed in a 1:1 ratio with a
structure of7 bound to GABA-AT could more definitively  precipitant solution containing 3618% PEG 4000, 610%
differentiate these mechanisms. Here we report the use ofglycerol, and 50 mM sodium cacodylate buffer, pH 6.0, and
X-ray crystallography to elucidate the structure of the adduct 1 mM DTT. Diffraction data were obtained from a single
produced by inactivation of GABA-AT by, which provides  flash-cooled crystal using 10% ethylene glycol as cryopro-
evidence for its mechanism of inactivation. tectant. Data were collected on MAR image plates, processed
with MOSFLM, and scaled with SCALA from the CCP4

MATERIALS AND METHODS suite (4). The models were refined with REFMACS5

Crystallography.Pig liver GABA-AT was purified as  including TLS refinement5). Strong NCS restraints were
described previouslyl@). Crystals of the enzyme inactivated imposed on the positional and thermal parameters of the four
by 7 were grown at room temperature in sitting drops by monomers in the asymmetric unit. In the initial rounds of
vapor diffusion and microseeding. The protein solution{10 refinement, the cofactor and Lys-329 were set as dummies.
14 mg/mL in 40 mM sodium acetate buffer, pH 5.4, This was followed by cyclic averaging using DM@) to
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obtain the best unbiased map for interpretation of the adducts structure with7 bound (Figure 2). Figure 1 shows the electron
After model building, refinement of the final model was density of the active site with the superimposed atomic
performed without torsional angle restraints on the linkages model. It can be clearly seen that a ternary adduct is formed
among Lys-329, cofactor, and the inhibitor moiety. Crystal- among the active site Lys-329, the PLP cofactor, &rithe
lographic data are given in Table 1. C-4 atom of the cofactor shows tetrahedral geometry with
anR-configuration. Lys-329 was shown previously to attach
RESULTS AND DISCUSSION to vigabatrin andy-ethynyl-GABA, not to the cofactor,
supporting a Michael addition mechanism in those cagges (

GABA-AT was incubated witl7 and allowed to crystallize ~ Arg-192 forms a salt bridge with the carboxylaterdfFigure
in the presence of, and then the structure was solved and 1), as was also observed in the other complex structijes (
refined to 1.9 A resolution (Figure 1 and Table 1). There is In the reaction with GABA, this electrostatic interaction is
little difference in the native protein structure and the expected to be important for substrate bindi6y (
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Ficure 1: Stereographic projection of the active site of GABA-AT after chemical modification Wifhe final model is shown together
with the 2 — F; map (contour level 1&). The ternary adduct has been modeled according to strutiuo¢ Scheme 3.

Ficure 2: Comparison of the active site of native GABA-AT (green) (7) and thaodified protein (orange). In the native stucture an
acetate molecule is bound to R192, an interaction that most probably also occurs with the carboxylate moiety of the natural GABA substrate.
Both protein structures are virtually identical. F189, however, is shifted to make room for the cyclopentane moiety in the inactivated
structure. Similarily, R192 is slightly moved out of the substrate binding site.

-

Ficure 3: Three-dimensional model of the external aldimine7afith the PLP cofactor of GABA-AT (structur8 of Scheme 3). The

model has been built manually at the interactive graphic display. Correct stereochemistry has been enforced on the ligand. The torsion
angle around the aldimine linkage is 28@lthough the protein structure, which is very similar to that of the cyclopentane inactivated
structure, has not been adopted, only a few close contacts occur. Note that K329 is well poised to abstract the proton from C-4 and to
donate it subsequently to the leaving fluoride i@t 9, Scheme 3).

Unexpectedly, the electron density is entirely consistent undergoes a mechanism of inactivation different from that
with adductl1l (Scheme 3, pathway b), implying that the of 7 or at least forms a complex with the enzyme that is
reaction with7 had proceeded along the enamine pathway, stable to denaturation.
not the Michael addition pathway (Scheme 3, pathway a) To gain further insight into the stereochemical require-
suggested by the covalent protein adduct produced by thements of the reaction witfi, a three-dimensional model of
radioactive dibromo analogue3 described above. Therefore, the external aldimine8; Scheme 3) was built (Figure 3).
the observation that3 becomes covalently attached to the This model resembles the proposed structure of the external
protein, even after denaturation, suggests that this analogualdimine with GABA ) and shows that the additional atoms
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Table 1: Data Collection and Refinement Statistics

Storici et al.

In the case of7, however, the mechanistic studies led to an
incorrect conclusion, which was rectified by an X-ray crystal

X-ray sourceil (A) ESRF, Grenoble; 0.984

a, b, ¢ (A); 8 (deg) 60.3,227.0,71.1; 108.8 Structure.

resolution range (A) 551.9 2.0-1.9

no. of reflns 150426 19892

Ruyn? (%) 75 29 REFERENCES

do(1) 3.6 21 . ] ]
completeness (%) 93 84 1. Silverman, R. B. (1995) Mechanism-Based Enzyme Inactivators,
multiplicity 1.9 1.8 Methods Enzymol. 24240-283.

Riactor (%) 18.6 25.7 2. Silverman, R. BMechanism-Based Enzyme Inaation: Chem-
Riree (%) 20.4 28.0 istry and Enzymologyols. | and Il, CRC Press: Boca Raton,
no. of protein atoms 14683 FL, 1987.

no. of cofactor/adduct atoms 24 3. (a) Kent, U. M., Jushchyshyn, M. I., and Hollenberg, P. F. (2001)
no. of FeS cluster atoms 8 Mechanism-based inactivators as probes of cytochrome P450
no. of water molecules 910 structure and functiorCurr. Drug Metab. 2215-243. (b) Yang,
mean overalB factor (A2 10.8 Y., Rasmussen, B. A., and Shlaes, D. M. (1999) Class A
rms deviation for bond lengthg}) 0.012 B-lactamasesenzyme-inhibitor interactions and resistarebar-

rms deviation for bond angle&leg) 1.2 macol. Ther. 83 141-151. (c) Littlepage, L. E., Wu, H.,

aThe GABA-AT crystals are of space grolg2; and contain two
dimers in the asymmetric uni.Rsym = Ynui(/I(hkl) — O(hkIl))/
S Y iI(NKIN O € Reactor is the conventionaR factor. ¢ Ryee is theR factor
calculated with 5% of the data that were not used for refinement. 4
¢ Residual overalB factor after TLS refinement.Rms deviation from
ideal stereochemistry.

of the inactivator can easily be adopted in the binding pocket
provided the amino group is rotated out of the pyridoxal
plane. Lys-329 is well poised to abstract the proton from

the C-3 atom and to donate it to the leaving fluoride ion.
Subsequent transimination between the amino group of Lys-
329 and the aldimine linkag®)would liberate the modified 5
inactivator that still would stay bound to the active site via

the electrostatic interaction of its carboxylate moiety with
Arg-192. An approximate 90rotation of the modified
inactivator about the long axis of the molecule and with the
carboxylate as pivot would allow attack of the cyclopentene
double bond at the PL-PLys-329 aldimine linkage, resulting 6.
in observed adductl.

Michael addition of Lys-329 to the cyclopentene double
bond @ to 10in Scheme Bappears not to be feasible because 7.
the electrophilic double bond cannot be brought into proxim-
ity to the lysine amino group; furthermore, a high-energy
rotation would be required as shown in Scheme 3, pathway
a. For this same reason, the reactions with the conforma-
tionally restricted analogues of vigabatrin previously studied 8.
do not proceed via a Michael addition mechanism but by an
enamine mechanisni?).

In conclusion, despite the tedious mechanistic studies that
were carried out for the inactivation of GABA-AT by,
ambiguous results were obtainedil). The mechanistic
quandary was resolved directly from the X-ray crystal
structure of the inactivated enzyme as having proceeded by 9.
an enamine mechanism (Scheme 3, pathway b). This is the
same mechanism hypothesized for the acyclic analdgue
(10); the Michael addition mechanism, however, is the major
pathway fory-ethynyl-GABA and for the epilepsy drug
vigabatrin ). It must be noted, however, that the conclusions
made for the mechanism of inactivation of GABA-AT by
vigabatrin solely on the basis of its X-ray crystal structure 11,
bound to GABA-AT were incomplete 7. The major
(Michael addition) product was readily identified, but the
product of the minor pathway characterized chemically (the
enamine product) was not observed, because either its relative 1%
occupancy was too low or the respective proteudduct
complex molecules were not incorporated into the crystal.
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