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�-Alanine is a precursor for coenzyme A (CoA) biosynthesis and is a substrate for the bacterial/eukaryotic pantothenate synthe-
tase and archaeal phosphopantothenate synthetase. �-Alanine is synthesized through various enzymes/pathways in bacteria and
eukaryotes, including the direct decarboxylation of Asp by aspartate 1-decarboxylase (ADC), the degradation of pyrimidine, or
the oxidation of polyamines. However, in most archaea, homologs of these enzymes are not present; thus, the mechanisms of
�-alanine biosynthesis remain unclear. Here, we performed a biochemical and genetic study on a glutamate decarboxylase
(GAD) homolog encoded by TK1814 from the hyperthermophilic archaeon Thermococcus kodakarensis. GADs are distributed in
all three domains of life, generally catalyzing the decarboxylation of Glu to �-aminobutyrate (GABA). The recombinant TK1814
protein displayed not only GAD activity but also ADC activity using pyridoxal 5=-phosphate as a cofactor. Kinetic studies re-
vealed that the TK1814 protein prefers Asp as its substrate rather than Glu, with nearly a 20-fold difference in catalytic efficiency.
Gene disruption of TK1814 resulted in a strain that could not grow in standard medium. Addition of �-alanine, 4=-phosphopan-
tothenate, or CoA complemented the growth defect, whereas GABA could not. Our results provide genetic evidence that TK1814
functions as an ADC in T. kodakarensis, providing the �-alanine necessary for CoA biosynthesis. The results also suggest that
the GAD activity of TK1814 is not necessary for growth, at least under the conditions applied in this study. TK1814 homologs are
distributed in a wide range of archaea and may be responsible for �-alanine biosynthesis in these organisms.

Coenzyme A (CoA) is an important cofactor found in all three
domains of life (1–3). The mechanisms of CoA biosynthesis in

bacteria and eukaryotes have been well studied (2, 3). Many mi-
croorganisms and plants can synthesize CoA de novo from pyru-
vate via 2-oxoisovalerate. The conversion of 2-oxoisovalerate to
CoA involves eight enzyme reactions. The first three, catalyzed by
ketopantoate hydroxymethyltransferase (KPHMT), ketopantoate
reductase (KPR), and pantothenate synthetase (PS), lead to the
generation of pantothenate. Following this, reactions catalyzed
by pantothenate kinase (PanK), phosphopantothenoylcysteine
synthetase (PPCS), phosphopantothenoylcysteine decarboxylase
(PPCDC), phosphopantetheine adenylyltransferase (PPAT), and
dephospho-CoA kinase (DPCK) complete the pathway. Animals
do not harbor the first three enzymes and must thus rely on exog-
enous pantothenate for CoA synthesis.

In comparison, the mechanisms of CoA biosynthesis in ar-
chaea are still not completely understood. The PPCS/PPCDC fu-
sion protein from Methanocaldococcus jannaschii (4) and PPAT
from Pyrococcus abyssi (5, 6) have been biochemically examined.
We have previously clarified that in the hyperthermophilic ar-
chaeon Thermococcus kodakarensis, two novel enzymes, pantoate
kinase (PoK) and phosphopantothenate synthetase (PPS), are re-
sponsible for the conversion of pantoate to 4=-phosphopantothe-
nate, replacing the classical PS/PanK system utilized in bacteria
and eukaryotes (7–10). The homologs of PoK and PPS are present
on the majority of archaeal genomes, with exceptions limited to
Nanoarchaeum equitans, Korarchaeum cryptofilum, and members
of the Thermoplasmatales. The presence of a PoK/PPS system has
also been indicated in the methanogenic archaeon Methanospiril-
lum hungatei (11). In Thermoplasmatales, the PanK homolog from
Picrophilus torridus has been shown to display PanK activity (12).

We have recently characterized the KPHMT and KPR proteins
from T. kodakarensis (13). KPR from this archaeon is an NADH-
dependent enzyme, distinct from the bacterial/eukaryotic coun-
terparts that are NADPH dependent (14–16). Importantly, KPR
activity is dramatically inhibited in the presence of CoA, suggest-
ing that CoA biosynthesis in T. kodakarensis is regulated via feed-
back inhibition toward KPR (13). This regulation mechanism dif-
fers from those in many bacteria and eukaryotes, in which PanK is
inhibited by CoA and its derivatives (2).

�-Alanine is a substrate of PS (bacteria and eukaryotes) and
PPS (archaea) and is a building block of the CoA molecule. In
bacteria and eukaryotes, �-alanine is synthesized through various
mechanisms. In many bacteria, including Escherichia coli, it is gen-
erated by the direct decarboxylation of the C1 carboxylate group of
Asp (Fig. 1A). The reaction is catalyzed by aspartate 1-decarbox-
ylase (ADC), encoded by the panD gene (17, 18). ADC from E. coli
is a pyruvoyl-dependent enzyme and does not utilize PLP (17, 18).
Insects also harbor ADC proteins to generate �-alanine, which is
utilized for N-�-alanyl dopamine and carnosine (�-alanyl-L-his-
tidine) biosynthesis, but the insect ADC proteins are not related to
the bacterial ADCs in terms of structure and are PLP dependent
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(19). In plants such as Arabidopsis thaliana, �-alanine is synthe-
sized from uracil via three enzymatic reactions in the pyrimidine
degradation pathway (20) (Fig. 1B). Uracil is converted to dihy-
drouracil by dihydropyrimidine dehydrogenase (PYD1) and then
to 3-ureidopropionate by dihydropyrimidinase (PYD2) and fi-
nally to �-alanine, CO2, and NH3 by �-ureidopropionase (PYD3).
In Saccharomyces cerevisiae, �-alanine is derived from the poly-
amine degradation pathway by amine oxidase (FMS1) and alde-
hyde dehydrogenases (ALD2 and ALD3) via spermine and
3-aminopropanal (21, 22) (Fig. 1C).

The majority of archaea do not harbor homologs of E. coli
ADC, with only a few exceptions, such as Thermoproteus tenax and
Pyrobaculum islandicum. The homologs of FMS1 from S. cerevi-
siae are also absent in archaea. In terms of the pyrimidine degra-
dation pathway, there are several candidate proteins that show low
similarities to PYD1 and PYD2 from A. thaliana, but there are no
homologs of PYD3, making it unlikely that this pathway functions
in the synthesis of �-alanine in archaea.

Glutamate decarboxylase (GAD) is an extensively studied en-
zyme that decarboxylates Glu to form �-aminobutyrate (GABA).
Glu and GABA play central roles in neurotransmission in mam-
mals (23, 24). In bacteria and eukaryotes, GABA can also be uti-
lized as a carbon or energy source (25, 26). In E. coli, GABA is
converted to succinate semialdehyde by GABA aminotransferase
(GABA-AT) and is further oxidized by succinate semialdehyde
dehydrogenase (SSADH) to succinate, entering the tricarboxylic
acid (TCA) cycle (27–29). Furthermore, GAD and GABA have
been reported to play important roles in acid or stress resistance in
bacteria, including E. coli (30), and S. cerevisiae (31, 32).

The GAD proteins from E. coli display specificity for Glu and
do not show high levels of activity with Asp (33). On the other
hand, in mammals, there are GAD-like proteins such as GADL1
(34). Human GADL1, which is �50% identical to human GADs,
does not catalyze the GAD reaction but exhibits ADC activity (34).
Similarly, although the mosquito ADC proteins display a high
level of homology with the GAD proteins, they exhibit ADC ac-
tivity (19). Furthermore, a GAD homolog from a hyperthermo-
philic archaeon, Pyrococcus horikoshii, also shows ADC activity

with higher catalytic efficiency toward Asp than toward Glu (35).
These findings suggest that it is difficult to distinguish GAD and
ADC functions by their primary structures.

Here, we describe a detailed characterization of an archaeal
GAD homolog encoded by TK1814 in T. kodakarensis. Although
many archaea have GAD homologs on their genomes, their phys-
iological roles have not been reported. Genetic studies clearly sug-
gest that TK1814 plays a predominant role in generating �-alanine
for CoA biosynthesis in this archaeon.

MATERIALS AND METHODS
Phylogenetic analysis. Sequences of GAD and ADC homologs from var-
ious organisms were collected and aligned by using the ClustalW program
provided by the DNA Databank of Japan (DDBJ). Multiple-sequence
alignment was performed with the following default parameters: protein
weight matrix, Gonnet; gap open, 10; gap extension, 0.20; gap distances, 5;
no end gaps, no; iteration, none; numiter, 1; clustering, NJ. The phyloge-
netic tree was constructed by the neighbor-joining method (36). Boot-
strap resampling was performed 1,000 times.

Strains, media, and culture conditions. Cultivation of Thermococcus
kodakarensis KOD1 (37–39) and its derivative strains was performed un-
der anaerobic conditions at 85°C in a nutrient-rich medium (ASW-YT) or
a synthetic medium (ASW-AA) (40). ASW-YT medium consists of 0.8�
artificial seawater (ASW) (41), 5.0 g liter�1 yeast extract, 5.0 g liter�1

tryptone, and 0.8 mg liter�1 resazurin. Prior to inoculation, 2.0 g liter�1

elemental sulfur (ASW-YT-S0 medium) or 5.0 g liter�1 sodium pyruvate
(ASW-YT-Pyr medium) and Na2S were added to the medium until it
became colorless. ASW-AA medium consists of 0.8� ASW, a mixture of
20 amino acids, modified Wolfe’s trace minerals, a vitamin mixture, and
2.0 g liter�1 elemental sulfur (ASW-AA-S0 medium) (40, 41). In the case
of plate culture used to isolate transformants, elemental sulfur and Na2S
9H2O were replaced with 2 ml of a polysulfide solution (10 g Na2S 9H2O
and 3 g sulfur flowers in 15 ml H2O) per liter, and 10 g liter�1 Gelrite was
added to solidify the medium.

In order to examine the phenotypes of the TK1814 gene disruption
strain, cells were cultivated in ASW-AA-S0 medium (with pantothenate
excluded from the vitamin mixture), in the presence of 0.1 mM �-alanine
(Sigma-Aldrich, St. Louis, MO), 1 mM GABA, 1 mM CoA, 0.1 mM D-
pantoate, D-pantothenate (Sigma-Aldrich), D-4-phosphopantoate, or
D-4=-phosphopantothenate. Pantoate was prepared by hydrolyzing

FIG 1 Previously reported mechanisms of �-alanine biosynthesis in bacteria and eukaryotes. (A) Direct decarboxylation of Asp by aspartate decarboxylase
(ADC) utilized in bacteria and insects. (B) Conversion from uracil via three enzymatic reactions catalyzed by dihydropyrimidine dehydrogenase (PYD1),
dihydropyrimidinase (PYD2), and �-ureidopropionase (PYD3) utilized in plants. (C) Oxidation of spermine by polyamine oxidase (FMS1) and aldehyde
dehydrogenases (ALD2 and ALD3) utilized in Saccharomyces cerevisiae.
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D-pantolactone (Sigma-Aldrich) according to previously described meth-
ods (9, 13). 4-Phosphopantoate was chemically synthesized in a previous
study (8). 4=-Phosphopantothenate was enzymatically synthesized by
phosphorylating commercially available pantothenate using recombinant
PanK from E. coli, as reported previously (8). Specific modifications of the
medium to select and examine the auxotrophy of mutant strains are de-
scribed below. Escherichia coli strains DH5� and BL21-CodonPlus(DE3)-
RIL, used for plasmid construction and heterologous gene expression,
respectively, were cultivated at 37°C in Luria-Bertani (LB) medium con-
taining ampicillin (100 mg liter�1). Unless mentioned otherwise, all
chemicals were purchased from Wako Pure Chemicals (Osaka, Japan) or
Nacalai Tesque (Kyoto, Japan).

Overexpression and purification of the recombinant TK1814 pro-
tein. The TK1814 gene was overexpressed in E. coli. The coding region of
the TK1814 gene was amplified from the genomic DNA of T. kodakarensis
KOD1 by PCR using primer set 1814F1 (5=-AAAACATATGTTTCCAGA
GAGGGGAGC-3=)/1814R1 (5=-AAAAGAATTCTTAAAGCCTTTTTGC
AATCTC-3=). Using the NdeI-EcoRI restriction enzyme sites (indicated
by underlining) incorporated during PCR, the amplified fragment was
inserted into the pET21a(�) expression vector (EMD Millipore, Billerica,
MA). After confirming the absence of unintended mutations, the plasmid
was introduced into E. coli strain BL21-CodonPlus(DE3)-RIL. The trans-
formant was cultivated at 37°C in LB medium with ampicillin until the
optical density at 660 nm reached 	0.5. Isopropyl 1-thio-�-D-galactopy-
ranoside was added to a final concentration of 0.1 mM to induce expres-
sion, and cells were cultivated for a further 4 h. Cells were harvested,
resuspended in 50 mM Tris-HCl buffer (pH 7.5), and disrupted by soni-
cation. After centrifugation (20,000 � g at 4°C for 20 min), the soluble cell
extracts were incubated at 80°C for 10 min. After removal of thermolabile
proteins derived from the host by centrifugation (20,000 � g at 4°C for 20
min), the supernatants were applied for anion-exchange chromatography
(HiTrap Q HP; GE Healthcare, Little Chalfont, Buckinghamshire, United
Kingdom), and proteins were eluted with a linear gradient of NaCl (0 to
1.0 M) in 10 mM Tris-HCl (pH 7.5) and 0.25 mM pyridoxal 5=-phosphate
(PLP) at a flow rate of 2.5 ml min�1. After concentrating the sample and
exchanging the buffer to 10 mM Tris-HCl (pH 7.5) containing 150 mM
NaCl and 0.25 mM PLP using Amicon Ultra-4 10 K (EMD Millipore), the
samples were applied onto a Superdex 200 10/300 gel filtration column
(GE Healthcare) with a mobile phase of 10 mM Tris-HCl (pH 7.5) con-
taining 150 mM NaCl and 0.25 mM PLP at a flow rate of 0.8 ml min�1.
The same column and conditions were used to examine the molecular
mass of the recombinant TK1814 protein with the size markers aldolase
(158 kDa), conalbumin (75 kDa), albumin (67 kDa), ovalbumin (43
kDa), carbonic anhydrase (29 kDa), and RNase A (13.7 kDa) from the
High Molecular Weight Gel Filtration Calibration kit, Low Molecular
Weight Gel Filtration Calibration kit, and Gel Filtration Low Molecular
Weight kit (GE Healthcare). The protein concentration was determined
with the Protein Assay system (Bio-Rad, Hercules, CA), using bovine
serum albumin as a standard.

Examination of decarboxylase activity of the TK1814 protein. De-
carboxylase activity of the TK1814 protein toward Glu and Asp was mea-
sured by derivatization of GABA and �-alanine using fluorescamine, fol-
lowed by detection and quantification by high-performance liquid
chromatography (HPLC). Unless mentioned otherwise, the Glu/Asp de-
carboxylase reaction mixture contained 1 mM Glu/Asp, 0.25 mM PLP, 4

g ml�1 recombinant TK1814 protein, and 50 mM N,N-bis(2-hydroxy-
ethyl)glycine (Bicine)-NaOH (pH 8.0 at 85°C). The reaction was per-
formed at 85°C for 10, 20, and 30 min and stopped by cooling the mixture
on ice. The TK1814 proteins were removed by ultrafiltration with Amicon
Ultra-0.5 10 K (EMD Millipore), and aliquots were applied for derivatiza-
tion. The derivatization mixture (1 ml) contained 200-
l aliquots of the
decarboxylase reaction mixture, 20 mM NaOH, 0.3 M borate (pH 10.0),
and 60 
g fluorescamine in acetonitrile. The mixture was vortexed and
applied onto a Cosmosil 5C18-PAQ column (Nacalai Tesque). Com-
pounds were separated with 20 mM sodium acetate (pH 5.9) containing

15% (vol/vol) acetonitrile at a flow rate of 1.0 ml min�1, and the fluores-
camine-derivatized compounds were detected by measuring fluorescence
(excitation at 390 nm and emission at 460 nm). In order to examine PLP
dependency, 0.25 mM PLP in the reaction mixture was replaced with water
or 20 
M hydroxylamine (Sigma-Aldrich), and the reactions were carried
out at 50°C due to the instability of hydroxylamine at high temperatures.
When we examined the effects of pH, the reaction mixture contained 0.5
mM Asp, 0.25 mM PLP, 4 
g ml�1 recombinant dimeric TK1814 protein,
and 50 mM various buffers. When we performed an assay to determine
the effects of reaction temperature, the reaction mixture contained 0.5
mM Asp, 0.25 mM PLP, 4 
g ml�1 recombinant dimeric TK1814 protein,
and 50 mM piperazine-1,4-bis(2-ethanesulfonic acid) (PIPES)-NaOH
(pH 7.8 at 85°C).

Thermostability and effects of pH and temperature. For examining
thermostability, the purified dimeric TK1814 protein (0.50 mg ml�1) in
50 mM sodium phosphate (pH 7.5) and 0.25 mM PLP was incubated for
various periods of time at 80°C or 90°C. After the protein solutions were
cooled on ice for 30 min, aspartate decarboxylase activity was measured.
In order to examine the effects of pH, the aspartate decarboxylase reaction
was performed at various pH values by using the following buffers at 50
mM: 2-morpholineethanesulfonic acid (MES) (pH 5.5 to 7.0), PIPES (pH
6.5 to 7.5), HEPES (pH 7.0 to 8.0), Bicine (pH 8.0 to 9.0), N-[Tris(hy-
droxymethyl)methyl]glycine (Tricine) (pH 8.0 to 9.0), and N-cyclohexyl-
2-aminoethanesulfonic acid (CHES) (pH 9.0 to 10.0). The reactions were
performed at 85°C, and all buffers were prepared so that their pH would
reflect accurate values at 85°C. In order to examine the effects of temper-
ature, the aspartate decarboxylase reaction was carried out at various tem-
peratures. The data obtained were used to make an Arrhenius plot.

Construction of the plasmid for gene disruption of TK1814. The
gene disruption plasmid for TK1814 was constructed by first amplifying
the gene along with 1 kbp of its 5=- and 3=-flanking regions using the
primer set 1814F2 (5=-AAGGATCCCCAGCAACTTCTCTGCAAT-3=)/
1814R2 (5=-AAGGATCCCTTCAGAAGCTCGGCTTCA-3=). Using the
BamHI restriction enzymes sites (indicated by underlining) incorporated
during PCR, the fragment was inserted into pUD3, which contains the
pyrF marker gene cassette inserted into the ApaI site of pUC118. Inverse
PCR was performed with primer set 1814F3 (5=-AGCTGTCCGACAAAT
TGACCCATTG-3=)/1814R3 (5=-TTTCTCACCGCCTTGCGGTACTAG
C-3=) to remove the coding region, and the amplified fragment was self-
ligated. Sequences of the 5=- and 3=-flanking regions were confirmed.

Gene disruption of TK1814. T. kodakarensis strain KUW1 (�pyrF
�trpE) (40), which shows uracil and tryptophan auxotrophy, was used as
the host strain for TK1814 gene disruption. KUW1 was cultivated in
ASW-YT-S0 medium for 12 h at 85°C. Cells were harvested, resuspended
in 200 
l of 0.8� ASW, and incubated on ice for 30 min. After addition of
3.0 
g of the gene disruption plasmid and further incubation on ice for an
hour, cells were cultivated in ASW-AA-S0 medium without uracil for 24 h
at 85°C. Cells were then harvested, diluted with 0.8� ASW, and spread
onto solid ASW-YT-S0 medium supplemented with 10 g liter�1 of 5-fluo-
roorotic acid (5-FOA) and 60 mM NaOH. Only cells that have undergone
a pop-out recombination that removes the pyrF gene can grow in the
presence of 5-FOA. After cultivation for 2 days at 85°C, transformants
displaying 5-FOA resistance were isolated and cultivated in ASW-YT-S0

medium. After cultivation, the genotypes of the isolated transformants
were analyzed by PCR with the primer sets 1814F4 (5=-GACGGTAAACG
AGTTCTGGATTG-3=)/1814R4 (5=-TCTCAGTGCTCAAGCTGGTCGT
TG-3=) and 1814F1/1814R1, which anneal at the extragenic region and
intragenic region, respectively. Transformants whose amplified DNA
products displayed the expected size were chosen, and relevant sequences
were confirmed to have no unintended mutations.

RESULTS
Glutamate decarboxylase homologs in archaea. The TK1814
gene from T. kodakarensis encodes a protein that shows similarity
to the glutamate decarboxylase (GAD) proteins from human and
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E. coli. TK1814 is 20% identical to both E. coli GAD� and GAD�
and is 19% and 24% identical to GAD65 and GAD67 from human,
respectively. TK1814 harbors His121/Ala196, Asn54, and Arg358,
which correspond to His282/Ala366, Asn203, and Arg558 in hu-
man GAD65, which participate in binding with the pyridine ring
of PLP and �-carboxylate and �-carboxylate of Glu, respectively
(42) (see Fig. S1 in the supplemental material). TK1814 does not
show any similarity to the aspartate decarboxylase (ADC) from E.

coli. A phylogenetic tree of the GAD and ADC proteins from a
wide range of organisms is shown in Fig. 2.

Four large clades can be found in the tree. Those whose mem-
bers display similarity with GADs from human (GAD65 and
GAD67) and E. coli are designated GAD-type proteins in the tree,
whereas those similar to the ADC from E. coli are designated ADC-
type proteins. It seems likely that the GAD-type proteins from
bacteria and those from plants, fungi, and yeast are actually GADs,

FIG 2 Phylogenetic analysis of Glu/Asp decarboxylase homologs. GAD and ADC homologs from various organisms were aligned, and a phylogenetic tree was
constructed with the neighbor-joining method (36). Archaeal species names are abbreviated as follows: Afu, Archaeoglobus fulgidus; Hsal, Halobacterium
salinarum; Hwa, Haloquadratum walsbyi; Mja, Methanocaldococcus jannaschii; Mbu, Methanococcoides burtonii; MMar, Methanococcus maripaludis; Mka,
Methanopyrus kandleri; Mthermo, Methanosaeta thermophila; Mmaz, Methanosarcina mazei; Mhu, Methanospirillum hungatei; Mthema, Methanothermobacter
thermautotrophicus; Pto, Picrophilus torridus; Pis, Pyrobaculum islandicum; Pne, Pyrobaculum neutrophilum; Pab, Pyrococcus abyssi; Pfu, Pyrococcus furiosus; Pho,
Pyrococcus horikoshii; Sac, Sulfolobus acidocaldarius; Tko, Thermococcus kodakarensis. Bacterial species names are abbreviated as follows: Aaeo, Aquifex aeolicus;
Bce, Bacillus cereus; Bsu, Bacillus subtilis; Eco, Escherichia coli; Lbr, Lactobacillus brevis; Mtu, Mycobacterium tuberculosis; Pae, Pseudomonas aeruginosa; Sav,
Streptomyces avermitilis; Sco, Streptomyces coelicolor; SCC, Synechococcus sp. strain CC9311; Tth, Thermus thermophilus. Eukaryote species names are abbreviated
as follows: Aaeg, Aedes aegypti; Ath, Arabidopsis thaliana; Ani, Aspergillus nidulans; Cfe, Ctenocephalides felis; Hsap, Homo sapiens; Mmu, Mus musculus; Ncr,
Neurospora crassa; Ppi, Pinus pinaster; Rmi, Rhipicephalus microplus, Sce, Saccharomyces cerevisiae; Tca, Tribolium castaneum. GenBank accession numbers are
shown for all proteins, and locus tags are also shown for archaeal proteins. Bootstrap values above 50 are shown. Closed/open stars indicate GAD/ADC proteins
that have been examined experimentally to display GAD/ADC activity, respectively.
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as diverse members of this clade have been experimentally shown
to display GAD activity. The six members of GAD-type proteins
from mammals and acari (an arachnid subclass) are proven to be
authentic GADs, but GADL1 from mammals and GAD-type pro-
teins from insects within this clade have been shown to be ADCs
and do not harbor the corresponding Asn residues that are impor-
tant for recognition of �-carboxylate of Glu in human GAD65
(Asn203 in human GAD65) (42). The ADC-type proteins from
bacteria can be expected to function as ADCs, but none of the
ADC-type proteins from hyperthermophilic bacteria (from
Aquifex aeolicus) (Fig. 2) or from archaea have been examined. A
large number of archaea harbor GAD-type proteins (see Discus-
sion), and one from P. horikoshii has been demonstrated to display
ADC activity in addition to GAD activity (35).

Production and purification of the recombinant TK1814
protein. The TK1814 gene was overexpressed in E. coli, and a
soluble protein was obtained. The protein was purified by heat
treatment, followed by anion-exchange chromatography and gel
filtration chromatography. After gel filtration, we observed two
peaks that each contained a single band with a molecular mass
corresponding to that of the TK1814 protein calculated from its
primary structure (42,543 Da) (see Fig. S2 in the supplemental
material). Gel filtration revealed that the two peaks corresponded
to a dimeric and a hexameric form of the enzyme at a ratio of 7:3.
When we performed gel filtration without PLP, this ratio did not
change. When we subjected a dimeric or hexameric fraction of the
enzyme to a second gel filtration step, we did not observe a change
in the oligomeric state. The oligomeric forms of the enzyme seem
to be relatively stable and do not change their state at room tem-

perature for at least 1 h. The two fractions were individually ex-
amined for GAD and ADC activity.

Basic enzymatic properties of the TK1814 protein. GAD and
ADC activity was measured at 85°C. The expected products,
GABA and �-alanine, were derivatized with fluorescamine and
quantified by HPLC. Both the dimeric and the hexameric enzymes
showed GAD and ADC activity, with higher activity levels ob-
served with the dimeric protein (Fig. 3). Both forms displayed
higher activity levels with Asp than with Glu. The enzyme reaction
was dependent on PLP. When PLP was not added to the reaction
mixtures, enzyme activities of both the dimeric and the hexameric
enzymes decreased to approximately 30% compared to those in
the presence of PLP. The retained activity is most likely due to the
incorporation of PLP into the enzyme during its production in E.
coli and/or the purification steps, as the cell extract already dis-
played a yellow color, and PLP was added to the buffers through-
out the purification process. Furthermore, when hydroxylamine,
a compound known to inhibit PLP-dependent enzymes, was
added, activity was completely abolished (data not shown).

As activity levels were higher, further examination of the en-
zyme was carried out on the dimeric protein. We next examined
the effect of pH on the reaction and observed high activity at
neutral pH, with a maximum at pH 8.0 in 50 mM Bicine-NaOH
buffer (see Fig. S3 in the supplemental material). In terms of tem-
perature, the recombinant TK1814 protein showed the highest
level of activity at 85°C (Fig. 4A). An Arrhenius plot of the data
showed linearity between 65°C and 85°C (Fig. 4B), and the acti-
vation energy of the reaction was calculated to be 124 kJ mol�1.
Thermostability of the TK1814 protein was examined by incubat-
ing the protein at 80°C and 90°C for various periods of time and by
measuring residual activity. Half-lives of the protein at 80°C and
90°C were 10 h and 5.5 h, respectively.

Kinetic examinations. Kinetic studies of GAD and ADC activ-
ities were performed by measuring initial velocities in the presence
of various concentrations of Glu or Asp. The kinetics toward both
amino acids followed Michaelis-Menten kinetics (Fig. 5). The ob-
tained parameters are shown in Table 1. The kcat/Km value with
Asp was much higher than that with Glu, suggesting that Asp is the
preferred substrate of the TK1814 protein.

Gene disruption of TK1814. In order to examine the physio-
logical roles of the ADC and GAD activities of TK1814 in T. koda-
karensis, we constructed a gene disruption strain and compared its
phenotype with that of the host strain, T. kodakarensis KUW1. The
disruption plasmid was designed so that gene disruption would
occur via single-crossover insertion of the plasmid, followed by
pop-out recombination. Cells that had undergone single-cross-

FIG 3 Examination of decarboxylase activity toward Glu and Asp. Shown are
activities of the dimeric and hexameric proteins toward Glu and Asp. Reac-
tions were performed at 85°C in the presence of 0.2 mM or 0.4 mM Glu or Asp
and 0.25 mM PLP. All measurements were carried out in triplicate.

FIG 4 Effects of temperature on the aspartate decarboxylase activity of the TK1814 protein. (A) Effects of temperature on aspartate decarboxylase activity. (B)
Arrhenius plot of the data shown in panel A.
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over insertion were enriched by cultivating the transformants in a
uracil-free medium, and cells that had further undergone pop-out
recombination were selected on solid, nutrient-rich media that
included 5-FOA (see Fig. S4A in the supplemental material). PCR
analysis and DNA sequencing of the genomic DNA confirmed
that the transformant contained a disrupted TK1814 gene (see Fig.
S4B in the supplemental material).

Growth characteristics of the gene disruption strain of
TK1814. The TK1814 gene disruption strain (�TK1814) and its
host strain, KUW1, were grown in ASW-AA-S0 medium (Fig. 6).
We found that the �TK1814 strain did not show growth for 24 h,
suggesting that the ADC and/or GAD activities of TK1814 were
essential for growth in this medium. When exogenous �-alanine,
the product of ADC activity, was added to the medium, the growth
defects were almost fully recovered. In contrast, the addition of
GABA, the product of GAD activity, did not complement TK1814
disruption at all. These results strongly suggest that, at least under
the growth conditions applied in this study, the function of
TK1814 that is important for T. kodakarensis is its ADC activity
and not its GAD activity. We also found that the addition of CoA
restores growth of the TK1814 gene disruption strain. This sug-
gests that the �-alanine generated by TK1814 is utilized mainly for
CoA biosynthesis. Furthermore, we examined the effects of add-
ing pantoate, 4-phosphopantoate, 4=-phosphopantothenate, and
pantothenate to the medium. As expected, addition of pantoate
and 4-phosphopantoate, metabolites upstream of the �-alanine-
utilizing PPS reaction, did not restore the growth of the �TK1814
strain in ASW-AA-S0 medium (optical density at 660 nm [OD660]
values were 0.011 and 0.009, respectively, at 24 h). On the other
hand, the addition of 4=-phosphopantothenate, the product of the
PPS reaction, restored growth of the �TK1814 strain (OD660 �
0.083 at 24 h). To our surprise, the addition of pantothenate also
supported a low but detectable level of growth (OD660 � 0.037).

This raises the possibility that pantothenate may be hydrolyzed in
T. kodakarensis, providing low levels of �-alanine for use in the
PPS reaction. The growth recovery with �-alanine, 4=-phospho-
pantothenate, and CoA, but not with pantoate and 4-phospho-
pantoate, clearly indicates the involvement of TK1814 in �-ala-
nine/CoA biosynthesis.

DISCUSSION

In this study, we have carried out detailed biochemical and genetic
analyses of an archaeal GAD homolog encoded by TK1814 in T.
kodakarensis. Kinetic analyses revealed that the kcat/Km value with
Asp was much higher than that with Glu. This indicates that GAD
from T. kodakarensis preferentially utilizes Asp. This was not sur-
prising, as ADC activity, along with GAD activity, was also found
in the GAD homolog of the closely related organism P. horikoshii
(35). However, the differences in kcat/Km were much more striking
in the case of the TK1814 protein. The ratios of the kcat/Km for Asp
to the kcat/Km for Glu were 18.9 for the enzyme from T. kodakar-
ensis and 4.2 for the enzyme from P. horikoshii (35). The most
important findings of this study were obtained from genetic stud-
ies: (i) the �TK1814 strain displayed �-alanine auxotrophy, and
(ii) the addition of GABA could not restore growth, whereas (iii)
the addition of CoA relieved the growth defects. The results indi-
cate that (i) the important function of TK1814 is its ADC activity
in supplying �-alanine, (ii) GAD activity is most likely irrelevant
in vivo or at least is not important for growth in the media applied
here, and (iii) the requirement for �-alanine formation is mainly
for CoA biosynthesis. We cannot exclude the possibility that ex-
ogenous CoA is degraded to supply �-alanine for other purposes
in T. kodakarensis, but this is unlikely, as we do not find any other
metabolic pathways predicted to utilize �-alanine.

As described above, the majority of archaea do not possess
homologs of bacterial ADC, and genes with notable similarity to
those encoding enzymes of the pyrimidine degradation pathway
and the polyamine oxidation pathway do not seem to be present in
archaea. As the TK1814 disruption strain could not grow in the
absence of exogenous �-alanine, this suggests that TK1814 is the
major supplier of �-alanine in T. kodakarensis and that other
routes are not present or at least do not have the capacity to sup-
port growth.

Homologs of TK1814, although with various degrees of iden-
tity, can be found throughout most of the Euryarchaeota (see Ta-

TABLE 1 Kinetic parameters of TK1814a

Substrate

Mean Vmax

(
mol min�1

mg�1)  SD
Mean Km

(mM)  SD
Mean kcat

(s�1)  SD
kcat/Km

(mM�1 s�1)

Aspartate 1.13  0.04 0.47  0.04 0.80  0.03 1.70
Glutamate 0.26  0.05 1.92  0.50 0.18  0.04 0.09
a ADC and GAD activities with various concentrations of Asp or Glu were measured in
the presence of 0.25 mM PLP. Values are means  standard deviations or ratios.

FIG 6 Growth characteristics of T. kodakarensis KUW1 and the �TK1814
strain. Cells were cultivated in ASW-AA-S0 medium with uracil at 85°C. Sym-
bols: closed circles, KUW1; open circles, the �TK1814 strain; closed squares,
the ���1814 strain with 1 mM CoA; open squares, the �TK1814 strain with
0.1 mM �-alanine; diamonds, the �TK1814 strain with 1 mM GABA.

FIG 5 Kinetic studies of the TK1814 protein. Shown are initial velocities of the
glutamate/aspartate decarboxylase reactions with various concentrations of
Glu/Asp and 0.25 mM PLP. Symbols: circles, Asp; triangles, Glu.
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ble S1 in the supplemental material). Those from members of the
Thermococcales can be expected to exhibit ADC activity, as even
the most distantly related protein, from Pyrococcus furiosus, is 71%
identical to the TK1814 protein. Homologs from Methanocaldo-
coccus jannaschii (42% identical), Methanothermobacter thermau-
totrophicus (46%), Methanosarcina acetivorans (41%), Halobacte-
rium salinarum (37%), and Haloferax volcanii (39%) also display
considerable similarity, and taking into account the absence of
alternative routes, this suggests that these proteins may also func-
tion as ADCs in supplying �-alanine. Several intriguing points in
the distribution of the TK1814 homologs indicate that they do
function as ADCs in Euryarchaeota. There is only one genome
from halophilic archaea, that from Haloquadratum walsbyi, that
does not harbor a TK1814 homolog (see Table S1 in the supple-
mental material). Coincidentally, this genome is the only one
among the halophiles (and Euryarchaeota) that harbors an ADC
homolog. Another point is that among the Thermoplasmatales,
which do not utilize the PoK/PPS system for conversion of pan-
toate to 4=-phosphopantothenate, two species, Ferroplasma aci-
darmanus and P. torridus, harbor a PanK homolog, suggesting that

they utilize a PS/PanK system, similarly to bacteria and eukaryotes
(12). Thermoplasma acidophilum and Thermoplasma volcanium
do not harbor any genes structurally related to PS, PanK, PoK, or
PPS, raising the possibility that these two organisms cannot syn-
thesize 4=-phosphopantothenate. Correlating with this, TK1814
homologs are found only on the genomes F. acidarmanus and P.
torridus (see Table S1 in the supplemental material), suggesting a
relationship of these homologs to CoA biosynthesis.

We aligned the sequences of 16 representative archaeal GAD
homologs and the mammalian GADs and were able to identify
highly conserved residues. There were 27 residues conserved
among the archaeal homologs, among which 14 had reactive side
chains (Cys, Asp, Glu, His, Lys, Arg, Ser, and Thr). Among these
14 residues, 9 residues (Glu68, His121, Lys126, Asp175, His192,
Asp194, His230, Lys231, and Thr273 in the TK1814 protein) were
also found in mammalian GADs. These residues correspond to
Glu217, His282, Lys287, Asp345, His362, Asp364, His395, Lys396,
and Thr439 in human GAD65. His282 is known to participate in
PLP binding (42). All residues conserved in both archaeal GAD
homologs and mammalian GADs were also conserved in GADL1.

FIG 7 Diagram illustrating the first four enzyme reactions in CoA biosynthesis in T. kodakarensis in comparison with those in bacteria and eukaryotes. The first
four enzyme reactions of the archaeal CoA biosynthesis pathway in T. kodakarensis, catalyzed by KPHMT, KPR, PoK, and PPS, are shown on the left. Inhibition
of archaeal KPR and bacterial/eukaryotic PanK by CoA is indicated. In bacteria and eukaryotes, �-alanine is synthesized by either the direct decarboxylation of
Asp, the degradation of uracil, or the oxidation of polyamines. In archaea, �-alanine is synthesized by the archaeal ADC identified in this study, which is a GAD
homolog.
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The 5 residues found only in the archaeal homologs are Asp57,
Thr93, Glu94, Asp228, and His364 in the TK1814 protein and may
be involved in its ADC activity. However, residues specifically
conserved in the archaeal sequences were not found in GADL1,
making it difficult to identify residues involved in the distinct
substrate specificities of these enzymes.

One point that requires further consideration is the metabolic
fate of GABA, generated by the GAD activity of the TK1814 pro-
tein. This is more so the case in P. horikoshii, as the GAD homolog
displays relatively higher levels of activity toward Glu. As the ad-
dition of �-alanine fully restored the growth of the TK1814 dis-
ruption strain, the GAD activity of TK1814 does not seem to be
necessary in T. kodakarensis. Asp concentrations have been re-
ported to be much higher than those of Glu in T. kodakarensis cells
(43), and considering the catalytic efficiencies of the TK1814 pro-
tein, GABA production can be considered limited. In bacteria and
eukaryotes, GABA is converted to succinate semialdehyde and
succinate via GABA-AT and SSADH, respectively (26–28, 44). T.
kodakarensis harbors two homologs of GABA-AT, while P. horiko-
shii harbors four. However, the only gene that displays homology
with SSADH in T. kodakarensis has been shown not to display
SSADH activity (45), and no homolog is found in P. horikoshii.
There may be an unidentified enzyme in these organisms that
converts succinate semialdehyde to succinyl-CoA, which can be
utilized for ATP synthesis (46), or an oxidoreductase that would
extract reducing equivalents through the conversion of succinate
semialdehyde to succinate. For Sulfolobus solfataricus, it has been
reported that SSO1629 and SSO1842 show SSADH activities (47).
As two GABA-AT homologs are also present in this archaeon,
there may be a route to convert GABA to succinate, which can
then be utilized by the TCA cycle that is present in this archaeon.

In Fig. 7, we summarize what is known regarding CoA biosyn-
thesis in T. kodakarensis. PoK and PPS function to convert pan-
toate to 4=-phosphopantothenate instead of the classical PS and
PanK utilized in bacteria and eukaryotes (10). The first four en-
zymes (KPHMT, KPR, PoK, and PPS) have been biochemically
examined (8, 9, 13). KPHMT, PoK, and PPS are not inhibited by
CoA/acetyl-CoA, whereas KPR is dramatically inhibited, indicat-
ing that KPR is the target of feedback inhibition and is involved in
the regulation of CoA biosynthesis in T. kodakarensis (8, 9, 13). In
this study, we have further clarified that TK1814 is responsible for
�-alanine biosynthesis.
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