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ABSTRACT. TheE. coliisozyme ofy-aminobutyrate aminotransferase (GABA-AT) is a tetrameric pyridoxal
phosphate-dependent enzyme that catalyzes transamination between primary amindsendcids.

The roles of the active site residues V241, E211, and 150 in the GABA-AT mechanism have been probed
by site-directed mutagenesis. Thdoranched side chain of V241 facilitates formation of external aldimine
intermediates with primary amine substrates, while E211 provides charge compensation of R398 selectively
in the primary amine half-reaction and 150 forms a hydrophobic lid at the top of the substrate binding
site. The structures of the 150Q, V241A, and E211S mutants were solved by X-ray crystallography to
resolutions of 2.1, 2.5, and 2.52 A, respectively. The structure of GABA-AT is similar in overall fold and
active site structure to that of dialkylglycine decarboxylase, which catalyzes both transamination and
decarboxylation half-reactions in its normal catalytic cycle. Therefore, an attempt was made to convert
GABA-AT into a decarboxylation-dependent aminotransferase similar to dialkylglycine decarboxylase
by systematic mutation d&. coli GABA-AT active site residues. Two of the twelve mutants presented,
E211S/150G/C77K and E211S/150H/V80D, havé&0-fold higher decarboxylation activities than the wild-

type enzyme, and the E211S/I50H/V80D has formally changed the reaction specificity to that of a
decarboxylase.

Pyridoxal B-phosphate (PLP)is a versatile catalyst in  residues that correlate well with known reaction and substrate
solution, catalyzing a variety of reactions (e.g. transamina- specificities 8—12).
tion, decarboxylation, racemization, etc) with a broad range The crystal structure of wild-type GABA-AT and its
of amine-containing substratel) (PLP-dependent enzymes complex with aminooxyacetate was recently solved using
catalyze an equally diverse group of reactions and arethe structure of DGD as a molecular replacement mad®! (
ubiquitous in biological system&+5). It has been estimated, The two structures show strong overall and active site
for example, that~1.5% of the open reading frames in structural similarities, yet they share only 29% sequence
bacterial genomes encode PLP-dependent enzy®hebhe identity. Differences in key catalytic residues in the GABA-
protein component of PLP-dependent enzymes endows theAT and DGD active sites are expected since GABA-AT
coenzyme with much higher catalytic power as well as catalyzes only transamination (Scheme 2) and DGD catalyzes
reaction and substrate specificities. One of the major chal- both decarboxylation and transamination in its normal
lenges with PLP-dependent enzymes is understanding howcatalytic cycle (Scheme 3), and the substrate side chain
the unique environments of their active sites combine with specificity differs between the two enzymes.
the basic functionality of the coenzyme to determine reaction Figure 1 presents an overlay of the active site& otoli

specificity. GABA-AT and DGD. One sees that the three residues critical
PLP-dependent enzymes have been grouped based oy the basic functioning of the coenzyme are identical in both
amino acid sequence homologies-6). Both GABA-AT enzymes. In DGD theses are K272, Q246, and D243. K272
and DGD belong to the aminotransferase evolutionary forms a Schiff base with PLP, as is found in all PLP-
subgroup 11 7). Multiple sequence alignments of subgroup dependent enzymes. Q246 and D243 both interact directly
Il enzymes combined with known crystal structures show ith PLP, hydrogen bonding to thé-® and the pyridine
mechanistically important conservations throughout the N, respectively. The latter residue is thought to maintain the
sequences, as well as SyStemaﬂC variations in active S|tepyridine N in its protonated form, thereby enhancing the
electrophilic character of the pyridine ring. R406, which
"Supported by Grant GM54779 to M.D.T. from the National interacts with the substrate-carboxylate in DGD, is also
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tyrate aminotransferase;-KG, o-ketoglutarate; PLP, pyridoxal’b ; ; ;
phosphate: PMP. pyridoxamineShosphate: SSDH, succinic semial- Equally interesting are the differences between DGD and

dehyde dehydrogenase; MDH, malate dehydrogenase; DGD, dialkyl- GABA-AT in active site residues. Q52 in DGD is thought
glycine decarboxylase; PEPC, phosphoenolpyruvate carboxylase.  to provide a hydrogen bond to the substratearboxylate
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Scheme 1: Stereoelectronic Control of Reactivity in
External Aldimine Intermediates

differences in reaction and substrate specificity of the two
enzymes suggested that redesign of the GABA-AT active
site to contain the decarboxylation apparatus of DGD might
be successful at converting GABA-AT into a decarboxyla-
tion-dependent aminotransferase specific for dicarboxylate
substrates. Such an attempt to alter the reaction specificity
of GABA-AT is reported here, with mutations based on
information from the structures of GABA-AT and DGD, and
multiple sequence alignments of evolutionary subgroup I
aminotransferases. A series of twelve site-directed mutants
has been constructed and analyzed kinetically. The results
show that approximately 10-fold increases in the for
decarboxylation are achieved, while approximatel§-fbdd
increases in the ratio of decarboxylation to transamination
activities of GABA-AT are obtained mainly through reduc-
tions in transamination activity.

EXPERIMENTAL SECTION

0 H Materials. GABA, o-KG, carbenicillin, DTT,-mercap-

o toethanol, succinic semialdehyde (15% in water), NADPH,
- -+ E-PMP === g W -+ EPLP
OZCJK/\COZ o IK\ C02 PLP, L-glutamate p-glutamate p,L-a-methylaspartate, and

MDH were purchased from Sigma,L-o-methylglutamate

was obtained from Acros. Ammonium sulfate, ampicillin,
Tris, IPTG, EDTA, ethylene glycol, and lysozyme were from
Fisher.

Scheme 2: Reaction Catalyzed by GABA-AT
HNTN"Nco, + E-PLP o>"co,

+ E-PMP

Y-aminobutyrate succinic semialdehyde

o-ketoglutarate L-glutamate

Scheme 3: Reaction Catalyzed by DGD

Ri Re o} Enzyme PreparationdVild-type GABA-AT and SSDH
. >< . T EPLP )J\ + €O, + E-PMP were expressed and purified as described previousdy. (
HN - CO; R R Single mutants (V241A, E211S, and 150Q) were created by
0 H site-directed mutagenesis using overlap extension AGR (
M e —= r—lmaco, + EpLP and cloned into pET23a. The 150Q/G295Y, E211S/I50G/
RO CO RH," C77K, and E211S/I50H/V80T mutants were obtained using

the Kunkel mutagenesis kit from Bio-Rad and cloned into

in the decarboxylation half-reaction, thereby activating the
carboxylate stereoelectronically by placing the-@CO,~
bond parallel to they orbitals of thexr bonding system of
the external aldimine intermediat&3). Scheme 1 illustrates
this concept of stereoelectronic control of reactivity in
pyridoxal phosphate enzymes, originally put forth by Du-
nathan 14). The structurally equivalent residue in GABA-
AT is I50, which is conserved as a hydrophobic residue in

pET23a. The genes for E211S/150Q/G295Y/V241A, E211S/
150G, E211S/I50H/V80D, E211S/I50N/V80D, E211S/I50N/
V80T, and E211S/I50G/C77R mutants were created by using
the Kunkel mutagenesis kit from Bio-Rad and cloned into
pET28a, which adds a>&His tag at the N-terminus of all
mutants. Oligonucleotides were from Life Technologies. Full
nucleotide sequences of the mutants were determined to
confirm the absence of adventitious mutations. The expres-

all other subgroup Il aminotransferases. The specificity of sion and purification of all mutants that did not contain a
DGD for small 2,2-dialkylglycines (e.g. aminoisobutyrate, 6xHis tag proceeded as described for wild-type GABA-AT
isovaline) is thought to originate in the restricted size of the (12). The 6xHis tag containing mutants were expressed as
side chain binding pocket formed by W138, M141, and described for wild-type GABA-AT. The harvested cells were
Y301. These residues are changed in GABA-AT to Y138, suspended in lysis buffer containing 20 mM potassium
R141, and G295, respectively, correlating well with the need phosphate, pH 7.8, 100M PLP, 0.5 M KCI, and 0.5 mg/
to bind the distal carboxylate groups of its substrate3. ( mL lysozyme and stirred on ice for 30 min. The cells were
A245 at the back of the PLP ring in DGD is changed to disrupted by sonication, and cell debris was removed by
V241 in GABA-AT. We hypothesize that the larger V241 centrifugation for 30 min at 15,000 rpm. The supernatant
facilitates formation of the obligatory aldimine intermediate was mixed with 16 mL Nit charged Chelating Sepharose
between PLP and GABA since this substrate has no Fast Flow resin from Pharmacia. The mixture was then
a-carboxylate. Finally, S215 in DGD is conserved as E211 incubated at room temperature with gentle agitation for 20
in GABA-AT, which is found to interact with either R398  min, followed by centrifugation at 5@for 4 min. The pellet
or Y155 (12). The structure of the AOA-liganded wild-type was carefully decanted and resuspended in 100 mL washing
enzyme shows E211 neutralizing the charge of R398 in the buffer containing 20 mM KHPO,, pH 7.4, 0.5 M KCI, 100
complex, which may have significant mechanistic implica- M PLP, and 10 mM imidazole. It was then centrifuged at
tions. Here, the roles of 150, V241, and E211 in GABA-AT 5003 for 4 min and carefully decanted. The washing step
in substrate and reaction specificity are determined by was repeated 3 additional times and another 2 times with
analysis of site-directed mutants, and the X-ray structuresincreasing imidazole concentrations up to 50 mM. Elution
of the 150Q, V241A, and E211S mutants are presented. buffer containing 20 mM KHPO,, pH 7.4, 100uM, 0.5 M
The ease with which the amino acid changes betweenKCl, and 250 mM imidazole was then added and mixed
DGD and GABA-AT can be rationalized based on the together by rotation for 5 min, followed by centrifugation at
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Ficure 1. Superimposition of the active sites of unbound wild-tfpecoli GABA-AT (red) and DGD (green). This figure was prepared

with Swiss-PdbViewer and MOLSCRIPT.

500g for 4 min. The elution steps were repeated twice more mM and 2 mM for wild-type GABA-AT, 100 mM and 50
and all the supernatants were collected together and con-mM for 150Q, and 10 mM and 2 mM for V241A, respec-
centrated. The purities of all proteins were analyzed with tively.

SDS-PAGE and their concentrations were determined with

the Bio-Rad DC assay, using IgG as standard.
GABA Transamination Assayhe reaction was assayed

L-Aspartate Aminotransferase Adgtly Assay The oxalo-
acetate produced fromraspartate transamination of wild-
type GABA-AT was coupled to the MDH reaction and the

by coupling the succinic semialdehyde produced from the decrease of NADH absorbance at 340 nm was monitored

transamination of GABA to the NADP-dependent SSDH

(16). The reaction mixtures contained U GABA-AT,

reaction, monitoring the increase of NADPH absorbance at 100 mM TEA-HCI, pH 7.8, 5 mM DTT, 1 mM EDTA, 100

340 nm. The reaction mixtures contained 0.032 GABA-
AT, 100 mM TEA-HCI, pH 7.8, 5 mM DTT, 1 mM EDTA,
100uM PLP, 100 mM KCI, 50Q«M NADP, 3 units SSDH,
and six concentrations of GABA at six different fixed
concentrations afi-KG. All assay components were initially
mixed together except fd. coli GABA-AT, and incubated
for 5 min at 25°C. The reactions were initiated by adding
GABA-AT in a small volume.

For the V241A, E211S, 150Q, 150Q/G295Y, E211S/I50G/
C77K, and E211S/I50H/V80T mutants, GABA transamina-

uM PLP, 100 mM KCI, 25Q:M NADH, and 10 units MDH,
six concentrations of -aspartate at 5 mMx-KG or six
concentrations ot-KG at 100 mML-aspartate. All assay
components were initially mixed except for GABA-AT and
incubated for 5 min at 28C. The reactions were initiated
by adding GABA-AT in a small volume. The-aspartate
aminotransferase activity of E211S was analyzed similarly,
except that 0.02 mM-KG was used with varying-aspartate
concentrations.

Decarboxylation Assay$.our amino acidsLéglutamate,

tion assays were performed as described for wild-type p-glutamate,p,L-a-methylglutamate, anad,L-a-methylas-

GABA-AT, except that different concentrations of enzyme partate) were tested for wild-type GABA-AT and all mutants
and substrates were used to obtain easily measurable absomade. CQ produced from the decarboxylation of these
bance changes. Since the activities of the other mutants aresubstrates was assayed with a carbon dioxide detection kit
relatively low, assays were performed with 100 mM GABA from Sigma Diagnostics. The method is based on conversion
and 10 mMa-KG. of phosphoenolpyruvate and ¢Dto oxaloacetate by PEPC,
Nonlinear regression for systems containing two or more followed by the subsequent MDH catalyzed reduction of
independent variables was performed with GraFit 4.05, while oxaloacetate by NADH to produce malate and NAD. The
data sets containing a single independent variable were fitteddecrease in NADH absorbance at 340 nm was followed. The
using Kaleidagraph 3.6. reaction conditions were: 80 mM amino acid substrate (
Inhibition Assay.The SSDH coupled assay described glutamatep-glutamatep,L-a-methylglutamatep,L-a-me-
above was employed for inhibition assays with wild-type thylaspartate), 2.4 mM-ketoglutarate, 4aM PLP, 366uM
GABA-AT, V241A, and 150Q. Initial rates of GABA NADH, 800 uL Reagent A of the C® detection kit
transamination in the presence of six concentrations of the (containing 2.2 mM phosphoenolpyruvate, 0.32 mM NADH,
inhibitors (succinate, maleate, glutarate, and aminooxyac-10 mM Mg?*, buffer, pH 8.0, and 0.05% sodium azide), and
etate) were measured. The inhibition mechanisms for all 80 uL Reagent B of the C@detection kit (containing 2.75
inhibitors were assumed to be competitive on the basis of units/mL PEPC, 15.4 units/mL MDH, 10 mM Mg, and
the structural similarities between the substrates of GABA- buffer, pH 6.5) in 1 mL total reaction solutions. The enzyme
AT and the inhibitors. The reaction mixtures contained 100 concentrations were varied to obtain easily measurable

mM TEA-HCI, pH 7.8, 5 mM DTT, 1 mM EDTA, 10«M
PLP, 100 mM KCI, 50Q«M NADP, 3 units SSDH, GABA-
AT, GABA, a-KG, and varying concentrations of the
inhibitors. The concentrations of GABA andKG are 10

absorbance changes. The deionize®Hdsed to prepare all
reagents was purged with Argon bubbled through two 10 M
KOH scrubbers to remove GOA blank was assayed along
with each amino acid substrate, in which GABA-AT (or
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mu_ta_nt) was replaced by G@ree deionized IzD The Table 1: Data Collection and Refinement Statistics
activity of the blank was subtracted from the activity of the

sample. Assays were performed by first combining all — — 1500 V2aiA E211S
ingredients except Reagent B and GABA-AT (or mutant) “”';‘f't')d'mens'ons 10612 10620 10826
and incubating 5 min at 25C. Next, Reagent B was added c(A) 301.75 301.66 300.83
and followed by another 10 min incubation to remove any space group P3;21 P3;21 P3,21
background caused by dissolved £®hen GABA-AT (or ?SOJ%SI/CT range (A) 7310132.1 33>oéc+2_5 eéofz_sz
mytant) was added gnd the (eactions were followed for 70 [ﬁ‘;mm') 94 571 124
min. Typically, the first 5 min showed a small burst of no. of reflections 115075 68 806 69 918
absorbance change due to dissolved,@®the enzyme redundancy . 35 12.3 5.5
solution. Therefore, this initial data was discarded. Addition- gmﬂﬁ(f/eo;]ess (%) 169‘3'8 15?3'1 lé’;'S
ally, NaHCQ was added to 80@M after each assay to %) 206 202 240

confirm that the coupling enzymes were active. This,CO cofactors and occupancy PLP (0.5), PLP(0.5), PMP
assay was tested with AIB decarboxylation of DGD. Kinetic PMP (0.5)  PMP(0.5)

parameters for decarboxylation of AIB by DGD obtained 28: 8,[ Eg?;i'{;? ;‘t’g”rﬁs éé?%ie Goif,,gég 64 12812
with this assay were within error of those obtained using a no. of water molecules 1192r 1128 955 or 95 673
secondary alcohol dehydrogenase coupled askgy ( no. of sulfate atoms 75 55 80
Crystallization, X-ray Diffraction Data Collection, and 1% %€ ggfg?%&%l)ycm atoms 68 > >
Structure Determination of 150Q, V241A, and E211S. entire molecule 24.82 26.98 38.79
Crystals of I150Q, V241A, and E211S were obtained by the  main chain 22.85 25.24 37.52

. . . . ; : side chains 25.31 27.25 39.64
hanging drop vapor diffusion method using a slight modi <olvent 31.9 3275 36.45

fication of the protocol described in a previous publication  msd from ideality

(12). One microliter of enzyme at approximately 25 mg/mL bond distances (A) 0.011 0.010 0.007

in 70 mM potassium phosphate, pH 7.6, 10@ PLP, and bond angle (deg) 1.53 144 131

1 mM DTT was mixed with an equal volume of reservoir 2 Rym= Y 3jlIj(hkl) — (hKNTVY 3| I(hKI)|, wherel; is the measured
solution containing 0.1 M HEPESKOH, pH 7.6, 100uM intensity of reflectiorj andICis the mean intensity ovgrreflections.

ili ; b Ruactor = Y ||Fo(hKl)| — [Fo(hKI)||/S|Fo(hkl)|, where F, and F are
PLP, and 1.2:1.6 M (NH,),SQ, and equilibrated against 1 observed and calculated structure factors, respectively-didoff was

_mL of this reservoir SOIUt'C_m' Cr_yStalslgener_a”y appeared applied.® Ryee is calculated with 5% of the data that were not used for
in a week and reached their maximal dimensions after threerefinement Enzyme structures with PLP bourfEnzyme structures
weeks. Crystals for data collection were cryoprotected using with PMP bound.

30% ethylene glycol in the mother liquor for 2 h. They were o ] ]

mounted in a loop and flash frozen in a nitrogen steam at cONtaining both. Then, both the coordinate files and the
100 K. Data were collected for 150Q on a Proteum 6000 topology files were manually modified to insert the SEGID

plate using the synchrotron beamline-D at Stanford for the four.PMP cofactors. In the subsequent refinement,
Synchrotron Radiation Laboratory at a wavelength of 0.98 the interactions between AC1-DC1 and AC2-DC2 were
A, and for E211S on an RAXIS IV image plate using Cu qmltted. It was also found that the_re are alternat_|ve confirma-
Ka radiation. Reflection intensities were integrated with tions for residues 112 and 217 in all four chains of 150Q,
DENZO, and merged and reduced to structure factors using@nd for residue 112 in chains A and D of E211S. The
the SCALEPACK, CAD, and TRUNCATE programs from alternative conformat|on§ of those reS|d_ues as well as K_268
the CCP4 suite 18). Since the space group and unit cell Were ggnerated and rgflned as described in the previous
parameters are identical to those of the wild-type enzyme Publication (2). The aldimine adduct formed between K268
(pdb code 1SF2), the structures of all three mutants were@nd PLP in 150Q and V241A was added as a protein patch
determined using the wild-type structure as an initial model QUnng refinements. The_ final refinement statlsucs_ are ]|sted
for simulated annealing using CNS after PLP, ethylene N Table 1. The coordinates have been deposited in the
glycol, sulfate ions, and water molecules had been removed.Protein Data Bank (PDB codes: 150Q, 1SZS; V241A, 1SZU;
The models were further refined with energy minimization E211S, 1SZK).
and B-factor refinement combined with manual adjustments RESULTS
using the program OF,—F. and ZF,—F electron density
maps as well as omit maps were calculated at regular Wild-Type GABA Transamination Agty. GABA-AT
intervals to allow fitting and modification. Omit maps for catalysis follows a ping-pong mechanism. The initial veloci-
the active sites of 150Q and V241A clearly indicated that ties measured at six concentrationseiKG with six different
there are two cofactor forms (PLP and PMP) bound with concentrations of GABA are presented in Figure 2A. The
partial occupancies at the same site, with alternative con-data suggest that substrate inhibition occurs witG but
formations of K268. Only PMP is found in the active site of not with GABA. This is confirmed by double reciprocal plots
E211S. Both PLP and PMP were generated, assignedfor both GABA (Figure 2B) andu-KG (Figure 2C). The
occupancies of 50%, and refined as alternative ligands for double reciprocal plot for GABA shows parallel lines at low
I150Q and V241A. o-KG concentrations, indicating no substrate inhibition.
Since there is no facility in CNS for multiple ligand However, the plot foo-KG shows nonlinear curves indicat-
generation, this was done manually. The coordinates of bothing competitive substrate inhibition layKG against GABA,
ligands were read as structure input files of generate.inp of due toa-KG binding to the PLP form of GABA-AT. The
CNS to output molecular topology files and coordinate files entire data set was fitted by nonlinear regression to €l (
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V, .[GABAJKG]
[KG]
KeasalKG][1+ |t K(c[GABA] + [GABA]KG]

)

Here,V, is the initial velocity, Vo the maximal velocity,
Keasa the Michaelis constant for GABAkg the Michaelis
constant foro-KG, and K¢ the competitive inhibition
constant fora-KG binding to the PLP form of GABA-AT.
The results from the fitting are given in Table 2.

Mutant GABA Transamination Aetty. The measurement
of the mutant activities was carried out as for wild-type
GABA-AT. For mutants withk., < 0.01 s%, kinetic analysis
was performed only at 100 mM GABA and 5 mi-KG.

For mutants with higher activities, full kinetic analyses were
undertaken. Initial velocities were measured for five GABA
concentrations at each of five fixed concentrationa-¢G.

The data were fitted to eq 2, except for the I150Q mutant.
The kinetic parameters obtained from the analyses are
presented in Table 2.

B V., .JGABA][KG]
" KgasalKG] + K(c[GABA] + [GABA]KG]

)

The data for I150Q show substrate inhibition for both
GABA anda-KG. The nonlinearity of double reciprocal plots
for GABA and a-KG (data not shown) confirms this. The
data were fitted to eq 3.

[KG]

KiKG

+

V=V, [GABA]KG] / KaasalKGI (1 +

[GABA]
1+ K_GABA
1

Kyo[GABA]

+ [GABA][KG] ] 3)

HereK;®ABA is the inhibition constant for GABA binding to
the PMP form of GABA-AT. The parameters obtained are
presented in Table 2.

L-Asparate Aminotransferase Aty of Wild-Type GABA-
AT and E211STheL-aspartate aminotransferase activity of
both wild-type GABA-AT and E211S was determined by
varying theL-aspartate concentration at 5 mdKG, and
varyinga-KG concentration at 100 mM-aspartate. The data
for wild-type GABA-AT were fitted to eq 4, where S is either
L-aspartate oo-KG.

_ Vmax[S] (4)
' Kgt[S]
The parameters obtained for wild-type GABA-AT &gfPP

= 0.016=+ 0.003 s, K, a5 = 150+ 50 mM, andKkg?®

= 0.8 +£ 0.4 mM. The data for E211S show substrate
inhibition by a-KG. The data at varying concentrations of
L-asparate were fitted to eq 4, while the data for varying
o-KG were fitted to eq 5.

Vil KG]
[KG]?

KG
i

V. =

(5)

Kke + + [KG]
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FiGure 2: (A) Plot of wild-type GABA-AT transamination initial
velocity vsa-KG concentration. GABA concentrations: 1 mka),
25mM @), 5 mM (@), 10 MM @), 20 mM (2), and 40 mM Q).

The solid curves are from the global nonlinear regression fit to eq
1. (B) Double reciprocal plot of initial velocity vs GABA
concentrationa-KG concentrations: 0.1 mMQ), 0.2 mM @),

0.4 mM @), 1 mM (m), 2 mM (a), and 5 mM @). The solid
curves are linear fits to the data. (C) Double reciprocal plot of initial
velocity vsa-KG concentration. GABA concentrations: 1 mKa,
25mM @), 5 mM ([d), 10 mM (@), 20 mM (a), and 40 mM 4).

Here, KX is the a-KG inhibition constant. The parameters
obtained for E211S arle,?*P= 0.073=+ 0.005 s?, K_—a5P

= 56+ 8 mM, Kkg®? = 0.0018+ 0.0003 mM, an&K*¢ =
0.20+ 0.06 mM. TheKks? values for wild-type GABA-
AT and E211S determined here in theaspartate ami-
notransferase assay are close to the valud&gfobtained
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Table 2: GABAL-Ketoglutarate Transamination Analysis of

Wild-Type GABA-AT and Its Mutants

Keat KealKeasa Koasa  Kke KiKe
(s  M1tsh) (mM) (mM) (mM)
wild type 47.4 8172 5.8 1.07 10.2
(1.0) (590) (0.4) (0.05 (2.3)
V241A 1.93 64 30 0.13
(0.08) ©) 2 (0.01)
E211S 0.56 6.5 86 0.0021 020
(0.06) 09) (9 (0.0004) (0.06)
150 13.5 199 68 46 178
(0.3) (18) ® () (31)
150Q/G295Y 0.028 5.9 4.7 0.78
0001)  (03) (0.2) (0.04)
E211S/150Q/ 0.004
G295Y/V241A& (0.001)
E211S/150@¢ 0.003
0.001)
E211S/I50G/ 0.25 42 5.9 0.72
C77K (0.01) © 0.2) (0.03)
E211S/I50G/ 0.0005
C77Rc (0.0003)
E211S/I50H/ 0.106 0.73 146  0.063
V80T (0.004)  (0.09) (18) (0.006)
E211S/I50H/ 0.00023
V8oDbe (0.00010)
E211S/I50N/ 0.0058
V8oThe (0.0021)
E211S/I50N/ 0.0075
V8oDbe (0.0027)

a Standard errors from nonlinear regression are given in parentheses

Conditions: 25.0C, 100 mM TEA-HCI, pH 7.8, 100 mM KCI, 5 mM
DTT, 1 mM EDTA, 100uM PLP, 500uM NADP, and 3 units SSADH. o . -
bBased on the limit of detection of the assay, assuming saturation of activity over wild type. Since the structurally homologous

the enzyme by substratésThese mutants have a 6-His tag at the
N-termini. ¢ The value was obtained from theaspartate transamination

assay £ K;®ABA = 670(145) mM.

from GABA transamination assays-KG shows substrate
inhibition with E211S. This was not found in the GABA

transamination assay where the concentrationsk6 used
were not high enough for it to be observed. ThasKG

substrate inhibition is observed with wild-type GABA-AT,

Table 3: Competitive Inhibition Constafts

succinate maleate glutarate aminooxyacetate

(mm) (mm) (mMm) (M)

wild type 27 3.9 19 0.62
1) (0.1) 3) (0.12)

V241A 720 780 140 1.13
(50) (60) (10) (0.01)

150Q 197 46 233 0.24
(13) 1) (6) (0.03)

a Standard errors from nonlinear regression are given in parentheses.
Conditions: 25°C, 100 mM TEA-HCI, pH 7.8, 100 mM KCI, 5 mM
DTT, 1 mM EDTA, 100uM PLP, 500uM NADP, and 3 units/mL
SSDH. The concentrations of GABA andKG were 10 and 2 mM,
respectively, for wild-type GABA-AT, 10 and 2 mM for V241A, and
100 and 50 mM for 150Q.

for wild-type GABA-AT, 150Q, and V241A in Table 2 were
employed in eq 6. Least-squares fitting of the inhibition data
to eq 6 gave th&; values of the above four inhibitors, which
are presented in Table 3.

Decarboxylation Actiity. Four amino acids.¢glutamate,
D-glutamatep,L-a-methylglutamatep,L-o-methylaspartate)
were tested as substrates for decarboxylation assays. The
values ofk. for wild type and mutants are presented in Table
4. Wild-type GABA-AT has low activity as a decarboxylase
(keat for transamination is~8 x 1CP-fold greater tharkeat
for decarboxylation). V241A and I150Q/G295Y do not show
detectable activity with any amino acid tested. Neither 150Q
nor E211S show dramatic improvements in decarboxylation

position in DGD corresponding to E211 in GABA-AT is a
conserved serine, the E211S mutant was selected as a
template for further mutagenesis studies.

The keat values for the additional E211S-based mutants
are presented in Table 4. None gives a dramatic increase in
decarboxylation activity with any of the four substrates tested.
However, the mutant E211S/I50H/V80D does show signifi-
cant increases: 10-fold with-glutamate, 6.4-fold with
D-glutamate, and 2-fold witlp,L-a-methylglutamate. The

150Q, anq E211S, and might alsq be observ_ed with the otherE211S/150G/C77K also gives a 9-fold increase in activity
mutants if thea-KG concentrations were increased suf- with L-glutamate. The lower activity of all the mutants with

ficiently.

D,L-a-methylaspartate may be due to the weaker binding of

Inhibition Studies Succinate, maleate, glutarate, and p, -a-methylaspartate caused by the E211S mutation (Liu
aminooxyacetate were assumed to be competitive inhibitorsand Toney, unpublished results). Table 4 also presents the
against transamination since their structures are similar toratio of k. for decarboxylation with different substrates to
GABA. The inhibition data measured were fitted to eq 6. that of GABA transamination for each enzyme. Large

V=
V. _[GABAJIKG]

[1]
K

KeasalKGI (1 + —) + K o[GABA] + [GABA]KG]

Here, K; is the inhibition constant for binding to the PLP
form of GABA-AT, Kgasa is the Michaelis constant for

(6)

GABA, andKg is the Michaelis constant fax-KG. Since
the concentration oft-KG used for wild-type GABA-AT
and the concentrations of GABA andKG used for 150Q
are much lower than the values of their competitive inhibition and PMP with partial occupancies) and the original 150
constants, the substrate inhibitions in the inhibition assaysresidue is clearly a glutamine. The active site structure of
of both enzymes were negligible. For V241A, substrate 150Q is very similar to that of wild-type GABA-AT except

inhibition was not detected. The valuesKéasa andKge

increases in this ratio are observed with the E211S/I50H/
V80D and E211S/I50G/C77R mutants, mainly due to greatly
decreased transamination activities.

Crystal Structures of I150Q, V241A, and E2128.three
structures were solved by molecular dynamics refinement
using wild-type GABA-AT as the initial model. The overall
structures for all three mutants show no significant differ-
ences with wild-type GABA-AT. Overlays of thedCtraces
of the tetramers of 150Q, V241A, and E211S with wild-type
GABA-AT result in rms deviations of 0.34, 0.25, and 0.27
A, respectively.

Figure 3A presents the electron density map for the active
site of 150Q. The map indicates two cofactor forms (PLP

for the mutation, the orientations of Q79* and E211, and
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Table 4: Decarboxylation Analysis of Wild-Type GABA-AT and Its Mutants

L-glutamate D-glutamate D,L-a-methyl glutamate D,L-a-methyl aspartate
Keat ratio Keat ratio Keat ratio Keat ratio
(x10*s™) (x10% (x10*s™) (x10% (x10*s™) (x10% (x10*s™) (x10%
wild type 0.6 0.012 15 0.032 9.2 0.19 8.6 0.18
0.2) (0.004) (0.3) (0.007) (0.9) (0.02) 0.2) (0.01)
V241A ND ND ND ND
E211S 16 2.9 1.8 3.2 2.4 4.3 ND
0.9) (1.6) 0.2) (0.5) (0.6) (1.1)
150Q 2.2 0.16 1.0 0.074 7.0 0.52 4.0 0.30
0.2) (0.02) 0.3) (0.023) 0.2) (0.02) 0.2) (0.02)
I150Q/G295Y ND ND ND ND
E211S/150Q/ ND ND ND ND
G295Y/V241A
E211S/150G8 0.9 300 ND 11 370 ND
(0.3) (140) (0.4) (180)
E211S/150G/ 5.2 21 6.9 28 104 42 3.8 15
C77KP (0.7) 3) (2.0) 4) (1.0) 4 0.7) ?3)
E211S/150G/ 1.9 3800 11 2200 ND 14 2800
C77R (0.6) (2300) (0.8) (2100) (0.5) (1700)
E211S/150H/ ND 15 14 ND 14 13
V80TP (0.3) 3) (0.2) Q)
E211S/I150H/ 6.1 2.k 104 9.8 4.3x 10* 17 7.4% 10 7.4 3.2x 10
V80D 0.9) 1.2) 1.4) (1.9) 3) (3.2) 0.4) (1.4)
E211S/150N/ 1.9 330 ND 2.8 480 14 240
V80TP 0.3) (120) (0.5) (190) 0.3) (90)
E211S/I50N/ ND ND ND ND
V80DP

a Standard errors from nonlinear regression are given in parenthesgsgle@otion is based on the conversion of phosphoenolpyruvate and CO
into oxaloacetate by PEPC, followed by MDH catalyzed conversion of oxaloacetate and NADH to malate ahdN\Adetivity is detected (ND)
whenkeat is smaller than 2< 107° s™. The “ratio” column for each amino acid substrate is the rati&.gffor decarboxylation of the amino acid
to keat for GABA transamination by the given enzynfeThese mutants have a 6-His tag at their N-termini.

the presence of two cofactor forms. The Q79* side chain of V241A, forming a hydrogen bond with T297*. The PMP
twists toward G296*. The new Q79* side chain orientation amino group flips toward Y138 and makes a strong salt
is stabilized by three hydrogen bonds involving the amide bridge with the sulfate ion. The £2-Oy bond in the
side chain, formed with a water molecule, a sulfate ion, and introduced S211 residue has the same orientation asihe C
the backbone oxygen of G296*.E211 in 150Q takes on a Cy bond in 150Q. The S211 hydroxyl group makes a
different orientation compared to that in wild-type GABA- hydrogen bond with a water molecule.

AT, the side chain rotates around thgs-€Cy bond by An overlay of wild-type GABA-AT and the 150Q, V241A,
~180°. The site where the E211 carboxylate group is found and E211S mutants is shown in Figure 3D. The structures
in wild-type GABA-AT s filled by an ethylene glycol  are all remarkably similar except for the sites of the
molecule in 150Q. The new orientation of E211 is stabilized muytations, as noted above.
by three hydrogen bonds to the side chain carboxylate
group: two with water molecules and one with Y155. In  DISCUSSION
the PLP form, K268 and PLP form an aldimine bond as in
wild-type GABA-AT. However, in the PMP form, K268 GABA-AT from E. coli is a typical PLP-dependent
takes on a new orientation, hydrogen bonding to T297*, and €volutionary subgroup Il aminotransferase that acts on both
the amino group of PMP rotates toward E211. The side chainPrimary amine ando-amino acid substrates3,(4). The
amide of Q50 is involved in an average (Over the four overall GABA-AT Catalyzed reaction consists of two half-
monomers in the asymmetric unit) of two hydrogen bonds, reactions, in which the cofactor alternates between its
one to the sulfate ion and another to a water molecule. Thealdehydic (PLP) and amino (PMP) forms (Scheme 2). GABA
amide oxygen forms a hydrogen bond with K268 in the PMP is converted to succinic Semialdehyde in the first half-
form. reaction, andw-KG is converted ta-glutamate in the second.
Figure 3B presents the electron density at the active site The ping-pong mechanism is evidenced by the parallel
of V241A. The cofactor exists in both PLP and PMP forms. double reciprocal lines at lower concentrationsxeKG in
A water molecule fills the void left by the mutation from Figure 2B. The larger slopes at higher concentrations of
V241 to alanine. When the cofactor is in the PMP form, the 0-KG in Figure 2B and the upwardly curving data in Figure
K268 amino group moves toward T297* forming a hydrogen 2C are due to inhibition of the PLP enzyme d&KG, which
bond. The PMP amino group rotates toward E211. is competitive with respect to GABA. Similar inhibition by
The electron density map of the active site of E211S is @-KG has been observed with aspartate aminotransferase
shown in Figure 3C. Only one cofactor form (PMP) is (20—23).
indicated by the density. Extra density in the active site has DGD is a PLP-dependent enzyme that is also a member
been assigned as a sulfate ion, which is reasonable since thef the aminotransferase evolutionary subgroup7|l§). It
mutation removes a negative charge from the active site.is unusual for this group of enzymes in that it does not
K268 takes on a similar orientation to that in the PMP form catalyze two simple transamination half-reactions but rather
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A

Ficure 3: (A) 2F,—F electron density map for the active site region of 150Q. The map is contouredaatBoth PLP and PMP, and
alternative conformations of K268, are observed. (Bj-2F. electron density map for the active region of V241A. The map is contoured
at 1.%. Both PLP and PMP, and alternative conformations of K268, are observedF(€)2 electron density map for the active site
region of E211S. The map is contoured atdl.Zhe cofactor is found only as PMP in this structure. (D) Superimposition of the active site
structures of wild-type GABA-AT (in red), 150Q (in blue), V241A (in yellow), and E211S (in green). Parts A, B, and C were prepared with
BOBSCRIPT 27, 28). Part D was prepared with MOLSCRIFPAR, 28).
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an oxidative decarboxylation of 2,2-dialkylglycines with reaction. Additional evidence in support of this conclusion
concomitant amino group transfer to the coenzyme in its first is provided by the results of aspartate aminotranferase activity
half-reaction, followed by amino group transfer from the measurements, which employ orlyamino andx-keto acid
coenzyme to am-keto acid (e.g. pyruvate) in its second substratesLftasparate and-KG) and not primary amines.
(Scheme 3). The structure of DGD was used as a molecularThek.qvalue for E211S is-5-fold higher than that for wild

replacement model in the original solution of tEe coli type, while theK, 5, and Kgg values are 3-fold and 440-
GABA-AT structure, and the refined models show strong fold lower. The larger decrease f8kg Vs K —asp probably
similarities both in overall fold and active site structut@)( originates from greater stabilization of the amino group of

The roles of the active site residues V241, E211, and 150 PMP by E211, via electrostatic interactions, compared to the
in the GABA-AT mechanism have been probed here by site- PLP Schiff base with K268. The E211S mutation would
directed mutagenesis. The first GABA-AT mutant presented selectively destabilize the PMP enzyme, causing a selective
in Table 2 is V241A, which changes tifebranched valine  lowering of K.
residue located immediately behind the pyridine ring (Figure  The 150Q mutant was made for a 2-fold purpose, to test
3D). DGD is unique among subgroup |l aminotransferases the importance of the conserved 150 located at the “top” of
in having an alanine at this position; all others members of the GABA-AT active site (Figure 1) and to introduce the
this group have either valine or isoleucine. Since DGD is DGD active site residue thought to be most important to the
unigue in this group in utilizingr-amino acids in both half-  facilitation of a-amino acid decarboxylatiori8). The most
reactions, we hypothesized that théoranched side chain  remarkable quality of this mutant is the 12-fold high&jaga,
in the other enzymes is required to destabilize sterically the the 43-fold higheKkg, and the~10-fold higherK; values
internal aldimine formed between the active site lysine and for the noncovalently binding inhibitors reported in Table
PLP so that the primary amine substrates could more easily3. These higher values are most readily interpreted in terms
displace this lysine in the transimination reaction required of the longer Q50 side chain sterically inhibiting access of
to form the obligatory substrate-PLP Schiff base (external the substrates and inhibitors to the binding site (Figures 3A
aldimine) intermediate. That is, in DGD the interaction and 3D). The role of 150 in the wild-type enzyme is
between R406 and the substratecarboxylate facilitates  apparently that of a lid that restricts the size of the substrate
external aldimine formation whereas in the primary amine binding pocket.
half-reactions of the other subgroup Il enzymes/t@anched The decarboxylation activity of 150Q was measured, as
side chain behind PLP is required to promote external were those of the other mutants and the wild-type enzyme
aldimine formation by sterically destabilizing the internal (Table 4). The mutation has a negligible effect, in reference
aldimine. The V241A mutant is therefore predicted to have to wild type, on the enzyme’s ability to catalyze decarboxy-
a higherKgaga than wild-type enzyme since the internal lation of the four amino acids tested. This result is readily
aldimine form of the enzyme should be selectively stabilized understood from the X-ray structure; the location of thee C
by the mutation. This prediction is borne out by the results atoms of Q52 in DGD and 150 in GABA-AT are 2.3 A apart,
presented in Tables 2 and 3, which show a 5-fold higher with that of 150 being closer to the substrate binding site
Keaga and a 2-fold higheKi*%A. The inhibition results with (Figure 1). Additionally, in DGD the backbone amide N of
the noncovalently binding dicarboxylate inhibitors presented S80 and the phenolic hydroxyl of Y301 hydrogen bond to
in Table 3 (i.e. succinate, maleate, and glutarate) suggestthe amide oxygen of Q52, holding it in the proper orientation
that the Michaelis complex for dicarboxylate substrates hasto interact with the substrate carboxylate. Similar orienting
been significantly destabilized by the mutation. The-fold interactions in GABA-AT are not present to position the side
reducedKkg value additionally suggests a destabilization of chain amide of the 150Q mutant.
the unliganded PMP form of the enzyme by the mutation. ~ As mentioned above, the active site residue Y301 in DGD

The mechanistic role of E211 in GABA-AT is thoughtto hydrogen bonds to the Q52 amide oxygen, helping to keep
be to neutralize the positive charge of R398 in the primary it positioned to bind to the substratecarboxylate. The
amine half-reaction where the substrate does not contain arcorresponding residue in GABA-AT was mutated to give
o-carboxylate group. In the-KG/L-glutamate half-reaction  the G295Y mutant in the context of the 150Q mutant. The
the substrate carboxylate fulfills this charge-neutralization G295Y mutation further reduces the I56Q: by ~400-fold
role, with E211 rotating out of the substrate binding site to but causes thEgasa andKge values to be reduced to wild-
interact with Y155 as seen in the structure of the 150Q type values. The results of decarboxylation assays reported
mutant. The E211S mutant probes the role of E211 in in Table 4 show that the addition of the G295Y mutation to
GABA-AT and is predicted by the above reasoning to have the I150Q mutation only lowers the enzyme’s ability to
a lowerk.4 value due to the deleterious effects of the leaving catalyze decarboxylation, suggesting that the desired orient-
R398 unneutralized on the reaction energetics of the primarying interactions between the tyrosine and glutamine side
amine half-reaction, to have a highKgasa for a similar chains is not obtained. Figure 1 shows that Q79 in GABA-
reason, and to have a lowkkg since then-KG carboxylate AT is located in front of G295 and the introduced tyrosine
no longer must compete with the E211 side chain carboxylate at this position may well incur steric clashes with the Q79
for interaction with R398. These predictions are again borne side chain.
out by the results presented in Table 2. Khgvalue is lower The E211S/150Q/G295Y/V241A quadruple mutant incor-
by ~100-fold while Kgaga is ~15-fold higher andKgg is porates all of the primary differences in active site structure
500-fold lower. These results and the observation of E211 thought to engender decarboxylase activity in DGD. Based
in the two alternative conformations in the X-ray structures on the results with the component mutations, it is not
provides conclusive evidence for the role of this amino acid unexpected that this mutant shows only very low transami-
in charge-neutralizing R398 in the primary amine half- nation activity and undetectable decarboxylase activity,
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further emphasizing the intricacies of protein structural while in all four subunits the E211S/I50G/C77K mutant
interactions required to give altered reaction specificity. maintains a hydrogen bond/salt bridge between the lysine

The results discussed above strongly suggested that thentroduced at position 77 and the-2-methylglutamate
side chain introduced by the 150Q mutation was not a-carboxylate. The most striking difference between the
facilitating substrate carboxylate binding in the stereoelec- wild-type AOA structure and all others is in the pyridine
tronically activated position, rather hindering it sterically. nitrogen-D239 interaction. The average distance for the wild-
This was addressed by creating a series of mutants based otype AOA structure is 3.1& 0.05, while it is significantly
E211S that contained glycine, histidine, or asparagine atlarger for thep-2-methylglutamate structures with wild type
position 50 in GABA-AT as well as additional mutations. (3.544+ 0.20), E211S/I50G/C77K (3.32 0.29), and E211S/

The E211S/I150G, E211S/I50G/C77K, and E211S/I50G/ V80D/I50H (3.62+ 0.20). This increased pyridine nitrogen-
C77R mutants were made and tested for transamination and>239 distance due to the relatively poor fit af-2-
decarboxylation activities. The introduction of either Lys or methylglutamate in the active site could account for the low
Arg at position 77 is expected to provide hydrogen bonding/ reactivity of these complexes.

salt bridging interactions with the substrate carboxylate in |y summary, it is demonstrated here that V24 Eincoli
the stereoelectronically activated position (Scheme 1 andGABA-AT facilitates external aldimine formation with
Figure 1). The 150G mutation added to the E211S mutation primary amine substrates (e.g. GABA). The role of E211 is
further reducekcatfor transamination by 190-fold. Remark- shown to be to Compensate the positive Charge of R398 in
any, the additional C77K mutation in the E211S/I50G/C77K the primary amine half-reaction, |owerim@3ABA, increasing
mutant leads to theecavery of this transamination activity  Ks, and increasing thie..; for the overall reaction likely by
whereas the C77R mutation does not. Only the E211S/I50G/increasing the rate of the GABA transamination half-reaction.
C77K mutant shows Signiﬁcantiﬂcreases in decarboxylationA series of mutants was constructed and ana|yzed in an
aCtiVity toward bothp- and L-glutamate: 9-fold and 5-fold, attempt to convert GABA-AT into a decarboxy|ation-
respectively, compared to wild type (Table 4). dependent aminotransferase, similar to DGD. The largest
The last strategy employed for introduction of decarboxy- increase in decarboxylation activity was observed with the
lation activity into GABA-AT was to orient a polar residue  E211S/I50H/\V80D mutant, which gave 10-fold and 6.4-fold
at position 50 such that it is maintained out of the central increases Withl_andD_gmtamate, respecti\/e|y, and forma”y
substrate binding pocket and hydrogen bonds to the substratgonverts the reaction specificity of the enzyme from that of
carboxylate when it is in the activated position. An examina- a transaminase to a decarboxylase. The moderate success at
tion of the X-ray structure suggested that V80 was the properjntroducing decarboxylase activity into GABA-AT highlights
location in which to introduce an “anchoring” residue. The the greater difficulty of altering the chemistry that an enzyme
choices for residues at postion 50 were histidine and catalyzes compared to simply altering the substrate that is

asparagine based on their size and hydrogen bonding abilitiesaccepted without changing the catalytic mechanism, as is
Therefore, the E211S/I50H/V80T, E211S/I50H/V80D, E211S/ frequently achieved in studies designed to alter substrate

I5S0N/V80T, and E211S/I50N/V80D mutants were con- specificity @4—26).

structed and analyzed. Of these four mutant enzymes, the
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