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ABSTRACT. The X-ray crystal structures dscherichia coliy-aminobutyrate aminotransferase unbound

and bound to the inhibitor aminooxyacetate are reported. The enzyme crystallizes from ammonium sulfate
solutions in theP3,21 space group with a tetramer in the asymmetric unit. Diffraction data were collected

to 2.4 A resolution for the unliganded enzyme and 1.9 A resolution for the aminooxyacetate complex.
The overall structure of the enzyme is similar to those of other aminotransferase subgroup Il enzymes.
The ability of y-aminobutyrate aminotransferase to act on primary amine substyagasifobutyrate) in

the first half-reaction anad-amino acids in the second is proposed to be enabled by the presence of
Glu211, whose side chain carboxylate alternates between interactions with Arg398 in the primary amine
half-reaction and an alternative binding site in th@amino acid half-reaction, in which Arg398 binds the
substrater-carboxylate. The specificity for a carboxylate group on the substrate side chain is due primarily
to the presence of Argl41, but also requires substantial local main chain rearrangements relative to the
structurally homologous enzyme dialkylglycine decarboxylase, which is specific for small alkyl side chains.
No iron—sulfur cluster is found in the bacterial enzyme as was found in the pig enzyme [Storici, P.,
De Biase, D., Bossa, F., Bruno, S., Mozzarelli, A., Peneff, C., Silverman, R. B., and Schirmer, T. (2004)
J. Biol. Chem. 279363-73.]. The binding of aminooxyacetate causes remarkably small changes in the
active site structure, and no large domain movements are observed. Active site structure comparisons
with pig y-aminobutyrate aminotransferase and dialkylglycine decarboxylase are discussed.

y-Aminobutyrate (GABA} is the major inhibitory neuro- and its y-amino group is transferred to the cofactor to
transmitter in the mammalian braih)( It has been suggested generate PMP. In the second half-reactiarketoglutarate
to be involved directly or indirectly in several neuropatholo- is converted ta-glutamate and the PLP form of the enzyme
gies and psychiatric disorderg, (3). It is produced by the is regenerated.
pyridoxal 8-phosphate-dependent enzyme glutamate decar- The inhibition of GABA-AT alters the balance between
boxylase 4). Degradation of GABA is achieved through a jts substrate GABA and its productglutamate, which is
second PLP-dependent enzymeminobutyrate aminotrans-  the major excitatory neurotransmitter in brain, resulting in
ferase, which is an established target for neuroactive drugsthe elevation of GABA concentration. This elevation of
5). GABA concentration has been found to correlate with

GABA-AT belongs to the aminotransferase subgroup Il pharmacological and behavioral effec&-(0). Inhibition
of PLP-dependent enzymes)( Most of these enzymes of GABA-AT by vinyl-GABA is currently used in the
operate by the same kinetic mechanism, consisting of two treatment of epilepsy. Another experimentally studied GABA
half-reactions in which the cofactor alternates between its elevating agent is aminooxyacetate, which was first intro-
aldehydic (PLP) and amino (PMP) forms. The GABA-AT  duced by Wallach in 19611(). AOA is a potent inhibitor
catalyzed half-reactions are shown in Scheme 1. In the first of GABA-AT, as well as many other PLP-dependent
half-reaction, GABA is converted to succinic semialdehyde enzymes, both in vivo and in vitro. The strong inhibitory

activity of AOA is attributable to the O-alkylhydroxylamine
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of Health. The SSRL Structural Molecular Biology Program is The inhibition of GABA-AT by AOA after systematic
supported by the Department of Energy, Office of Biological and

Environmental Research, and by the National Institutes of Health, f"‘dmm'Stratlon '_S long-lasting and aSSOCIated with a marked
National Center for Research Resources, Biomedical Technology increase in brain GABA concentratiofil—13).

Program, and the National Institute of General Medical Sciences. W.L.  Here. the structures of unlicganded GABA-AT froEs-
is supported by grant 2001-07 of the University of California System- . g

wide Biotechnology Research Program. cherichia coliand its complex with AOA are presented. The
* Corresponding author. E-mail: mdtoney@ucdavis.edu. Tel: (530) bacterial enzyme shows strong sequence homology to the

754-5282. Fax: (530) 752-8995. _ mammalian isozyme, and the X-ray structures presented here
1 Abbreviations: GABA, y-aminobutyrate; GABA-AT,y-amino-

A : - ) . show the active sites to be virtually identical in structure.
butyrate aminotransferase; PLP, pyridoxapbosphate; PMP, pyrid- . . .

oxamine 5-phosphate; AOA, aminooxyacetate; SSDH, succinic semi- The great adyantage of working W'th the bacterial enzyme
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Scheme 1
+H3N/\/\002' + E-PLP OMCOZ- + E-PMP
y-aminobutyrate succinic semialdehyde
0 H
'ozc*/\coz- +  E-PMP -ozc\“y\f\coz- + EPLP
NH;
a-ketoglutarate L-glutamate

Escherichia coli which enables the production of pure, the oxidation of succinate semialdehyde to succinate. Stan-
readily crystallizable enzyme, and the characterization of dard assay conditions were 30 mM TEA-HCI, pH 7.9, 100
active site mutants. Several active site mutants have beeruM PLP, 1 mM EDTA, 5 mM DTT, 3 unit/mL SSDH, 0.5
characterized. The kinetic properties of these, and the X-raymM NADP*, 10 mM GABA, and 2 mMao-ketoglutarate.
structures of three, will be presented in a separate publication. Cloning, Expression, and Purification of E. coli GABA-

AT. The gene encoding GABA-AT was obtained by PCR
amplification of the gene fronk. coli genomic DNA using
Materials. y-Aminobutyric acid (GABA) was purchased Pfu DNA polymerase, the right primer containing@g@amHil
from Aldrich. o-Ketoglutarate, pyridoxal 'Sphosphate, restriction site and the left primer with asdel restriction
NADP*, ADA, and aminooxyacetate (AOA) were from site. The amplified and digested GABA-AT gene was
Sigma. Ammonium formate, ammonium sulfate, HEPES, and inserted intdNdel-andBamHI-digested pET23af) plasmid.
ethylene glycol were from Fisher. The recombinant plasmid was transformed iBtaoli BL21
Cloning, Expression, and Purification of Succinic Semi- (DE3). The BL21 (DE3) transformants were grown at 37
a|dehyde Dehydrogenase (SSD]H)egangene encoding °Cin LB broth Containing Sth/mL carbenicillin toODeoo
NADP+_dependent SSDH was obtained by PCR amp"fica_ ~ 0.6, induced with 0.5 mM IPTG, and then grown another
tion of the gene fronk. coli genomic DNA using Pfu DNA 5 h at 37°C. Cells were harvested by centrifugation for 15
polymerase. The reverse primer containessanHlI restric- min at 5000 rpm and resuspended in 16 mL of buffer A (20
tion site, while the forward primer contained Attlel site. mM TEA-HCI, pH 7.5, 100uM PLP, 1 mM DTT, and 1
The amplified and digested SSDH gene was inserted into MM EDTA) containing 0.2 mg/mL lysozyme and one tablet
Ndel-andBamHI-digested pET23a) plasmid, which was ~ of protease inhibitors (Boehringer Mannheim) &Gk The
transformed intdE. coliBL21 (DE3). The transformants were ~ mixture was stirred at 4C for 30 min. Cells were then
grown at 37°C in LB broth containing 5Q:g/mL carbeni- disrupted by sonication and centrifuged at 15 000 rpm for
cillin to ODggo~ 0.6, induced with 0.5 mM IPTG, and then 30 min to remove cell debris. The supernatant from
grown anothe 5 h at 37°C. Cells were harvested by centrifugation was brought to 30% saturation in ammonium
centrifugation for 15 min at 5000 rpm and resuspended in sulfate and equilibrated by stirring for 40 min at@. After
20 mM ADA-KOH, pH 7.0, containing 10 mM DTT, 1 mM  centrifugation, the supernatant was brought to 65% saturation
EDTA, 0.2 mg/mL lysozyme, and one tablet of protease of ammonium sulfate, stirred for 40 min at°€, and the
inhibitors (Boehringer Mannheim). After stirring for 30 min  precipitate was dissolved in a large volume of buffer A until
at 4 °C, the cells were disrupted by sonication and the cell the conductivity of the protein solution was equivalent to
debris was removed by centrifugation at 15 000 rpm for 30 that of buffer A containing 0.15 M KCI. The dissolved
min. The supernatant from centrifugation was brought to 30% precipitate was loaded onto a 150 mL Q-sepharose Fast Flow
saturation in ammonium sulfate and equilibrated by stirring (Pharmacia) and then eluted with a linear gradient of 0.15
for 40 min at 4°C. After centrifugation, the supernatant was M KCI to 0.45 M KCl in buffer A at a flow rate of 2 mL/
brought to 65% saturation of ammonium sulfate, stirred for min. Fractions were assayed for activity. GABA-AT was
40 min at 4°C. The precipitate after 65% saturation of eluted at approximately 0.3 M KCI. The active fractions were
ammonium sulfate was redissolved in 20 mM ADA-KOH, pooled and GABA-AT was precipitated with 65% saturated
pH 7.0, containing 10 mM DTT and 1 mM EDTA and ammonium sulfate. The precipitate was resuspended in buffer
dialyzed against the same buffer overnight. The sample wasA and adjusted to the same conductivity as buffer A with
then applied to a 40 mL'S'-ADP column (Pharmacia) and 0.8 M ammonium sulfate. This solution was loaded onto a
eluted with a 0 to 1 Mlinear gradient of KCI. The SSDH 70 mL high-performance Phenyl Sepharose (Pharmacia)
eluted at~0.42 M KCl and was~95% pure as indicated by  column. The column was eluted with a linear 0.8 M to 0.5
SDS-PAGE. The protein concentration was assayed with M ammonium sulfate gradient in buffer A. GABA-AT was
the Bio-Rad DC assay, using 1gG as standard. The enzymeeluted at~0.65 M ammonium sulfate. The active fractions
activity was assayed using saturating succinic semialdehydewere pooled, concentrated, and dialyzed against 10 mM
and NADP" (14). potassium phosphate, pH 7.0, and 100 PLP. The enzyme
Activity Assay of GABA-ATThe transamination reaction was then applied to a 20 mL hydroxyapatite column (Bio-
of GABA-AT with GABA and a-ketoglutarate was assayed Rad) and eluted with a linear gradient of pH 7.0 potassium
by coupling the succinic semialdehyde produced to the phosphate from 10 mM to 200 mM, with 1M PLP.
reaction catalyzed by NADRdependent SSDH. A Kontron =~ GABA-AT was eluted at-70 mM potassium phosphate. The
UVIKON 9420 spectrometer was employed to monitor the active fractions were pooled together and concentrated.
increase in NADPH absorbance at 340 nm that occurs duringHomogeneous GABA-AT was demonstrated by a single band

EXPERIMENTAL PROCECURES
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Table 1: Data Collection and Refinement Statistics range 36-4 A were used in the molecular replacement. A

native

AOA complex

unit cell dimensions

dimeric search model produced a solution with a correlation
coefficient of 50.3% and R-factor of 48.9%. The self-rotation
search showed twofold noncrystallographic symmetry (NCS)

a=b,c(A) 108.09,301.25  108.15,301.48 . : . :
space group P3,21 P3,21 in j[he asymmetric unit. Using the NCS, a mask was crea_lted
no. of monomers 4 4 using the program NCSMASK from the CCP4 program suite.
per asymmetric unit is mask was used for density modification an ase
: ic uni Th k d for density modificat d ph
rReSC;lUg/Ion range (A) 7350-23-‘; ?:10-3@115-390 extension from 4.0 A to 2.6 A using DMLB).
syt (%) 5(34.5) 3 (18.0) Model Building and Structure Refinemefitbhe program
Ze00 9.1(2.0) 15.4 (4.1) S . )
no. of reflections 79 767 159 733 O was used throughout for model building. Side chains were
redundancy 3.4 4.3 added to the polyalanine backbone of a monomer of GABA-
ComF;'eJ/e“eSS (%) 152-8 (95.2) 15998-9 (94.0) AT and the tetramer was initially generated from noncrys-
E‘fa“g'((% )°) 511 186 tallographic symmetry. The intermediate models were sub-
no. of protein atoms 12824 12 824 jected to cycles of positional refinement, followed by
no. of cofactor atoms 60 84 simulated annealing, and B-factor refinement using CNS
no. of water molecules 1036 1208 (19). Fo-Fc, 2Fo-Fc, and omit electron density maps were
28' g; 2;‘;5’}?“?3{;50' atoms 5;152 Eé‘z calculated at regular intervals to facilitate fitting. The
mean B-factor (A) refinement was monitored using tRg. calculated from 5%
entire molecule 22.96 20.94 of the data. Once all the side chains had been modeled, the
main chain 2141 19.33 NCS constraints were removed and the four monomers were
side chains 23.16 22.77 refined independently. Water molecules were added using
solvent 28.87 31.35 . . . ..
rmsd from ideality CNS. The intermediate models were subjected to rigid body
bond distances (A) 0.009 0.016 refinement, simulated annealing, and individual temperature
bond angle (deg) 1.44 1.65 factor refinement, and used for further density modification

and phase extension. The sulfate ions and ethylene glycol
molecules were inserted in the last round of refinement. Since

ethylene glycol molecules without hydrogens have no rigid
Y |1FondnKD| — [FeadhKD|/3 [FopdhkI)|, whereFqpsandFeac are observed

and calculated structure factors, respectively dNautoff was applied. group reqUIred _for torsion angle, dynamics, ',[hose molecules
© Ryee s the R factor calculated with 5% of the data that were not used Were fixed in simulated annealing and their structure was

for refinement. refined only in the energy minimization steps. During
refinement, two alternate conformations for S112 in chains
on SDS-PAGE even when the protein was overloaded. A and D were found. They were generated using alternative
Protein concentration was assayed with the Bio-Rad DC conformation generation in CNS, and refined by fixing their
assay, using lgG as standard. occupancy at 0.5 and omitting interactions between them.
Crystallization and Data Collection for Nat GABA-AT. The final refinement statistics are listed in Table 1.
The crystal screening of GABA-AT was performed using  Data Collection and Structure Refinement of GABA-AT
the hanging drop method. Opé of protein at a concentra- Complex with AOAAOA was diffused into crystals by
tion of 20 mg/mL in 70 mM potassium phosphate, pH 7.0, soaking them in a cryoprotecting solution containing 0.1
and 100uM PLP was mixed with an equal volume of HEPES-KOH, pH 7.6, 1.35 M ammonium sulfate, 5 mM
reservoir solution containing different precipitants or salts AOA, and 30% ethylene glycol. The crystals were im-
in varying pH. Small crystals were found within 0.1 M mediately mounted in a loop and frozen in a nitrogen steam
HEPES-KOH, pH 7.6 or 7.8, and 1.6 M ammonium formate at 100 K. Data were collected at 100 K using synchrotron
in the first round of screening. Refinement of the crystal- beamline 9-2 at the Stanford Synchrotron Radiation Labora-
lization conditions was carried out. Large single crystals were tory using a wavelength of 0.98 A. Reflection intensities were
obtained with 1.35 M ammonium sulfate instead of am- integrated with DENZO and merged using SCALEPACK.
monium formate and 0.1 M HEPEXKOH, pH 7.6. Crystals =~ The merged data were reduced to structure factors using the
generally appeared in a week and reached their maximalcombination of SCALEPACK2MTZ, CAD, and TRUN-
dimensions after three weeks. Crystals for data collection CATE programs from the CCP4 program suif6) The
were cryoprotected using 30% ethylene glycol in the mother space group and unit cells parameters were unchanged from
liquor for 1 o 2 h and immediately mounted in a loop and the native structure. Thus, the structure was solved using
frozen in a nitrogen steam at 100 K. Data were collected on simulated annealing with the native GABA-AT structure
a Siemens HiStar multiwire dual detector using Ca K  (after deleting waters, ethylene glycols, sulfate ions, and PLP)
radiation, processed using SAINTH), and scaled using as the starting model in CNS. In this initial step, refinements
ROTAVATA/AGROVATA from the CCP4 program suite  both with and without NCS restrictions were carried out.
(16). Crystal parameters and data collection statistics are The R-factor obtained from refinement without the NCS
given in Table 1. restrictions was much lower than that obtained from refine-
Phasing.The program AMoRe was employed for molec- ment with them. Therefore, the structure after the refinement
ular replacement, including self-rotation function calculations without NCS restriction was used to do cycles of positional,
(17). A polyalanine model of GABA-AT was constructed simulated annealing, energy minimization, and B-factor
from the structure of dialkylglycine decarboxylase (PDB refinement from the CNS program suite and all four chains
code: 1DKA), which has 29% amino acid sequence identity were refined individually without NCS restrictions. At the
and 53% similarity with GABA-AT. Data in the resolution end of each round, difference Fourier and 2Fo-Fc electron-

aRsym= Y Y jllj(hkl) — O(hkN VY ¥;|1(hKl)|, wherel; is the measured
intensity of reflectionj and s the mean intensity ovgmeflections.
Numbers in parentheses are for the highest resolution $H@kior =
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Ficure 1: (A) Stereo cartoon representation of the native GABA-AT tetramer with the PLP cofactors shown as space-filling models. Red,
monomer A; green, monomer B; blue, monomer C; and yellow, monomer D. (B) Superimposition af tin@c€s of native GABA-AT

colors as above) and GABA-AT complex with AOA (black). The r.m.s deviation betweendhgo§itions of these two structures is 0.22

. (C) The superimposition of thedCtraces of the four monomers (colors as above) in the asymmetric unit of native GABA-AT without
AOA bound. The superimpositions presented here and in the following figures were obtained with SWISSPDB Viewer. The figures were
made with MOLSCRIPT.

density maps were calculated. The program O was employedRESULTS

to correct and extend the model for phase extension by

adding water molecules, ethylene glycol molecules, sulfate  Overall Structure of Natie GABA-AT.The biologically
ions, and finally PLP-AOA. During refinement, two alterna- active structure oE. coli GABA-AT is an ou-tetramer with
tive conformations for both S112 and S217 were found in 426 residues per subunit. Each of these four subunits was
all four chains. They were generated and refined by fixing refined individually since the asymmetric unit contains a
the occupancy for one conformer at 0.7 and the other at 0.3,tetramer. The final refined structure has two residues with
since these occupancies gave the lowest R-factor. Crystalalternative conformations: Serl12 in monomers A and D.
parameters, and data collection and refinement statistics aréA schematic representation of the tetramer ard t@ces
given in Table 1. The coordinates for native GABA-AT and are presented in Figures 1A and 1B, while Figure 1C shows
its complex with AOA have been deposited in the Protein an overlay of the @ traces of the four monomers in the
Data Bank (native GABA-AT, 1SF2; GABA-AT complex asymmetric unit. Each of the four monomers in the asym-
with AOA, 1SFF). metric unit contains: (1) an N-terminal segment; (2) a large,
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FIGURE 2: Stereo representation of the active site of native GABA-AT. (A) The 2Fo-Fc electron-density map for the active site residues
and the cofactor. The map is contoured aivl.Phe figure was made with BOBSCRIPT. (B) Superimposition of four active sites (colors
as in Figure 1A) in the asymmetric unit. Residues contributed from the second monomer are labeled with ansgsterisk (

PLP binding domain; and (3) a small, C-terminal domain. tetramer formation, the dimer-dimer interactionBn coli
The N-terminal segment (residues 2 to 44) contains one GABA-AT is weak. This was confirmed by gel filtration
o-helix and a three-stranded antiparaffetheet. The large  experiments, in which it was shown that a fraction of the
domain (residues 49 to 321) comprises a central seven-enzyme exists as dimers (data not shown). Increasing the
strandegB-sheet surrounded by Iit-helices. The C-terminal ~ PLP concentration promotes tetramer formation.
domain (residue from 323 to 426) is composed of three Active Site StructureFigure 2 presents the active site
a-helices and a four-stranded antiparafietheet, and is at  structure ofE. coli GABA-AT. PLP is bound in a distinct
the corners of the tetramer. cleft in the enzyme and is involved in many specific
Superimposition of the four subunits in the asymmetric interactions. The C4atom, originally forming an aldehyde
unit gives pairwise r.m.s deviations between 0.21 A and 0.32 with oxygen, connects covalently to tkeamino group of
A. The largest deviation is found in a loop region from Lys268 forming the internal aldimine (Schiff base) linkage.
residue 153 to 159. The largest displacement, which is This aldimine is believed to be protonated, since the nitrogen
between monomer A and monomer D, averages 1.23 A.forms a hydrogen bond with the phenolic oxygen of PLP
Other than this loop region there are no significant differences and is roughly in the plane of the pyridine ring (the torsion
in structure between the four subunits in the asymmetric unit, angle varies from 8to 3C° in the monomers). The absor-
even though they were refined individually. bance spectrum of GABA-AT in solution shows a strong
Like DGD, two monomers make extensive contacts to peak near 405 nm (data not shown), which is additional
form a dimer. The interaction surface between the two evidence for the protonated aldimine. In addition to the
monomers is very large: 3620240f solvent accessible hydrogen bond made with the aldimine nitrogen, tHe 3
surface, approximately one-quarter of the monomer surface,phenolic oxygen of PLP makes a hydrogen bond with the
is buried on dimer formation. The two PLP cofactors are side chain amide nitrogen of GIn242, and interacts with a
located close to the subunit interface of the dimer and closewater molecule that is additionally hydrogen bonded to the
to each other (the PLP phosphorus atoms are 14.8 A apart)backbone nitrogen of Glu211 and the side chain carboxylate
Both active sites in the dimer are formed from residues of Glu206. The pyridine nitrogen atom of PLP makes a salt
contributed by both monomers. The tetramer is formed by bridge (2.80 A) with Asp239. The pyridine ring is sand-
the looser association of two dimers, lending approximate wiched between Tyr138 and Val241. The phenolic hydroxyl
overall 222 noncrystallographic symmetry. The tetramer group of Tyr138 interacts with one of the nonester oxygens
interface is much smaller than the dimer interface: only 340 in the PLP phosphate via a water molecule. The phosphate
A2 of solvent-accessible surface per monomer is buried ongroup of PLP interacts with the N-terminus of arhelix,
tetramer formation. Compared to DGD, which buries 1220 which contributes Gly111 and Serl12 to the binding site.
A2 of solvent-accessible surface per monomer during the The phosphate group is held in the place by a total of nine
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A

Ficure 3: Stereo representation of the active sites of the GABA-AT complex with AOA. (A) The 2Fo-Fc electron-density map for the
active site residues and the cofactor. The map is contoured @t Th2 figure was made with BOBSCRIPT. (B) Superimposition of four
active sites (colors as in Figure 1A) of GABA-AT complex with AOA. (C) Superimposition of the active sites of native GABA-AT (red)
and GABA-AT complex with AOA (green).

hydrogen bonds to the nonester oxygens (saturating itsshows covalent modification of PLP at the active site. The
hydrogen bonding capacity), four of which are donated by Schiff base between PLP and the Lys268mino group has
water molecules. Thr297* and Ser112 both donate a pair of been broken. In its place, a Schiff base is formed between
hydrogen bonds from main chain nitrogen and side chain the amino group of AOA and PLP. The Schiff base nitrogen
oxygen atoms. Figure 2 shows additional residues in theis roughly in the plane of the PLP pyridine ring (the torsion
substrate-binding cleft and the potential roles of these will angle varying from 20to 27°) and forms a hydrogen bond
be discussed below. Figure 2B presents the superposition ofwith the phenolic oxygen of PLP. The carboxylate group
the four active site structures of the tetramer. The structuresof AOA is held tightly in place by a salt bridge with
of all four active sites are very similar except for Tyrl55, Argl4l and a hydrogen bond with a water molecule. This
which belongs to a loop region that shows the largest water molecule makes two additional hydrogen bonds
structural variation. with the phenolic oxygen of Tyrl55 and one carboxylate
GABA-AT Complex with AOAThe structure of the  oxygen of Glu21l. Figure 3B presents an overlay of the
GABA-AT complex with AOA was refined using unliganded active site structures of the four monomers in the asymmetric
GABA-AT as a model. Serl12 and Ser217 in all four unit. No significant differences in the active sites in the
monomers were found to have alternative conformations. tetramer are observed. Figure 3C presents an overlay of the
Figure 3A presents the electron density map of GABA-AT structures of both unliganded GABA-AT and its complex
obtained for GABA-AT crystals soaked in AOA. It clearly with AOA. The pyridine ring of the GABA-AT complex
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with AOA is tilted compared to its orientation in the DISCUSSION

unliganded structure; the tilt angle increases by approximately ) . )

5°. Otherwise, the active site structures are remarkably 1he overall and active site structurestef coli GABA-
similar, as are the €traces of the tetramer (Figure 1B; r.m.s AT are quite similar to those of pig GABA-AT, DGD, and
deviation= 0.22 A& for all Co. atoms). Thus, unlike aspartate o_rn|_th|ne aminotransferase, wh!le the overal_l fold is also
aminotransferase, GABA-AT does not undergo domain similar to th_at_ofglutqmate semlalglehyde aminotransferase
closure on binding an inhibitor. Unlike the unliganded (21~24). Itis interesting thak. coli GABA-AT does not
GABA-AT structure, Tyr155 does not show large deviations have the iror-sulfur cluster that is present in pig GABA-
between the four subunits in the tetramer. The structure AT near its active site20). Clearly, it is not required for
shows that AOA binding enlists a water molecule into the the basic chemistry catalyzed by the enzyme, but may
active site. This water molecule forms a hydrogen bond with P€rform a more complex regulatory role in the mammalian

Tyr155 making it less mobile. system. The folds of the monomers and the dimeric structures
Comparisons with Pig GABA-AT and DGDhe pairwise are highly conserved, while the highgr order quaternary
sequence identities fdE. coli GABA-AT, pig GABA-AT, structures vary. For example, boh coli GABA-AT and

and DGD (the search model used for molecular replacementPGD are tetramers in solutio2%), while pig GABA-AT is
here) are 29% foE. coli GABA-AT vs pig GABA-AT, 29% a dimer @1) and ornithine aminotransferase is a hexamer
for E. coli GABA-AT vs DGD, and 23% for pig GABA- (23). The tetrameric and hexameric structures are simply

AT vs DGD. Figures 4A and 4B present overlays of the C higher order structures of the dimeric structure, which is
traces of these enzymes. Unlie coli GABA-AT, pig obligatory since the active site is composed of residues from
GABA-AT is an o-dimer, as are many PLP de’pendent both subunits in the dimer. Ligand-bound structures for DGD

enzymes. Nevertheless, the domain structure and overall fold(2> 26), pig GABA-AT (20), glutamate semialdehyde
are strongly conserved within all three enzymes. The C ammotransfgras@(l), ornithine amln_transferasé‘(, 28), and
traces are remarkably similar with only small differences in "OW E. coli GABA-AT are available. None of these
loop regions. For example, there are significant differences Structures shows large-scale conformational changes com-
in the loop region (residues 17479 in theE. coli GABA- pared to the unliganded structures,' and it now appears that
AT and residues 176185 in DGD shown in the right side € can draw the general conclusion that the aminotrans-
of Figure 4B) that forms the dimer-dimer interface in fhe  f€rase subgroup Il enzymes do not undergo domain closure
coli GABA-AT and DGD tetramers, which is absent in pig UPOn ligand binding, as do subgroup | enzymes)(
GABA-AT. A superposition ofE. coli GABA-AT and pig The active site structure of unligandedcoli GABA-AT
GABA-AT results in overall @ r.m.s deviations of 1.27 A presented in Figure 2 shows several highly conserved
at the monomer level and 1.46 A at the dimer level for residues. Lys268 forms a Schiff base with PLP in the resting
structurally homologous &s. The superposition dt. coli enzyme and is strictly conserved in structurally homologous
GABA-AT and DGD results in @ r.m.s deviations of 1.21  PLP-dependent enzyme structures. It provides for a facile
A at the monomer level, 1.25 A at the dimer level, and 1.41 transimination pathway to the obligatory external aldimine
A at the tetramer level for all correspondingt@toms. A intermediate, rather thade nao formation of the Schiff
unique feature of pig GABA-AT is the presence of an iron  base from PLP and the amine substr&®).(Once freed in
sulfur cluster close to the PLP binding sit20J, which is the active site it can also function as a catalytic acid/base
not found inE. coli GABA-AT or DGD. residue 80). Asp239 is also strictly conserved in structurally
Figure 4C presents an overlay of the active site structureshomologous enzymes. This residue is thought to enable the
of E. coliand pig GABA-ATs. There is complete conserva- protonation of the pyridine nitrogen of PLP such that it is a
tion of residues that interact with PLP and nearly complete Strong electron sink for stabilizing carbanionic intermediates
conservation of residues that interact with the substrates (orthat occur in the reaction pathway. Arg398 is completely
inhibitors as shown in Figure 4C). This is congruent with conserved in structurally homologous enzymes that act on
the fact that identical reactions are catalyzed by these ®-amino acids. Its role is to form a hydrogen bond-salt bridge
enzymes. The strong active site conservation contrasts withwith the a-carboxylate of the substrates. Finally, Arg141 is
the much lower overall sequence conservation. conserved in structurally homologous enzymes that use
An overlay of the active sites d. coli GABA-AT and dicarboxylic substrates, which includes all of those that
DGD is presented in Figure 4D. These active site structuresemploy o-ketoglutarate as the amino group acceptor.
differ significantly, as expected based on the different GABA-AT, like ornithine aminotransferase, has a dual
chemistry catalyzed by the enzymes. GABA-AT catalyzes substrate specificity in the sense that it can transfer the amino
transamination only, while DGD catalyzes both decarbox- group of both primary amines ang-amino acids. In one
ylation and transamination in its normal catalytic cycle. reversible half-reaction GABA is converted to succinate
Additionally, the substrate specificities of these two enzymes semialdehyde, while in the other reversible half-reaction
differ, with E. coli GABA-AT accepting carboxylate- a-ketoglutarate is converted to-glutamate. Glu21l is
containing substrate side chains and DGD accepting only juxtaposed to Arg398 and interacts strongly via a hydrogen
small alkyl substrate side chains. The decarboxylation bond-salt bridge with it in both the unliganded (Figure 2)
specificity of DGD is thought to be largely determined by and AOA-liganded (Figure 3) structures. Analogous glutamate
the presence of GIn52 in place of 11e50, while the carboxylate residues are found in ornithine aminotransferase and pig
specificity of GABA-AT is thought to be due largely to the GABA-AT, where they make similar interactions with the
presence of Arg141 in place of Met141 in DGD. The impli- homologues of Arg39820, 21, 23, 28). Unfortunately, no
cations of the active site structural differences to reaction structures exist for these enzymes bound to substrates
and substrate specificity are discussed in more detail below.containing ana-carboxylate. It is thought that the role of
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FiGure 4: (A) Superimposition of the monomeroQraces ofE. coli GABA-AT (red) and pig GABA-AT (green). The N and C termini
are marked. (B) Superimposition of the monomert@aces ofe. coli GABA-AT (red) and DGD (green). (C) Superimposition of the active
sites of nativeE. coli GABA-AT complexed with AOA (red) and pig GABA-AT complexed wihvinyl GABA (green). (D) Superimposition
of the active sites of unboun. coli GABA-AT (red) and DGD (green).

Glu211 is to neutralize the positive charge of Arg398 when ferase, and structurally homologous enzymes is likely the
primary amine substrates are bound at the active site. Whernresult of the ability of the enzyme to neutralize Arg398 via
a-amino acids are bound, it is expected that the Glu211 sidethe Glu211 interaction when the substrate contains no
chain rotates around theoCS bond such that Arg398 is  carboxylate group. One might expect that an uncompensated
free to interact with the substrate carboxylate. Thus, the dual positive charge near the reaction center would be detrimental
substrate specificity of GABA-AT, ornithine aminotrans- to catalysis.
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O-Alkylhydroxylamines such as AOA interact very strongly
with aromatic aldehydes, and AOA is an inhibitor of many
PLP dependent enzyme81j. The structure of the AOA
complex shown in Figure 3 has, as expected, the terminal
nitrogen of the inhibitor forming a Schiff base with PLP.

Liu et al.

specificity of GABA-AT for carboxylate-containing side
chains and the specificity of DGD for small alkyl side chains
(e.g., methyl and ethyl groups3Z, 33). The two changes
most obviously important to the specificity of GABA-AT
for carboxylate-containing side chains are the mutation of

This frees Lys268 to function as an acid/base catalyst in theMet141 in DGD to Arg141 in GABA-AT, and the mutation

proton transfers required for transamination. There are only

of Trp138 in DGD to Tyrl38 in GABA-AT. The former

very small changes in the active site structure in response toprovides charge/hydrogen-bonding interactions with the

AOA binding, the largest being the5° change in tilt angle
of the coenzyme and the freeing of Lys268.

AOA is an analogue gf-alanine (i.e., 3-aminopropionate),
which is one methylene group shorter than GABA (4-
aminobutyrate). The carboxylate oxygens of AOA make a
side-on interaction with two nitrogens of the guanidino group
of Arg141, which makes an additional hydrogen bond to the
main chain carbonyl oxygen of Gly292 via the third nitrogen
(not shown in Figure 3 for clarity). The AOA carboxylate

substrate carboxylate, while the latter reduces steric bulk to
allow the carboxylate-containing side chain to interact with
Arg141. In addition to these two differences between the
enzymes, the stretch of polypeptide from Pro2@&ly296

in GABA-AT and the structurally homologous residues in
DGD (Gly297-Thr302) differ substantially in their &€
traces. That for GABA-AT is moved away from the substrate
binding site, relative to DGD, creating more space for the
substrate side-chain interaction with Arg141. If GABA-AT

oxygen-guanidino nitrogen interaction distances are ratherwere to have the structure of DGD in this region, it is

long at 3.0 and 3.1 A. Itis likely that the longer structure of
GABA will decrease these to more typical distances {2.7

2.9 A), giving a stronger interaction with the carboxylate of
the true substrate. The interaction of Arg141 with the main
chain carbonyl of Gly292 appears to be important to
localizing the Arg141 guanidino group in the correct location
for optimal interaction with the carboxylate of GABA since

apparent from Figure 4D that the substrate carboxylate could
not interact with Arg141 due to the location of the main chain
carbonyl of Tyr301 in DGD. Additionally, the apparently
important hydrogen bond between Arg141 and the Gly292
carbonyl would not be present to position the guanidino
group. Thus, the difference in side chain specificity between
GABA-AT and DGD apparently originates from more than

this hydrogen bond (2.8 A) does not lengthen in response tosimply providing the potential for a hydrogen bonding/salt
the shorter AOA side chain. This may be an important bridge interaction for substrates carboxylates with Arg141.
determinant of specificity for carboxylate groups on the The active site structure must undergo more substantial

y-carbon of substrates.

The comparison betweda. coli GABA-AT complexed
with AOA and pig GABA-AT complexed withy-vinyl
GABA presented in Figure 4C shows remarkable conserva-

alterations to provide space for the larger substrate side chain
and hydrogen bonding interactions to the Arg141 guanidino
group, the primary determinant of charge specificity.

tion of the active site structures even though the overall ACKNOWLEDGMENT

identity between the enzymes is only 29%. This is undoubt-
edly dictated by the identity of the reactions catalyzed.

Portions of this research were carried out at the Stanford
Synchrotron Radiation Laboratory, a national user facility

Residues just outside of the substrate/coenzyme ContaCti”prerated by Stanford University on behalf of the U.S.

shell, such as GIn79 and Tyrl55, do show substitutions Department of Energy, Office of Basic Energy Sciences.
between the isozymes. These structural results suggest that

employing the readily availablg. coli enzyme in place of
the difficult-to-obtain pig or human enzymes for mechanistic
and/or inhibitor design studies is reasonable.

Figure 4D shows an overlay of the active sitekofcoli
GABA-AT and DGD. GABA-AT catalyzes only transami-
nation half-reactions, while DGD catalyzes the oxidative
decarboxylation of 2,2-dialkylglycines in its first half-reaction
followed by transamination (a reductive amination) of
pyruvate in the second half-reactio2?y. It was previously
proposed that GIn52 is important to the decarboxylation half-
reaction of DGD by providing a substrate carboxylate binding
site that activates this group stereoelectronically for decar-
boxylation @2, 25). Interestingly, the structurally homolo-
gous residue in GABA-AT is a conserved isoleucine (11e50),
which is incapable of hydrogen bonding to a substrate
a-carboxylate. The presence of Ser215 in DGD where
Glu211 is located in GABA-AT is rationalized on the basis
of the substrate specificity of DGD, which uses substrates
containingo.-carboxylate groups in both half-reactions. In
GABA-AT, Glu2ll interacts with Arg406 (in place of a
substratex-carboxylate) when primary amines are bound as
substrate.

Finally, the side chain binding sites Bf coli GABA-AT
and DGD are substantially different, in accord with the
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