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Structure of Escherichia coli glutamate
decarboxylase (GADa) in complex with glutarate at

2.05 A resolution

Glutamate decarboxylase (GAD) is a pyridoxal enzyme that
catalyzes the conversion of L-glutamate into y-aminobutyric
acid and carbon dioxide. The Escherichia coli enzyme exists as
two isozymes, referred to as GADa and GADg. Crystals of
the complex of the recombinant isozyme GADa with
glutarate as a substrate analogue were grown in space group
R3, with unit-cell parameters a = b = 117.1, ¢ = 196.4 A. The
structure of the enzyme was solved by the molecular-
replacement method and refined at 2.05 A resolution to an
R factor of 151% (Rpee = 19.9%). The asymmetric unit
contains a dimer consisting of two subunits of the enzyme
related by a noncrystallographic twofold axis which is
perpendicular to and intersects a crystallographic threefold
axis. The dimers are related by a crystallographic threefold
axis to form a hexamer. The active site of each subunit is
formed by residues of the large domains of both subunits of
the dimer. The coenzyme pyridoxal phosphate (PLP) forms an
aldimine bond with Lys276. The glutarate molecule bound in
the active site of the enzyme adopts two conformations with
equal occupancies. One of the two carboxy groups of the
glutarate occupies the same position in both conformations
and forms hydrogen bonds with the N atom of the main chain
of Phe63 and the side chain of Thr62 of one subunit and the
side chains of Asp86 and Asn83 of the adjacent subunit of the
dimer. Apparently, it is in this position that the distal carboxy
group of the substrate would be bound by the enzyme, thus
providing recognition of glutamic acid by the enzyme.

1. Introduction

Pyridoxal phosphate (PLP) dependent amino-acid decarbox-
ylases involved in the biosynthesis of biogenic amines play an
important physiological role. Three-dimensional structures
have been established for glycine decarboxylase (Faure et al.,
2000), DOPA decarboxylase (Malashkevich et al., 1992, 1999),
dialkylglycine decarboxylase (Toney ef al., 1993) and ornithine
decarboxylases from various sources (Momany et al., 1995;
Grishin et al, 1999; Kern et al, 1999). Decarboxylases are
classified into four groups based on comparative analysis of
their amino-acid sequences (Sandmeier et al., 1994). Gluta-
mate decarboxylase (GAD; EC 4.1.1.15) belongs to the second
group of these enzymes.

Glutamate decarboxylase is a pyridoxal enzyme that cata-
lyzes the conversion of L-glutamate into y-aminobutyric acid
and carbon dioxide. This enzyme fulfils important physio-
logical functions in humans and higher animals by balancing
excitation and inhibition in the central nervous system and
acting as an autoantigen in insulin-dependent diabetes. The
Escherichia coli enzyme maintains pH under acidic conditions
in the intestines. E. coli GAD exists as a hexamer with a
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molecular weight of 316 kDa. The hexamer consists of six
identical subunits (To, 1971), each subunit containing one PLP
(Sukhareva & Braunstein, 1971). Two structural genes, gadA
and gadB, were found in E. coli K-12. These genes encode two
isozymes, GAD«a and GADS (Smith et al., 1992), which were
expressed and purified (De Biase et al., 1996; Shul’ga et al.,
1999). The natural enzyme has been crystallized previously
(Markovic-Housley et al, 1987; Sukhareva et al., 1989) and
preliminary X-ray diffraction analysis of the enzyme has been
carried out. However, a more detailed study has not been
performed. Investigations of recombinant GAD were more
successful. After the preliminary study (Malashkevich et al.,
1998), the three-dimensional structure of the complex of the
isozyme GADp with acetate was solved (Capitani et al., 2003).
In the present study, we established the three-dimensional
structure of the GAD« complex with glutarate.

2. Materials and methods

Expression and purification of GAD« from the recombinant
strain E. coli BL21(DE3)[pLys ED] were performed in prin-
ciple as described by Shul’ga ef al. (1999), but the final step
involved dialysis against 0.1 M acetate buffer pH 4.6. The
material was then passed through a short Sephadex G-25 fine
column equilibrated with 0.1 M pyridine chloride buffer pH
4.6 containing 50 mM glutarate, 0.1 mM PLP, 1 mM dithio-
threitol and 0.1 mM EDTA.

Crystallization was performed by the hanging-drop vapour-
diffusion method (McPherson, 1982). The crystallization
conditions were as follows: the drop consisted of 3 ul of a

x

Figure 1

Stereographic projection along the z axis of the self-rotation function for
the twofold axis (peak heights corresponding to the noncrystallographic
twofold axis are 76% of the height of the peak corresponding to the
crystallographic threefold axis).

Table 1
Statistics of X-ray data collection and structure refinement.

The values for the last shell are given in parentheses.

PDB code R Ixey
Resolution range (A) 29.00-2.05 (2.10-2.05)
Ilo(I) 9.97 (4.46)
Completeness (%) 95.6 (91.1)
Roymt (%) 9.1 (26.0)
Rff (%) 15.1
Riree$ (%) . 19.9
R.m.s. bond lengths (A) 0.018
R.m.s. bond angles (°) 1.443
No. of atoms 7631
Protein 7168
PLP 30
Glutarate 30
Solvent and buffer 403
Average B factor (Az)
Protein main chain 21.85
Protein side chain 23.85
PLP 13.40
Glutarate 17.90
Solvent and buffer 26.67
Percentage of residues in Ramachandran plot regions9
Most favoured 90.6
Additional allowed 9.2
Generously allowed 0.3

T Reym = 2 2 W — L)1/ 225 2o L4 Where (I,) is the average intensity of the
symmetry-equivalent reflections; the summation was extended over all observations for
all unique reflections. # Rf = (3, |\F0\ - |Fc||)/z,, |F,|, where |F,| and |F,| are the
observed and scaled calculated structure-factor amplitudes, respectively; the summation
was extended over all unique reflections in the resolution range used. § For Ry, the
summation was extended over a subset (5%) of reflections which were excluded in all
stages of refinement. ¢ Pro, Gly and terminal residues are omitted.

19.2 mg ml™" solution of GAD« in 0.1 M pyridine chloride
buffer pH 4.6 containing 50 mM glutarate, 0.1 mM PLP, 1 mM
dithiothreitol, 0.1 mM EDTA, 10% glycerol and 3 pl of a
reservoir solution composed of 7% PEG 3000 and 0.1 M NaCl
in 0.1 M sodium acetate buffer pH 4.6; the temperature was
290 K. Both acetate and glutarate are inhibitors of glutamate
decarboxylase from E. coli. However, their affinities for the
enzyme are very different: k; = 0.59 mM for glutarate (Fonda,
1972a) and k; = 20 mM for acetate (Fonda, 1972b). Hence, the
complex of GAD«a with glutarate would be expected to be
present in crystals obtained under these conditions. The
crystals grew during 2-3 weeks as truncated trigonal pyramids
with maximum dimensions of 0.2 x 0.2 x 0.5 mm. X-ray
diffraction data were collected (at room temperature) using a
MAR 345 imaging plate and a GX-6 rotating-anode generator
(Eliot; Cu Ko radiation, A = 1.5418 A) at the Institute of
Protein Research, RAS. The crystals belong to space group
R3, with unit-cell parameters a = b = 117.1, ¢ = 196.4 A. X-ray
diffraction data were collected to 2.05 A resolution and
processed using the DENZO and SCALEPACK programs
(Otwinowski & Minor, 1997). The self-rotation function is
shown in Fig. 1. The structure of the complex of GAD« with
glutarate was solved by the molecular-replacement method
using the MOLREP program (Vagin & Teplyakov, 1997). The
monomer of the structure of GADS (PDB code 1pmm) was
used as the starting model. Two rotation-function peaks were
noticeably higher than all other peaks and the translation
functions for both these peaks were solved. The asymmetric
unit contains two monomers related by a noncrystallographic
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twofold axis. The structure was refined using the REFMAC
program (Murshudov ef al., 1997). Model building was carried
out using the TURBO-FRODO program (Roussel &
Cambillau, 1991). The statistics of X-ray data collection and
structure refinement are summarized in Table 1.

3. Results and discussion

The primary structures of the two isozymes GAD«a and
GADg differ at the following five amino-acid residues:
GIn3(Lys), Leu5(Gln), Leu6(Val), Phe9(Leu) and Ala22(Ser).
In both subunits of the dimer of GADq, the side chain of
Ala22 is well localized (the thermal parameters of the C* atom
in subunits A and B are 253 and 21.7 A?, respectively). The
side chain of Phe9 (the average thermal parameter for the
atoms of this side chain is approximately 52.6 A%) was only
localized in subunit B. In the model of the structure, the
coordinates of the amino-acid residues in the regions 1-3 and
452-466 and the side chains of residues 5 and 6 in both
subunits of the dimer and also residue 4 and the side chain of
residue 9 of the subunit A are lacking because the electron
density corresponding to these residues is absent.

The secondary structure of the monomer of GADw is shown
in Fig. 2. The monomer consists of three domains referred to
as the N-terminal (residues 1-57), large (residues 58-346) and
small (residues 347-466) domains. The N-terminal domain is
formed by two «-helices labelled hl (residues 6-14) and h2
(39-53). The large domain is composed of a central mixed-
type seven-stranded B-sheet [residues 120-123 (b1), 156-159
(b2), 176-179 (b3), 202-207 (b4), 240-243 (b5) and 269-273
(b6) form parallel strands; residues 285-289 (b7) form an
antiparallel strand] surrounded by eight a-helices [residues
70-78 (h3), 91-107 (h4), 126-146 (hS5), 165-172 (h6), 191-197
(h7), 220-234 (h8), 322-334 (h9) and 335-346 (h10)] and a
B-hairpin [residues 301-312 (B1)]. The secondary structure of
this domain is typical of fold type I PLP-dependent enzymes
(Jansonius, 1998). The small domain contains three a-helices
[residues 347-357 (h11), 392-400 (h12) and 431-449 (h13)]
and two B-hairpins [residues 363-382 (B2)
and 408-424 (B3)]. In the crystal structure, a
noncrystallographic twofold axis lies in the
plane perpendicular to the crystallographic
symmetry axis (at an angle of 10° to the a
axis, Fig. 1) and intersects the crystallo-
graphic axis. Two crystallographically inde-
pendent  subunits related by the
noncrystallographic symmetry axis form a
dimer. The dimers are related by the
crystallographic threefold axis to form a
compact two-layer hexameric structure
(Fig. 3). The large and small domains of one
subunit belong to one layer, whereas the
large and small domains of another subunit
form another layer. The N-terminal domain
of each subunit belongs to the same layer as
the large and small domains of another
subunit of the dimer.

Figure 3
Stereoview of the structure of the GAD« hexamer. The N-terminal, large and small domains
are blue, green and brown, respectively. The GADa monomers whose large and small domains
belong to the lower layer of the hexamer are shown as thin lines. The orientation of the subunit
in the lower layer of the GAD« hexamer presented in the upper part of the figure is identical to
that presented in Fig. 2.

The following contacts are made between the subunits in
the dimer. Residues 27-32 of the N-terminal domain form
contacts with a-helix h4 of the large domain of the adjacent
subunit. Residues 32-38 of the N-terminal domain are in
contact with the N-terminus of -helix h10 and the C-terminus
of a-helix h9 of the large domain of the adjacent subunit.
a-Helix h2 and residues 54-57 of the N-terminal domain form
contacts with a-helices h3, h4 and h10 of the large domain of
the adjacent subunit. Residues 65-70 and «-helix h3 of the

Figure 2

Secondary structure of the monomer of GADa. The N-terminal, large
and small domains are blue, green and orange, respectively. Glutarate and
PLP are coloured yellow and red, respectively. The figure was prepared
using the MOLSCRIPT program (Kraulis, 1991).
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large domain are in contact with residues 65-70 and a-helix h3
of the large domain of the adjacent subunit. a-Helix h6 and
residues 315-319 of the large domain form contacts with
o-helix hS and residues 298-301 of the large domain of the
adjacent subunit. The active site of each subunit is formed by
residues of the large domain of this subunit and residues 83, 86
and 318 of the large domain of another subunit of the dimer.
The r.m.s. deviation between the coordinates of the C* atoms
of the subunits of the dimer is 0.153 A.

The hexamer is stabilized by contacts between subunits of
the dimers related by the crystallographic threefold axis. The
contacts formed by residues of the N-terminal domain make
the major contribution to the formation of the hexamer. In
addition to contacts between the subunits in the dimer, the
following contacts are made between the amino-acid residues
of the subunits in the hexamer. o-Helix h1 and residues 15 and
16 of the N-terminal domain of each subunit form contacts
with the analogous regions of the N-terminal domains of two
other subunits belonging to the same layer of the hexamer.
Residues 18-27 of the N-terminal domain of each subunit are
in contact with residues 427-430 and the N-terminus of «-helix
h13 of the small domain of the subunit belonging to another
layer of the hexamer. a-Helix h2 and residues 54-57 of the
N-terminal domain and residues 402-404 and «-helix h13 of
the small domain of each subunit form contacts with the
analogous regions of the subunit belonging to another layer of

Ser126(B) Asp243(B)

Ser127(B)

His275(B)

Phe63(B)

Lys276(B)
Ser273(B)

Thr62(B) Glu89(A)

Asn83(A)

Arg422(B)

Asp86(A)

Figure 4

Scheme of the active site in GADa. The C, O and N atoms are black, red
and blue, respectively. The glutarate and PLP molecules are coloured
violet. Hydrogen bonds are indicated by green dashed lines. The figure
was generated using the LIGPLOT program (Wallace et al., 1995).

the hexamer. a-Helix h12 of the small domain is in contact
with o-helix h12 of the small domain of the subunit belonging
to another layer of the hexamer.

A comparison of the three-dimensional structures of
GADc« and GADg (PDB code 1pmm) performed using the
LSQKAB program (Kabsch, 1976), demonstrated that these
isozymes are structurally very similar (r.m.s. deviations
between the corresponding C* atoms are about 0.4 A) The
distances between the superimposed C% atoms of residues
4-12 (monomers A, C and E of GADp), 114, 148, 149, 306,
307, 385 and 386 of two isozymes are as large as 1 A. However,
the thermal parameters of the atoms of these residues are also
high and these atoms are located on the surface of the
hexamers. The differences for amino-acid residues 4-12 of
monomers A, C and E of GADgS (which belong to the same
layer) are attributable to the presence of contacts with the
adjacent hexamers, whereas these amino-acid residues in the
other layer of the hexamer in the structure of GADS and in
the structure of GADu are not involved in contacts with other
hexamers. The regions containing residues 148 and 149 form
van der Waals contacts with various regions of other hexamers
(with amino-acid residues 178, 179 and 196 in the structure of
GADu and with residue 146 in GAD B). The distance between
the C* atoms of residue 54 are larger than 2 A because the
conformation of this residue was changed during the course of
structure refinement.

The positions of PLP and glutarate in the active site of
GADa were revealed (Figs. 4 and 5a). The e-amino-acid group
of Lys276 forms an aldimine bond with the aldehyde group of
PLP. The phosphate group of PLP is involved in the following
hydrogen bonds: the OP1 atom forms hydrogen bonds with
Ser126 N, Ser127 OG and His275 NE2, the OP2 atom forms
hydrogen bonds with the N and OG atoms of Ser318* of the
adjacent subunit of the dimer and the OP3 atom forms
hydrogen bonds with Ser126 N and Ser127 N. Asp243 OD2 is
involved in a hydrogen bond with the N1 atom of PLP. There is
also a hydrophobic interaction between the side chain of
GIn163 and the pyridine ring of PLP.

The main distinguishing feature of the complex of GAD«
with glutarate is that the glutarate in each subunit adopts two
different conformations (I and II) with occupancies of 0.5
(Figs. 4, 5a and 5b). The positions of one of the carboxyl
groups of the glutarate are virtually identical in both confor-
mations. This group forms hydrogen bonds with Phe63 N and
Thr62 OG1 of one subunit and with Asn83* ND2 and
Asp86* OD2 of the adjacent subunit of the dimer. This posi-
tion of the carboxyl group of glutarate is identical to the
position of the carboxyl group of the acetate molecule in the
structure of GADB (PDB code 1pmm). In conformation I, the
second carboxyl group of the glutarate is oriented toward the
side chains of Lys276 and GIn163. One of the O atoms of this
carboxyl group forms a hydrogen bond with Lys276 NZ and
another O atom is at a distance of 3.5 A from GIn163 NE2.
Presumably, these atoms could form a hydrogen bond upon a
slight conformational change. In conformation II, the second
carboxyl group of the glutarate is oriented toward the side
chain of Arg422 and forms hydrogen bonds with Arg422 NH2
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through the water molecule and with Glu89* OE2 of the
adjacent subunit of the dimer.

We believe that the former carboxyl group of glutarate,
which occupies virtually equivalent positions in two confor-
mations, corresponds to the position of productive binding of
the distal carboxyl group of the substrate (glutamic acid). In

this position, the carboxyl group of glutarate is more strongly
bound to the enzyme compared with the carboxyl groups in
two other positions and hence this mode of binding of the
carboxyl group is essential for recognition of the substrate by
the enzyme. Besides, if the a-carboxyl group of glutamic acid
were bound in this position, the distance between the C4 atom

of PLP and the C* atom of glutamic acid

E89 E89

would be 5.5 A and decarboxylation would
be accompanied by substantial conforma-
tional changes in the active site of GADq.
The positions of the carboxyl group of
glutarate in the vicinity of GIn163 (confor-
mation I) and in the vicinity of Argd22
(conformation II) cannot serve as a good
model for productive binding of the
a-carboxyl group of glutamic acid by the
enzyme. Binding of the «-carboxyl group of
glutamic acid in the vicinity of the second
carboxyl group of glutarate is nonproduc-
tive because the latter is remote from PLP
and Lys276 (conformation II). In the case of
binding of the a-carboxyl group of glutamic
acid in the vicinity of GIn163 (conformation
1), the conformation of glutamic acid is also
nonproductive because the N atom of
glutamic acid and PLP are located on
opposite sides of the substrate. The position
of the a-carboxyl group of glutamic acid

favourable for its productive binding in the

Figure 5
Stereoview of the active site of GADw. (a) The atomic model of the active site. Glutarate is
coloured green (conformation I) and yellow (conformation II), while the amino-acid residues
belonging to the adjacent subunit of the dimer are in blue. (b) The electron density of the
glutarate molecule (F, — F. map at the 30 level calculated without the contribution of the
glutarate molecule). The omit electron density of the glutarate was calculated after 20 cycles of
refinement for the final model without the glutarate atoms.

active site of the enzyme is determined
primarily by a covalent bond between the N
atom of glutamic acid and the C4 atom of
PLP.
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