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Glutamate decarboxylase (l-glutamate-1-carboxylase, GAD; EC 4.1.1.15) is a pyridoxal-5’-phosphate-dependent enzyme

that catalyzes the irreversible α-decarboxylation of l-glutamic acid to γ-aminobutyric acid (GABA) and CO2. The enzyme is

widely distributed in eukaryotes as well as prokaryotes, where it—together with its reaction product GABA—fulfils very

different physiological functions. The occurrence of gad genes encoding GAD has been shown for many microorganisms,

and GABA-producing lactic acid bacteria (LAB) have been a focus of research during recent years. A wide range of

traditional foods produced by fermentation based on LAB offer the potential of providing new functional food products

enriched with GABA that may offer certain health-benefits. Different GAD enzymes and genes from several strains of LAB

have been isolated and characterized recently.
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1. Introduction

Glutamate decarboxylase is an intracellular enzyme that is found ubiquitously in eukaryotes and prokaryotes. GAD

exhibits different physiological roles, especially in vertebrates and plants, and its presence is highly variable among

organisms . GAD is a PLP-dependent enzyme and as such belongs to the PLP-dependent enzyme superfamily. This

superfamily comprises seven different folds  with GAD from LAB showing the type-I fold of PLP-dependent enzymes .

A number of important catalytic reactions including α- and β-eliminations, decarboxylation, transamination, racemization,

and aldol cleavage are catalyzed by various members of this superfamily of enzymes . GAD activity relies on the binding

of its co-factor PLP, and belongs to group II of PLP-dependent decarboxylases . In GAD from L. brevis CGMCC 1306,

the active site entrance is located at the re-face of the cofactor PLP. PLP is covalently attached to a lysine (K279) via an

imine linkage (Figure 1), referred to as an internal aldimine . This lysine is strictly conserved in group II PLP-

dependent decarboxylases. The corresponding lysine in E. coli GAD is at position 276, and when mutating this residue,

the variant has less flexibility and affinity to both its substrate and the cofactor . In addition to this covalent attachment,

PLP is positioned in the active site via a number of H bonds between the phosphate group of PLP and surrounding amino

acids, while the pyridine ring of PLP forms hydrophobic interactions with side chains of various amino acids in the active

site .

Figure 1. Overall secondary structure of the glutamate decarboxylase monomer from L. brevis (PDB code 5GP4). (A)

Chain A is represented as an orange cartoon, and its prosthetic group PLP is represented as sticks colored by atom type,

with carbons shown in magenta. (B) Position of the Y308-E312 flexible loop shown in green. The conserved Y308 is

represented as sticks, colored by atom types, with carbons being green. All images were made using the PyMOL

Molecular Graphics System, v. 2.3.0. for Linux.

Molecular docking of the substrate glutamate into the active-site of the holo-form of L. brevis GAD showed several

noncovalent interactions including hydrogen bonds between the O2, the O3 and the O4 atoms of the substrate L-Glu to

various parts of the GAD polypeptide chain. Furthermore, electrostatic interactions between the negatively charged
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oxygen atom of the α-carboxyl and the γ-carboxyl group of L-Glu and the positively charged nitrogen atom of residue

R422 as well as H278 and K279 (Figure 2), respectively, were proposed . The flexible loop residue Tyr308-Glu312 in L.

brevis GAD is located near the substrate-binding site (Figure 1). This loop is important for the catalytic reaction, and the

conserved residue Tyr308 plays a crucial role in decarboxylation of L-Glu. Thr 215 and Asp246 are the two catalytic

residues in L. brevis GAD (Figure 2), which are also highly conserved and promote decarboxylation of L-Glu .

Figure 2. Active site of glutamate decarboxylase from L. brevis (PDB code 5GP4). The conserved catalytic residues T215

and D246 are shown in sticks, colored by atom type, with carbons shown in green, nitrogen in blue, and oxygen in red.

The prosthetic group PLP is represented as sticks colored by atom type with carbons in magenta. The residues R422,

H278, and K279, proposed to be involved in electrostatic interactions with the substrate glutamate , are represented as

sticks colored by atom type. The rest of the chain is shown as a transparent orange cartoon. K279 is also involved in

forming the imine linkage to PLP. The image was made using the PyMOL Molecular Graphics System, v. 2.3.0. for Linux.

During catalysis, a transamination reaction occurs, and PLP, which is covalently attached to a Lys in the active site of

GAD in its resting state, now becomes covalently bonded to the substrate glutamate, forming a Schiff base or what is

referred to as an external aldimine. This Schiff base can then be transformed to a quinonoid intermediate . In a small

fraction of catalytic cycles, when glutamate is decarboxylated, a subsequent alternative transamination of the quinonoid

intermediate of the reaction can occur, and succinic semialdehyde (SSA) and pyridoxamine-5′-phosphate (PMP) are

formed. The latter will immediately be released from the enzyme, resulting in inactive apoGAD (Figure 3), which can be

regenerated to the active GAD–PLP complex when free pyridoxal-5′-phosphate is present, thus completing a cycle of

inactivation and activation. However, when free PLP is not present, GAD will be inactivated as a function of time and

substrate concentration [62,67,68,69,74,75,76,77].

Figure 3. The interconversion of holo- and apoGAD. The primary reaction results in the formation of GABA and holoGAD

remains intact and active. holoGAD reacting with PLP will activate a secondary reaction resulting in the formation of

apoGAD. E, apoGAD; E-PLP, holoGAD; Pi, inorganic phosphate; EQ, quinonoid intermediate; PMP, pyridoxamine

phosphate; PLP, pyridoxal-5′-phosphate; SSA; succinic semialdehyde (modified from ).

2. The Role of Glutamate Decarboxylase in the Manufacturing of Bio-
Based Industrial Chemicals

Agricultural waste and waste streams from biofuel production are now being considered as a low-cost source of glutamate

for biotechnological conversion into GABA and production of bio-based chemicals . These protein-rich materials are

mainly bioethanol by-product streams including dried distiller’s grains with solubles (DDGS) from maize and wheat, or

vinasse from sugarcane or sugar beet, but also plant leaves, oil, or biodiesel by-products and slaughterhouse waste. In

the future, algae could also provide an additional source for biodiesel and thus become a natural low-cost source of

glutamic acid.

The protein-rich fraction of plants can be further split into more- and less-nutritious fractions, for example, by hydrolyzing

the proteins and separating the essential (nutritious) amino acids from the non-essential (less nutritious) ones. Non-

essential amino acids such as glutamic acid and aspartic acid, which have no significant value in animal feed, can be

utilized for preparing functionalized chemicals. Recently, a by-product from the tuna canning industry, tuna condensate,

was shown to be a useful material for the production of GABA. Tuna condensate contains significant amounts of
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glutamine, but relatively little glutamate. Glutamine was first converted to glutamate by a glutaminase from Candida

rugosa, and in a second step, L. futsaii GAD converted glutamate to GABA. Both steps were catalyzed by immobilized

whole cells . Recently, it was shown that supplementation of arginine to media containing glutamate could enhance

GABA production, and that the simultaneous addition of arginine, malate, and glutamate enabled GABA production

already during exponential growth at relatively high pH (6.5) .

The structure of glutamic acid resembles many industrial intermediates, so it can be transformed into a variety of

chemicals using a relatively limited number of steps. Decarboxylation of glutamic acid to GABA, enzymatically performed

by GAD, is an important reaction of the pathway from glutamic acid to a range of molecules. GABA is, for example, an

intermediate for the synthesis of pyrrolidones. Such an approach can be used to produce N-methyl-2-pyrrolidone (NMP),

which is used as an industrial solvent. Combining the enzymatic decarboxylation of glutamate performed by GAD with the

one-pot cyclization of GABA to 2-pyrrolidone and subsequent methylation will thus yield NMP . Another interesting

material synthesized by ring-opening polymerization of 2-pyrrolidone is Nylon 4 , a four-carbon polyamide suitable for

application as an engineering plastic due to its superior thermal and mechanical properties . Contrary to other nylon

polymers, Nylon 4 is heat-resistant, biodegradable, biocompatible, and compostable .
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