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Long-chain and/or branched-chain polyamines are unique polycations found in thermophiles. Cytoplasmic
polyamines were analyzed for cells cultivated at various growth temperatures in the hyperthermophilic
archaeon Thermococcus kodakarensis. Spermidine [34] and N4-aminopropylspermine [3(3)43] were identified
as major polyamines at 60°C, and the amounts of N4-aminopropylspermine [3(3)43] increased as the growth
temperature rose. To identify genes involved in polyamine biosynthesis, a gene disruption study was performed.
The open reading frames (ORFs) TK0240, TK0474, and TK0882, annotated as agmatine ureohydrolase
genes, were disrupted. Only the TK0882 gene disruptant showed a growth defect at 85°C and 93°C, and the
growth was partially retrieved by the addition of spermidine. In the TK0882 gene disruptant, agmatine and
N1-aminopropylagmatine accumulated in the cytoplasm. Recombinant TK0882 was purified to homoge-
neity, and its ureohydrolase characteristics were examined. It possessed a 43-fold-higher kcat/Km value for
N1-aminopropylagmatine than for agmatine, suggesting that TK0882 functions mainly as N1-aminopro-
pylagmatine ureohydrolase to produce spermidine. TK0147, annotated as spermidine/spermine synthase,
was also studied. The TK0147 gene disruptant showed a remarkable growth defect at 85°C and 93°C.
Moreover, large amounts of agmatine but smaller amounts of putrescine accumulated in the disruptant.
Purified recombinant TK0147 possessed a 78-fold-higher kcat/Km value for agmatine than for putrescine,
suggesting that TK0147 functions primarily as an aminopropyl transferase to produce N1-aminopropyl-
agmatine. In T. kodakarensis, spermidine is produced mainly from agmatine via N1-aminopropylagmatine.
Furthermore, spermine and N4-aminopropylspermine were detected in the TK0147 disruptant, indicating
that TK0147 does not function to produce spermine and long-chain polyamines.

Polyamines are positively charged aliphatic compounds. Pu-
trescine [4], spermidine [34], and spermine [343] are common
polyamines observed in various living organisms, from viruses
to humans (16). Polyamines, which play important roles in cell
proliferation and cell differentiation (19, 34), are thought to
contribute to adaptation against various stresses (9, 26). In
thermophilic microorganisms, polyamines contribute to growth
under high-temperature conditions. Indeed, in the thermo-
philic bacterium Thermus thermophilus, a mutant strain lacking
the enzyme related to polyamine biosynthesis shows defective
growth at high temperatures (23). Furthermore, thermophilic
archaea and bacteria possess long-chain and branched-chain
polyamines such as N4-aminopropylspermidine [3(3)4], N4-
aminopropylspermine [3(3)43], and N4-bis(aminopropyl)sper-
midine [3(3)(3)4], in addition to common polyamines (11, 13,
14). N4-aminopropylspermine was detected in the cells of ther-

mophiles, such as Saccharococcus thermophilus, thermophilic
Bacillus and Geobacillus spp. (Bacillus caldolyticus, B. caldo-
tenax, B. smithii, Geobacillus stearothermophilus, and G. ther-
mocatenulatus), Caldicellulosiruptor spp. (C. kristjanssonii and
C. owensensis) and Calditerricola spp. (C. satsumensis and C.
yamamurae) (10, 12, 22), but it was not detected in archaea.
These unique polyamines are thought to support the growth of
thermophilic microorganisms under high-temperature condi-
tions. An in vitro study indicated that long-chain and branched-
chain polyamines effectively stabilized DNA and RNA, respec-
tively (32).

Polyamines are synthesized from amino acids such as argi-
nine, ornithine, and methionine (26). In most eukaryotes, pu-
trescine is synthesized directly from ornithine by ornithine
decarboxylase (34). Plants and some bacteria possess addi-
tional or alternative putrescine biosynthesis pathways in which
putrescine is synthesized from arginine via agmatine (18, 31,
35). In this pathway, agmatine is synthesized by arginine de-
carboxylase, and agmatine is converted to putrescine by agma-
tine ureohydrolase or a combination of agmatine iminohydro-
lase and N-carbamoylputrescine amidohydrolase. Longer
polyamines are then produced by the addition of the amino-
propyl group from decarboxylated S-adenosylmethionine. This
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pathway is shown on the left in Fig. 1 (pathway I). On the other
hand, the thermophilic bacterium T. thermophilus possesses a
unique polyamine-biosynthetic pathway (23) in which spermi-
dine is synthesized from agmatine via N1-aminopropyl-
agmatine by aminopropyl transferase followed by ureohydro-
lase, as shown on the right in Fig. 1 (pathway II).

A sulfur-reducing hyperthermophilic archaeon, Thermococ-
cus kodakarensis KOD1, was isolated from Kodakara Island,
Kagoshima, Japan (1, 21). This archaeon grows at tempera-
tures between 60°C and 100°C but optimally at 85°C. Under
low- or high-temperature-stressed conditions, T. kodakarensis
produces cold- or heat-inducible chaperones to adapt to unfa-
vorable growth environments (4, 5, 30). The lipid composition
of the membrane also changes depending on the growth shift
(20). In addition to acting as such tolerance factors, poly-
amines have been suggested to play an important role in
maintaining nucleosomes in high-temperature environments
(15). A complete genome analysis of T. kodakarensis has
been performed, and the pathway of polyamine biosynthesis
has been predicted (Fig. 1) (6, 7). It has been speculated
that putrescine is synthesized from arginine via agmatine by
arginine decarboxylase (PdaDTk) and agmatine ureohydro-
lase. Long- and/or branched-chain polyamines are then pro-

duced by the addition of the aminopropyl group derived
from decarboxylated S-adenosylmethionine. Previously, we
revealed that PdaDTk catalyzed the first step of polyamine
biosynthesis and was essential for cell growth (6). The strain
DAD, which lacks the gene pdaDTk, does not grow in me-
dium without agmatine. Archaeal cells are known to use
agmatine to synthesize agmatidine, which is an agmatine-
conjugated cytidine found at the anticodon wobble position
of archaeal tRNAIle (17). Agmatine is important for agma-
tidine synthesis as well as long-chain polyamine. In the
present study, we focused on the subsequent steps in poly-
amine biosynthesis, especially from agmatine to spermidine.
T. kodakarensis possesses three agmatine ureohydrolase ho-
mologues (TK0240, TK0474, and TK0882); however, it is
unclear which one is dominantly functional in T. kodakaren-
sis cells. In a closely related genus, Pyrococcus, TK0474 and
TK0882 orthologues have been identified, but the TK0240
orthologue is missing in Pyrococcus genomes. In Pyrococcus
horikoshii, PH0083, which is an orthologue of TK0882, was
shown to possess agmatine ureohydrolase activity (8).
TK0882, hence, appears to possess agmatine ureohydrolase
activity as well. It is unclear whether other agmatine ureo-
hydrolase homologues (TK0240 and TK0474) are involved

FIG. 1. Predicted biosynthetic pathway of polyamines in T. kodakarensis. (A) Predicted biosynthetic pathway. Pyruvoyl-dependent arginine
decarboxylase proenzyme (TK0149), arginine/agmatine ureohydrolases (TK0240/TK0474/TK0882), aminopropyl transferase (TK0147), and pyru-
voyl-dependent S-adenosylmethionine decarboxylase proenzyme (TK1592) are shown based on the genome analysis. (B) Structures of unique
polyamines.
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in polyamine synthesis and cell growth in T. kodakarensis. In
addition to agmatine ureohydrolase, aminopropyl trans-
ferase plays a crucial role in the synthesis of polyamines.
TK0147 was annotated first as spermidine synthase and
shares sequence identity with aminopropyl transferase
(PF0127) from Pyrococcus furiosus (3). It is therefore ex-
pected to harbor the function of aminopropyl transferase
for long-chain-polyamine synthesis. Recombinant PF0127
showed broad amine acceptor specificity for agmatine, 1,3-
diaminopropane (3), putrescine, cadaverine (5), sym-nor-
spermidine (33), and spermidine. While maximal catalytic
activity was observed with cadaverine, agmatine was most
often preferred on the basis of the kcat/Km value (3), sug-
gesting that pathway II is a dominant route for polyamine
synthesis in P. furiosus. In the present study, various dis-
ruptants lacking genes for polyamine biosynthesis were con-
structed in order to understand the physiological roles of
these enzymes in T. kodakarensis. The cell growth profiles
and cytoplasmic polyamines of the wild type and the dis-
ruptants were analyzed and compared. Recombinant en-
zymes were also purified and characterized. The obtained
results are expected to provide useful information regarding
the specific roles of polyamines in thermophiles.

MATERIALS AND METHODS

Microorganisms, plasmids, and media. T. kodakarensis KOD1 and its deriv-
atives were cultivated anaerobically in a nutrient-rich medium (ASW-YT) with
an addition of 2.0 g/liter of elemental sulfur or pyruvate or in a synthetic medium
(ASW-AA) containing artificial seawater (ASW), amino acids, and elemental
sulfur (29). For the solid medium, 1% Gelrite (Wako, Osaka, Japan) was added.
Escherichia coli BL21-CodonPlus(DE3)-RIL (Stratagene, La Jolla, CA) and
pET21a(�) (Novagen, Madison, WI) were used for gene expression. E. coli
strains were routinely cultivated at 37°C in Luria-Bertani (LB) medium. Ampi-
cillin (50 �g/ml) and/or chloramphenicol (25 �g/ml) was added to the medium
when needed.

Polyamine analysis. Polyamine analysis was carried out according to the
reported procedure with slight modifications (23). T. kodakarensis strain
KU216 (pyrF disruptant) and its derivatives were cultivated in an ASW-YT
liquid medium with the addition of 2.0 g/liter of elemental sulfur at 60°C,
85°C, or 93°C until log phase and harvested (10,000 � g for 20 min). The cells
were weighed and homogenized in 10% trichloroacetic acid of a one-third
volume of cell suspension. Caldohexamine [33333] was added to the mixture
(final concentration, 3 mM) as an internal standard to control for extraction
and separation losses. The supernatant was obtained by centrifugation
(10,000 � g for 20 min) and filtered with a 0.45-�m-pore-size filter (Millipore
Corp., Bedford, MA). The supernatants (100 �l) containing 30 nmol caldo-
hexamine were analyzed by high-performance liquid chromatography
(HPLC) on a CK-10S column (6.0-mm inside diameter by 50 mm) of cation-
exchange resin (GL Science, Tokyo, Japan). The column was equilibrated
with elution buffer A [100 mM potassium citrate monohydrate, 1.7 M KCl,
650 mM 2-propanol, 2.4 mM polyoxyethylene(23)lauryl ether (Brij 35), and
65.0 ml of 1 N HCl per liter] at a flow rate of 1.0 ml/min at 70°C. The eluted
polyamines were automatically mixed with detection buffer composed of 400
mM boric acid, 400 mM NaOH, 4.9 mM Brij 35, 7.5 mM o-phthalaldehyde,
171 mM ethanol, and 28 mM 2-mercaptoethanol at a flow rate of 0.5 ml/min
at 70°C and detected with a fluorescence detector (GL-7453A) (GL Science).
Standard samples of N1-aminopropylagmatine, N4-aminopropylspermine,
caldohexamine, and homospermidine were synthesized by the method de-
scribed previously (22–24). Other standard polyamines were kindly provided
by Akira Shirahata and Yoshihiko Ikeguchi, Graduate School of Pharmaceu-
tical Science, Josai University.

DNA manipulation and sequencing. DNA manipulations were carried out by
standard techniques, as described previously by Sambrook and Russell (27).
Restriction enzymes and other modifying enzymes were purchased from Takara
or Toyobo. Plasmid DNA was isolated with a Wizard Plus Minipreps DNA
purification system (Promega, Madison, WI). GFX PCR DNA and gel band
purification kit (GE Healthcare, Little Chalfont, United Kingdom) were used to

recover DNA fragments from agarose gels after electrophoresis. DNA sequenc-
ing was performed with a BigDye-Terminator cycle-sequencing ready reaction
kit, version 3.1, and a model 3130 capillary DNA sequencer (Applied Biosystems,
Foster City, CA).

Construction of disruptants. The theoretical background for specific gene
disruption has been described previously (28). Vectors for disrupting the
TK0240, TK0474, TK0882, and TK0147 genes through single-crossover homol-
ogous recombination were constructed as follows. DNA fragments containing
the target gene together with its flanking regions (ca. 1,000 bp each) were
amplified using T. kodakarensis genomic DNA as the template and the primer
sets listed in Table 1 (TK0240-Fw and TK0240-Rv, TK0474-Fw and TK0474-Rv,
TK0882-Fw and TK0882-Rv, and TK0147-Fw and TK0147-Rv). The amplified
DNA was cloned into pUD2 (28). An inverse PCR was performed in order to
amplify the entire plasmid, excluding the coding region of the target gene, using
the primer sets listed in Table 1 (Inv-TK0240-Fw and Inv-TK0240-Rv, Inv-
TK0474-Fw and Inv-TK0474-Rv, Inv-TK0882-Fw and Inv-TK0882-Rv, and Inv-
TK0147-Fw and Inv-TK0147-Rv). By self-ligation, a plasmid containing the 5�-
and 3�-flanking regions of the target gene immediately adjacent to one another
was obtained. The appropriate constructions were confirmed by sequence deter-
mination. The plasmids obtained were used as donor DNA, and T. kodakarensis
strain KU216 (pyrF disruptant) was used as the host. Strains with a host genotype
and those with the intended disruptions were confirmed by PCR.

Expression and purification of TK0882 protein. The plasmid for overexpres-
sion of TK0882 (pET-TK0882) was constructed as follows. The TK0882 gene was
amplified with T. kodakarensis genomic DNA as a template and two oligonucle-
otide primers, TK0882-EX-Fw and TK0882-EX-Rv (Table 1). The amplified
fragment was digested with NdeI and BamHI and inserted into the NdeI and
BamHI sites of pET21a(�). The constructed plasmid was designated pET-
TK0882. E. coli BL21-CodonPlus(DE3)-RIL cells harboring pET-TK0882 were
grown in LB medium at 37°C, and gene expression was induced with 0.1 mM
isopropyl-�-D-thiogalactopyranoside (IPTG) at the mid-exponential growth
phase with further incubation for 4 h. Cells were harvested by centrifugation
(6,000 � g for 15 min at 4°C) and resuspended in 50 mM HEPES-NaOH buffer
(pH 7.5). After sonication, the supernatant was obtained by centrifugation
(25,000 � g for 30 min at 4°C). The supernatant was incubated at 80°C for 15 min
and centrifuged (25,000 � g for 30 min at 4°C) again to obtain the supernatant.
Ammonium sulfate was added to the soluble fraction to give 70% saturation. The
precipitate collected by centrifugation (25,000 � g for 50 min at 4°C) was
dissolved in 50 mM HEPES-NaOH buffer (pH 7.5) and dialyzed with the same
buffer. The dialysate was applied to a HiTrap DEAE (5 ml) anion-exchange
column (GE Healthcare). TK0882 was eluted with a linear gradient of NaCl (0
to 1.0 M) in 50 mM HEPES-NaOH buffer (pH 7.5), and fractions containing 250
to 350 mM NaCl were collected. The collection was then applied to a Superdex
200 HR 10/30 gel filtration column (GE Healthcare) with a mobile phase of 50
mM HEPES-NaOH buffer (pH 7.5) containing 150 mM NaCl. Protein concen-
tration was determined with a protein assay kit (Bio-Rad, Hercules, CA) accord-
ing to the instructions from the manufacturer, using bovine serum albumin as a
standard.

Activity measurements of recombinant TK0882 protein. To detect the ureo-
hydrolase activity of TK0882, the products of the enzymatic reaction were ana-
lyzed by HPLC. The reaction mixture (200 �l) was composed of substrate (100
�M agmatine or 12.0 �M N1-aminopropylagmatine), 33 mM potassium citrate
monohydrate, 563 mM KCl, 217 mM 2-propanol, 0.8 mM Brij 35, 10 mM NiCl2,
and 21.7 ml of 1 N HCl per liter. Purified TK0882 (6.9 �g) in 100 mM HEPES-
NaOH buffer (pH 7.5) was added and then incubated at 70°C for 60 min. Then,
100 �l of reaction mixture was filtered with a 0.45-�m filter and subjected to
HPLC. HPLC analyses were performed as described for polyamine analysis. The
quantities of enzyme products were calculated by measuring the peak area on the
chromatogram. As standards, various amounts of putrescine or spermidine were
subjected to HPLC, and peak areas on the chromatograms were measured.

Expression and purification of TK0147 protein. The TK0147 gene was am-
plified with T. kodakarensis genomic DNA as a template and two oligonucleotide
primers, TK0147-EX-Fw and TK0147-EX-Rv (Table 1). The amplified fragment
was digested with NdeI and BamHI and inserted into the NdeI and BamHI sites
of pET21a(�). The resulting plasmid was designated pET-TK0147. Expression
of recombinant TK0147 in E. coli cells was carried out using the same conditions
as TK0882 induction. Cells were harvested, disrupted, and heated at 80°C for 30
min to obtain a thermostable soluble fraction as well. Ammonium sulfate was
added to the soluble fraction to give 80% saturation. The precipitate collected by
centrifugation (25,000 � g for 50 min at 4°C) was dissolved in 20 mM Tris-HCl
buffer (pH 8.0) and dialyzed with the same buffer. The dialysate was applied to
a HiTrap Q (5 ml) anion-exchange column (GE Healthcare). TK0147 was eluted
with a linear gradient of NaCl (0 to 1.0 M) in 20 mM Tris-HCl buffer (pH 8.0),
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and fractions containing 250 to 350 mM NaCl were collected. The collection was
then applied to a Superdex 200 HR 10/30 gel filtration column with a mobile
phase of 10 mM CHES-NaOH buffer (pH 9.0) containing 300 mM NaCl at a flow
rate of 0.50 ml/min.

Activity measurements of recombinant TK0147 protein. To detect the amino-
propyl transferase activity of TK0147, the products of the enzymatic reaction
were analyzed by HPLC. The reaction mixture (200 �l) was composed of 100 �M
acceptor substrate (putrescine, agmatine, and spermidine), 100 �M donor sub-
strate (S-adenosyl methylthiopropylamine), and purified TK0147 (15 �g) in 10
mM CHES-NaOH buffer (pH 9.0) and was incubated at 70°C for 5 min. Then,
100 �l of the reaction mixture was filtered through a 0.45-�m filter and subjected

to HPLC. HPLC analyses were performed as described for polyamine analysis.
The quantities of enzyme products were calculated by measuring the peak area
on the chromatogram. As a standard, various amounts of spermidine or N1-
aminopropylagmatine were subjected to HPLC, and peak areas on the chro-
matograms were measured.

RNA isolation and reverse transcription-PCR (RT-PCR). Total RNA from T.
kodakarensis was isolated from cells harvested at the logarithmic growth phase
using RNeasy Midi kit (Qiagen, Tokyo, Japan). Each total RNA (0.25 �g) in 10
�l of a reaction mixture was used for reverse transcription at 55°C for 30 min with
the reverse primer for each (TK0882RT-Rv and TK0147RT-Rv) (Table 1) de-
signed on the basis of each gene and reverse transcriptase (Roche Diagnostics,

TABLE 1. Strains and primers used in this study

Strain or primer Relevant characteristic(s) or sequence (5� to 3�)a Source or reference

Strains
E. coli TG1 supE hsd�5 thi �(lac-proAB)/F� traD36 proAB� lacIq lacZ �M15 Stratagene
T. kodakarensis

KOD1 Wild type 1, 21
KU216 �pyrF 28
DAD �pdaDTk 6
DUH2 �TK0240 This study
DUH4 �TK0474 This study
DUH8 �TK0882 This study
DUH24 �TK0240 �TK0474 This study
DUH48 �TK0474 �TK0882 This study
DUH28 �TK0240 �TK0882 This study
DUH248 �TK0240 �TK0474 �TK0882 This study
DAT �TK0147 This study

Primers
TK0240-Fw 5�-AAAAGGATCCGACGGAAATTCGGGGCCAACTG-3� This study
TK0240-Rv 5�-AAAAGGATCCCGAGGGCAGTTATCAGAACGCTC-3� This study

TK0474-Fw 5�-AAAAGGATCCCCTGCCTCGAATGCTGGCGTG-3� This study
TK0474-Rv 5�-AAAAGGATCCCTCGCCGACGACGGTTACATCGC-3� This study

TK0882-Fw 5�-AAAAGGTACCGAGCAGAGCGTCACCTGAACAC-3� This study
TK0882-Rv 5�-AAAAGGTACCGGTAGCCCATTGCCATGAGCG-3� This study

TK0147-Fw 5�-AAGAATTCGGAGGAGGTTGAGATGAGCTGG-3� This study
TK0147-Rv 5�-AAGAATTCGACCTCCCCCCGATACTTGGTG-3� This study

Inv-TK0240-Fw 5�-GAGGATGTGGCCCTCCGCGAAGTTC-3� This study
Inv-TK0240-Rv 5�-TCACCACACCCTCGTCCCGACCG-3� This study

Inv-TK0474-Fw 5�-GTGAAGGGGCCAACCGAAGAAG-3� This study
Inv-TK0474-Rv 5�-TCCTTCCACCAGCACAACATTGG-3� This study

Inv-TK0882-Fw 5�-GCCTTCTGCGTTCTTTTTTCAG-3� This study
Inv-TK0882-Rv 5�-TCTCTCACCTAAAGGCAAAAATAGAAGAGGG-3� This study

Inv-TK0147-Fw 5�-ATTGGGCAACAAGAGAAAAGCTCTAAC-3� This study
Inv-TK0147-Rv 5�-GAGTCTCACCACCGGTGGATACGATG-3� This study

TK0882-RT-Fw 5�-GCTGGAGTTCCCGCTCGTAGAACC-3� This study
TK0882-RT-Rv 5�-CAGCCGTCAATGCCGTCGGATCGC-3� This study

TK0147-RT-Fw 5�-CGGCGGTGGAGACGGTGGAACGCTC-3� This study
TK0147-RT-Rv 5�-GGCACGAAACCCTCTTCCAGATGCCGCGC-3� This study

16SrDNA-Fw 5�-GCCCCGAAACCCCCGGGCTACACGCGCGCT-3� This study
16SrDNA-Rv 5�-CGTATTCGCCGCGCGATGATGACACGCGGG-3� This study

TK0882-EX-Fw 5�-AACATATGGAGTTCCTGTACACGTATG-3� This study
TK0882-EX-Rv 5�-AAGGATCCTCAGCGCCCGAATTTTG-3� This study

TK0147-EX-Fw 5�-AAAAAAACATATGGGATACAACGAGCAGGAG-3� This study
TK0147-EX-Rv 5�-AAAGGATCCTTACTGCCCCTCTAGGAGC-3� This study

a Underlining indicates restriction enzyme sites.
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Basel, Switzerland). PCR was then performed using the synthesized cDNA as a
template with the primer pair for each (for TK0882, TK0882RT-Fw and
TK0882RT-Rv; for TK0147, TK0147RT-Fw and TK0147-Rv) (Table 1). The
PCR conditions were 20 cycles of 15 s at 94°C, 30 s at 60°C, and 45 s at 68°C.
Three independent RT-PCRs were conducted to analyze the PCR products
(TK0882; 787 bp, TK0147; 577 bp) by 1% (wt/vol) agarose gel electrophoresis. In
order to confirm no DNA contamination in the prepared RNA, we performed
PCR by specific primers (for TK0882, TK0882RT-Fw and TK0882RT-Rv; for
TK0147, TK0147RT-Fw and TK0147-Rv) and confirmed no amplification in
advance. As a control to ensure that the signal intensities reflected the initial
levels of each transcript directly, RT-PCRs were performed with the same total
RNAs and the 16S rRNA gene-specific primers (16SrDNA-Fw and 16SrDNA-
Rv) (Table 1) under the PCR conditions described above, except for the reaction
cycle (16 cycles) and annealing temperature (60°C). The resulting 174-bp frag-
ments were analyzed in the same way.

RESULTS

Composition of intracellular polyamines in T. kodakarensis.
To obtain information on intracellular polyamines in T.
kodakarensis, we analyzed polyamine compositions by HPLC
as described in Materials and Methods. Intracellular poly-
amines were extracted from T. kodakarensis strain KU216 cells
cultivated at 60°C, 85°C, or 93°C. Peaks were detected at the
positions of agmatine, spermidine (P3 in Fig. 2), tris(3-amino-
propyl)amine [3(3)3] (P5 in Fig. 2), spermine (P6 in Fig. 2) and
N4-aminopropylspermine (P8 in Fig. 2). The peak of pu-
trescine was hardly detected at the experimental temperatures.
Moreover, an unknown signal, X1, was detected. It is notewor-
thy that the amount of spermidine decreased as the cell growth
temperature increased, while the amount of N4-aminopropyl-
spermine increased at elevated temperatures. At 60°C, 85°C,
and 93°C, the spermidine amount was 1.14 �mol/g, 0.93
�mol/g, and 0.23 �mol/g in wet T. kodakarensis cells, respec-
tively. It decreased as the growth temperature rose. In contrast,
the N4-aminopropylspermine amount increased at elevated
temperatures. The amount of N4-aminopropylspermine was
0.19 �mol/g at 60°C, 0.80 �mol/g at 85°C, and 0.73 �mol/g at
93°C.

Construction of TK0240, TK0474, and/or TK0882 gene dis-
ruptants and their growth characteristics. A previous study
revealed that PdaDTk (TK0149) catalyzed agmatine formation
by the decarboxylation of arginine as the first step in polyamine
biosynthesis. It is unclear which other enzymes are involved in
the subsequent steps. In addition to arginine decarboxylase
(PdaDTk), agmatine ureohydrolases (TK0240, TK0474, and
TK0882), aminopropyl transferase (TK0147), and S-adenosyl-
methionine decarboxylase (TK1592) are considered to play
crucial roles in polyamine synthesis, as summarized in Fig. 1. In
some microorganisms, including T. thermophilus, a pathway
from arginine to putrescine via ornithine has been proposed
(25). In this pathway, arginine ureohydrolase and ornithine
decarboxylase are required; however, in the T. kodakarensis
genome, no homologue for ornithine decarboxylase has been
identified. T. kodakarensis is therefore considered to synthesize
polyamine without utilizing ornithine. We first focused on the
pathway from agmatine to spermidine and constructed sev-
eral single-gene disruptants of three agmatine ureohydro-
lase homologues to examine the effects of these homologues
on cell growth. Disruptant strains lacking TK0240, TK0474,
or TK0882 were designated DUH2 (�TK0240), DUH4
(�TK0474), and DUH8 (�TK0882), respectively. Double-

and triple-gene disruptants were also constructed and des-
ignated DUH24 (�TK0240 �TK0474), DUH48 (�TK0474
�TK0882), DUH28 (�TK0240 �TK0882), and DUH248
(�TK0240 �TK0474 �TK0882) (Table 1). Disruption of the
TK0240 or TK0474 gene did not affect the growth profiles at
85°C and 93°C; in contrast, disruption of the TK0882 gene
led to a decreased growth rate at 85°C and a severe growth
defect at 93°C (Fig. 3A and B). The growth profiles of

FIG. 2. Intracellular polyamines in T. kodakarensis. Intracellular
polyamines were extracted from T. kodakarensis KU216 cells grown at
60°C, 85°C, and 93°C. (A) Peak standards; (B) sample from 60°C;
(C) sample from 85°C; (D) sample from 93°C. Abbreviations and used
amounts are as follows: P1, putrescine (3 nmol); P2, S-adenosyl meth-
ylthiopropylamine (decarboxylated S-adenosyl methionine) (30 nmol);
P3, spermidine (3 nmol); P4, agmatine (3 nmol); P5, tris(3-aminopro-
pyl)amine (3 nmol); P6, spermine (3 nmol); P7, N1-aminopropylagma-
tine (3 nmol); P8, N4-aminopropylspermine (0.6 nmol); P9, caldohex-
amine (30 nmol). *, unexpected noise derived from buffer; X1,
unknown peak.

VOL. 192, 2010 POLYAMINE BIOSYNTHESIS PATHWAY IN A HYPERTHERMOPHILE 4995



multiple gene disruptants were also compared with that of a
single TK0882 gene disruptant, strain DUH8. Multiple-gene
disruptants lacking only the TK0882 gene showed deficient
cell growth, as shown in Fig. 3. Hence, TK0882 seems im-
portant for cell growth, especially at high temperatures (Fig.
3C and D). Cytoplasmic polyamines in DUH8 and the en-
zyme characteristics of the TK0882 protein are discussed
below.

Composition of cytoplasmic polyamine in strains DUH2,
DUH4, and DUH8. Cytoplasmic polyamines were extracted
from three disruptants (DUH2, DUH4, and DUH8), and their
polyamine balances were analyzed. As shown in Fig. 4, no
significant difference in polyamine contents was observed be-
tween DUH2 and KU216 or between DUH4 and KU216.
However, the polyamine balance was changed in DUH8. As
shown in Fig. 1, there are two predicted pathways for spermi-
dine synthesis in T. kodakarensis, but it is unclear which the
major one is. If pathway I is dominant, agmatine should accu-
mulate in DUH8. If pathway II is dominant, N1-aminopropyl-
agmatine should accumulate. The DUH8 cells cultivated at
85°C were harvested, and the cells obtained were used for the
analysis. Both agmatine and N1-aminopropylagmatine were
detected in DUH8, but spermidine, spermine, and N4-amino-
propylspermidine were hardly detected (Fig. 4). It is notewor-
thy that both N1-aminopropylagmatine and agmatine were de-
tected in large amounts, suggesting that both agmatine and
N1-aminopropylagmatine are ureohydrolyzed by TK0882 in T.
kodakarensis. In the thermophilic bacterium T. thermophilus,
spermidine is synthesized from agmatine via N1-aminopropyl-
agmatine (23). T. kodakarensis should produce spermidine via
the same pathway. As shown in Fig. 4E and F, an unknown

peak, X2, was detected in DUH8. The peak appeared close to
peak P1 (putrescine), but X2 was distinguished from P1 when
DUH8 cell extracts were fractionated with containing pu-
trescine (data not shown). Further studies will be required to
identify X1.

Effect of polyamine addition on DUH8 cell growth and cy-
toplasmic polyamine balance. Disruption of the TK0882 gene
led to a decreased growth rate at 85°C and a severe growth
defect at 93°C. In the DUH8 strain, agmatine and N1-amino-
propylagmatine accumulated in the cytoplasm. The growth
deficiency of DUH8 was likely caused by inadequate long-
chain-polyamine synthesis. In order to examine the effect
of additional putrescine or spermidine on DUH8 growth,
DUH8 cells were cultivated in a medium containing pu-
trescine or spermidine. The growth rate of DUH8 was
slightly increased, and cell growth was regained at 85°C and
93°C by the addition of spermidine only (Fig. 5). On the
other hand, the growth defect was not eliminated by the
addition of putrescine. Intracellular polyamines were ex-
tracted from DUH8 cells cultivated in the presence of sper-
midine at 85°C or 93°C and examined (Fig. 4F and G).
N4-Aminopropylspermine (peak P8) was detected at both
85°C and 93°C. In contrast, N1-aminopropylagmatine (peak
P7) was detected at 85°C but not at 93°C in DUH8.

Examination of TK0882 function. To confirm the agmatine
ureohydrolase activity of TK0882, the recombinant form was
expressed in E. coli cells, and TK0882 was purified. The
thermostability of TK0882 was evaluated by circular dichro-
ism (CD) spectrum analysis, and TK0882 was still not fully
unfolded at 90°C (see Fig. S1 in the supplemental material).
TK0882 seems functional even at 90°C. The ureohydrolase

FIG. 3. Growth characteristics of T. kodakarensis lacking TK0240, TK0474, and/or TK0882 genes. (A and B) Growth curves of T. kodakarensis
KU216 (�pyrF), DUH2 (�pyrF �TK0240), DUH4 (�pyrF �TK0474), and DUH8 (�pyrF �TK0882) grown at 85°C (A) and 93°C (B). (C and D)
Growth curves of the disruptant strains DUH24 (�pyrF �TK0240 �TK0474), DUH28 (�pyrF �TK0240 �TK0882), DUH48 (�pyrF �TK0474
�TK0882), and DUH248 (�pyrF �TK0240 �TK0474 �TK0882) and original strain KU216 (�pyrF) grown at 85°C (C) and 93°C (D). OD660, optical
density at 660 nm.
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activity was examined by utilizing two substrates, agmatine
and N1-aminopropylagmatine, at 70°C. As shown in Table 2,
both substrates were accepted by TK0882, and putrescine
and spermidine were produced from agmatine and N1-amino-

propylagmatine, respectively. When the kinetic parameters
were compared, TK0882 showed a higher kcat/Km value for
N1-aminopropylagmatine (165 � 37 M�1 � s�1) than for
agmatine (3.87 � 0.38 M�1 � s�1), suggesting that TK0882

FIG. 4. Intracellular polyamines of DUH2, DUH4, and DUH8. Intracellular polyamines of KU216, DUH2, DUH4, and DUH8 strains were
extracted and analyzed by HPLC. Caldohexamine was added to the mixture as an internal control as well as an analysis of KU216 (Fig. 2). The
peak of caldohexamine was eliminated from the chart. (A) Peak standards; (B) sample from KU216 cells cultivated at 85°C; (C) sample from
DUH2 cells cultivated at 85°C; (D) sample from DUH4 cells cultivated at 85°C; (E) sample from DUH8 cells cultivated at 85°C; (F) sample from
DUH8 cells cultivated at 85°C in the presence of spermidine; (G) sample from DUH8 cells cultivated at 93°C in the presence of spermidine. Peak
abbreviations are the same as in Fig. 2. X1 and X2, unknown peaks.

FIG. 5. Growth characteristics of DUH8 in the presence or absence of supplemental polyamine. Growth curves of KU216 and DUH8 were
monitored at 85°C (A) and 93°C (B). OD660, optical density at 660 nm.
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functions mainly as N1-aminopropylagmatine ureohydrolase to
produce spermidine. TK0882 accepts N1-aminopropylagma-
tine more efficiently, because it possesses a 54-fold-lower Km

value for N1-aminopropylagmatine (6.42 �M) than for agma-
tine (486 �M), as shown in Table 2. The enzymatic activities
for both substrates increased as the reaction temperature in-
creased. When we examined the activity at 70°C, 80°C, and
90°C, the highest activity was detected at 90°C (data not
shown).

Construction of the TK0147 disruptant and growth charac-
teristics. TK0147 was first annotated as spermidine synthase by
genome analysis. Based on the sequence similarity, aminopro-
pyl transferase was expected to catalyze the aminopropylation
of polyamines. TK0147 is the only candidate for aminopropyl
transferase among all annotated genes in the genome. Further-
more, TK0882 has been shown to function as an aminopropyl-
agmatine ureohydrolase to produce spermidine. Hence, we
speculated that TK0147 catalyzes aminopropyl chain transfer
from decarboxylated S-adenosylmethionine (S-adenosyl meth-
ylthiopropylamine) to agmatine. If this is the case, then knock-
out of the TK0147 gene would influence the polyamine balance
in the cytoplasm, and agmatine would accumulate in the
TK0147 disruptant. To examine the role of TK0147, we con-
structed a TK0147 gene disruptant, designated strain DAT
(disruptant of aminopropyl transferase), and examined DAT
cell growth. As shown in Fig. 6, the DAT strain showed de-
creased growth at 85°C and 93°C. Interestingly, the growth rate
of DAT was slightly restored at 85°C by the addition of sper-
midine (Fig. 6A). However, unlike that of DUH8, the growth
of DAT at 93°C was not restored even when spermidine was
added (Fig. 6B). These results suggest that spermidine is in-
corporated and contributes to cell growth at 85°C but not at
93°C. TK0147 may transfer an aminopropyl group to produce
the longer-chain and/or branched-chain polyamines required
for cell growth at 93°C. To examine the role of TK0147, cyto-
plasmic polyamines of DAT were analyzed.

Composition of cytoplasmic polyamine in strain DAT. DAT
cells were cultivated at 85°C in a medium with or without
spermidine and harvested by centrifugation. The cells obtained
were used for the analysis. Agmatine, spermidine, spermine,
putrescine, and N4-aminopropylspermine were detected in
DAT cells (Fig. 7C). It is noteworthy that larger amounts of
agmatine accumulated in DAT than in KU216 (Fig. 4B and C).
In T. kodakarensis, TK0147 is likely to function as N1-amino-
propylagmatine synthase rather than as spermidine synthase.
Small amounts of spermidine, spermine, and N4-aminopropyl-
spermine were also produced in DAT, suggesting that an un-
identified enzyme which functions as aminopropyl transferase
exists in vivo. By the addition of spermidine, the growth of
DAT at 85°C was partially restored, as shown in Fig. 6A. To
examine what kinds of polyamines are synthesized under the
stated condition, cytoplasmic polyamines were extracted from
DAT cells cultivated in the presence of spermidine and ana-
lyzed. The peak P8 of N4-aminopropylspermine was detected,
as shown in Fig. 7D, indicating that the synthesis of long- and
branched-chain polyamines is catalyzed by an unknown amino-
propyl transferase besides TK0147.

Examination of TK0147 function. To confirm the aminopro-
pyl transferase activity of TK0147, the recombinant form was
expressed in E. coli cells, and TK0147 was purified. The amino-
propyl transferase activity was examined utilizing three accep-
tor substrates, agmatine, cadaverine, and putrescine, in addi-
tion to decarboxylated S-adenosylmethionine (S-adenosyl
methylthiopropylamine), as an aminopropyl chain donor. Be-
cause decarboxylated S-adenosylmethionine is spontaneously
degraded at temperatures higher than 70°C, an enzyme assay
was carried out at 70°C. As shown in Table 3, all acceptor
substrates were utilized, and N1-aminopropylagmatine and
spermidine were produced from agmatine and putrescine, re-
spectively. When the kcat/Km values were compared, TK0147
showed higher aminopropyl transferase activity for agmatine
(22.5 �103 M�1 � s�1) than for putrescine (0.29 �103

M�1 � s�1) and cadaverine (0.29 �103 M�1 � s�1). TK0147
showed a lower Km for agmatine (12.2 �M) than for putrescine
(1,053 �M), indicating that TK0147 catalyzes the aminopropyl
chain transfer to agmatine more efficiently than that to pu-
trescine. Activity for cadaverine was also detected, but the
activity was less than that for agmatine. Hardly any activity for
spermidine (spermine synthase activity) was obtained, because
the signal peak was very small. TK0147 mainly functions as
agmatine aminopropyl transferase to produce N1-aminopropyl-

TABLE 2. Kinetic parameters of ureohydrolase activity of TK0882

Substrate Concn (�M) Km (�M) kcat (s�1)
(10�3)

kcat/Km
(M�1 � s�1)

Agmatine 50–1,000 486 � 46.1 1.86 � 0.06 3.87 � 0.38
N1-Aminopropyl

agmatine
4.82–24.1 6.42 � 2.34 1.01 � 0.11 165 � 37

FIG. 6. Growth profiles of strain DAT. Growth curves of KU216 and DAT were monitored at 85°C (A) and 93°C (B). OD660, optical density
at 660 nm.
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agmatine rather than spermidine/spermine synthase. It is note-
worthy that spermine and N4-aminopropylspermine were pro-
duced in DAT, showing the involvement of an unknown
aminopropyl transferase in addition to TK0147 in the synthesis
of a long- and branched-chain polyamine in T. kodakarensis.

Expression profiles of TK0882 and TK0147. As reported
above, both TK0882 and TK0147 seem to contribute to high-
temperature adaptation. To examine the expression level of
these two genes at various growth temperatures, we performed
quantitative RT-PCR analysis using the total RNA from T.
kodakarensis cells grown at 60°C, 85°C, and 93°C. As shown in
Fig. 8, signals for TK0882 and TK0147 transcripts were de-
tected at all examined temperatures by RT-PCR. However,
both mRNA levels slightly decreased with an increase of the
growth temperature. At 93°C, both transcripts were detected,
suggesting that the level was sufficient to produce functional
amounts in the cytoplasm.

DISCUSSION

In T. kodakarensis, N4-aminopropylspermine was identified
in addition to conventional polyamines such as putrescine and
spermidine. Long-chain and branched-chain polyamines are
known to stabilize DNA and RNA as thermotolerance factors
(32). In T. kodakarensis, they are considered to be involved in
thermoadaptation at elevated growth temperatures. Under
the present HPLC conditions, tris(3-aminopropyl)amine can
barely be distinguished from N4-aminopropylspermidine, ther-
mine [333], and thermospermine [334]. It is unclear whether
these polyamines are produced in T. kodakarensis. It has been
assumed that unique branched-chain polyamines are synthe-
sized from spermidine. According to the genomic analysis in
T. kodakarensis, two kinds of synthetic pathways from agmatine
to spermidine were predicted, as shown in Fig. 1. One is the
pathway via putrescine (pathway I), and the other is that via
N1-aminopropylagmatine (pathway II). HPLC analysis re-
vealed that putrescine was detected in the cytoplasm, suggest-
ing the production of spermidine by pathway I. Furthermore,
N1-aminopropylagmatine as well as agmatine was detected in
strain DUH8, lacking the TK0882 gene, indicating that sper-
midine is synthesized mainly from agmatine by pathway II.
Pathway II has been observed in the thermophilic bacterium T.
thermophilus (23). In the present study, the same pathway was
shown to be achievable in the hyperthermophilic archaeon T.
kodakarensis. In P. furiosus, PF0127 was shown to have amino-
propyl transferase activity. Agmatine was most often preferred
on the basis of the kcat/Km value (3), suggesting that pathway II
is also achievable in P. furiosus. Pathway II has not been de-
tected in mesophilic microorganisms; it seems to be unique to
thermophilic microorganisms. As for agmatine ureohydrolase
homologues, T. kodakarensis possesses TK0240 and TK0474

FIG. 7. Intracellular polyamines of strain DAT. Intracellular poly-
amines of DAT were extracted and analyzed by HPLC. Caldohexam-
ine was added to the mixture as an internal control as well as an
analysis of KU216 (Fig. 2). Peak of caldohexamine is eliminated from
the chart. (A) Peak standards; (B) sample from KU216 cells cultivated
at 85°C; (C) sample from DAT cells cultivated at 85°C; (D) sample
from DAT cells cultivated at 85°C in the presence of spermidine. Peak
abbreviations are the same as in Fig. 2. X1 and X2, unknown peaks.

TABLE 3. Kinetic parameters of aminopropyl transferase activity
of TK0147

Substrate Concn (�M) Km (�M) kcat (s�1) kcat/Km
(M�1 � s�1) (103)

Putrescine 100–1,400 1,053 � 101 0.30 � 0.03 0.29 � 0.01
Agmatine 1–80 12.2 � 1.41 0.28 � 0.07 22.5 � 3.9
Cadaverine 10–100 80.7 � 36.9 0.02 � 0.007 0.29 � 0.06

FIG. 8. Expression profile of TK0882 and TK0147 genes. Tran-
scription levels of TK0882 and TK0147 genes at several growth tem-
peratures were examined. RT-PCR was performed by using total RNA
isolated from cells grown at 60°C, 85°C, and 93°C in logarithmic phase.
To ensure that the intensities directly reflected the initial levels of each
transcript, the levels of 16S rRNA were examined as an internal con-
trol.
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genes in addition to the TK0882 gene. Their transcriptional
levels were examined by RT-PCR, showing that both TK0240
and TK0474 were also transcribed at all temperatures exam-
ined (data not shown). However, TK0240 and TK0474 were
not involved in polyamine synthesis, because their disruptions
did not cause any change in polyamine contents in vivo. These
genes are considered to play roles other than that of polyamine
synthesis.

N4-aminopropylspermidine was found in Pyrococcus spp. (P.
furiosus and P. woesei) and Thermococcus spp. (T. celer, T.
litoralis, and T. stetteri), closely related hyperthermophiles be-
longing to the order Thermococcales (11, 14). In T. kodakaren-
sis, N4-aminopropylspermidine may be synthesized as well. Un-
der the present HPLC conditions, tris(3-aminopropyl)amine
was hardly distinguished from N4-aminopropylspermidine. If
N4-aminopropylspermidine were produced, N4-aminopropyl-
spermine could be produced from spermidine via N4-amino-
propylspermidine. To confirm the possibility, further precise
analysis is needed. In the present analyses, an unknown signal,
X1, was detected. We speculated that it was homospermidine
[44], aminopropylcadaverine [35], or spermidine due to its
retention time. In order to examine this issue, we compared it
with homospermidine [44], aminopropylcadaverine [35], and
spermidine. However, peak X1 did not match any standard
peaks (see Fig. S2 in the supplemental material), and X1 there-
fore remains an unknown compound.

In P. horikoshii, PH0083, which is an orthologue of TK0882,
has been characterized as agmatine ureohydrolase (8). PH0083
also catalyzed the hydrolysis of agmatine but not of arginine.
Our kinetic analyses clearly indicate that TK0882 mainly func-
tions as N1-aminopropylagmatine ureohydrolase to produce
spermidine. Kinetic information on agmatine ureohydrolases is
limited. The kcat/Km value of TK0882 (3.87 M�1 � s�1 for ag-
matine, 165 M�1 � s�1 for N1-aminopropylagmatine) was low
compared with that for agmatine ureohydrolase from rodent
brain (320 M�1 � s�1 for agmatine) (33).

The cell growth of DUH8 was partially retrieved at 85°C and
93°C by the addition of spermidine. On the other hand, the
growth defect was not eliminated by the addition of putrescine.
Putrescine may be barely incorporated into cells due to the
lack of a transport system. No obvious homologue involved in
polyamine transport has been identified in the T. kodakarensis
genome (6). Another possibility would be poor aminopropyl
transferase activity for putrescine. When we analyzed intracel-
lular polyamines from DUH8 cells cultivated in the presence of
spermidine at 85°C or 93°C (Fig. 4F and G), N4-aminopropyl-
spermine (peak P8) was detected at both 85°C and 93°C in
DUH8. However, N1-aminopropylagmatine (peak P7) was de-
tected at 85°C but not at 93°C, suggesting that aminopropyl
transferase, which functions mainly at 93°C, is involved in N4-
aminopropylspermine synthesis.

The results of our gene disruption study reveal that TK0147
functions as N1-aminopropylagmatine synthase and spermi-
dine synthase. In vitro results also support this idea: recombi-
nant TK0147 catalyzed N1-aminopropylagmatine synthesis
from agmatine as well as spermidine synthesis from putrescine.
However, TK0147 did not catalyze spermine synthesis from
spermidine. In addition, spermine was produced in the DAT
strain. These results show that spermine is synthesized not by
TK0147 but by an unidentified aminopropyl transferase in vivo.

When we tried to list aminopropyl transferase candidates on the
basis of sequence similarity, TK0147 was the only suitable candi-
date identified. The unidentified aminopropyl transferase may
possess low structural similarity to TK0147. In strain DAT
(�TK0147), the amount of N4-aminopropylspermine was in-
creased by the addition of spermidine, indicating that the synthe-
sis of long-chain and branched-chain polyamines is also catalyzed
in the absence of TK0147. We are not sure how many amino-
propyl transferases T. kodakarensis possesses. Several unidenti-
fied aminopropyl transferases may independently catalyze amino-
propyl transfer from putrescine to spermidine, spermidine to
spermine, and spermine to N4-aminopropylspermine.

Aminopropyl transferases from various bacteria and archaea
have been studied. PF0127 in P. furiosus is one of the charac-
terized enzymes. PF0127 showed broad amine acceptor spec-
ificity for agmatine, 1,3-diaminopropane, putrescine, cadaver-
ine, and sym-norspermidine, but agmatine was the most
preferable on the basis of the kcat/Km value (134 � 102

M�1 � s�1 for agmatine, 5.50 � 102 M�1 � s�1 for cadaverine,
23 M�1 � s�1 for putrescine, and 32 M�1 � s�1 for 1,3-diamino-
propane) (3). The higher activity for agmatine is explained by
the crystal structure, which shows that agmatine is easily ac-
commodated in the binding site pocket and that several addi-
tional hydrogen bonds are formed between the agmatine
amide group and residues Glu7, Tyr9, Val51, and Asp162 of
PF0127 (3). These residues are conserved in TK0147 as Glu12,
Tyr14, Val56, and Asp169, respectively. Agmatine acts as an
aminopropyl acceptor in the TK0147 reaction as well as in the
PF0127 reaction. However, TK0147 does not accept cadaver-
ine efficiently, on the basis of the Km value (12.2 �M for
agmatine, 80.7 �M for cadaverine, and 1,053 �M for pu-
trescine) and the kcat/Km value (22.5 � 103 M�1 � s�1 for
agmatine, 0.29 � 103 M�1 � s�1 for cadaverine, and 0.29 �103

M�1 � s�1 for putrescine). These two enzymes appear to pos-
sess different enzyme properties, although they show high
amino acid sequence similarity (67% identity). In Sulfolobus
solfataricus, orthologous aminopropyl transferase does not ac-
cept cadaverine as a substrate (2). In the present study, cadav-
erine and aminopropylcadaverine were not identified at all
examined temperatures in T. kodakarensis. It is unclear why
cadaverine is accepted by PF0127. In Pyrococcus spp., amino-
propylcadaverine might be synthesized under some stress con-
ditions, as speculated in a previous study (3).
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