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ABSTRACT. y-Aminobutyrate aminotransferase (GABA-AT), a pyridoxal phosphate-dependent enzyme,
is responsible for the degradation of the inhibitory neurotransmitter GABA and is a target for antiepileptic
drugs because its selective inhibition raises GABA concentrations in.rhé X-ray structure of pig
GABA-AT has been determined to 3.0 A resolution by molecular replacement with the distantly related
enzyme ornithine aminotransferase. Battaminotransferases have the same fold, but exhibit side chain
replacements in the closely packed binding site that explain their respective specificities. The aldimines
of GABA and the antiepileptic drug vinyl-GABA have been modeled into the active site.

GABA-AT! is a target for neuroactive drugs because its
inhibition alters the balance between its substrate GABA and
the product-glutamate 1), which are respectively the major
inhibitory and excitatory neurotransmitters in brain. Selective
inactivation by vinyl-GABA, a mechanism-based inhibitor
of the enzyme?), is already successfully applied in treatment
of epilepsy 8). Several other serious neurological disorders,
including Huntington’s disease, schizophrenia, and Alzhei-

mer’s disease, are also associated with abnormally low levels

of GABA and might also be expected to respond to inhibition
of the enzyme by appropriate compounds (

GABA-AT belongs to a large family of homologous
aminotransferasess) which operate by the same basic
mechanism consisting of two coupled half-reactions in which
the PLP-cofactor oscillates between its pyridoxal and pyri-
doxamine forms. Most of these enzymes, including GABA-
AT and ornithine aminotransferase (OAT), use 2-oxoglutarate
and L-glutamate in the return half-reaction, whereas the
forward reaction differs according to the specificity of each
enzyme 6). In GABA-AT, the specific reaction converts
GABA to succinic semialdehyder). Scheme 1 shows the
two half-transamination reactions catalyzed by GABA-AT.
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Scheme 1

Nna/v\g° + EPLP — oN\g° + E-PMP
y-aminobutyrate succinic semialdehyde
[o] +NH;
© + EPMP =— Oy~¢0 + Eprp
O- [o} O-
2-oxoglutarate L-glutamate

Understanding the structural basis of substrate specificity
is important for the development of inhibitors. This is
especially true when closely similar substrates are recognized
by homologous enzymes, such as GABA and ornithine by
the w-aminotransferases GABA-AT and OAT, respectively.
Here, we report the crystal structure of pig liver GABA-
AT, which is 96% identical to the human brain enzyrgg (
We expect that the availability of the GABA-AT structure
will assist the rational design of new neuroactive compounds
of value in the treatment of the several neurological and
psychiatric disorders accompanied by altered GABA levels.

MATERIALS AND METHODS

Crystallization and Data CollectionThe protein was
purified from pig liver in the presence of 1 mM EDTA
following the procedure described i8)( Crystallization was
performed as previously describet0) in the presence of
40 mM sodium acetate (pH 5.6) and 1 mM PLP, without
reducing agents. Data were collected from a single crystal
on an Enraf-Nonius FAST area detector diffractometer at
room temperature. Data processing and reduction (Table 1)
were performed with MADNESI(1) and programs from the
CCP4 suite 12).

Structure SolutionThe GABA-AT structure was solved
by molecular replacement employing the program AMORE
(13). Taking into account that the sequences of both OAT
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GABA-AT Structure

Table 1: Data Collection and Refinement Statistics

a=69.9 A b=2304A,
c=72.8A,=109.24

unit cell dimension®s

space group P2,
number of monomers per 4
asymmetric unit
resolution range (A) 283.0
number of reflections 39236
Reym (%0)P 13.0
o (1) 5.1
completeness (%) 90.8
multiplicity 2.2
Rfactor (%)C 18.6
Riree (%)¢ 21.7
number of protein atoms (non-H) 3678
number of cofactor atoms 15

number of acetate atoms 4

number of water molecules 13
mean overalB-factor (A2) 26.1
rms deviation bond lengths (&) 0.013
rms deviation bond angles (dég) 1.68
Ramachandran plot statistics

residues in most favored regions (%) 84.1

residues in disallowed regions Lys329, Met332

aThe unit cell is virtually identical to that reported previoushyp),
but an alternative unit cell assignment was ugelym = Y naYi(|! (hKI)
— I(hKN )/ 3 i (hKN I © Reactor is the conventionaR factor. ¢ Riee
is theR factor calculated with 4% of the data that were not used for
refinement.® rms deviation from ideal stereochemistrZalculated with
program PROCHECKI(@8).

(14) and dialkylglycine decarboxylase (DGD}15) show
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model. The phase set derived from this combined model was
used for another round of phase extension and density
modification. The procedure was repeated after manual
correction and extension of the model. Finally, the model
was refined with strict NCS constraints using simulated
annealing torsion angle refinement followed by strongly
restrained individuaB-factor refinement (program X-PLOR).
The acetate ligand was included only in the last round. The
stereochemistry of the model was validated with PROCHECK
(18). The final refinement statistics are given in Table 1.

Model Building.The models of GABA an&vinyl-GABA
external aldimines in complex with GABA-AT were energy
minimized with X-PLOR. The protein atoms were restrained
by harmonic potentials (20 kcal mdIA2 for Co atoms, 3
kcal mol A2 for all others).

Coordinates.The coordinates for GABA-AT have been
deposited in the Brookhaven Protein Data Bank (accession
code 1GTX).

RESULTS AND DISCUSSION

Structure Solution and General Fol@lhe crystal structure
of GABA-AT was solved by molecular replacement using
the model of OAT {4) with which it shares 17.4% sequence
identity. Due to the low structural similarity and the presence
of two dimers per asymmetric unit, the cross-rotation function
was not readily interpretable. The problem was solved by
systematic translation function calculations to test all possible

similar levels of sequence identity to GABA-AT, these two combinations of orientations as given by the 50 highest peaks

dimeric structures (PDB codes: 10AT and 2DKB) were in the gross—rotation function: Subsequent 4-fold mqlecular
superimposed. Those parts of the dimeric OAT that aligned @veéraging and phase extensiond A yielded well-defined
well with the DGD structure were used as the search model UnPiased electron density, which was continuous for the
for molecular replacement, thus comprising 66% of the entire polypeptlde chain except for the first 10 residues at
GABA-AT main chain. Subsequently, all side chains were the N-terminus. . _ .
pruned to serine. The cross-rotation function did not reveal The success of this approach is remarkable, since the
outstanding peaks. Furthermore, the translation functionsdimeric search model comprised only 24% of the atoms of
computed for the top 50 orientations did not yield a clear the two dimers contained in the asymmetric unit. Superposi-
signal. Each of these potential solutions for the first dimer tion of the final GABA-AT monomer model with OAT
of the asymmetric unit was fixed, and 49 translation functions Shows a relatively large rms deviation of 2.1 A for 396 C
were calculated for the second dimer, one for each orientationPositions. This demonstrates that, if it is used exhaustively,
suggested by the cross-rotation list. After rigid-body refine- the molecular replacement method is more powerful than
ment, the best solution showed reasonable packing and wad1as hitherto been believed.
used to calculate an initial set of phases. It had a relatively = The mature enzyme is an-dimer with 472 residues per
poor correlation coefficient of 0.14R(= 54.2%), which was  subunit. The two monomers are tightly intertwined, and the
only slightly above the value of the second best (0.12). A two PLP cofactors are located close to the subunit interface
self-rotation map computed from the structure factors of the (Figure 1a). About a quarter of the monomer surface is buried
top-rating solution approximated well the experimental self- upon dimer formation. Structural domains are not easily
rotation map. Density modification (including averaging over recognized because of the compactness of the molecule. The
the four GABA-AT subunits) and phase extension from 4.4 following domain classification is based on assignments
to 3.0 A were performed with DMI@) using a mask derived ~ made with the prototype of the family, aspartate aminotrans-
from the full OAT model. The resulting map was interpret- ferase 6, 19, with which it shares the same basic fold.
able and clearly showed the cofactor, which was not part of The large domain (residues 8875), which forms most
the search model. of the subunit interface, comprises a central 7-stranded
Phase Impreement and Model Refinemefo improve pB-sheet surrounded by IB3helices. The N-terminal domain
the input map for the phase extension procedure, the searci{residues 1171) is composed of one-helix, which contacts
model was complemented by introducing the GABA-AT the large domain of the other subunit, and a four-stranded
sequence and pre-refined at 3 A, using program X-PLOR antiparalle|3-sheet, which forms one of the active site walls.

(16) with strict NCS and tight geometric and thermal

The C-terminal domain (residues 37672) is found at the

restraints. This model was combined with a skeletonized periphery of the dimer and is comprised of a four-stranded

representation [generated by the program MAPMAN)(
and weighted by a factor of 0-3.4] of that part of the DM
density that was not accounted for by the partial GABA-AT

antiparallels-sheet covered on one side by three helices.
The GABA-AT fold is most closely similar to that of OAT
(14) and DGD (5), and, to a lesser extent, to that of
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(B)

Ficure 1: General fold of GABA-AT dimer. (a) Cartoon model of the GABA-AT dimer viewed along the molecular 2-fold symmetry axis,
with the PLP cofactors shown in ball-and-stick representation. The N-terminal domain is shown in cyan, the large domain in orange, and
the C-terminal domain in green. The two red lines show the active site entries. (B) Superimposition @ftthees of GABA-AT (magenta),

OAT (blue), and DGD (green). The view is from the opposite direction compared to the view in panel a. The rms deviations between the
Co. positions of the GABA-AT monomer and those of OAT and DGD are 2.1 A (390 equivakerit@ns) and 2.2 A (388 equivalent.C

atoms), respectively. The figure has been prepared with program D8O (

glutamate semialdehyde aminomuta2@) (A superposition almost continuous patch comprising approximately 25% of
of the G trace with that of OAT and DGD is given in Figure the dimer surface. In DGD and OAT, the corresponding part
1b. Compared to the other enzymes (Figure 2), GABA-AT of the surface is involved in dimeimer interactions to
shows after hek 5 a major insertion, which partly adopts a form a tetramer5) and a hexameld), respectively. There
helical conformation (helix 6). Helix 9 is considerably is no indication that GABA-AT forms higher oligomers, but
extended and has an unusually high density of cationic it is possible that this part of the surface is involved in
residues at its C-terminus (five out of seven residues areinteraction with other cellular components. The formation
lysines and one is an arginine). Together with their sym- of a bi-enzyme complex with succinic semialdehyde dehy-
metry-related counterparts, these two motifs constitute androgenase, the enzyme that catalyzes the next reaction in
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FiGure 2: Structure-based sequence alignment using the DALI seBdgrof pig GABA-AT with those members of subgroup Il of the
aminotransferase-family that show closest structural similarity. Abbreviations used: GABT PIG, 4-aminobutyrate aminotransferase of
pig; DGD_BRU, dialkylglycine decarboxylase fromseudomonas cepaci®AT_HUM, human ornithine aminotransferase; GSA SYN,
glutamate-1-semialdehyde aminomutase friBymechococcus siyellow boxes denote conserved residues, red boxes identical residues.
Secondary structural elements of GABA-AT are shown, and are colored according to the domain subdivision shown in Figure 1a. Black
arrows mark active site residues. A magenta arrow points to the lysine to which, in all four enzymes, the PLP cofactor is covalently bound.
Cysteines 135 and 138 of GABA-AT, which form a disulfide bridge, are marked by white arrows. The numbering is based on the mature
GABA-AT sequence as published by De Biase et 3P)(
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Ficure 3: Stereo drawings (prepared with program DINGY)(of the active site of GABA-AT. (A) Final model electron density map
(contour level 1.2) as derived from the averaging and phase extension procedures. The extra density close to Arg192 has been modeled
as an acetate molecule. (b) Superimposition of the active sites of GABA-AT (white) and OAT (cyan), similar orientation as in panel a.
Important residues of GABA-AT are labeled in white; a few corresponding residues of OAT are labeled in yellow. (c) Energy-minimized
models of the external aldimine of the natural substrate GABA (magenta) and of the inhibitor vinyl-GABA (orange) superimposed on the
native structure (white). Only relevant protein side chains are shown.
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the metabolic sequence, has been repor2djl ( narrowing of the active site (Figure 3b), and both replace-
A unique feature of GABA-AT is a cluster of cysteines at ments render it more hydrophobic. This probably reflects
the dimer interface. This is formed by cysteines 135 and 138 the requirements for binding of the substrate GABA, which,
(at the N-terminus of helix 5, close to the PLP phosphate compared to ornithine, is shorter by one methylene group
group) together with their symmetry mates from the other and lacks thex-amino group. It is known that the hydroxyl
subunit. The electron density indicates the presence of twogroup of Tyr55 interacts with the-amino group of ornithine
intrachain disulfides, although additional density is found in OAT (23).
between them on the symmetry axis. Formation of an Modeling of GABA and Vinyl-GABA Bindiniylodeling
interchain disulfide link appears not to be possible without of the GABA-PLP external aldimine intermediate into the
changes in the course of the main chain. Also, the presenceactive site of the enzyme (Figure 3c) was straightforward.
of a bridging metal ion would be incompatible with the Upon appropriate tilting of the cofactor ring, known to
predominant cysteine conformation. Thus, the residual accompany external aldimine formation in PLP enzyn28s (
density may indicate partially oxidized cysteines, since no 24, 28, the a-carboxylate of the GABA-PLP aldimine can
reducing agent was present during crystallization. easily reach Arg192 and form a bifurcated salt-bridge. This
Active Site.The PLP cofactor is deeply buried within the positions thepro-S proton of the ¢z carbon appropriately
protein matrix and is involved in many specific interactions for abstraction by Lys329, in accordance with the known
(Figure 3) which have counterparts in all other PLP enzymes, stereospecificity of the reactior29). Alternative binding
which share this fold22). The 4-aldehyde is covalently = modes appear unlikely due to the constraints imposed by
connected to the-amino group of Lys329 via a Schiff base the narrow active site.
linkage. The phosphate group of the cofactor interacts with  The Sisomer of vigabatring-vinyl-GABA), a widely used
the N-terminus of helix 5 and is further held in place by antiepileptic drug, irreversibly inhibits the enzyn®.(Figure
five H-bonds donated by Gly136, Ser137, and Thr353* (the 3c shows that the external aldimine of this compound can
asterisk denotes a residue from the second subunit). Thebind in a mode very similar to that of GABA, with the
pyridine ring is sandwiched between Phel89 and Val300, y-proton again pointing toward the Lys329 so that it can be
and its nitrogen forms a salt bridge with Asp298. As inferred successfully abstracted. Furthermore, Lys329 would be at
by sequence comparison, all active site residues within athe correct distance from the vinyl group to activate the
distance of 10 A from the cofactor have identical counterparts inhibitor as proposeddj. Future crystallographic studies of
in the human brain GABA-AT. complexes of GABA-AT with different inhibitors or substrate
Figure 3b shows the close resemblance between theanalogues will show their precise binding mode and reveal
substrate binding pockets of GABA-AT and OAT. Arg192, any movements of active site residues occurring upon
like Arg180 of OAT, which interacts with the carboxylate binding.
group of ornithine analogueg3, 29, is correctly positioned The present structure not only demonstrates the extraor-
and accessible for binding the carboxylate of GABA. The dinary power of molecular replacement in conjunction with
presence of extra electron density in the active site, inter- density modification, but also provides an accurate basis for
preted as an acetate molecule forming a double hydrogen-the development of new anticonvulsant drugs, in that all the
bonded ion pair with Arg192, confirms the binding role of active site residues are fully conserved in the human brain
this residue (Figure 3a). Acetate, which was present in the enzyme.

crystallization setup, is known to be a competitive inhibitor
of GABA-AT (25). ACKNOWLEDGMENT
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