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Abstract: The facultative anaerobic hyperthermophilic crenarchaeon Pyrobaculum calidifontis pos-
sesses norspermine (333), norspermidine (33), and spermidine (34) as intracellular polyamines
(where the number in parentheses represents the number of methylene CH2 chain units between
NH2, or NH). In this study, the polyamine biosynthesis pathway of P. calidifontis was predicted
on the basis of the enzymatic properties and crystal structures of an aminopropyltransferase from
P. calidifontis (Pc-SpeE). Pc-SpeE shared 75% amino acid identity with the thermospermine synthase
from Pyrobaculum aerophilum, and recombinant Pc-SpeE could synthesize both thermospermine (334)
and spermine (343) from spermidine and decarboxylated S-adenosyl methionine (dcSAM). Recom-
binant Pc-SpeE showed high enzymatic activity when aminopropylagmatine and norspermidine
were used as substrates. By comparison, Pc-SpeE showed low affinity toward putrescine, and pu-
trescine was not stably bound in its active site. Norspermidine was produced from thermospermine
by oxidative degradation using a cell-free extract of P. calidifontis, whereas 1,3-diaminopropane
(3) formation was not detected. These results suggest that thermospermine was mainly produced
from arginine via agmatine, aminopropylagmatine, and spermidine. Norspermidine was produced
from thermospermine by an unknown polyamine oxidase/dehydrogenase followed by norspermine
formation by Pc-SpeE.

Keywords: polyamine; crenarchaeota; biosynthetic pathway; X-ray crystallography; structure–function
relationship; dcSAM

1. Introduction

Polyamines are organic polycations that have two or more primary amines and modu-
late various cellular processes in many living organisms, including transcription and trans-
lation, cell proliferation, cell differentiation, and adaptation to various stresses. Putrescine
(4), spermidine (34), and spermine (343) (where the number in parentheses represents the
number of methylene CH2 chain units between NH2, or NH) are common polyamines
that are found in a variety of organisms. Polyamines are synthesized from arginine or
ornithine, and aminopropyl groups from decarboxylated S-adenosyl methionine (dcSAM)
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are added for the synthesis of larger polyamines (Figure 1). Therefore, polyamines usually
consist of one putrescine unit and zero to two aminopropyl groups. In some eucary-
otes, polyamine oxidases catalyze the oxidation of the free and/or acetylated form of
polyamines at the secondary amino groups. For example, in the case of Arabidopsis thaliana,
some enzymes catalyze oxidative degradation from N1-acetylspermidine to putrescine
and 3-acetamidopropanal, and others catalyze oxidative degradation from spermidine
to putrescine and 3-aminobutanal. It is known that 1,3-diaminopropane (3) is produced
by oxidative degradation of spermidine catalyzed by polyamine oxidase in eucaryotes
via acetylated spermidine [1,2]. In some bacterial species, such as Pseudomonas aeruginosa,
FAD-dependent spermidine dehydrogenases, which prefer potassium ferricyanide as an
electron acceptor, yielded mostly 1,3-diaminopropane (3) and 4-aminobutyraldehyde from
spermidine [3]. In addition to common polyamines, (hyper)thermophilic euryarchaea
and bacteria possess long-chain and/or branched-chain polyamines (BCPAs), which are
especially important for the growth of thermophiles at high temperatures [4–7]. By com-
parison, crenarchaea that live in a high-temperature environment do not produce BCPAs;
instead, linear-chain polyamines are detected [8]. It is an interesting fact that hyperther-
mophilic crenarchaea can grow at extreme condition without the help of large polyamines
for stabilization of biological molecules, such as RNA, DNA, and protein. Furthermore, the
polyamine metabolisms in crenarchaea have been still unclear, as described below.

Figure 1. The predicted polyamine biosynthesis pathway in Pyrobaculum calidifontis. Black arrows
indicate the reactions catalyzed by an aminopropyltransferase (Pc-SpeE). Gray arrows indicate the
reactions that are not catalyzed by an aminopropyltransferase. Dashed lines indicate the reactions that
are unlikely to occur in P. calidifontis based on the results from this study. The number in parentheses
represents the number of methylene CH2 chain units between NH2, or NH.

The facultative anaerobic hyperthermophilic crenarchaeon Pyrobaculum calidifontis
was isolated from a terrestrial hot spring in the Philippines [9]. It grows optimally at 90
to 95 ◦C [10]. P. calidifontis produces mainly norspermidine (33), spermidine (34), and
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norspermine (333) [8]. Crenarchaeota possesses arginine decarboxylase, which is homolo-
gous to S-adenosylmethionine decarboxylase [11]. P. calidifontis possesses two homologues
of S-adenosylmethionine decarboxylase (Pcal_0636 and Pcal_0807), which contribute to
the decarboxylation of arginine and S-adenosylmethionine for polyamine biosynthesis.
Additionally, genes coding an agmatinase homologue (Pcal_1626) and an aminopropyltrans-
ferase homologue (Pc-SpeE, Pcal_0772) have been identified on the genome of P. calidifontis.
Pc-SpeE is expected to contribute to the elongation of some polyamines, but the details
are unclear. Although a polyamine oxidase has not been identified in the genome of
P. calidifontis, the presence of norspermidine and norspermine in a cell-free extract suggests
that oxidative degradation of polyamine, which produces 1,3-diaminopropane as a coprod-
uct, is expected to occur in P. calidifontis (Figure 1). In this study, to clarify the polyamine
biosynthetic pathway of the hyperthermophilic crenarchaeon P. calidifontis, the enzymatic
characteristics of Pc-SpeE were analyzed. Furthermore, crystal structures of Pc-SpeE with
substrates were solved to clarify the substrate specificities of Pc-SpeE. In addition, the
polyamine oxidase activity in the cell-free extract was confirmed.

2. Experimental Procedures
2.1. Strains, Culture Conditions, and Polyamine Composition

P. calidifontis strain JCM11548T (=VA1T) was cultivated under aerobic conditions at
90 ◦C in a medium containing the following components (per liter): 10 g tryptone, 1 g yeast
extract, and 3 g Na2S2O3·5H2O. Samples were grown in an air bath shaker (120 rpm), as
described previously [10]. For the anaerobic cultivation, resazurin sodium salt (0.5 mg/L)
was added as an oxygen indicator and 5.0% Na2S·9H2O was added until the medium
became colorless. Escherichia coli DH5α was used to maintain and amplify the plasmid.
E. coli BL21-CodonPlus(DE3)-RIL (Agilent Technologies, Santa Clara, CA, USA) and pET28a
(Merck KGaA, Darmstadt, Germany) were used for gene expression. E. coli strains were
routinely cultivated at 37 ◦C in a Luria–Bertani (LB) medium. Ampicillin (50 µg/mL)
and/or chloramphenicol (25 µg/mL) were added to the medium when needed. The
polyamine composition was analyzed as described previously [4].

2.2. DNA Manipulation and Sequencing

DNA manipulations were carried out by standard techniques, as described previously
by Sambrook and Russell [12]. Restriction enzymes and other modifying enzymes were pur-
chased from Takara (Takara, Kyoto, Japan) or Toyobo (Toyobo, Osaka, Japan). Plasmid DNA
was isolated with a Wizard Plus Minipreps DNA Purification System (Promega, Tokyo,
Japan). A FastGene Gel/PCR Extraction Kit (Nippon Genetics, Tokyo, Japan) was used to
recover the DNA fragments from the agarose gels after electrophoresis. DNA sequencing
was performed with a BigDye-Terminator cycle-sequencing ready reaction kit, Version 3.1,
and a model 3130 capillary DNA sequencer (Applied Biosystems, Tokyo, Japan).

2.3. Expression and Purification of Pc-SpeE

The expression plasmid for pET-PcSpeE was constructed as follows. The Pc-SpeE
(PCAL_RS04120) was amplified with P. calidifontis genomic DNA as the template and
two oligonucleotide primers (sense, 5′-AAAAAAACATATGCGCAAGGTGCCCGGTCC-3′;
antisense, 5′-AGAATTCTCATCTGAGTTTTCTGTGTA-3′ (underlined sequences indicate
the NdeI and EcoRI sites in the sense and antisense primers, respectively)). The amplified
fragments were inserted into pET28a and the constructed plasmid was designated as
pET-PcSpeE. After confirming the absence of unintended mutations in the fragment, pET-
PcSpeE was used to transform E. coli BL21-CodonPlus(DE3)-RIL. The recombinant cells
were cultivated until the OD660 reached 0.6. After induction with 1 mM isopropyl-β-D-
thiogalactopyranoside for 4 h, cells were harvested by centrifugation (6000× g for 20 min at
4 ◦C) and resuspended in 20 mM Tris-HCl buffer (pH 7.5) containing 1 mM EDTA, 0.2 mM
PMSF, and 1 mM 2-mercaptoethanol. After sonication, the supernatant was obtained by
centrifugation (8000× g for 20 min at 4 ◦C). The supernatant was incubated at 85 ◦C for
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20 min and centrifuged (16,100× g for 30 min at 4 ◦C) again. The supernatant was applied
to an anion exchange column HiTrapQ HP (Cytiva, Marlborough, MA, USA) with a mobile
phase of 20 mM Tris-HCl buffer (pH 8.0) and eluted with a linear gradient of 0 to 1000 mM
NaCl. To calibrate the molecular mass of the subunits of Pc-SpeE, the recombinant Pc-SpeE
was subjected to gel-filtration chromatography using a Superdex-200 HR 10/30 column
(Cytiva) with a mobile phase of 20 mM Tris-HCl buffer (pH 8.0) containing 150 mM NaCl.
The protein concentration was determined using a Coomassie Plus Protein Assay Reagent
Kit (Pierce, Rockford, IL, USA) according to the manufacturer’s instructions using bovine
serum albumin as a standard.

2.4. Enzymatic Assay Condition of Pc-SpeE

Recombinant Pc-SpeE was added to a reaction mixture containing 20 mM PIPES-
NaOH (pH 8.5), 0.5 mM dcSAM, 0.5 µg Pc-SpeE, and polyamines as acceptors of the
aminopropyl group. The reaction mixture was incubated at 90 ◦C for 6 min. After the
reaction, the polyamine composition was analyzed by HPLC as described previously [4].
The structures of the polyamines were analyzed by GC–MS using a JMS-700 (JEOL, Tokyo,
Japan) equipped with an inertCap 1MS column (0.32 mm i.d. × 30 m coiled column; GL
Sciences, Tokyo, Japan).

2.5. X-ray Crystallography of Pc-SpeE

Pc-SpeE−ligand complexes were prepared by incubating the protein solution (10 mg/mL
Pc-SpeE, 20 mM Tris-HCl buffer pH 8.0, 150 mM NaCl) with 4 mM dcSAM and 2 mM
polyamine (putrescine, spermidine, spermine or aminopropylagmatine) at 20 ◦C for 1 h.
Crystallization was performed using the sitting-drop vapor diffusion method in a drop
containing a 1:1 mixture of the protein−ligand solution to the mother liquor solution
(Table 1).

Table 1. Mother liquor solution for the crystallization of Pc-SpeE.

Donor Acceptor Composition of Mother Liquor Solution

dcSAM Putrescine 0.4 M Ammonium acetate pH 8.0,
16% (w/v) PEG 2000MME

Spermidine 0.34 M Ammonium sulfate, 0.1 M Sodium citrate pH 5.2,
11% (w/v) PEG 4000

Spermine 0.15 M Sodium formate, 0.1 M HEPES pH 7.2,
18% (w/v) PEG 3350

Agmatine 0.15 M Sodium formate, 0.1 M HEPES pH 6.8,
15% (w/v) PEG 3350

Donor, donor substrate of aminopropyl group; Acceptor, acceptor substrate of aminopropyl group (polyamine).

Each obtained crystal was soaked in cryoprotectant solution (mother liquor solution
supplemented with 30% v/v glycerol), fished with a cryo-loop, and frozen in liquid N2.
X-ray diffraction data were collected at the SPring-8 BL44XU beamline at 100 K. Datasets
were processed using XDS [13] and the CCP4 suite (ver. 7.1.016) [14]. First, the structure
of Pc-SpeE incubated with dcSAM and spermidine was determined by the molecular
replacement method with MOLREP [15] using the structure of aminopropyltransferase
from Thermus thermophilus (Tth-SpeE; Protein Data Bank (PDB) ID: 3ANX) as the search
model. Using this structure as the search model, the other structures were solved by the
molecular replacement method. The structures were iteratively refined with REFMAC [16],
while manual model building was performed using the molecular graphics program
COOT [17]. All protein figures were generated using PyMOL (https://www.pymol.org
accessed on 2 May 2022). Data collection and refinement statistics for the final coordinates
are given in Table 2. The final coordinates and structure factor amplitudes were deposited
to the PDB with IDs 7XIF for the complex of 5′-methylthioadenosine (MTA) alone or
together with spermidine or thermospermine (334), 7XIG for the complex of MTA and

https://www.pymol.org
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spermine, 7XIH for the complex of MTA and spermidine, and 7XII for the complex of MTA
and aminopropylagmatine.

Table 2. Crystallographic data collection and refinement statistics of Pc-SpeE.

PDB IDs 7XIF 7XIG 7XIH 7XII

Substrates added in
crystallization

conditions
dcSAM and spermidine dcSAM and spermine dcSAM and putrescine dcSAM and agmatine

Ligands observed in
catalytic pockets

MTA alone or together
with spermidine

or thermospermine
MTA and spermine MTA and spermidine MTA and

aminopropylagmatine

Data collection

Synchrotron beamline SPring-8 BL44XU SPring-8 BL44XU SPring-8 BL44XU SPring-8 BL44XU
No. of

measured crystal(s) 1 2 1 3

Wavelength (Å) 0.90000 0.90000 0.90000 0.90000
Space group P31 P1 C2 P1

Unit cell a, b, c (Å)
α, β, γ (◦)

166.16, 166.16, 149.59
90.00, 90.00, 120.00

77.83, 80.39, 97.84 72.46,
89.13, 88.08

176.57, 57.26, 54.49
90.00, 98.50, 90.00

55.16, 57.17, 97.31 77.19,
78.32, 88.49

Resolution range (Å)
47.97–2.14
(2.18–2.14)

46.65–2.25
(2.29–2.25)

43.10–1.20
(1.22–1.20)

46.47–2.25
(2.32–2.25)

Completeness (%) 99.8 (100.0) 99.5 (97.6) 99.2 (99.7) 99.5 (96.1)
No. of total reflections 1118,232 379,621 557,761 531,582

No. of
unique reflections 254,276 (12,626) 106,737 (5243) 166,200 (8259) 53,669 (4661)

Redundancy 4.4 (4.5) 3.6 (3.1) 3.4 (3.4) 9.9 (9.8)
Rmerge (all I+ and I−) (%) 6.5 (95.2) 13.8 (391.9) 3.4 (70.5) 14.5 (41.8)

<I/<σ(I)> 15.2 (1.7) 5.4 (1.2) 15.1 (2.1) 13.3 (7.5)
CC1/2 0.999 (0.526) 0.989 (0.813) 0.999 (0.778) 0.995 (0.961)

Refinement

Resolution range (Å) 47.11–2.14 46.69–2.25 39.23–1.20 46.51–2.25
No. of reflections 241,370 100,802 158,009 51,035
Rwork/Rfree (%) 16.0/19.0 17.3/20.7 11.9/15.4 14.9/17.0

Mean B value (Å2) 46.2 47.3 21.4 24.4
No. of non-H atoms 28,933 19,343 5290 9834

RMSD from ideal
bond length (Å)/angle (◦) 0.011/1.597 0.007/1.467 0.017/2.045 0.010/1.684

Ramachandran (%)
Favored 95.70 96.14 97.07 96.32
Allowed 3.59 3.51 2.56 3.16
Outliers 0.71 0.35 0.37 0.53

Values in parentheses are for the highest resolution shells.

2.6. Enzymatic Assay of Oxidative Polyamine Degradation

P. calidifontis was cultivated under aerobic or anaerobic conditions, and the harvested
cells were disrupted. Polyamines (1 mM spermidine, spermine, thermospermine, or ther-
mopentarmine (3343)) were added to a 200 µL reaction mixture containing 50 mM Tris-HCl
(pH 7.5) buffer and the cell-free extract containing 10 µg protein. NAD+, NADP+, or potas-
sium ferricyanide (1 mM each) were added to the reaction mixture when required. Then,
the reaction mixture was incubated at 90 ◦C for 10 min, and the polyamine composition
was analyzed by HPLC.
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3. Results
3.1. Phylogenetic Analysis of Pc-SpeE

The facultative anaerobic hyperthermophilic archaeon P. calidifontis possesses mainly
norspermidine, spermidine, and norspermine [8]. In this study, norspermine was de-
tected as a major polyamine, and spermidine was detected as a minor polyamine of
P. calidifontis (Figure 2A). In addition, small amounts of putrescine and norspermidine were
detected. From the genome analysis, Pc-SpeE (Pcal_0772) was annotated as an aminopropy-
ltransferase, and no other aminopropyltransferase homologue was identified. Therefore,
Pc-SpeE was expected to contribute to the production of these linear polyamines found in
P. calidifontis cells.

Figure 2. HPLC analysis of the intracellular polyamines of cells grown under (A) aerobic conditions
and (B) anaerobic conditions. (C) Calculated intracellular polyamine (norspermine, norspermidine,
spermidine, and spermine/thermospermine) concentrations of P. calidifontis. Asterisks (*) indicate
the peak from an unknown compound. [+O2] and [−O2] indicate cells grown under aerobic and
anaerobic conditions, respectively.

The amino acid sequence of Pc-SpeE shares 75% identity with that from P. aerophilum
(Pa-SpeE), which produces norspermine and thermospermine [18]. When a phylogenetic
tree was constructed based on the amino acid sequences of the aminopropyltransferases, the
aminopropyltransferases were divided according to substrate specificity as described pre-
viously [4,19]. Pc-SpeE was located in the branch that included thermospermine synthases
from crenarchaea (Figure 3). The thermospermine synthase from the hyperthermophilic
crenarchaeon Hyperthermus butylicus (Hb-SpeEII), producing long-chain polyamines such as
caldopentamine (3333), was located in the same branch [18]. In addition, the aminopropy-
ltransferase from the thermophilic bacteria T. thermophilus (Tth-SpeE) was located in the
same group. The branched-chain polyamine-producing enzymes, such as Tk-BpsA, were
located in a distinct branch from Pc-SpeE [4]. By comparison, the aminopropylagmatine
synthase from Thermococcus kodakarensis (TK0147) was located in a relatively close branch
to that containing Pc-SpeE.

3.2. Enzymatic Properties

The molecular mass of the recombinant Pc-SpeE monomer containing a hexahisti-
dine tag was theoretically calculated to be 34.8 kDa from the primary sequence, and the
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apparent native molecular mass was estimated to be 134 kDa by gel-filtration chromatog-
raphy, suggesting that Pc-SpeE is a homotetramer similar to the spermidine synthases
from T. thermophilus and Thermotoga maritima [20,21]. When spermidine was used as a
substrate for the enzymatic reaction of recombinant Pc-SpeE, both spermine (343) and
thermospermine (334) were detected as enzymatic products by GC–MS analysis (data not
shown). The signal intensity of thermospermine was higher than that of spermine. These
results suggested that thermospermine was a major product of the enzymatic reaction
of Pc-SpeE and spermidine. Next, the kinetic parameters of recombinant Pc-SpeE with
various substrates were calculated (Table 3). The Km values for agmatine and norspermi-
dine were lower than those for spermidine. Additionally, Pc-SpeE showed high activities
when agmatine and norspermidine were used as substrates. This result was consistent
with the high activities observed for Pa-SpeE and Hb-SpeEII toward norspermidine [18].
Moreover, the high Km and low Vmax values obtained for the short-chain polyamines,
such as 1,3-diaminopropane (3), suggested they were not applicable as substrates for the
enzymatic reactions catalyzed by Pc-SpeE. The enzymatic properties of Pc-SpeE were dif-
ferent from those of Pa-SpeE and Hb-SpeEI, which showed relatively high activities toward
1,3-diaminopropane [18]. When putrescine at a high concentration was used as a substrate
of Pc-SpeE, a relatively high Vmax value was observed. By comparison, lower activity
was observed when a low concentration of putrescine was used as a substrate. Pa-SpeE
showed very low activity toward putrescine [18]. Considering the low affinity of Pc-SpeE
to putrescine and its high affinity to agmatine, biosynthesis of spermidine via aminopropy-
lagmatine seems to be the major polyamine biosynthetic pathway in P. calidifontis cells.
The fact that 1,3-diaminopropane was hardly used as a substrate of Pc-SpeE suggested
that norspermidine was not produced via 1,3-diaminopropane. The low Km and high
Vmax values for the Pc-SpeE-catalyzed reaction of agmatine suggested that spermidine was
produced via aminopropylagmatine similar to the polyamine biosynthesis carried out by
the thermophilic bacteria T. thermophilus and the euryarchaeon T. kodakarensis.

Figure 3. Phylogenetic tree of aminopropyltransferases involved in polyamine synthesis. Pc-SpeE is
indicated in bold. Phylogenetic analysis was performed using the neighbor-joining method of the
ClustalW program provided by DNA Data Bank of Japan. The scale bar represents one substitution
per 10 amino acids. Bootstrap values of 50 to 100 trials are shown.
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Table 3. Kinetic parameters of Pc-SpeE.

Substrate Km (µM) Vmax (Unit/mg) kcat (/s/Site)

Agmatine 54.4 1.00 × 103 0.580
1,3-diaminopropane 2.55 × 103 3.73 0.00216

Putrescine (0–1000 µM) 745 434 0.252
Putrescine (2000–3000 µM) - 833 0.483

Norspermidine 33.7 769 0.446
Spermidine 99.5 40.7 0.0236

Norspermine ND ND ND
Spermine 192 25.7 0.0149

One unit of activity was defined as the amount of enzyme that produces 1 nmol of product per min. The turnover
number (kcat) was calculated from Vmax as a value per one second per one catalytic site. Abbreviations: -, not
calculated; ND, not detectable.

3.3. X-ray Structural Analysis of Pc-SpeE Complexes

Four independent crystal structures with different ligand bindings were determined.
These structures were determined from crystals obtained by co-crystallization of protein
solutions mixed with various combinations of substrates under the sitting-drop vapor
diffusion method. Crystallographic data collection and refinement statistics are summa-
rized in Table 2. The results from all four structures showed that the subunit assembly
of Pc-SpeE is a dimer of homodimers (homotetramer, 139.2 kDa) (Figure 4A), and the
observed structure was consistent with the size estimated from gel-filtration chromatogra-
phy as described above. Therefore, the results suggest that the biological assembly in the
P. calidifontis cell is a dimer of homodimers. The assembly was the same as that of Tth-SpeE
(PDB ID: 3ANX) [20,21] and thermospermine synthase from Medicago truncatula (6BQ2) [22],
which shares 41% and 31% primary sequence identity, respectively, with Pc-SpeE, and was
different from that of the aminopropyltransferase from T. maritima [20,21].

The crystal structure of Pc-SpeE in complex with MTA alone or together with sper-
midine or thermospermine was refined at 2.14 Å resolution. The crystal was obtained by
co-crystallization of Pc-SpeE with dcSAM and spermidine. The asymmetric unit contained
12 Pc-SpeE monomers, of which four monomers were in the MTA alone complex without
polyamine (Pc-SpeE/MTA), five monomers were in the MTA and spermidine complex
(Pc-SpeE/MTA/spermidine), and three monomers were in the MTA and assigned thermo-
spermine complex (Pc-SpeE/MTA/thermospermine) (Figure 4B). The fact that different
complex structures were observed in the asymmetric unit indicates that the catalytic re-
action occurred during crystallization and the products MTA and thermospermine (or
spermine, which could be assigned in the electron density) were generated from the sub-
strates dcSAM and spermidine, and the product thermospermine was released from some
catalytic sites or exchanged with the new substrate spermidine.

The overall structure of Pc-SpeE is quite similar to that of Tth-SpeE, as indicated by the
root mean square deviation (RMSD) value of 0.84 Å. The structure of the active site of the
Tth-SpeE ternary complex had quite similar geometry to the Pc-SpeE ternary structure in
that both active sites are surrounded by acidic residues, which accommodate the positively
charged polyamine product, and the MTA-binding site is very close to the polyamine
substrate-binding site. In the Pc-SpeE/MTA/thermospermine structure (Figure 4B), Ile56,
Asp167, Asp164, and Leu165 contributed to the stabilization of the polyamine by forming
hydrogen bonds or salt bridges to the nitrogen atoms in thermospermine.

The Pc-SpeE complexed with MTA and spermine was obtained by co-crystallization of
the protein with dcSAM and spermine, and the crystal structure (Pc-SpeE/MTA/spermine)
was refined to 2.25 Å resolution (Figure 4C). The product thermopentamine from the sub-
strate spermine was not observed in the catalytic pocket, possibly because the affinity for the
product is much lower than that for the substrate, so the exchange of product and substrate
occurred quickly. When the catalytic site structures of Pc-SpeE/MTA/thermospermine and
Pc-SpeE/MTA/spermine were compared, it was noted that the interactions between the
amino acid residues and polyamines were different. The hydrogen bond distance between



Catalysts 2022, 12, 567 9 of 13

Asp167 and the N8 atom of thermospermine (3.2 Å) was shorter than that between Asp167

and the N4 atom of spermine (3.4 Å). The distance between the aromatic ring of Tyr236 and
the alkyl chain of thermospermine (3.4 Å) was shorter than that of spermine (4.4 Å). These
differences in the hydrophilic and hydrophobic interactions may contribute to polyamine
substrate recognition.

Figure 4. Crystal structures of Pc-SpeE. (A) The dimer of homodimers (homotetramer) assembly of Pc-
SpeE. (B) The homodimer form of Pc-SpeE in complex with MTA and thermospermine (PDB ID: 7XIF).
The box indicates the catalytic pocket where ligands bind. (C) Structural comparison of the Pc-SpeE
substrate-binding sites of the MTA and thermospermine complex (7XIF) and the MTA and spermine
complex (7XIG). (D) Substrate-binding site of Pc-SpeE in complex with MTA and spermidine (7XIH).
(E) Substrate-binding site of Pc-SpeE complexed with MTA and aminopropylagmatine (7XII).

The Pc-SpeE complexed with MTA and spermidine was obtained by co-crystallization
of the protein with dcSAM and putrescine, and the structure (Pc-SpeE/MTA/spermidine)
was refined to 1.20 Å resolution (Figure 4D). The structure indicated that the catalytic
reaction occurred during crystallization and the products generated remained bound in
the catalytic pocket. The binding of spermidine was stabilized by interactions with about
10 amino acid residues located within 4.0 Å from spermidine and one water molecule,
which was located to accommodate the space created by the shorter spermidine compared
with thermospermine/spermine.
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The Pc-SpeE in complex with MTA and aminopropylagmatine was obtained by co-
crystallization of the protein with dcSAM and agmatine, and the structure (Pc-SpeE/MTA/
aminopropylagmatine) was solved at 2.25 Å resolution (Figure 4E). As anticipated from
the kinetic parameters for agmatine (Table 3), the structure shows that the catalytic reac-
tion proceeded during crystallization and the products remained bound in the catalytic
pocket. The binding of aminopropylagmatine was stabilized by interactions with about
10 amino acid residues and a water molecule, which existed to fill the space created by
aminopropylagmatine being shorter than thermospermine/spermine.

3.4. Polyamine Oxidase Activity and the Polyamine Compositions in P. calidifontis Cells

Archaeal polyamine oxidase-like proteins are found in halophilic archaea [23]. How-
ever, no homologous genes of archaeal polyamine oxidase-like proteins were found in
the P. calidifontis genome. When thermospermine was added to the cell-free extract of
P. calidifontis, norspermidine was detected in the reaction mixture (Figure 5A). By com-
parison, almost no 1,3-diaminopropane was produced from spermidine, spermine, or
thermospermine in the cell-free extract (data not shown). These results were consistent
with the higher Km and lower Vmax values observed for Pc-SpeE when 1,3-diaminopropane
was used as a substrate compared with other substrates (Table 3). Moreover, more norsper-
midine was formed from thermospermine when electron acceptors (NAD+, NADP+) were
added to the reaction mixture (Figure 5B). When ferricyanide, which was used as the
electron acceptor for spermidine dehydrogenase in the in vitro experiment, was added to
the polyamine solution, polyamines were degraded nonenzymatically at high temperature
(data not shown).

Figure 5. Norspermidine production from polyamines. (A) The enzymatic activities of norspermidine
production are shown; these were obtained when the polyamines were mixed with a cell-free
extract of P. calidifontis cultivated under aerobic conditions, followed by incubation at 90 ◦C for
10 min. (B) Norspermidine production from themospermine with electron acceptors. (−) indicates
no additional electron acceptors.

When the polyamine composition of P. calidifontis cells grown under aerobic or anaero-
bic conditions were analyzed by HPLC, norspermine was mainly detected regardless of the
culture conditions (Figure 2A−C). In addition, small amounts of spermine, norspermidine,
and spermine/thermospermine were also detected. A larger amount of spermidine and
a smaller amount of spermine/thermospermine were detected from the cells grown un-
der aerobic conditions (Figure 2B,C). An unknown peak (*) observed at a retention time
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of 6 min was detected, and the area of the peak decreased under anaerobic conditions
(Figure 2A,B). These results suggest that polyamine degradation does not require molec-
ular oxygen. P. calidifontis may possess a polyamine dehydrogenase, and polyamines are
degraded under anaerobic conditions.

4. Discussion

The aerobic hyperthermophilic archaeon P. calidifontis possesses norspermine as a
major polyamine in the cell (Figure 2A) [8]. The kinetic parameters obtained for Pc-SpeE
suggested that agmatine and norspermidine were the major substrates of Pc-SpeE (Table 3).
Although both thermospermine and spermine could be produced from spermidine, the
crystal structure analysis of Pc-SpeE suggested that thermospermine was the major prod-
uct (Figure 4B). Norspermidine was produced via thermospermine or thermopentamine
by oxidative degradation. Norspermine, which is the major intracellular polyamine of
P. calidifontis, is synthesized from norspermidine by the addition of an aminopropyl group.
In this pathway, agmatine, spermidine, and norspermidine are substrates of Pc-SpeE, and
the main chain of these substrates are similar in length. Agmatine is smaller than sper-
midine and norspermidine; however, aminopropylagmatine with a water molecule was
stable in the reaction center of Pc-SpeE (Figure 4E). Although Pc-SpeE could synthesize
thermopentamine in vitro, thermopentamine was not detected in the cell extract [8]. Pc-
SpeE with spermine as the substrate showed low Vmax and high Km values; therefore, the
amount of thermopentamine production would be low, and it might be difficult for the large
polyamine to be accumulated in the cell. By comparison, a mutant strain of T. kodakarensis,
which lacks large branched-chain polyamines, was shown to grow at over 90 ◦C, while the
wild type strain grew at even higher temperatures than the mutant strain [4]. Therefore,
although large branched-chain polyamines contribute to the growth at high temperatures,
large polyamines are not essential for growth at high temperatures.

In archaea, agmatine is used for tRNAIle modification (agmatidine formation), and
agmatine is essential for cell growth [24–26]. Spermidine is synthesized via aminopropy-
lagmatine in thermophiles such as T. thermophilus and T. kodakarensis [4,27]. Pa-SpeE with
putrescine as a substrate showed very low activities [18], and Pc-SpeE had low affinity
for putrescine (Table 3). Considering these results, a polyamine biosynthesis pathway via
aminopropylagmatine exists in hyperthermophilic crenarchaea, although the intracellular
role of aminopropylagmatine is unknown. By comparison, a small amount of putrescine
was detected from other Pyrobaculum species such as P. islandicum and P. organotrophum [8].
Spermidine might be also produced via putrescine in P. calidifontis, although the substrate
specificity of agmatinase from P. calidifontis is still unknown.

The chemical structures of spermidine and norspermidine differ by only one methylene
group. However, spermidine tends to align the orientation of DNA, whereas norspermidine
induces shrinkage with a greater potency than spermidine [28]. Polyamines stabilize DNA
and RNA structure, and spermidine is more effective than norspermidine [29]. Considering
norspermidine and norspermine production via spermidine in P. calidifontis, polyamines
that consist of trimethylene groups between the amine groups may affect gene expression
according to the growth phase. Norspermidine was detected from the cells grown under
anaerobic conditions. In the case of P. aeruginosa, succinate and NADH were produced
from 4-aminobutanal produced by spermidine degradation [3]. The respiratory chain of
Pyrobaculum species contains NADH dehydrogenase and succinate dehydrogenase [30].
The substrates of these respiratory chain dehydrogenases may be produced by polyamine
degradation. In fact, NAD+-dependent thermospermine degradation was detected from the
P. calidifontis cells (Figure 5B). The identification and characterization of enzymes involved
in polyamine degradation in P. calidifontis require further study.

5. Conclusions

Although (hyper)thermophilic euryarchaea and bacteria possess long-chain and/or
BCPAs, which are especially important for the growth at high temperature, hyperther-
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mophilic crenarchaea do not produce BCPAs. In the case of hyperthermophilic crenarchaeon
P. calidifontis, norspermine (333), norspermidine (33), and spermidine (34) are major intra-
cellular polyamines, but the biosynthesis pathway of these polyamines has been unclear.
The enzymatic properties and crystal structures of Pc-SpeE suggest that thermospermine
(334) is mainly produced from arginine via agmatine, aminopropylagmatine, and sper-
midine. Norspermidine is produced from thermospermine by an unknown polyamine
oxidase/dehydrogenase followed by norspermine formation by Pc-SpeE.
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dcSAM decarboxylated S-adenosyladenosine
Hb-SpeEI aminopropyltransferase I from Hyperthermus butylicus
Hb-SpeEII aminopropyltransferase II from Hyperthermus butylicus
HPLC high-performance liquid chromatography
MTA 5′-methylthioadenosine
NAD+ nicotinamide adenine dinucleotide
NADP+ nicotinamide adenine dinucleotide phosphate
Pa-SpeE aminopropyltransferase from Pyrobaculum aerophilum
Pc-SpeE aminopropyltransferase from Pyrobaculum calidifontis
PDB Protein Data Bank
PIPES piperazine-1,4-bis(2-ethanesulfonic acid)
RMSD root mean square deviation
Tk-BpsA branched-chain polyamine synthase from Thermococcus kodakarensis
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