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Amino acid catabolism in Thermococcales is presumed to proceed via three steps: oxidative deamination of amino acids by gluta-
mate dehydrogenase (GDH) or aminotransferases, oxidative decarboxylation by 2-oxoacid:ferredoxin oxidoreductases (KOR),
and hydrolysis of acyl-coenzyme A (CoA) by ADP-forming acyl-CoA synthetases (ACS). Here, we performed a genetic examina-
tion of enzymes involved in Glu catabolism in Thermococcus kodakarensis. Examination of amino acid dehydrogenase activities
in cell extracts of T. kodakarensis KUW1 (�pyrF �trpE) revealed high NADP-dependent GDH activity, along with lower levels of
NAD-dependent activity. NADP-dependent activities toward Gln/Ala/Val/Cys and an NAD-dependent threonine dehydrogenase
activity were also detected. In KGDH1, a gene disruption strain of T. kodakarensis GDH (Tk-GDH), only threonine dehydroge-
nase activity was detected, indicating that all other activities were dependent on Tk-GDH. KGDH1 could not grow in a medium
in which growth was dependent on amino acid catabolism, implying that Tk-GDH is the only enzyme that can discharge the elec-
trons (to NADP�/NAD�) released from amino acids in their oxidation to 2-oxoacids. In a medium containing excess pyruvate,
KGDH1 displayed normal growth, but higher degrees of amino acid catabolism were observed compared to those for KUW1,
suggesting that Tk-GDH functions to suppress amino acid oxidation and plays an anabolic role under this condition. We further
constructed disruption strains of 2-oxoglutarate:ferredoxin oxidoreductase and succinyl-CoA synthetase. The two strains dis-
played growth defects in both media compared to KUW1. Succinate generation was not observed in these strains, indicating that
the two enzymes are solely responsible for Glu catabolism among the multiple KOR and ACS enzymes in T. kodakarensis.

Among the archaea, members of the Thermococcales are anaer-
obic heterotrophs that utilize a wide range of organic com-

pounds, including amino acids, a variety of sugars, and organic
acids such as pyruvate. When available, they use elemental sulfur
as the terminal electron acceptor and are also capable of hydrogen
fermentation (1, 2). Extensive research has been carried out on the
metabolism of these organisms, and unique enzymes and path-
ways have been discovered (3–5).

In terms of amino acid catabolism in Thermococcales, bio-
chemical examinations have been carried out on a number of
enzymes, including glutamate dehydrogenase (GDH), amino acid:2-
oxoacid aminotransferase (AT), 2-oxoacid (2-ketoacid):ferre-
doxin oxidoreductase (KOR), and NDP-forming acyl-coenzyme
A (CoA) synthetase (ACS). Based on these studies, amino acid
catabolism in Thermococcales is presumed to proceed via three
steps (6): (i) the oxidative deamination of amino acids, resulting
in the formation of 2-oxoacids (catalyzed by GDH or AT), (ii)
oxidative decarboxylation of 2-oxoacids to their corresponding
acyl-CoAs (catalyzed by KOR), and (iii) hydrolysis of acyl-CoA
coupled to substrate-level phosphorylation (catalyzed by ACS)
(Fig. 1).

GDH is considered to play a central role in metabolism, as it is
one of the most abundant proteins in Thermococcales cells, ex-
ceeding 10% of total cytoplasmic protein in the case of P. furiosus
and T. kodakarensis (7, 8). In general, the Thermococcales GDHs
are hexamers and accept both NAD and NADP as electron carri-
ers, mostly with a preference for NADP (7–17). Concerning the
ATs, a number of enzymes with different substrate specificities
have been examined, including alanine aminotransferases

(AlaAT) (18), aspartate aminotransferases (AspAT) (19), aro-
matic aminotransferases (AroAT) (19–22), and alanine:glyoxylate
aminotransferases (23).

After the initial oxidative deamination of amino acids, the re-
sulting 2-oxoacids are converted to acyl-CoA via the function of
CoA-dependent KORs (6). KORs consist of four subunits (�, �, �,
and �) or their fusion proteins, and multiple KOR gene clusters are
present on the genomes of Thermococcales. Extensive examina-
tions of the individual KORs from P. furiosus and/or T. litoralis
have been performed by the group of Michael Adams, revealing
the substrate preferences of four KORs. Studies have also been
performed on enzymes from T. kodakarensis and T. profundus.
Pyruvate:ferredoxin oxidoreductase (POR) is active toward the
2-oxoacids generated from Ala (pyruvate) and, to a lesser extent,
Leu (24–28). 2-Oxoisovalerate:ferredoxin oxidoreductase (VOR)
prefers 2-oxoacids generated from a relatively wide range of hy-
drophobic amino acids (29, 30). Indolepyruvate:ferredoxin oxi-
doreductase (IOR) recognizes 2-oxoacids deriving from aromatic
amino acids (31–33), and 2-oxoglutarate:ferredoxin oxidoreduc-
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tase (OGOR or KGOR) is relatively specific for 2-oxoglutarate
generated from Glu (34). In addition, the genome sequences sug-
gest the presence of a fifth KOR (XOR) in Thermococcales (6),
which is, at present, still uncharacterized and whose substrate
specificity is unknown.

The final reaction, which is the hydrolysis of acyl-CoA coupled
to substrate-level phosphorylation, is catalyzed by ADP-forming
acyl-CoA synthetases (35–39). These enzymes are tetrameric en-
zymes consisting of two distinct � and � subunits (�2�2). Five �
subunit homologs and two � subunit homologs are found on all of
the sequenced genomes of Pyrococcus and Thermococcus species,
with the � subunit presumed to be responsible for specificity to-
ward the acyl moiety (40). Among the five � subunits, two have
been designated to be components of acetyl-CoA synthetases I and
II (ACS I and II), based on studies of the enzymes from P. furiosus
(35, 37, 41, 42). ACS I and II exhibit activity not only toward
acetyl-CoA but also toward branched-chain acyl-CoAs. ACS II
displays further activity toward aryl-CoAs (37). A third � subunit
(TK1880) from T. kodakarensis, along with a � subunit, forms an
acyl-CoA synthetase with a strict preference for succinyl-CoA, and
it has been designated succinyl-CoA synthetase (SCS) (40). The
substrate specificities of the remaining two members of the ACSs
have not been published.

In this study, we have carried out a genetic examination of the
three major enzymes considered to be involved in Glu catabolism,
GDH, OGOR, and SCS. The GDH from T. kodakarensis (Tk-
GDH) is shown to be the only relevant amino acid dehydrogenase
in this organism involved in amino acid catabolism. Our results
also indicate that OGOR and SCS are the only relevant KOR and
ACS, respectively, involved in the conversion of Glu to succinate.

MATERIALS AND METHODS
Strains and culture conditions. Routine cultivation of T. kodakarensis
KOD1 (43–45) and mutant strains (Table 1) was performed under anaer-
obic conditions at 85°C in a nutrient-rich medium (ASW-YT) or a syn-
thetic medium (ASW-AA). ASW-YT medium was composed of 0.8� ar-
tificial seawater (ASW), 5.0 g liter�1 yeast extract, and 5.0 g liter�1

tryptone. Sodium pyruvate (5 g liter�1) and elemental sulfur (2 g liter�1)
were supplemented prior to inoculation to prepare ASW-YT-Pyr and

FIG 1 Illustration of the enzymes presumed to be involved in amino acid catabolism in T. kodakarensis. ACS, ADP-forming acyl-CoA synthetase; AT, amino acid
aminotransferase; GDH, glutamate dehydrogenase; KOR, 2-oxoacid:ferredoxin oxidoreductase; OGOR, 2-oxoglutarate:ferredoxin oxidoreductase; SCS, ADP-
forming succinyl-CoA synthetase.

TABLE 1 Strains and plasmids used for this study

Strain or plasmid Relevant characteristics
Source or
reference

T. kodakaraensis
KOD1 Wild type 43, 45
KU216 �pyrF 49
KUW1 KU216 �trpE 49
KGDH1 KUW1 �gdh This study
KGDH1C KGDH1 pLC64-gdh This study
KOGOR1 KU216 �ogor This study
KSCS1 KU216 �scs This study

Plasmids
pUD3 pUC118 (TaKaRa) derivative; pyrF marker

cassette (PpyrF::pyrF)
48

pUD3-�gdh pUD3 derivative; �gdh This study
pUD3-�ogor pUD3 derivative; �ogor This study
pUD3-�scs pUD3 derivative; �scs This study
pLC64 trpE 50
pLC64-gdh pLC64 derivative; gdh expression cassette

(Pgdh::gdh::Tgdh)
This study
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ASW-YT-S0 medium, respectively. The composition of ASW-AA me-
dium is described elsewhere (46, 47). In all liquid media, resazurin sodium
salt (0.5 mg liter�1) was added as an oxygen indicator, and 5.0% Na2S ·
9H2O was added until the medium became colorless. In the case of plate
culture, Gelrite (10 g liter�1) was added to solidify ASW-YT medium.
Specific modifications of the medium to select individual mutant strains
are described below. Escherichia coli strain DH5�, used for plasmid con-
struction and amplification, was cultivated at 37°C in LB medium (5 g
liter�1 yeast extract, 10 g liter�1 tryptone, 10 g liter�1 NaCl) containing
ampicillin (100 mg liter�1). Unless mentioned otherwise, all components
were purchased from Wako Pure Chemical Industries (Osaka, Japan) or
Nacalai Tesque (Kyoto, Japan).

Disruption of the GDH, OGOR, and SCS genes. In disrupting the
Tk-GDH (TK1431) gene, the entire coding region, along with 87 bp of
the 5=-flanking region and 85 bp of the 3=-flanking region, was deleted. In
the case of OGOR (�:TK1125, �:TK1124, �:TK1123, �:TK1131), as the
genes were clustered with other genes, a region starting from base number
109 of TK1125 and ending in base number 435 of TK1123 was deleted. In
the case of SCS (�:TK1880, �:TK0943), the entire coding region of
TK1880 was deleted. Each region we intended to disrupt was amplified
along with their 5=- and 3=-flanking regions (984 to 1,100 bp each) from T.
kodakarensis KOD1 genomic DNA using the primer sets Dgdh-F1/Dgdh-
R1, Dogor-F1/Dogor-R1, and Dscs-F1/Dscs-R1, (see Table S1 in the sup-
plemental material). The fragments were inserted into the multiple clon-
ing site of plasmid pUD3, which derives from pUC118 and harbors the
pyrF gene of T. kodakarensis inserted in the ApaI site (48). In order to
remove the regions to be deleted, inverse PCR was performed on the three
plasmids with the corresponding primer sets Dgdh-F2/Dgdh-R2, Dogor-
F2/Dogor-R2, and Dscs-F2/Dscs-R2, followed by self-ligation. The se-
quences of the inserted regions were confirmed for the absence of unin-
tended mutations, and the plasmids were introduced into T. kodakarensis
KUW1 (�pyrF �trpE) for Tk-GDH disruption and KU216 (�pyrF) for
OGOR and SCS disruption. Restriction and modification enzymes were
purchased from Toyobo (Osaka, Japan) and TaKaRa (Otsu, Japan). Plas-
mid DNA was isolated with Quantum Prep from Bio-Rad (Hercules, CA).
KOD plus (Toyobo) was used as a polymerase for PCR, and a Wizard SV
gel and PCR clean-up system (Promega, Tokyo, Japan) was used to re-
cover DNA fragments from agarose gels after electrophoresis. DNA se-
quencing was performed using a BigDye Terminator cycle sequencing kit,
version 3.1, and a model 3130 capillary DNA sequencer (Applied Biosys-
tems, Foster City, CA).

Transformation of T. kodakarensis KUW1 and KU216 (49) was per-
formed as follows. Cells grown in ASW-YT-S0 until the late log phase were
harvested, washed, resuspended in 200 �l of 0.8� ASW, and kept on ice
for 30 min. After treatment with 3.0 �g of plasmid DNA and further
incubation on ice for 1 h, cells were cultivated in ASW-AA medium (with-
out uracil) with elemental sulfur for 2 to 5 days at 85°C. Cells were con-
secutively cultivated under the same conditions to enrich the desired
transformants that display uracil prototrophy. Cells were then spread
onto ASW-YT solid medium supplemented with 5-fluoroorotic acid (5-
FOA; 10 g liter�1) and 60 mM NaOH. For Tk-GDH disruption, amycol (5
g liter�1), a mixture of maltooligosaccharides (Nippon Starch Chemical,
Osaka, Japan), was further added to the medium. For OGOR and SCS
disruption, sodium pyruvate (5 g liter�1), 0.2% (vol/vol) polysulfide so-
lution, and sodium glutamate (1 g liter�1) were further added. Only cells
that have undergone a second recombination that removes the pyrF gene
can grow in the presence of 5-FOA. Cells were grown for 2 days at 85°C for
colony formation, and transformants were isolated and cultivated in
ASW-YT medium supplemented with amycol (Tk-GDH disruption) or in
ASW-YT-S0 (OGOR and SCS disruption). The genotypes of the transfor-
mants were analyzed by PCR using primer set Dgdh-F3/Dgdh-R3, Dogor-
F3/Dogor-R3, or Dscs-F3/Dscs-R3. Transformants whose amplified DNA
products displayed the expected size were chosen, and relevant sequences
were confirmed. The strains were designated T. kodakarensis KGDH1,
KOGOR1, and KSCS1, respectively.

Introduction of the GDH gene. In order to reintroduce the Tk-GDH
gene into strain KGDH1, a Tk-GDH expression cassette was inserted into
the autonomously replicating plasmid pLC64, which harbors a trpE gene
for selection (50). The plasmid was a kind gift from Thomas Santangelo
and John Reeve at Ohio State University. The entire coding region of the
Tk-GDH gene, along with 400 bp of 5=-flanking region and 110 bp of
3=-flanking region, was amplified from T. kodakarensis genomic DNA
with the primer set Egdh-F1/Egdh-R1. This fragment was inserted in the
EcoRV site of pLC64, resulting in the plasmid pLC64-gdh, and sequenced.
Transformation of KGDH1 with pLC64-gdh was performed as follows.
Cells at the late log phase were harvested, resuspended in 200 �l of 0.8�
ASW, and kept on ice for 30 min. After addition of 3.0 �g plasmid and
further incubation on ice for 1 h, the samples were incubated for 1 min at
85°C. After incubating on ice for 15 min, cells were cultivated in ASW-AA
medium with 2 g liter�1 elemental sulfur and 10 �g ml�1 uracil but
without Trp for 5 days at 85°C in order to enrich cells displaying Trp
prototrophy. Cells were subsequently spread onto ASW-YT plate medium
supplemented with 0.2% (vol/vol) polysulfide solution. After cultivation
for 2 days at 85°C, transformants were isolated and cultivated in ASW-
YT-S0 medium. The presence of the plasmid in the transformants was
confirmed by PCR using the primer set Egdh-F2/Egdh-R2, and one trans-
formant, designated T. kodakarensis KGDH1C, was chosen for further
analysis.

Activity measurements of amino acid dehydrogenase in cell extracts
of T. kodakarensis. Amino acid dehydrogenase activity was examined in
the direction of amino acid oxidation [amino acid 	 NAD(P)	 ¡
2-oxoacid 	 NAD(P)H 	 NH3] (8). The generation rate of NAD(P)H
was measured by monitoring the increase in absorbance at 340 nm. Mea-
surements were performed at 80°C with a UV-1650PC spectrophotome-
ter (Shimadzu, Kyoto, Japan) equipped with a thermal control unit. Re-
action mixtures contained 10 mM each amino acid, 1 mM NAD	 or
NADP	 (Oriental Yeast, Tokyo, Japan), and cell extracts of T. kodakar-
ensis (10 or 100 �g ml�1) in 100 mM sodium phosphate (pH 8.0). Due to
low solubility, Tyr was examined at a concentration of 1 mM. Reactions
were initiated by the addition of the cell extracts. In order to obtain cell
extracts, T. kodakarensis KUW1, KGDH1, and KGDH1C cells were culti-
vated in ASW-YT-S0 or ASW-YT-Pyr media. After harvesting, cells were
suspended in 50 mM Tris-HCl buffer (pH 7.5), sonicated, and centrifuged
(20,000 � g, 15 min). The supernatant was ultrafiltrated with 50 mM
Tris-HCl buffer (pH 7.5) using an Amicon Ultra-4 Centrifugal Filter Unit
10K (Millipore, Bedford, MA) in order to remove low-molecular-weight
compounds, such as amino acids. Protein concentrations were deter-
mined using a protein assay kit (Bio-Rad) with bovine serum albumin as
a standard.

Analyses of metabolites in the growth medium. T. kodakarensis
KUW1, KGDH1, KOGOR1, and KSCS1 cells were cultivated in ASW-YT-
Pyr media at 85°C. After 4 and 8 h, aliquots of the cultures were taken,
cooled on ice, and centrifuged (17,000 � g, 5 min, 4°C). The supernatants
were filtered with USY-1 disposable ultrafilter units (Advantec, Tokyo,
Japan). In analyses of amino acids, 10-�l aliquots were applied to a Shim-
pack Amino-Li column (100 by 6.0 mm; Shimadzu) at 39°C. The mobile
phase was a gradient of 7% 2-methoxyethanol in 50 mM lithium citrate
buffer (pH 2.6) and 100 mM lithium citrate buffer (pH 10) at a flow rate
of 0.6 ml min�1. Amino acids were subjected to postcolumn derivatiza-
tion using o-phthalaldehyde and detected with a fluorescence detector
(RF-10AXL; Shimadzu) with excitation and emission wavelengths of 350
and 450 nm, respectively. For analyses of organic acids, 50-�l aliquots
were applied to two consecutive Shim-pack SCR-102H (300 by 8 mm)
columns at 45°C. The mobile phase was 5 mM p-toluenesulfonic acid at a
flow rate of 0.8 ml min�1. An electric conductivity detector (CDD-6A;
Shimadzu) was used for detection.

Thermostabilities of metabolites. For Glu, Ala, Val, Leu, pyruvate,
succinate, and acetate, whose concentrations in the medium could clearly
be quantified by high-performance liquid chromatography (HPLC) with
the methods described above, thermal degradation was measured after 4
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and 8 h of incubation of the medium at 85°C. For 2-oxoglutarate, a re-
ductive GDH reaction was applied. 2-Oxoglutaric acid (2 mM) was incu-
bated at 85°C in 200 mM sodium phosphate buffer (pH 7.0). After cooling
on ice, a 50-�l aliquot was added into 950 �l of a GDH reaction mixture
consisting of 0.2 mM NADPH (Oriental Yeast), 5 mM NH4Cl, and 12 U
L-glutamic dehydrogenase from bovine liver (Sigma-Aldrich, St. Louis,
MO) in 200 mM sodium phosphate buffer (pH 7.0). The mixture was
incubated at 25°C, and the amount of 2-oxoglutarate was determined
spectrophotometrically at 340 nm. For succinyl-CoA, the hydroxamate
method was applied (40, 51). After incubation of 10 mM succinyl-CoA at
85°C in 200 mM sodium phosphate buffer (pH 7.0), a 100-�l aliquot was
mixed with 250 �l of 50 mM hydroxylamine and incubated for 30 min at
room temperature. After the reaction, 200 �l of 20% trichloroacetic acid
and 150 �l of 1 M FeCl3 were added to the mixture, and formation of the
iron succinohydroxymate complex derived from succinyl-CoA was deter-
mined spectrophotometrically at 520 nm.

RESULTS
Examination of amino acid dehydrogenase activities in T. koda-
karensis. We first examined whether there were any other amino
acid dehydrogenase activities in the cell extracts of T. kodakarensis
in addition to GDH. Cells were grown in ASW-YT-S0 and ASW-
YT-Pyr. Cell growth in the former medium can be considered to
be dependent on amino acid catabolism, whereas the metabolism
of pyruvate, a 2-oxoacid, is dominant in the latter medium. NAD	

and NADP	 were used as electron acceptors. As expected, high
levels of dehydrogenase activity toward Glu were observed in the
extracts of cells grown in ASW-YT-S0 (see Table S2 in the supple-
mental material). NADP	-dependent activity was three orders of
magnitude higher than that with NAD	. Similar levels of activity
were also observed in ASW-YT-Pyr. Concerning other amino ac-
ids, although much lower than the GDH activity, a significant level
of NAD	-dependent threonine dehydrogenase (ThrDH) activity

was observed. We also observed low levels of NADP	-dependent
dehydrogenase activities toward Gln and Cys in both media. In-
terestingly, NADP	-dependent activity toward Ala and Val was
detected only in ASW-YT-Pyr medium. Activities on other amino
acids were not detected.

Gene disruption of the GDH gene. As activity measurements
confirmed that GDH was the major amino acid dehydrogenase in
T. kodakarensis cells, the gdh gene (TK1431) was disrupted, and its
effect on the amino acid metabolism of T. kodakarensis was exam-
ined. T. kodakarensis KUW1 (�pyrF �trpE) was used as the host
strain, and as the gdh gene was not clustered with other genes, the
entire coding region was deleted. By using pyrF as a selection/
counterselection marker, a �gdh strain was selected based on ura-
cil prototrophy and resistance to 5-fluoroorotic acid (see Fig. S1A
in the supplemental material). Gene disruption was confirmed by
PCR (see Fig. S1B) and sequencing, and the strain was designated
T. kodakarensis KGDH1.

KGDH1 cells were grown in ASW-YT-S0 and ASW-YT-Pyr
media. Although high levels of GDH activity were observed in cell
extracts of the host strain KUW1 grown in ASW-YT-Pyr medium
(see Table S2 in the supplemental material), disruption of the gdh
gene did not have effects on cell growth in this medium (Fig. 2). In
contrast, KGDH1 cells could not grow at all in ASW-YT-S0 me-
dium. In order to exclude the possibility that the phenotypic
changes observed in KGDH1 cells were due to polar effects
brought about by gdh disruption, the gdh gene, with its flanking
regions, was inserted into the autonomously replicating plasmid
pLC64, and the plasmid (pLC64-gdh) was introduced into
KGDH1 (see Fig. S1). Cells harboring pLC64-gdh were selected by
Trp prototrophy, and the strain was designated KGDH1C. As ex-
pected, growth in ASW-YT-S0 medium was restored by reintro-

FIG 2 Growth of T. kodakarensis KUW1, KGDH1, and KGDH1C (A and B), as well as KOGOR1 and KSCS1 (C and D), in ASW-YT-S0 (A and C) and
ASW-YT-Pyr (B and D). KUW1, closed circles; KGDH1, open circles; KGDH1C, open diamonds; KOGOR1, open squares; KSCS1, open triangles.
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duction of the gdh gene (Fig. 2), confirming that Tk-GDH is es-
sential for T. kodakarensis to grow on amino acids coupled with
the reduction of elemental sulfur. The absence of Tk-GDH pro-
tein from KGDH1 cells and its presence in KGDH1C cells were
confirmed by SDS-PAGE followed by Coomassie brilliant blue
staining and Western blot analysis using antisera raised against
Tk-GDH (Fig. 3).

As KGDH1 could not grow in ASW-YT-S0, cells were grown in
ASW-YT-Pyr medium, and their cell extracts were examined for
amino acid dehydrogenase activity. Neither NAD	- nor NADP	-
dependent GDH activity could be observed, confirming that the
TK1431 protein was responsible for these activities (see Table S2
in the supplemental material). In addition, the low levels of activ-
ity toward Gln, Ala, Val, and Cys observed in KUW1 cells were not
detected in KGDH1 cells, indicating that these activities were de-
pendent on Tk-GDH. This could be a result of Tk-GDH directly
recognizing these amino acids and/or the coupling of other en-
zymes, such as aminotransferases, with Tk-GDH. When the Tk-
GDH gene was reintroduced into KGDH1, activities toward Glu,
Gln, Ala, Val, and Cys all were restored, further supporting the
involvement of Tk-GDH in these activities. On the contrary, the
NAD	-dependent ThrDH activity was still observed in KGDH1
cells, and we could even observe a slight increase in KGDH1 cells
compared to levels observed in KUW1 cells. This indicates that a
ThrDH activity, which is independent of Tk-GDH, is present in T.
kodakarensis at significant levels. Although low, activity toward
Ser was detected specifically in KGDH1 cells. Interestingly,

ThrDH activity seems to respond to the presence/absence of Tk-
GDH, as the increase observed in KGDH1 cells is no longer ob-
served in KGDH1C cells.

Disruption of genes encoding OGOR and SCS. After the ini-
tial oxidative deamination of Glu by GDH or aminotransferases,
the resulting 2-oxoglutarate is presumed to be converted to suc-
cinyl-CoA via the function of OGOR. The OGOR of P. furiosus is
encoded by PF1771 (�), PF1772 (�), PF1773 (�), and PF1767 (�).
Genes in T. kodakarensis that most resemble the P. furiosus OGOR
genes are �:TK1125, �:TK1124, �:TK1123, and �:TK1131. Succi-
nyl-CoA is further hydrolyzed to succinate and CoA coupled to
substrate-level phosphorylation by the function of SCS. An ACS
that is specific toward succinyl-CoA and encoded by �:TK1880
and �:TK0943 has previously been identified in T. kodakarensis
(40).

In the case of OGOR, a region, starting from base number 109
of TK1125 and ending in base number 435 of TK1123, was deleted
(see Fig. S1 in the supplemental material). The reason the genes
were not deleted in their entirety was that TK1125 and TK1123
overlapped with their adjacent genes, TK1126 and TK1122, re-
spectively, and care was taken not to disturb their transcriptional
termination. In the case of SCS, the gene did not cluster with other
genes, and the entire coding region of TK1880 was deleted from
the genome (see Fig. S1). In both cases, T. kodakarensis KU216 was
used as the host strain, and selection of the gene disruption strains
was performed based on the methods applied for gdh disruption.
The �ogor and �scs strains were designated T. kodakarensis
KOGOR1 and KSCS1, respectively.

The growth characteristics of the strains KOGOR1 and KSCS1
were examined in ASW-YT-S0 and ASW-YT-Pyr media. In ASW-
YT-S0 medium, whereas KGDH1 could not grow at all, KOGOR1
and KSCS1 displayed growth (Fig. 2). The specific growth rates
and final cell yield, however, were lower than those of T. kodaka-
rensis KUW1. This tendency was also observed in ASW-YT-Pyr
medium, with SCS gene disruption leading to slightly greater de-
fects than that of OGOR.

Analyses of consumption and production of metabolites in
the growth medium. In order to gain insight on the involvement
of GDH, OGOR, and SCS in amino acid catabolism, we examined
the consumption of amino acids in the medium and the produc-
tion of the organic acids expected to be formed by amino acid
degradation. The amino acids examined were Glu, Ala, Val, and
Leu, and the corresponding acids were succinate, acetate, isobu-
tyrate, and isovalerate. Pyruvate was also examined, as ASW-YT-
Pyr was used as the growth medium. T. kodakarensis KGDH1,
KOGOR1, KSCS1, and the host cell line KUW1 were grown in
ASW-YT-Pyr, and aliquots of the cultures were taken after 4 and 8
h of growth. All experiments were performed at least in triplicate.
In ASW-YT-Pyr, it can be presumed that pyruvate is directly ca-
tabolized via pyruvate:ferredoxin oxidoreductase and ACS I and
II, generating reduced ferredoxin and ATP. The high concentra-
tions of pyruvate in the medium should also promote the conver-
sion of amino acids to their corresponding 2-oxoacids (coupled to
the formation of Ala from pyruvate) via aminotransferases.

When medium was incubated without cells, the amino acids
and acetate were stable after 4 to 8 h at 85°C with no apparent
decrease in concentration. In the case of pyruvate, however, ther-
mal degradation corresponding to a half-life of 31 
 3 h at 85°C
was observed (Fig. 4). In the case of succinate, its half-life at 85°C
was estimated to be 94 
 7 h. In addition, the thermostability of

FIG 3 SDS-PAGE gel stained with Coomassie brilliant blue (CBB) (upper)
and Western blot analysis using antisera against GDH (lower) to confirm GDH
protein expression in the host strain, the gdh disruption strain KGDH1, and
the gdh disruption strain complemented with pLC64-gdh, strain KGDH1C.
The arrow indicates the position of the GDH protein in T. kodakarensis.
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2-oxoglutarate and succinyl-CoA, the two intermediates involved
in the oxidative catabolism of Glu to succinate, was examined. In
sodium phosphate buffer (pH 7.0) at 85°C, half-lives of 2-oxoglu-
tarate and succinyl-CoA were 300 
 20 h and 89 
 3 s, respec-
tively, revealing a surprisingly high thermostability of 2-oxogluta-
rate and thermolabile nature of succinyl-CoA.

The changes in concentrations of amino acids/organic acids
produced or consumed in the period between 4 and 8 h of culti-
vation of T. kodakarensis KUW1 and the three gene disruption
strains were measured. In the case of host strain KUW1, approx-
imately 14 
 3 mM pyruvate in the medium was consumed be-
tween 4 and 8 h. During this period, an increase in the concentra-
tion of acetate (17 
 2 mM) was observed, as well as an 11 
 0 mM
increase in Ala concentration. If acetate and Ala were generated
solely from pyruvate, the decrease in pyruvate concentration can
be expected to be similar to the sum of acetate and Ala formation.
We cannot identify the specific reason for this discrepancy, but
generation of Ala from peptide components in the tryptone and
pyruvate generation from sugar components in the medium are
likely to have effects on the stoichiometry of pyruvate, acetate, and
Ala in batch cultures. As for the disruption strains, in KGDH1, the
levels of pyruvate consumption and, in particular, acetate gener-
ation were higher than those in KUW1, but the levels of Ala gen-
eration were comparable. This indicates that in the absence of
Tk-GDH, the oxidative degradation of pyruvate is enhanced. In

KOGOR1 and KSCS1, the strains displayed lower extents of Ala/
acetate production and pyruvate consumption than KUW1. This
is due to the lower cell densities of these strains in ASW-YT-Pyr
medium, but the ratios were similar to those observed for KUW1.
On the other hand, changes in Glu metabolism were also ob-
served. The disruption of gdh resulted in an increase in Glu con-
sumption, 0.53 mM consumption in KGDH1 cells compared to
0.12 mM generation in KUW1 cells. An increase in succinate pro-
duction (KGDH1, 0.73 mM generation; KUW1, 0.10 mM gener-
ation) was also observed, indicating that the levels of oxidative
degradation of Glu to succinate increase in the absence of Tk-
GDH. In KOGOR1 and KSCS1, an increase in Glu consumption
was observed, but importantly, the production of succinate was
no longer detectable (Fig. 4). This indicates that OGOR and SCS
are the major 2-oxoacid:ferredoxin oxidoreductase and acyl-CoA
synthetase, respectively, responsible for the breakdown of Glu to
succinate in T. kodakarensis. Interestingly, KGDH1 displayed
higher levels of Val/Leu consumption and isobutyrate/isovalerate
production than KUW1. This indicates that the absence of Tk-
GDH also leads to an increase in the oxidative degradation of
amino acids other than Glu. In KOGOR1 and KSCS1, the oxida-
tive degradation of Val/Leu also increased. Val/Leu consumption
and isobutyrate/isovalerate production levels were equivalent to
or higher than those observed for KUW1 cells, even though the

FIG 4 Consumption or generation of metabolites by T. kodakarensis KUW1, KGDH1, KOGOR1, and KSCS1 grown in ASW-YT-Pyr. Changes in concentration
observed between 4 and 8 h of culture are shown. Positive values indicate generation of the metabolite, and negative values represent consumption. Medium
without cell inoculation (w/o cells) was also examined. All experiments were performed at least in triplicate. The metabolites analyzed in this study are pyruvate,
Ala, and acetate (A) and Glu, succinate, Val, isobutyrate, Leu, and isovalerate (B).
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cell densities of the two mutant strains were lower than that of
KUW1.

DISCUSSION

In this study, the presence/absence of amino acid dehydrogenase
activity in T. kodakarensis toward all 20 amino acids has been
examined. An extremely high level of NADP	-dependent GDH
activity, along with a relatively lower level of NAD	-dependent
GDH activity, was observed. As the TK1431 (Tk-GDH) gene dis-
ruption strain KGDH1 did not display any GDH activity, it is clear
that Tk-GDH is responsible for both activities. Besides activity
toward Glu, we also detected activities with Gln, Ala, Val, and Cys,
but the absence of these activities in KGDH1 strongly suggests that
these are also dependent on Tk-GDH. The activities may be due to
Tk-GDH directly recognizing these amino acids, but they are most
likely the result of coupling of Tk-GDH with an amino acid ami-
notransferase(s). We have observed that transcript levels of
TK1094, encoding alanine aminotransferase, and TK0186, encod-
ing multiple-substrate aminotransferase, increase more than
4-fold in cells grown in ASW-YT-Pyr compared to those grown in
ASW-YT-S0 (unpublished data), which may explain why the de-
hydrogenase activity toward Gln, Ala, Val, and Cys was observed
only in cells grown in ASW-YT-Pyr. The only Tk-GDH-indepen-
dent amino acid dehydrogenase activities present in T. kodakar-
ensis cell extracts were ThrDH activity and serine dehydrogenase
activity. The latter was observed only in KGDH1. It is most likely
that the activities toward Thr/Ser derive from the threonine 3-de-
hydrogenase of T. kodakarensis, encoded by TK0916 (52, 53). The
enzyme has been characterized, has been shown to be dependent
on NAD	, and displays a low level of activity toward Ser. The fact
that the serine dehydrogenase activity was observed only in
KGDH1 cells most likely is due to the increase in ThrDH activity
observed in KGDH1 cells compared to that in KUW1 and
KGDH1C cells. The increase in ThrDH activity in response to
Tk-GDH disruption is intriguing. One possibility is that, although
low compared to NADP	-dependent activity, the NAD	-depen-
dent activity of Tk-GDH is physiologically relevant. Disruption of
Tk-GDH may result in a decrease in NADH generation, and in-
creases in ThrDH activity may reflect a response to compensate
for this decrease. This is of interest, as the enzyme(s) responsible
for NADH generation in T. kodakarensis is still not well under-
stood. As clearly shown in this study, there are no relevant amino
acid dehydrogenase activities, other than the GDH and ThrDH
activities, in T. kodakarensis that are dependent on NAD	.

That KGDH1 cells could not grow in ASW-YT-S0 strongly sug-
gests that Tk-GDH is the only enzyme that can discharge the elec-
trons (to NADP	/NAD	) released from amino acids in their ox-
idation to 2-oxoacids. On the other hand, disruption of Tk-GDH
had no apparent effect on growth in ASW-YT-Pyr medium. How-
ever, when the metabolites in the medium were examined, a sig-
nificant difference in the extent of amino acid catabolism was
observed between KUW1 and KGDH1 cells. Higher concentra-
tions of carboxy acids, such as succinate, isobutyrate, and isovaler-
ate, were generated during growth. This suggests that when cells
are grown in ASW-YT-Pyr medium, Tk-GDH plays an anabolic
role, converting 2-oxoacids to amino acids. In this medium, one
can expect that a considerable amount of amino acids are con-
verted to their corresponding 2-oxoacids by the excess levels of
pyruvate via aminotransferases. Under these conditions, Tk-GDH
acts to suppress the oxidation of amino acids. The electrons, or

NADPH, needed to reduce 2-oxoacids may be supplied by the
NADP-dependent cytosolic hydrogenase (Hyh), which can utilize
the molecular hydrogen generated by T. kodakarensis in ASW-YT-
Pyr medium (54, 55). This mechanism does provide an advantage,
as cells would be able to prevent excess consumption of the amino
acid pool and rely more on the oxidation of the excess pyruvate for
reducing equivalents and ATP synthesis. In ASW-YT-Pyr me-
dium, the amount of amino acids in the medium is probably high
enough that KGDH1 cells do not exhibit growth defects in our
experiments.

In terms of OGOR and SCS, disruption of either of these genes
resulted in the abolishment of succinate generation. The results
clearly indicate that OGOR and SCS are the only KOR and ACS
involved in the oxidation of 2-oxoglutarate, respectively. This
provides genetic evidence suggesting that the other KORs and
ACSs of T. kodakarensis are not involved in oxidation of 2-oxo-
glutarate. In particular, there are still two ACSs in T. kodakarensis
that have not been characterized, but the results shown here sug-
gest that they are not involved in oxidation of 2-oxoglutarate. The
results also suggest that the XOR in T. kodakarensis does not func-
tion in Glu catabolism. It is not obvious why KOGOR1 and KSCS1
cells displayed growth defects in ASW-YT-S0 and ASW-YT-Pyr
media. As we have demonstrated that succinyl-CoA is extremely
thermolabile (half-life of 89 
 3 s at 85°C), accumulation of suc-
cinyl-CoA in KSCS1 cells can be expected to lead to a larger por-
tion of this metabolite that is thermally degraded, thus resulting in
a decrease in the efficiency of energy conservation during amino
acid catabolism. In KOGOR1 cells, we can presume that an accu-
mulation of 2-oxoglutarate occurs, as this metabolite is thermo-
stable. Accumulation of 2-oxoglutarate is consistent with the ob-
servation of increases in oxidative degradation of Val and Leu, as
an increase in 2-oxoglutarate levels would promote the oxidation
of these amino acids via aminotransferases. However, this does
not explain why growth is disturbed in KOGOR1 cells. Concern-
ing the growth defects in KSCS1 and KOGOR1 cells, as they were
observed in both ASW-YT-S0 and ASW-YT-Pyr, there may be a
metabolic importance in generating succinyl-CoA and succinate
to exhibit optimal growth.

Taken together with previously reported biochemical studies,
the genetic analyses performed here have revealed the physiolog-
ical importance of GDH, OGOR, and SCS in T. kodakarensis. As
homologs of the genes examined in this study are present in all
members of the Thermococcales and whose genome sequences
have been published, our results most likely apply for many, if not
all, members of the Thermococcales. Based on the genome se-
quence and previous biochemical studies, there are several other
enzymes that may be involved in Glu metabolism in T. kodakar-
ensis. Glutamine synthetase, which has been biochemically char-
acterized (56), is most likely involved in the biosynthesis of Gln
from Glu. Glutamate synthase from T. kodakarensis has also been
characterized (57). The function of this protein, however, will
need further examination, as closely related homologs from Pyro-
coccus species have been demonstrated to exhibit different roles,
such as the electron transfer component of sulfide dehydrogenase
(58, 59). One more gene that should be studied is a putative glu-
tamate decarboxylase gene. Future genetic analysis of these genes
should reveal further aspects of Glu metabolism, particularly the
de novo biosynthetic pathways of Glu/Gln, which is currently un-
known in T. kodakarensis.
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