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We had previously isolated a facultatively anaerobic hyperthermophilic archaeon, Pyrobaculum calidifontis
strain VA1. Here, we found that strain VA1, when grown under aerobic conditions, harbors high catalase
activity. The catalase was purified 91-fold from crude extracts and displayed a specific activity of 23,500 U/mg
at 70°C. The enzyme exhibited a Km value of 170 mM toward H2O2 and a kcat value of 2.9 � 104 s�1·subunit�1

at 25°C. Gel filtration chromatography indicated that the enzyme was a homotetramer with a subunit molec-
ular mass of 33,450 Da. The purified catalase did not display the Soret band, which is an absorption band
particular to heme enzymes. In contrast to typical heme catalases, the catalase was not strongly inhibited by
sodium azide. Furthermore, with plasma emission spectroscopy, we found that the catalase did not contain iron
but instead contained manganese. Our biochemical results indicated that the purified catalase was not a heme
catalase but a manganese (nonheme) catalase, the first example in archaea. Intracellular catalase activity
decreased when cells were grown anaerobically, while under aerobic conditions, an increase in activity was
observed with the removal of thiosulfate from the medium, or addition of manganese. Based on the N-terminal
amino acid sequence of the purified protein, we cloned and sequenced the catalase gene (katPc). The deduced
amino acid sequence showed similarity with that of the manganese catalase from a thermophilic bacterium,
Thermus sp. YS 8-13. Interestingly, in the complete archaeal genome sequences, no open reading frame has
been assigned as a manganese catalase gene. Moreover, a homology search with the sequence of katPc revealed
that no orthologue genes were present on the archaeal genomes, including those from the “aerobic” (hyper)-
thermophilic archaea Aeropyrum pernix, Sulfolobus solfataricus, and Sulfolobus tokodaii. Therefore, KatPc can be
considered a rare example of a manganese catalase from archaea.

In aerobic organisms, hydrogen peroxide is produced by
various enzymatic reactions, particularly the univalent reduc-
tion of molecular oxygen by oxidases and the disproportion-
ation of superoxide by superoxide dismutases. Hydrogen per-
oxide is a toxic molecule as it can both oxidize and reduce
organic substrates in cells. Catalases (EC 1.11.1.6) remove this
toxicity by catalyzing the disproportionation of hydrogen per-
oxide into molecular oxygen and water. Along with superoxide
dismutases, catalases play an important role in defending the
cell against oxidative stress, and are distributed in almost all
aerobic and facultatively anaerobic organisms.

Catalases are assigned to three phylogenetically distinct
groups: two groups comprised of heme catalases and one
group of nonheme catalases (29). The monofunctional (or
typical) catalases, which are one type of heme catalases, have
been found in many bacteria, archaea, plants, fungi, and ani-
mals. They display a broad range of subunit sizes (55 to 84
kDa) and are generally tetrameric enzymes. Monofunctional
catalases usually do not harbor peroxidase activity. Represen-
tative enzymes are bovine liver catalase (31) and Escherichia
coli HP II (10). The bifunctional catalase-peroxidases, the
other type of heme catalases, have been found in bacteria,

archaea, and fungi. Besides their difference in size (subunit
size, approximately 80 kDa), they exhibit not only catalase
activity but also peroxidase activity. The catalase-peroxidases
are not phylogenetically related to the monofunctional cata-
lases but rather resemble plant and fungal peroxidases. A well-
known enzyme is Mycobacterium tuberculosis KatG (46). The
nonheme catalases, which are sometimes referred to as
pseudocatalases, constitute one minor catalase group and have
a relatively small subunit size (28 to 36 kDa). They utilize
manganese ions instead of ferric heme in their active site and
are therefore also known as manganese catalases.

Until now, only four manganese catalases, all from bacteria,
had been purified and characterized (Lactobacillus plantarum
[28], Thermus thermophilus [5], Thermus sp. YS 8-13 [20], and
Thermoleophilum album [1]). The three-dimensional structures
of manganese catalases from T. thermophilus (3) and L. plan-
tarum (7) have been determined at high resolution. These two
enzymes have been well characterized, but the primary struc-
ture of the T. thermophilus enzyme has not been entirely pub-
lished. Recently, a manganese catalase was identified as a third
catalase in a pathogenic bacterium, Salmonella enterica sero-
type Typhimurium, and found to be regulated by RpoS (�S)
(36), but its biochemical characteristics have not been ana-
lyzed.

For archaea, several heme catalases have been characterized
to date. A catalase-peroxidase and a monofunctional catalase
were purified from the halophilic archaeon Halobacterium
halobium (11, 12), and a catalase-peroxidase was also purified
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from Haloarcula marismortui (14). In methanogenic archaea,
monofunctional catalases were purified from Methanosarcina
barkeri (41) and Methanobrevibacter arboriphilus (42). In (hy-
per)thermophilic archaea, a putative catalase-peroxidase gene
was found in the genome of the obligately anaerobic archaeon
Archaeoglobus fulgidus (26). Its gene was expressed in E. coli,
and the recombinant product was characterized (25). However,
an open reading frame presumed to encode a catalase was not
found in the genomes of the aerobic (hyper)thermophilic ar-
chaea Aeropyrum pernix (22), Sulfolobus solfataricus (40), and
S. tokodaii (21). At present, manganese catalase has not been
reported as being present in archaea.

A facultatively anaerobic hyperthermophilic archaeon, Py-
robaculum calidifontis strain VA1, was previously isolated (2).
P. calidifontis VA1 grows optimally at 90 to 95°C and pH 7.0
under atmospheric air. Oxygen serves as a final electron ac-
ceptor under aerobic growth conditions, while oxygen can be
replaced by nitrate under anaerobic conditions. Although thio-
sulfate could not serve as an electron acceptor, its presence in
the medium significantly enhanced the growth of strain VA1
(2). In this study, catalase activity was detected in aerobically
grown VA1 cells. Therefore, we purified and characterized the
enzyme and also cloned the catalase gene. Interestingly, the
enzyme did not turn out to be a heme catalase but was found
to be a manganese catalase. Therefore, this study reports the
first characterization of a manganese catalase from archaea.

MATERIALS AND METHODS

Strains, plasmids, phages, and culture conditions. P. calidifontis VA1 is a
facultatively anaerobic hyperthermophilic archaeon, isolated from a hot spring in
the Philippines (2). For the purification of catalase, cells were cultivated in a
medium containing the following (per liter): 10 g of tryptone, 1 g of yeast extract,
and 3 g of Na2S2O3·5H2O. Cells were grown in silicone-plugged 500-ml Sakagu-
chi flasks containing 200 ml of medium and incubated at 90°C in an air bath
shaker (120 rpm). Anaerobic culture conditions were obtained according to a
technique described in reference 4. Vials (20 ml) (Maruemu, Osaka, Japan)
containing 10 ml of medium were autoclaved and then transferred into an
anaerobic chamber (Tabai Espec, Osaka, Japan) filled with an anoxic gas mixture
(N2-CO2-H2 [90:5:5]). In the chamber, residual oxygen in the vial was reduced by
adding 0.5 mM Na2S, and then the vial was sealed with a butyl rubber stopper
(Maruemu) and an aluminum cap (Maruemu). Resazurin (1 mg/liter) was used
as a redox indicator. Microaerobic growth conditions were obtained by omitting
the addition of Na2S. The presence of oxygen was confirmed by the color of
resazurin. E. coli DH5� and the vector pUC19 were used for cloning and gene
manipulation. E. coli XL1-Blue MRA (P2) (Stratagene, La Jolla, Calif.) was used
as a host strain for �EMBL3 phage (Stratagene). Luria-Bertani medium was
used for cultivation of E. coli, and NZYM medium was used for amplification of
phage (38).

Enzyme assays. Catalase activity was determined spectrophotometrically by a
UV-1600PC spectrophotometer with a thermal control unit (Shimadzu, Kyoto,
Japan). Routine assays were performed at 70°C in 50 mM potassium phosphate
buffer (pH 7.0) containing 20 mM hydrogen peroxide. Decomposition of hydro-
gen peroxide was monitored at 240 nm (ε240 � 43.6 M�1 cm�1 [18]) (8). One unit
of catalase activity is defined as the amount of activity required to convert 1 �mol
of hydrogen peroxide to water and oxygen per min. Activity measurements of the
commercially available heme catalase from bovine liver (Sigma, St. Louis, Mo.)
were performed at 25°C.

Peroxidase activity was measured spectrophotometrically by a UV-1600PC
spectrophotometer with a thermal control unit (Shimadzu). Assays were per-
formed at 70°C unless stated otherwise. The reaction mixture contained 50 mM
potassium phosphate buffer (pH 7.0), 3 mM hydrogen peroxide, an electron
donor, and an appropriate amount of enzyme. Pyrogallol was used at a concen-
tration of 42 mM in the reaction mixture, and the oxidation was monitored at 430
nm. One unit of peroxidase activity for pyrogallol (ε430 � 2.47 mM�1 cm�1) is
equivalent to 1 �mol of pyrogallol oxidized per min. The oxidation of guaiacol
(42 mM) was monitored at 470 nm, that of p-phenylenediamine (0.3 mM) was

monitored at 485 nm, and that of o-dianisidine (0.29 mM) was monitored at 460
nm. Diaminobenzidine was used at 0.5 mM in the presence of 0.1% gelatin in the
reaction mixture (17), and oxidation was monitored at 465 nm. The oxidation of
NADH or NADPH (0.2 mM) was monitored at 340 nm at 30°C, while that of
glutathione (2 mM) was monitored at 340 nm by coupling with glutathione
reductase (1 U per ml) in the presence of 0.2 mM NADPH at 30°C.

Purification of catalase. Purification procedures of catalase were performed at
room temperature unless mentioned otherwise. Harvested cells were suspended
in 50 mM potassium phosphate buffer (pH 7.0). The cells were disrupted by
sonication, and the supernatant was obtained by centrifugation (12,000 � g, 30
min, 4°C). The supernatant was subjected to ammonium sulfate fractionation at
0°C. The fraction corresponding to 60 to 95% saturation was collected and
adjusted to 1.5 M (35% saturation) ammonium sulfate. The fraction was applied
to a hydrophobic-interaction column, Resource PHE (Amersham Pharmacia
Biotech, Uppsala, Sweden), equilibrated with 50 mM potassium phosphate
buffer containing 1.5 M ammonium sulfate (pH 7.0), and eluted with a decreas-
ing linear gradient of 1.5 to 0 M ammonium sulfate in 50 mM potassium
phosphate buffer. The fractions containing catalase activity were pooled and
dialyzed to remove the ammonium sulfate and to convert the buffer to 50 mM
Tris-HCl (pH 9.0). The desalted fractions were applied to an anion-exchange
column Resource Q (Amersham Pharmacia Biotech), equilibrated with 50 mM
Tris-HCl (pH 9.0), and eluted with a linear gradient of 0 to 0.5 M KCl in 50 mM
Tris-HCl (pH 9.0). The fractions containing catalase activity were pooled and
concentrated by using Centricon-30 (Millipore, Bedford, Mass.). The enzyme
solution was applied to a gel filtration column HiLoad 16/60 Superdex 200 pg
(Amersham Pharmacia Biotech) equilibrated with 50 mM potassium phosphate
buffer with 0.15 M KCl (pH 7.0) and eluted with the same buffer. The fractions
containing catalase activity were desalted with 50 mM potassium phosphate
buffer and used as purified enzyme in following experiments. The concentration
of protein was determined by the Bio-Rad (Hercules, Calif.) protein assay system
with bovine serum albumin as a standard. Homogeneity of the protein was
examined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) (38). The N-terminal amino acid sequence of the purified enzyme was
determined by a protein sequencer Model 270 (Perkin-Elmer Applied Biosys-
tems, Foster City, Calif.).

Molecular properties of catalase. Gel filtration chromatography was used to
determine the native molecular mass of the purified catalase. Experiments were
performed at a flow rate of 0.5 ml/min on AKTÄ explorer 10S fast-performance
liquid chromatography system (Amersham Pharmacia Biotech), using a Super-
dex 200 HR 10/30 column (Amersham Pharmacia Biotech). The buffer used was
50 mM potassium phosphate buffer (pH 7.0) containing 0.15 M KCl. The native
molecular mass of the enzyme was estimated from a calibration curve plotted by
using proteins from HMW and LMW gel filtration calibration kits (Amersham
Pharmacia Biotech).

Metal contents (manganese, iron, and calcium) of the purified catalase were
analyzed by plasma emission spectroscopy (ICPS-7000; Shimadzu).

Catalytic properties of catalase. Optimum pH conditions for the purified
catalase were determined by measuring the specific activity in the following
buffers: 50 mM acetic acid-sodium acetate buffer (pH 4.0 to 5.5); 50 mM potas-
sium phosphate buffer (pH 5.5 to 8.0); 50 mM Tris-HCl buffer (pH 7.5 to 9.0);
50 mM glycine-NaOH (pH 9.0 to 9.5); and 25 mM sodium hydrogen carbonate-
sodium carbonate buffer (pH 9.5 to 10.0). The assay temperature was 70°C. For
each buffer, the pH was adjusted so that the pH of the solution would attain the
desired value at 70°C, using published values of 	pH/	T (16). The results are
shown as percentage ratios relative to the specific activity of the catalase in 50
mM glycine-NaOH buffer (pH 9.5).

In order to determine the optimum temperature for the purified catalase
activity in 50 mM potassium phosphate buffer (pH 7.0), the reaction mixture was
preincubated at the desired temperature for 3 min prior to measurements.
Reaction temperatures were maintained during measurements with a thermal
control unit (described above).

To determine thermostability, enzyme samples (0.1 mg/ml) were incubated at
various temperatures in 50 mM potassium phosphate buffer (pH 7.0). At various
intervals, aliquots of the enzyme were taken and assayed for residual activity in
50 mM potassium phosphate buffer (pH 7.0) at 70°C.

Isolation of P. calidifontis VA1 catalase-encoding gene (katPc gene). A genomic
library of P. calidifontis VA1 was prepared by ligating genomic DNA partially
digested with Sau3AI into BamHI-digested arms of �EMBL3 (Stratagene). Two
oligonucleotide primers were designed. One primer (5
-ATGTAYCTNAGRAT
HGAYCGNCTNCARAT-3
, where R is A or G, Y is C or T, H is A, C, or T,
and N is A, T, G, or C) was derived from the determined N-terminal amino acid
sequence of the purified enzyme, and the other primer (5
-YTCDATRTGNCC
NAGYTCYTCNGT-3
, where R is A or G, Y is C or T, D is A, G, or T, and N
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is A, T, G, or C) was derived from a consensus sequence obtained from an
alignment among manganese catalase genes and some orthologous genes. A
DNA fragment containing a part of the katPc gene was obtained by PCR using
these primers and P. calidifontis VA1 genomic DNA as a template. A phage
clone, which carried the complete katPc gene, was screened from the genomic
library by plaque hybridization using the DNA fragment as a probe.

DNA manipulation and sequencing. Routine DNA manipulations were per-
formed by standard methods (38). For isolation of plasmid and phage DNA,
Plasmid Mini-, Midi- and Lambda Kits (Qiagen, Hilden, Germany) were used.
Restriction enzymes and modifying enzymes were purchased from Toyobo (Osa-
ka, Japan), Takara Shuzo (Kyoto, Japan), and Boehringer Mannheim (Mann-
heim, Germany). DNA sequencing on both strands of DNA was carried out using
the ABI PRISM kit and Model 310 capillary DNA sequencer (Perkin-Elmer
Applied Biosystems). Sequence data were analyzed and compared using GENE-
TYX-WIN Version 4 software package (Software development, Tokyo, Japan).
The multiple alignment of amino acid sequences was performed by the program
ALIGN contained within the CLUSTAL W program (44) provided by DNA
Data Bank of Japan (DDBJ).

Nucleotide sequence accession number. The katPc gene sequence is available
under accession no. AB076020 in the GenBank, EMBL, and DDBJ databases.

RESULTS

Catalase activity in P. calidifontis VA1 cells grown under
various culture conditions. P. calidifontis VA1 was cultivated
under various culture conditions, and catalase activities in the
respective cell extracts were measured. Anaerobically or mi-
croaerobically grown cells showed low levels of catalase activity
(�10 U/mg). Cells grown under atmospheric air, but without
shaking, also displayed similar levels of catalase activity. How-
ever, when cells were grown under atmospheric air and vigor-
ous shaking, the cell extracts exhibited 230 to 270 U of catalase
activities per mg. Therefore, P. calidifontis VA1 harbors a
catalase that is induced when grown under aerobic conditions.

Purification of the catalase. P. calidifontis VA1 cells grown
under atmospheric air with vigorous shaking were used to
purify the catalase. The catalase activity in the cell extract
displayed a specific activity of 259 U/mg. Catalase was purified
from the cell extract 91-fold by ammonium sulfate fraction-
ation, followed by hydrophobic-interaction, anion-exchange,
and gel filtration column chromatography (Table 1 and Fig. 1).
The N-terminal amino acid sequence of the purified enzyme
was MYLRIDRLQIQLPA(P/D)KE(P/Y)D. It showed signifi-
cant homology (79% identity) to the N-terminal amino acid
sequence of the manganese catalase from Thermus sp. YS 8-13
(accession no. AB008786). One minor band was observed be-
low the major band in Fig. 1, lane 5. The N-terminal amino
acid sequence of the minor band (MYLRI) was identical to
that of the major band. Furthermore, the relative densities of
the two bands differed under various denaturing conditions,
indicating that the bands represented different denaturation
states of the same polypeptide. We have previously encoun-
tered many cases in which thermostable proteins showed ab-

errant migration rates on SDS-PAGE gels, due to incomplete
denaturation of the protein in SDS gel-loading buffer (32). The
purified catalase (KatPc) exhibited a specific activity of 23,500
U/mg at 70°C.

Subunit assembly. The subunit composition of the purified
enzyme was determined by gel filtration chromatography. The
native enzyme had a molecular mass of 154 kDa (data not
shown). The subunit molecular mass was estimated to be ap-
proximately 38 kDa by SDS-PAGE (Fig. 1) and 33,450 Da
from the deduced amino acid sequence of its gene (see below).
These results suggested that P. calidifontis VA1 catalase was a
homotetrameric enzyme.

Metal content. Typical heme catalases have a specific absor-
bance at 407 nm (Soret band), which is due to the heme
prosthetic group. The UV and visible light spectrum of P.
calidifontis VA1 catalase (250 to 700 nm; not shown) displayed
only a single peak at 280 nm, without a Soret band. We further

FIG. 1. SDS-PAGE of samples during the purification process of
the P. calidifontis VA1 catalase. Lane M, molecular mass markers; lane
1, crude extract (5 �g); lane 2, ammonium sulfate fraction (5 �g); lane
3, peak fraction after hydrophobic-interaction chromatography (5 �g);
lane 4, flowthrough fraction after anion-exchange chromatography (5
�g); lane 5, purified enzyme obtained from gel filtration chromatog-
raphy (5 �g). The arrows indicate the major and minor bands de-
scribed in the text.

TABLE 1. Purification of P. calidifontis VA1 catalase

Method Total activity (U) Total protein (mg) Sp act (U/mg) Yield (%) Purification (fold)

Crude extract 174,000 670 259 100 1
Ammonium sulfate

(60–95%)
101,000 132 762 58 3

Resource PHE 76,500 24 3,150 44 12
Resource Q 64,100 11 5,960 37 23
Superdex 200 30,500 1.3 23,500 18 91
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examined the metal content of the catalase by plasma emission
spectroscopy. We could not detect any iron in the catalase.
However, manganese was present at 1.32 � 0.03 atoms per
subunit (a subunit molecular mass of 33,450 Da was used to
calculate the metal content). These results suggested that P.
calidifontis VA1 catalase was not a heme catalase but a man-
ganese catalase.

Comparison with heme catalase. Most catalases contain a
heme group at their active site. As most heme enzymes are
sensitive to low concentrations of azide or cyanide, an easy
method to distinguish heme and manganese catalases is to
examine the inhibitory effects of azide or cyanide on the cata-
lase activity. We investigated azide sensitivity of P. calidifontis
VA1 catalase, compared with the heme catalase from bovine
liver (Sigma). When aliquots of the heme catalase from bovine
liver were assayed in the presence of sodium azide at concen-
trations ranging from 0 to 2 �M, a drastic decrease in activity
was observed (e.g., 40% decrease in the presence of 1 �M
sodium azide). In contrast, the P. calidifontis VA1 catalase was
hardly inhibited in the same concentration range. Ninety per-
cent of activity could still be detected in the presence of 1,000
�M sodium azide. Although a manganese catalase has not
been reported to be present in archaea, our biochemical results
clearly indicate that the catalase from P. calidifontis VA1 is a
manganese catalase.

Enzymatic properties. Measurements of catalase activity
were performed at various pHs and temperatures. Catalase
activities were detected from pH 4.0 to 10.0 (Fig. 2A). The
highest activity was detected in glycine-NaOH buffer, pH 9.5.
The catalase displayed significant activity from 30 to 100°C,
with an optimal temperature of 90°C (Fig. 2B). In order to
determine the thermostability of the catalase, aliquots of the
enzyme (0.1 mg/ml) were incubated at various temperatures.
The residual activities after heat treatment were assayed at
70°C (Fig. 2C). The half-lives of the catalase were 50, 114, and
432 min at 100, 95, and 90°C, respectively.

In order to determine the kinetic parameters of the purified
catalase, we investigated enzyme activity at various concentra-
tions of H2O2. An assay was performed at 25°C in order to
accurately compare enzymatic properties with those of previ-
ously reported manganese and heme catalases. The enzyme
followed Michaelis-Menten kinetics, and from the Lineweaver-
Burk plot (Fig. 3), we deduced a Km value of 170 mM and a kcat

value of 2.9 � 104 s�1·subunit�1.
Peroxidase activities were tested for various substrates in-

cluding pyrogallol, guaiacol, p-phenylenediamine, o-dianisi-
dine, diaminobenzidine, NADH, NADPH, and glutathione.
No peroxidase activity was detected when guaiacol, p-phenyl-
enediamine, o-dianisidine, diaminobenzidine, NADH,
NADPH, or glutathione was used as a substrate under our
assay conditions. However, the P. calidifontis VA1 catalase
displayed peroxidase activity toward pyrogallol with a specific
activity of 604 U/mg at 70°C.

Effects of manganese and hydrogen peroxide on intracellu-
lar catalase activity. As described above, the catalase activity
in the cell extracts of strain VA1 was induced under aerobic
cultivation with vigorous shaking. In order to gain further in-
sight on the factors that affect the intracellular levels of cata-
lase, we measured the activity in the cells grown with additional
compounds such as hydrogen peroxide and manganese. It was

previously reported that the removal of thiosulfate, a possible
antioxidant, from the medium led to a drastic decrease in cell
growth (2). Here, we measured the catalase activity in these
cells and found a 3.4-fold-greater induction in intracellular
activity in cells grown without thiosulfate (869 U/mg) com-
pared to that in cells grown with thiosulfate (253 U/mg). We
then added hydrogen peroxide, paraquat (methyl viologen, a
well-known reductor of oxygen to superoxide anion), or man-
ganese ions in the medium without thiosulfate. Growth was not
observed with the addition of 100 �M hydrogen peroxide, 1
�M paraquat, or 10 �M manganese chloride. We were able to
measure catalase activity in cells grown in the presence of 10
�M hydrogen peroxide, 0.1 �M paraquat, or 1 �M manganese
chloride. No influence on catalase activity was observed with
10 �M hydrogen peroxide (850 U/mg) or 0.1 �M paraquat
(876 U/mg). However, addition of 1 �M manganese led to a
further increase in intracellular catalase activity (1,460 U/mg).

Catalase-encoding (katPc) gene. In order to obtain a homol-
ogous probe for katPc gene encoding the catalase, two PCR
primers were designed. One primer was designed from the
determined N-terminal amino acid sequence of the purified P.
calidifontis VA1 catalase. The other primer was designed from
a consensus sequence (68TEELGHIE75 in Thermus sp. YS 8-13
manganese catalase) obtained from an alignment with manga-
nese catalase genes and orthologous genes. A partial fragment
(approximately 0.2 kbp) of katPc gene was amplified by PCR
using these two primers and P. calidifontis VA1 genomic DNA
as a template. After confirming the sequence, this amplified
fragment was used as a probe in plaque hybridization.

A genomic library was constructed from P. calidifontis VA1
by using the �EMBL3 phage vector system. A phage clone,
which carried the complete katPc gene, was identified from the
genomic library by plaque hybridization using the DNA frag-
ment as a probe. This phage DNA was digested with SalI and
subcloned into pUC19. One of these plasmids containing a
3.5-kbp inserted fragment was found to include the entire katPc

gene and was sequenced.
The katPc gene was composed of 897 bp and corresponded to

a protein of 298 amino acids with a deduced molecular mass of
33,450 Da. This value was comparable with the apparent mo-
lecular mass of 38 kDa determined by SDS-PAGE for the
purified catalase subunit. Furthermore, the N-terminal amino
acid sequence of the purified catalase determined by Edman
degradation was identical to the deduced sequence from the
katPc gene.

We compared the deduced amino acid sequence from the
katPc gene with other previously reported manganese catalases
(Fig. 4). It showed high similarity with a manganese catalase
from a thermophilic bacterium, Thermus sp. YS 8-13 (61%
identity). In contrast, it showed lower similarities with manga-
nese catalases from mesophilic bacteria (L. plantarum, 24%
identity; Salmonella enterica serotype Typhimurium, 19% iden-
tity). Although the complete primary structure has not been
published, the three-dimensional structure of T. thermophilus
catalase has been determined. The structure has revealed that
Glu36, Glu70, His73, Glu155 and His188 were coordinated to
manganese ions in the active site (6). These residues were
conserved in the P. calidifontis VA1 catalase (Fig. 4).
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DISCUSSION

In this report, we describe the first characterization of an
archaeal manganese catalase, KatPc, from a hyperthermophilic
archaeon, Pyrobaculum calidifontis VA1. This was supported
by (i) the absence of a Soret band; (ii) the lack of inhibition by
sodium azide; (iii) the presence of manganese, but not iron,
indicated by plasma emission spectroscopy; and (iv) the pri-
mary structure of the protein. During the purification proce-
dure, we could not detect any additional protein fractions with
catalase activity. Furthermore, no decrease in catalase activity
in the cell extracts was observed after addition of sodium azide
(data not shown). These observations strongly indicate that the
manganese catalase purified in this study is the only catalase in
P. calidifontis VA1.

The subunit molecular mass of the catalase was estimated to
be approximately 38 kDa by SDS-PAGE (Fig. 1) and calcu-
lated to be 33,450 Da from the deduced amino acid sequence

of the katPc gene. The native molecular mass was estimated to
be 154 kDa by gel filtration chromatography. Therefore, KatPc

was considered to be a homotetramer. This is also the case for
the enzyme from T. album, which is a homotetrameric enzyme
composed of 34-kDa subunits (1). In contrast, manganese cata-
lases from L. plantarum (28.3 kDa) (28), T. thermophilus (35
kDa) (5), and Thermus sp. (36 kDa) (20) are hexameric en-
zymes.

KatPc exhibited a specific activity of 23,500 U/mg at 70°C.
This value was comparable to the specific activities of other
manganese catalases (L. plantarum, 7,800 U/mg at 25°C [9];
Thermus sp. YS 8-13, 8,000 U/mg at 65°C [20]; T. album, 17,745
U/mg at 25°C [1]). Kinetic analysis of KatPc revealed that the
enzyme had a kcat value of 2.9 � 104 s�1·subunit�1 and a Km

value of 170 mM toward H2O2. These parameters were also
comparable to those of previously reported manganese cata-
lases (Table 2). In general, heme catalases can be regarded as
superior catalysts, with a kcat value of approximately 107

s�1·subunit�1, and a kcat/Km value of approximately 4 � 108

(45).
Previously reported crystal structures of manganese cata-

lases indicated the presence of two manganese atoms per sub-
unit in the catalytic centers (3, 6, 7). In this study, plasma
emission spectroscopy detected only 1.32 � 0.03 atoms per
subunit in the P. calidifontis VA1 catalase. This low value may
be due to a partial loss of manganese ions during purification
or systematic errors of plasma emission spectroscopy and/or

FIG. 2. (A) Optimum pH of the P. calidifontis VA1 catalase. The
buffers used for each pH range were 50 mM acetic acid-sodium acetate
buffer (pH 4.0 to 5.5, closed squares); 50 mM potassium phosphate
buffer (pH 5.5 to 8.0, closed circles); 50 mM Tris-HCl buffer (pH 7.5
to 9.0, open circles); 50 mM glycine-NaOH (pH 9.0 to 9.5, closed
triangles); and 25 mM sodium hydrogen carbonate-sodium carbonate
buffer (pH 9.5 to 10.0, open triangles). The assay temperature was
70°C. The results are shown as percentage ratios relative to the specific
activity of the catalase in 50 mM glycine-NaOH buffer (pH 9.5).
(B) Optimum temperature of the P. calidifontis VA1 catalase.
(C) Thermostability of the P. calidifontis VA1 catalase at various tem-
peratures. Closed circles, incubation at 100°C; open circles, incubation
at 95°C; closed triangles, incubation at 90°C.
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protein concentration assay. Another factor may be the pres-
ence of catalase apoenzymes in the cells without the proper
coordination of manganese ions. Although cell growth was low,
we observed a 1.7-fold increase in intracellular catalase activity
when 1 �M Mn2� was added to the medium in the absence of
thiosulfate. This may reflect an increase of the amount of

holoenzyme in the cells, as well as an induction in gene ex-
pression. This aberrantly low value has also been observed in
previous studies using atomic absorption spectroscopy. In
these cases, although crystal structures reveal the presence of
2 manganese atoms/subunit, manganese contents of manga-
nese catalases were 1.12 � 0.37 atoms/subunit (mean � stan-
dard deviation) (L. plantarum [28]), 1.4 � 0.4 atoms/subunit
(T. album [1]), and 1.2 atoms/subunit (Thermus sp. [20]). It is
reasonable to assume that the catalase from P. calidifontis VA1
also contains two manganese atoms per subunit.

Previously reported three-dimensional structures of manga-
nese catalases reveal that the enzymes are composed of three
distinct structural units: an N-terminal polypeptide, a central
four-helix bundle that serves as the scaffolding for the catalytic
active site, and a C-terminal tail (7). The structure of the
central domain, including the amino acid residues coordinated
to the manganese atoms, is relatively well conserved (Fig. 4).
However, while a lysine residue (Lys162) was indicated to
contribute to catalytic proton transfer in the T. thermophilus
enzyme (3), this residue was found to be functionally substi-
tuted by a glutamate residue (Glu178) in the L. plantarum
enzyme (7). From sequence alignment (Fig. 4), we have found
that the lysine residue, and not the glutamate residue, was
conserved in the P. calidifontis VA1 enzyme. Concerning the
C-terminal domain, the primary structure of VA1 catalase
resembled that of the T. thermophilus enzyme and was distinct
from that of the L. plantarum enzyme. The L. plantarum cata-
lase has been reported to contain one calcium atom per sub-
unit in this domain (7), while calcium was not found in the T.
thermophilus enzyme (3). As plasma emission spectroscopy

FIG. 3. Lineweaver-Burk plot of the P. calidifontis VA1 catalase
with the substrate hydrogen peroxide. Activity measurements were
performed at 25°C for comparison with other manganese and heme
catalases.

FIG. 4. Amino acid sequence alignment of KatPc (Pc) with manganese catalases from Thermus sp. YS 8-13 (Th, accession no. AB008786) and
L. plantarum (Lp, accession no. D87070). Alignment was performed with CLUSTAL W. Conserved residues are indicated with asterisks. Domain
boundaries were determined by using the structure of the T. thermophilus catalase (3). Residues highlighted with a solid background are residues
coordinated with manganese ions. The lysine (Pc and Th) or glutamate (Lp) residues indicated by arrowheads are considered to contribute to
catalytic proton transfer. The calcium binding site of the catalase from L. plantarum is boxed.
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revealed the absence of calcium in the VA1 enzyme, the P.
calidifontis VA1 catalase may harbor a structure similar to that
of the T. thermophilus catalase in this domain.

Some catalases are known to harbor peroxidase activity in
addition to their catalase activity (29). We found that the P.
calidifontis catalase exhibited peroxidase activity toward pyro-
gallol. Among previously reported manganese catalases, the T.
album enzyme displayed peroxidase activity specific to p-phen-
ylenediamine (1), while no peroxidase activity was detected in
the L. plantarum enzyme (27). The presence and absence of
peroxidase activity among manganese catalases have been pro-
posed to reflect structural differences in the vicinity of the
active center. In particular, Leu154 and Gly185 in the Thermus
catalase were conserved as Leu151 and Gly182 in the P. ca-
lidifontis VA1 catalase. These residues are supposed to gener-
ate an additional short, wide solvent channel to the protein
surface in the Thermus enzyme that is not present in the L.
plantarum catalase (7).

In archaea, several heme-containing catalases have been
characterized. (11, 12, 14, 41, 42), but there have been no
previous reports of a manganese catalase. Recently, an abun-
dant number of complete genome sequences from various ar-
chaeal strains have been determined. Therefore, we searched
the database of each archaeal genome sequenced to date for
both heme-containing and manganese catalases. To our sur-
prise, we found very few archaeal genomes with catalase or-
thologues. One catalase-peroxidase gene was found in the en-
tire genome of the anaerobic hyperthermophilic archaeon A.
fulgidus (26), and characterization of the recombinant protein
has been reported (25). Another catalase-peroxidase gene was
found in the genome of the mesophilic halophilic archaeon
Halobacterium sp. NRC-1 (33). However, no catalase ortho-
logue gene was found in all other genomes, including those of
the (hyper)thermophilic archaea Methanobacterium thermoau-
totrophicum (43), Methanococcus jannaschii (13), Pyrococcus
horikoshii (23), Pyrococcus abyssi (http://www.genoscope.cns.fr
/Pab/), Thermoplasma acidophilum (37), and Thermoplasma
volcanium (24). Moreover, the complete genomes of the “aer-
obic” (hyper)thermophilic archaea A. pernix (22), S. solfatari-
cus (40), and S. tokodaii (21) also did not harbor putative
catalase genes in spite of having superoxide dismutases which
produced hydrogen peroxides. Jenny et al. found superoxide
reductase activity in the anaerobic hyperthermophilic archaeon
Pyrococcus furiosus, which reduces superoxide to hydrogen
peroxide without forming molecular oxygen (19). The enzyme
was considered a key component of a novel oxidative stress
protection system. In this system, rubredoxin oxidoreductase
or neelaredoxin was considered to detoxify superoxide as a
superoxide reductase (30). Superoxide dismutase or superox-
ide reductase orthologues were found in all of the archaeal
complete genome sequences. However, putative catalase genes

or rubrerythrin genes, which are considered to detoxify hydro-
gen peroxide (15, 30), were not found in the genomes of aer-
obic hyperthermophile A. pernix (22) and facultatively anaer-
obic thermophiles T. acidophilum (37) and T. volcanium (24),
although these organisms have superoxide dismutase genes.
They might withstand hydrogen peroxide stress using other
peroxiredoxin systems (e.g., alkyl hydroperoxide reductase)
(35). As at present, the hyperthermophilic archaeon P. calidi-
fontis VA1 is the only archaeal strain that seems to harbor a
manganese catalase, the strain can be considered a valuable
tool for investigating the physiological roles and evolution of
(manganese) catalases. The presence of the gene in P. calidi-
fontis VA1 may also represent an interesting example of lateral
gene transfer. Studies on the physiological roles and biochem-
ical characteristics of the catalase are under way.
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