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ABSTRACT: Three genes encoding heme hydroperoxidases (katA, katB, andkatC) have been identified in
the soil bacteriumSinorhizobium meliloti. The recombinant proteins were overexpressed inEscherichia
coli and purified in order to achieve a spectral and kinetic characterization. The three proteins contain
hemeb with high-spin Fe(III). KatB is an acidic bifunctional homodimeric catalase-peroxidase exhibiting
both catalase (kcat ) 2400 s-1) and peroxidase activity and having a high affinity for hydrogen peroxide
(apparentKM ) 1.6 mM). KatA and KatC are acidic monofunctional homotetrameric catalases. Although
different in size (KatA is a small subunit catalase while KatC is a large subunit catalase) both enzymes
exhibit the same heme type and a similar affinity for H2O2 (apparentKM values of 160 and 150 mM).
However, the turnover rate of KatA (kcat ) 279000 s-1) exceeds that of KatC (kcat ) 3100 s-1) significantly.
The kinetic parameters are in good agreement with the physiological role of these heme proteins. KatB
is the housekeeping hydroperoxidase exhibiting the highest affinity for hydrogen peroxide, while KatA
has the lowest H2O2 affinity but the highestkcat/KM value (1.75× 106 M-1 s-1), in agreement with the
hydrogen peroxide inducibility of the encoding gene. Moreover, the lower catalytic efficiency of KatC
(2.1 × 104 M-1 s-1) appears to be enough for growing in the stationary phase and/or under heat or salt
stress (conditions that are known to favorkatC expression).

Cellular metabolism of dioxygen (O2) is essential to
aerobic organisms but can lead to the production of reactive
cytotoxic species such as singlet oxygen, superoxide (O2

•-),
hydrogen peroxide (H2O2), and hydroxyl (OH•) radical, which
can damage cellular components by oxidizing lipids, proteins,
and nucleic acids (1). To avoid these effects, cells growing
under aerobic conditions possess specific enzymatic systems
to maintain reactive oxygen species (ROS) at nonharmful
levels (2). Hydroperoxidases are oxidoreductases involved
in hydrogen peroxide degradation. Among others, they
include heme-containing monofunctional catalases and per-
oxidases, which are ubiquitous enzymes (3-5).

Monofunctional catalases (EC 1.11.1.6) show a remarkable
level of conservation in both their core sequences and
structural features. One group contains small subunit enzymes
(55-69 kDa) with hemeb associated and one contains large
subunit enzymes (75-84 kDa) with hemed associated (3).
Regarding their predominant activity, i.e., the dismutation
of hydrogen peroxide to water and molecular oxygen, striking
variations are found in specific activities, reaction velocities,
and sensitivity to high concentrations of hydrogen peroxide
(3, 6, 7).

Peroxidases (EC 1.11.1.7) are more heterogeneous and
categorized in two superfamilies: one hemeb containing
superfamily including enzymes from bacteria, fungi, and
plants (4) and one superfamily containing animal peroxidases
containing a modified hemeb (5). Peroxidases use hydrogen
peroxide to oxidize a great variety of both inorganic and
organic substrates (i.e., theperoxidaticactivity). Catalase-
peroxidases, being homologous with plant ascorbate peroxi-
dases and fungal cytochromec peroxidases (8), are the only
peroxidases which can oxidize hydrogen peroxide by releas-
ing molecular oxygen (i.e., thecatalaticactivity) at reason-
able rates withkcat/KM values comparable with those of
monofunctional catalases. Indeed, catalase-peroxidases are
bifunctional, having also in addition a peroxidase activity
of broad specificity (9, 10). Bacterial catalase-peroxidases
(hydroperoxidases I) have been isolated from a variety of
different organisms of both prokaryotic and lower eukaryotic
origin (9-13).

Regarding the physiology of catalase expression and its
control in bacteria,Escherichia coliis well studied.E. coli
contains twocatalaticallyactive enzymes, namely, HPI1 and
HPII. The catalase-peroxidase (HPI) is mainly expressed
upon induction of oxidative stress, whereas the levels of the
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‡ Universitàdi Torino.
§ UMR CNRS-INRA-Universitéde Nice.
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monofunctional catalase (HPII) increase as cells grow into
stationary phase. The role of HPII seems to be protection
during periods of slow or no growth (14, 15).

Interestingly, in the completely sequenced genome of the
Gram-negative soil bacteriumSinorhizobium meliloti, three
genes encoding heme-containing andcatalatically active
hydroperoxidases can be found, belonging to the three
distinct groups mentioned above:katA, encoding a mono-
functional catalase with hemeb, katC, encoding a large
subunit monofunctional catalase, and, finally,katB, encoding
a catalase-peroxidase (16-19). S. melilotiis able to develop
a symbiosis with someMedicagospecies (Medicago satiVa
andMedicago truncatula), and this plant-bacterium interac-
tion leads to the formation of root nodules (20); during this
process, bacteria differentiate to their symbiotic forms, the
so-called bacteroids, which are able to reduce atmospheric
nitrogen to ammonia. The expression of the three genes,katA,
katB, andkatC, is differentially regulated both during the
development of the nodule and in the different phases of
growth of the free-living cells (21, 22). In the free-living
cells, only the expression ofkatAis increased by the exposure
to H2O2, while the induction ofkatCdepends on heat stress,
salt stress, and ethanol, andkatB is not induced by any of
the tested treatments (21, 22). The hydroperoxidases ofS.
meliloti appear to play an important role in the symbiotic
process, sincekatA--katC- andkatB--katC- double mu-
tants show a significant decrease in their ability to form
nodules (the differentiation of bacteroids is blocked at
different steps) and to fix nitrogen (21, 22).

Why doesS. melilotiutilize three different heme-contain-
ing enzymes with catalase activity? To correlate the physi-
ological role(s) of these enzymes with defined biochemical
and biophysical properties, a comparative analysis is needed.
In this paper, we present the cloning, the overexpression in
E. coli, and the purification of KatA, KatB, and KatC
together with a comprehensive spectral and kinetic charac-
terization of the enzymes. The correlation between the
functional characteristics of each enzyme and its expression
pattern and putative physiological role(s) is discussed.

EXPERIMENTAL PROCEDURES

Construction of the Expression Vectors. S. meliloti(strain
RCR2011) was grown at 30°C in LB medium containing
2.5 mM MgSO4 and 2.5 mM CaCl2 (19), and total DNA
was prepared according to Ausubel et al. (23). Synthetic
oligonucleotide primers were from MWG-Biotech (Ger-
many).

The katB gene was amplified by using primer B1 (AA-
GAAGACTTCATGGATCAGAAGAGCGATAGTGC), con-
taining aBbsI restriction site and the ATG, and primer B2
(AAACTCGAGTCAGACCAGATCAAAGCGGTCG), con-
taining the stop codon and anXhoI restriction site. As for
the monofunctional catalases, primers A1 (AAAGGTCTC-
TACATGACAGATCGTCCGACGATCACC) and A2
(AAACTCGAGTTACTCGGCCGCCGTGCTGATC) were
employed to amplify thekatA gene, and primers C1
(AAACCATGGCCAAGAAACCCTCTGCGC) and C2
(AAACTCGAGCTATTTCAGCTTGACCGAGGGTTC) were
used in the case ofkatC; the oligonucleotide A1 contained
a BsaI restriction site and the oligonucleotide C1 anNcoI
restriction site, whereas both oligonucleotides A2 and C2
contained anXhoI restriction site.

All amplification reactions were composed of 35 cycles,
carried out under the following conditions: denaturation, 95
°C for 30 s; annealing, 68°C for 30 s; extension, 72°C for
2 min; the final step of extension was prolonged to 15 min.
The PCR products were fractionated on a 1% agarose gel,
and the appropriate DNA was cut out, purified using the
QiaEx II gel extraction kit (Qiagen), and ligated into a
pGEM-T vector.

Each insert was then sequenced (MWG-Biotech) in order
to verify the amplified sequence. The pGEM-T vectors
containing the cloned genes were digested with the appropri-
ate restriction enzymes, and the fragments obtained were
purified and cloned into the expression vector pET-30a,
digested withNcoI and XhoI.

OVerexpression and Purification.CompetentE. coli BL21-
(DE3)pLysS cells were transformed with the expression
vector pET-30a containingkatA, katB, or katC; positive
clones carrying the recombinant plasmid were selected and
grown overnight at 37°C with shaking in LB medium
containing 30µg/mL kanamycin and 34µg/mL chloram-
phenicol. The cell suspension was diluted to get an initial
OD600 of 0.05, and the culture was grown at 37°C until an
OD600 of 0.6-0.7 was obtained; the expression of the
recombinant protein was then induced by the addition of 1
mM â-D-thiogalactopyranoside (IPTG); at the same time
hemin was added to a final concentration of 40µg/mL. Cells
carrying pET-30katA or pET-30katB plasmid were further
incubated for 3 h at 37°C, while thekatCculture was cooled
at 20°C after induction and incubated overnight. Cells were
then harvested by centrifugation (4000g, 20 min, 4 °C),
resuspended in lysis buffer (50 mM NaH2PO4, 300 mM
NaCl, 10 mM imidazole, pH 8.0), incubated on ice for 30
min with 1 mg/mL lysozyme, and broken by sonication (6
× 30 s).

RNase A and DNase I were added to the solution, and
after 15 min in ice the suspension was centrifuged (10000g,
30 min, 4°C) to remove the cellular debris. One milliliter
of nickel-charged resin (Ni-NTA Agarose, Qiagen) was
added to 4 mL of the cleared lysate and mixed gently by
shaking at 4°C for 1 h; then the mixture was loaded in the
column and washed twice with 4 mL of washing buffer (50
mM NaH2PO4, 300 mM NaCl, 20 mM imidazole, pH 8.0).
Bound proteins were eluted with 2 mL of elution buffer (50
mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, pH 8.0),
and the eluted fractions were assayed for catalase activity
and assessed for purity using SDS-PAGE. Active fractions
were pooled and loaded on a PD-10 desalting column
(Amersham Biosciences) in order to exchange the elution
buffer with 10 mM phosphate buffer, pH 7.0. Protein
concentrations at each purification step were determined by
using the Bio-Rad protein assay kit (bovine serum albumin
as standard), according to Bradford (24). Typically, a 200
mL culture ofE. coli gave approximately 5 mg of each active
enzyme. All of the proteins were kept at-80 °C, and their
enzymatic activity remained stable for months.

Polyacrylamide Gel Electrophoresis and Gel Filtration.
SDS-PAGE was carried out on 10% slab gels as described
by Laemmli (25) using low-range prestained molecular
weight standards (Bio-Rad) and the Mini-cuve Bio-Rad.
Proteins on the gel were stained with Coomassie Blue. Native
PAGE was performed on 7% slab gels using the Mini-cuve
Bio-Rad. Catalase activity was visualized via inhibition of
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diaminobenzidine oxidation by H2O2 in the presence of
horseradish peroxidase (26). Isoelectric focusing (IEF) was
performed on 5% slab gels with the Mini 111 IEF cell (Bio-
Rad), Bio-Rad Bio-Lyte 3/10 and 3/6 ampholytes, and Sigma
IEF-Mix 3.6-6.6. Protein was detected by Coomassie
staining.

Gel filtration on a Superdex 200 column (1× 20 cm)
(Pharmacia) was used to determine the molecular mass of
the native enzymes. The column was equilibrated with 50
mM phosphate buffer, pH 7.0, containing 0.15 M KCl and
calibrated with albumin, aldolase, catalase, ferritin, and
thyroglobulin (Amersham Biosciences) in the range 67-669
kDa.

Spectroscopic Measurements.The UV-visible spectra of
the samples were recorded on a Unicam UV300 (Thermo-
spectronic) double-beam spectrophotometer equipped with
a magnetic stirring device and a single cell Peltier for
temperature control. The molar extinction coefficient of the
Soret band, the heme type, and content were determined for
each protein by recording the spectral properties of the
reduced heme-pyridine complex according to Furhop and
Smith (27). To calculate the heme-to-protein stoichiometry,
the concentration of the monomer was estimated by using
the following extinction coefficients,ε276 ) 78000 M-1 cm-1

(KatA), ε280 ) 147500 M-1 cm-1 (KatB), andε280 ) 64000
M-1 cm-1 (KatC), estimated on the basis of the amino acid
compositions (protein parameter tool from ExPASy, pro-
teomics server of the Swiss Institute of Bioinformatics, http://
www.expasy.org/). Enzyme reduction was achieved by
adding sodium dithionite (up to a final concentration of 120
mM) under anaerobic conditions, and the ferric-to-ferrous
form transition was investigated by recording UV-visible
electronic absorption within the next hour.

EPR studies were carried out on a Bruker ESP300 X-band
spectrometer equipped with an Oxford Instruments ESR900A
continuous flow cooling system (3.8-300 K). Enzyme
adducts with cyanide for EPR and UV-visible measurements
were prepared by adding KCN (final concentration 0.2 M)
to a protein solution in 10 mM phosphate buffer, pH 7.0.

Catalase and Peroxidase Assays.To allow comparison of
the kinetic data of KatA and KatC fromS. melilotiwith those
of other monofunctional catalases, the recently published
method of Switala and Loewen was applied (7). Catalase
activity (hydrogen peroxide degradation) was measured
polarographically using a Clark-type electrode (YSI 5331
Oxygen Probe) inserted in a stirred water bath at 30°C (28).
One unit of catalase is defined as the amount that catalyzes
the formation of 1µmol of O2 in 1 min in a 60 mM H2O2

solution at pH 7.0 and 30°C. Initial oxygen evolution was
used to determine the turnover rates to minimize the
inactivation caused by high peroxide concentrations. In the
case of catalase-peroxidases, which are known to have lower
KM values and being even more sensitive to peroxide
concentrations higher than 20 mM (12), a H2O2 concentration
of 5 mM was used for determination of kinetic parameters.
The pH dependence of catalase activity was measured using
50 mM buffers (citrate-phosphate, pH 4-7.5; Tris-HCl, 7.5-
9; glycine-NaOH, 9-11), containing either 60 mM H2O2

(KatA and KatC) or 5 mM H2O2 (KatB). Peroxidase activity
was monitored spectrophotometrically at 25°C in 50 mM
phosphate buffer, pH 7.0, using 1 mM H2O2 and 2 mM
3-(dimethylamino)benzoic acid (DMAB) and 40µM

3-methyl-2-benzothiazolinone hydrazone hydrochloride
(MBTH) by following the oxidation rate at 590 nm (ε590 )
47600 M-1 cm-1) (29) or 1 mM 2,2′-azinobis(3-ethylben-
zothiazoline-6-sulfonic acid) (ABTS,ε414 ) 31100 M-1

cm-1) (30). The same buffers as in the catalase measurements
were used for the determination of the pH dependence of
the peroxidase activity of KatB.

Stopped-Flow Spectroscopy.The stopped-flow apparatus
(model SX-18MV) and the associated computer system were
from Applied Photophysics (U.K.). For a total of 100µL/
shot into a flow cell with 1 cm light path, the fastest time
for mixing two solutions and recording the first data point
was approximately 1.5 ms. To define the actual binding rates
of the ligand cyanide to native enzyme, protein samples (1-2
µM heme) were mixed with varying concentrations of
cyanide in the conventional stopped-flow mode (50 mM
phosphate buffer, pH 7.0). The reaction was followed at
wavelengths of 425 nm (KatA), 406 nm (KatB), and 427
nm (KatC). To ensure first-order kinetics, cyanide concentra-
tions were at least 10 times that of the enzyme. At least three
determinations (2000 data points) ofkobswere performed for
each ligand concentration, and the mean value was used in
the calculation of the second-order rate constants, which were
calculated from the slope of the line defined by a plot of
kobs versus ligand concentration.

RESULTS

Expression and Purification of Recombinant Hydroper-
oxidases.On the basis of the known nucleotidic sequences
of katA, katB, andkatC from S. meliloti(16-18), specific
primers were constructed to amplify the open reading frames
by PCR. The PCR fragments were verified by sequencing
and cloned into the expression vector pET-30a.E. coli cells
were then transformed with the obtained plasmids. The
IPTG-induced expression ofkatA, katB, and katC was
analyzed by SDS-PAGE of cell lysates (data not shown).
In both total and soluble extracts obtained from cells growing
at 37°C for 3 h after induction a new protein band appeared,
at 60 kDa (KatA) and 85 kDa (KatB). In the case of KatC,
the overexpressed protein was totally located in inclusion
bodies (data not shown). Therefore, to obtain a soluble form
of KatC, the culture was grown overnight at 20°C after
induction to slow the metabolism according to Kerschbaumer
et al. (31). This temperature change allowed to find the KatC
band in the soluble fraction at an apparent molecular mass
of about 85 kDa on SDS-PAGE (data not shown).

After purification (see Experimental Procedures) protein
purity was estimated to be over 95% (data not shown). As
a control, cellular lysates from transformed cells carrying
the expression vector lacking the insert were loaded onto
the affinity column. After washing, no catalase activity was
detected in the eluted fractions. Recombinant proteins
exhibited a substantial catalase activity when separated on
nondenaturing PAGE and stained for catalase activity (data
not shown).

Physical Characterization of Recombinant KatA, KatB,
and KatC.The molecular masses, determined by gel filtration
chromatography, were estimated to be approximately 270
kDa for KatA, 170 kDa for KatB, and 354 kDa for KatC.
These data clearly indicate that KatB is a homodimer whereas
KatA and KatC are homotetramers and differ from each other
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in containing small and large subunits. The three hydroper-
oxidases are acidic proteins: the determined isoelectric points
are 5.4 (KatA), 5.0 (KatB), and 5.5 (KatC) (data not shown).

The UV-visible spectra of the recombinant proteins are
shown in Figure 1, and the absorption maxima and RZ
(Reinheitszahl) values are listed in Table 1. KatB shows a
spectral pattern typical of catalase-peroxidases: a Soret band
at 407 nm and two main broad absorptions at 504 (Q band)
and 636 (CT band) nm. KatA and KatC have a Soret band
at 409-408 nm and four similar broad absorption maxima
in the visible region (two Q and two CT bands) which differ
in their relative intensities. The above spectral features
indicate an Fe(III)-heme high-spin pentacoordinate coexist-
ing with an Fe(III)-heme high-spin hexacoordinated with
water (32). Furthermore, as concerning KatA and KatC, the

two bands at 543-549 nm and at 627-630 nm are
characteristic of hemeb. In the case of KatC this is
uncommon, since large subunit catalases have been shown
to contain hemed (3); typically in hemed of HPII catalase
from E. coli the corresponding bands are shifted to 590
(prominent) and 715 nm (weak) (33). Initially, HPII binds
hemeb during assembly, which is subsequently oxidized by
the catalase itself during the early rounds of catalysis (33).
In the case of recombinantSinorhizobiumKatC production
(expression from a high expression promoter overnight at
room temperature) heme conversion could be impaired.
However, treatment of KatC with neither various amounts
of hydrogen peroxide nor 5 mM ascorbate (the oxidation of
which generates low levels of H2O2) (33) caused spectral
shifts indicative of hemed formation even at long incubation
times (>2 h; data not shown).

The presence of hemeb in all of the three recombinant
proteins was confirmed by the pyridine hemochromogen
assay; the spectra of the dithionite-reduced pyridine com-
plexes exhibited the characteristic peaks of iron protopor-
phyrin IX (hemeb), with maxima at 418, 525, and 556 nm.
On the basis of these spectra, a molar extinction coefficient
of 98000 M-1 cm-1 per heme and a 2.0 heme/dimer ratio
were obtained for KatB; moreover, molar extinction coef-
ficient values of 97600 and 78200 M-1 cm-1 per heme and
heme/tetramer ratios equal to 3.0 and 3.4 were calculated
for the monofunctional catalases KatA and KatC, respec-
tively. The anaerobic reduction of KatB with sodium
dithionite causes a marked shift of the Soret band to 438
nm, together with a significant decrease in intensity (Table
1 and Figure 1, spectrum 3). By contrast, both KatA and
KatC were not reduced by sodium dithionite (120 mM).

The UV-visible spectra of the three hydroperoxidase-
cyanide complexes (0.2 M cyanide) undergo a characteristic
iron(III) high-spin to low-spin conversion (Table 1 and Figure
1, spectrum 2). The KatB-CN- complex had a Soret band
shifted to 421 nm; KatA and KatC exhibit the most and the
least pronounced red shift of the Soret band (17 and 9 nm,
respectively).

Further characterization of the three enzymes was achieved
by means of EPR spectroscopy at low temperature. The EPR
spectral patterns of these heme proteins (Figure 2) exhibited
two sets of rhombic signals aroundg ) 6, with one being
clearly dominant, that is in particular occurring for KatC.
This behavior could confirm a thermal equilibrium between
two Fe(III)-heme high-spin species (penta/hexacoordinated
metal ion) that appeared from electronic spectra and which
seems evident by freezing. The apparentg tensor values of
the predominant signals are reported in Figure 2. The
apparent rhombicity (%R) was calculated by the empirical
equation %R) (g1 - g2) × 100/16, and the values obtained
for the three proteins were markedly different: KatA (9.8)
> KatC (6.1) > KatB (2.1). This significant decrease in
rhombicity from KatA to KatB could correspond to a
transition of the ferric catalytic site from one structural motif
(a highly rhombic geometry in the case of KatA) to a
different one (a nearly axial geometry in the case of KatB).

EPR spectra of the cyanide adducts of the recombinant
enzymes have a pattern in theg ) 2 region representative
of low-spin Fe(III)-heme systems, in agreement with the
corresponding electronic spectra. The spectrum of KatB-
CN- exhibits resonances atg ) 3.18, 2.08, and 1.40, whereas

FIGURE 1: Absorption spectra of KatA, KatB, and KatC. Enzymes
[(2.5-5.4) × 10-6 M] were dissolved in 10 mM potassium
phosphate buffer, pH 7.0. Spectra 1: purified proteins. Spectra 2:
cyano adducts, obtained by addition of 0.2 M KCN. Spectrum 3:
KatB/Fe(II) obtained by addition of 120 mM sodium dithionite
under anaerobic conditions.

Table 1: Absorption Maxima and RZ Values for the Three
Hydroperoxidases fromS. melilotia

optical absorbance maxima (nm)protein RZ

KatA 409 507 (sh) 543 (sh) 582 (sh) 627 1.01
+KCN 426 555 588 (sh) 628 (sh)

KatB 407 504 538 (sh) 636 0.67
+KCN 421 538 575 (sh) 645 (sh)
Fe(II) 438 556 590

KatC 408 517 549 575 (sh) 630 1.01
+KCN 417 517 550 575 (sh) 632

a Absorption maxima and RZ (ASoret/A280nm) of the three hydroper-
oxidases, KatA, KatB, and KatC. The purified proteins [(2.5-5.4) ×
10-6 M] were dissolved in 10 mM potassium phosphate buffer, pH
7.0. Cyanide complexes were made upon addition of 0.2 M KCN to
the ferric proteins. Formation of ferrous proteins [Fe(II)] was obtained
by adding 120 mM sodium dithionite under anaerobic conditions.

Characterization of Hydroperoxidases fromS. meliloti Biochemistry, Vol. 43, No. 39, 200412695



KatA-CN- and KatC-CN- show nearly the same pattern,
g ) 2.90, 2.24, and 1.62 for KatA andg ) 2.93, 2.22, and
1.61 for KatC. The presence of one low-spin pattern suggests
that each protein contains only one type of heme cofactor.
Further, it is interesting to note that theg low-spin component
of the KatC-CN- spectrum differentiates from that of the
corresponding HPII-cyanide spectrum (g ) 2.34, 2.23, 1.79)
(34). From the low-spin components, the crystal field
distortion parametersV/λ and∆/λ were calculated according
to Taylor (35) together with theV/∆ ratio as well. The axial
component∆/λ (3.96, 4.22, and 4.12 for KatA, KatB, and
KatC, respectively) is similar for the three proteins, whereas
the rhombic componentV/λ of the two monofunctional
catalases KatA (2.06) and KatC (2.00) is significantly higher
with respect to that obtained for KatB (1.43) and representa-
tive of a greater distortion of heme plane. Therefore, for the
two monofunctional catalases KatA and KatC the degree of
rhombicityV/∆ is comparable (0.52 and 0.48, respectively),
whereas it is significantly different for KatB (0.34). This is
in good agreement with the apparent rhombicity values (%
R) calculated from EPR spectra of the recombinant Fe(III)
high-spin proteins.

Kinetic Characterization.Specific catalase and peroxidase
activities and kinetic parameters of the recombinant proteins
are reported in Table 2. A comparison of the specific catalatic
activities reveals that KatA is the most active protein (8.54
× 106 units/µmol of heme), while KatB and KatC exhibit
lower specific catalase activity (14.0× 104 and 5.78× 104

units/µmol of heme, respectively). With a maximum turnover
of 279000 s-1 for KatA, and turnover rates about 2 orders
of magnitude lower for KatB and KatC,S. melilotipossesses
three catalases displaying very different kinetic properties.
The determination of the H2O2 concentration at which 50%
of maximal activity is attained (apparentKM, Table 2) reveals
a similar broad variation from 1.6 mM (KatB) to 160 mM
(KatA). In the case of KatB the apparentKM was calculated
from a double-reciprocal plot, which was revealed to be

linear in the 0.5-10 mM H2O2 concentration range. For the
two monofunctional catalases, the double-reciprocal plot is
linear between 10 and 200 mM H2O2.

Figure 3 shows the pH profiles of catalase activity for the
threeS. melilotihydroperoxidases. The pH profile of KatB
is quite different from that of the monofunctional catalases.
The catalatic activity of the latter is essentialy pH-
independent between pH 5 and 9, whereas that of KatB
shows an optimum around pH 6.5. KatB shows peroxidase
activity (optimum pH between 6 and 6.5), with MBTH (227
units/µmol of heme) and ABTS (163 units/µmol of heme)
as substrates; conversely, KatA and KatC exhibit no measur-
able peroxidase activity toward one-electron donors.

Finally, the kinetics of cyanide binding was used to
confirm UV-visible and EPR data and to probe the heme
cavity entrance and proper folding of the three hydroper-
oxidases (Figure 4). On the basis of the observed spectral
changes upon addition of cyanide to ferric KatA, KatB, and
KatC (Table 1), the conventional stopped-flow mode was
used to follow the spectral transition at the following
wavelengths: 425 nm (KatA), 406 nm (KatB), and 427 nm
(KatC). The kinetics of cyanide binding to KatA and KatC
is monophasic and gives single exponential curves, consistent
with a pseudo-first-order kinetics (the original time traces
and fits are shown in the insets of Figure 4). The obtained
first-order rate constants,kobs, show that with both mono-
functional catalases thekobsvalues linearly increase with the
concentration of cyanide (Figure 4). The curve slope yields
the apparent second-order rate constant for cyanide binding
(kon). The values obtained for KatA and KatC are (1.2(
0.2) × 106 M-1 s-1 and (5.5 ( 0.1) × 103 M-1 s-1,
respectively, at pH 7 and 30°C. Since the finite intercepts
of 6.9 s-1 (KatA) and 46 s-1 (KatC) representkoff, from the
ratio koff/kon the values for the dissociation constant of the
cyanide complex to ferric enzyme and cyanide of 5.8µM
and 8.3 mM for KatA and KatC were calculated. The cyanide
binding to the catalase-peroxidase is biphasic, with a fast
exponential phase being responsible for more than 90% of
absorbance change. Fitting the first rapid phase by a single
exponential equation, the bimolecular rate constant for
cyanide binding to KatB at pH 7 and 30°C was determined
to be (2.4( 0.3) × 106 M-1 s-1.

DISCUSSION

Here we have described the overexpression and charac-
terization of the three distinct heme-containing hydroper-
oxidases fromS. meliloti. Although other non-heme enzymes,
like peroxiredoxins, may contribute to peroxide degradation
in this bacterium, these three enzymes are primarily involved
in hydrogen peroxide detoxification. Most interestingly,S.
meliloti expresses a bifunctional catalase-peroxidase (KatB)
and two monofunctional catalases, which belong to different
clades, namely, to small subunit catalases (KatA) and to large
subunit catalases (KatC).

As the amino acid sequence clearly suggests, KatB is a
class I hydroperoxidase belonging to the superfamily I of
plant, fungal, and bacterial peroxidases and exhibits both a
peroxidatic and an overwhelming catalatic activity. The
homodimeric (2× 85 kDa), hemeb containing enzyme
exhibits spectral characteristics similar to those of other
catalase-peroxidases (10-12). Both the absorption maxima

FIGURE 2: Low-temperature EPR spectra of the three recombinant
hydroperoxidases. Purified recombinant enzymes (7.2× 10-6 M
KatA; 4.5× 10-5 M KatB; 4.1× 10-6 M KatC) were dissolved in
10 mM potassium phosphate, pH 7.0, and 25% glycerol. Conditions
were as follows: microwave frequency, 9.456 GHz; microwave
power, 10 mW; modulation amplitude, 5 G; modulation frequency,
100 kHz; time constant, 82 ms; temperature, 4 K.
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in the UV-visible spectrum and the EPRg tensor values
strongly indicate thatS. melilotiKatB is a high-spin iron-
(III) protoporphyrin IX (hemeb) protein with a histidine
(His258, according to the sequence alignment) as the
proximal ligand of the metal. In particular, the low-fieldg
value (3.18) of the corresponding cyanide adduct fits in the
range 3.5-3.0, which is typical of heme proteins with
histidine as the proximal ligand and cyanide as the sixth
ligand (36). These structural assumptions were recently
corroborated by the 3D structure of the catalase-peroxidases
from Haloarcula marismortui(37) andBurkholderia pseudo-
mallei (38). The fact that sodium dithionite reduces only
ferric KatB reflects the much more positive reduction

potential of the ferric/ferrous couple of catalase-peroxidases
in contrast to the monofunctional catalases which have a
tyrosinate as the fifth heme ligand. Both the steady-state
kinetic parameters and the cyanide binding rate are typical
for a bifunctional catalase-peroxidase. KatB is an efficient
catalase, with a high affinity for H2O2 (KM 1.59 mM) and a
kcat/KM of 1.5× 106 s-1 M-1. The efficiency of this enzyme
fits very well with its housekeeping role already described
both in free-living and in symbiotic states (21). KatB might
therefore function to remove hydrogen peroxide generated
during metabolism at low steady-state levels.

In the same way, the homotetrameric structure and the
spectral and kinetic characteristics of KatA and KatC are

Table 2: Peroxidase and Catalase Specific Activity and Kinetic Parametersa

peroxidase activity
(units/µmol of heme)b

catalase activity
(units/µmol of heme)c KM (mM) kcat (s-1)d kcat/KM (s-1 M-1)

KatA NDe 8.54 ((0.41)× 106 159( 13 2.79 ((0.22)× 105 1.75 ((0.14)× 106

KatB 2.27 ((0.14)× 102 1.4 ((0.08)× 105 1.59( 0.07 2.40 ((0.05)× 103 1.51 ((0.07)× 106

KatC NDe 5.78 ((0.14)× 104 150( 20 3.10 ((0.31)× 103 2.06 ((0.21)× 104

a Means( SD; N ) 3. b Peroxidase activity: 1 unit of peroxidase activity catalyzes the oxidation of 1µmol of MBTH per minute at 25°C; the
assay contained 1 mM hydrogen peroxide, 2 mM DMAB, and 40µM MBTH in 50 mM phosphate buffer, pH 7.0.c Catalase activity: 1 unit of
catalase is the amount that catalyzes the formation of 1µmol of O2 per minute at 30°C. The assay contained 5 mM hydrogen peroxide in the case
of KatB and 60 mM hydrogen peroxide in the case of KatA and KatC in 67 mM phosphate buffer, pH 7.0.d Units of kcat areµmol of O2 (µmol of
heme)-1 s-1. e ND: not detected.

FIGURE 3: pH profile for catalase activity of KatA, KatB, and KatC
and for peroxidase activity of KatB. The specific catalase activity
(Cat) is µmol of O2 formed per minute andµmol of heme,
determined polarographically at 30°C, and the specific peroxidase
activity (Px) isµmol of MBTH oxidized per minute andµmol of
heme, determined spectrophotometrically at 590 nm at 25°C.

FIGURE 4: Kinetics of cyanide binding to the ferric forms of KatA,
KatB, and KatC. Dependence of pseudo-first-order rate constants
(kobs) from the cyanide concentration. Representative time traces
and fits (single exponential) of the reaction between the ferric
proteins (2µM KatA, 1 µM KatB, and KatC) and 40µM NaCN
(KatA) or 50 µM NaCN (KatB) or 10 mM NaCN (KatC) in 50
mM phosphate buffer, pH 7.0 and 30°C, are shown in the insets.
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typical of monofunctional catalases. In particular, spectro-
scopic features suggest a high-spin Fe(III)-hemeb catalytic
site (34, 39, 40). According to the sequence alignments,
Tyr337 (KatA) and Tyr375 (KatC) are likely to coordinate
the heme iron from the proximal side.

Moreover, it is worthy to mention some EPR-related
structural peculiarities of the active site of the three hydro-
peroxidases: (i) the structural modulation of the rhombic
distortion as appearing in the EPR spectra of the three
recombinant enzymes, (ii) the greater distortion of heme
plane for KatA and KatC resulting from theV/λ parameters
of the low-spin EPR spectra of the enzyme-cyanide adducts,
and (iii) the higher degree of rhombicityV/∆ for the two
monofunctional catalases, KatA and KatC.

However, KatA and KatC belong to two different clades
according to the phylogenetic classification of monofunc-
tional catalases (41): KatA is a small subunit enzyme and
member of clade III like theProteus mirabiliscatalase and
catalases from higher animals, whereas KatC is a large
subunit catalase belonging to clade II, as HPII fromE. coli
and the catalase fromPenicilliumVitale (41). It must be noted
that, in contrast with previous results obtained for other large
subunit catalases, which contain a modified hemeb structure
(hemed) (33), KatC appears to have kept hemeb. The
mechanism of formation of hemed from hemeb seems to
be different in E. coli and P. Vitale and is not clearly
understood. Interestingly, some variants ofE. coli HPII (e.g.,
His392Gln) retained wild-type activity despite having heme
b (3, 42). In HPII the imidazole ring of His392 is covalently
linked to the heme ligand tyrosine (Tyr415) (42). In P. Vitale
catalase andSinorhizobiumKatC the corresponding residues
are a glutamine and a methionine (Met352), respectively.
These findings show that hemed is not necessarily required
for catalytic activity in the large subunit enzymes and that
the mechanisms leading to hemed may be different in these
enzymes (3). In the case ofS. melilotiKatC, several findings
underline the existence of only one heme type, namely, heme
b: (i) the absorption maxima of the recombinant protein and
of the dithionite-reduced pyridine complex of the heme
extracted from KatC, (ii) the presence of only one heme
species seen in EPR spectroscopy, and, finally, (iii) the
monophasic kinetics of cyanide binding observed in the
conventional stopped-flow experiments. But it has to be noted
that the investigated protein was expressed heterologously,
which could cause some problems with proper folding and
heme conversion and may explain the low affinity for
cyanide (KD ) 8.3 mM). It would be worth comparing the
recombinant protein with the native protein purified fromS.
meliloti.

Nevertheless, as in the case of KatB, the kinetic parameters
of the two monofunctional catalases are in good agreement
with the data already obtained about their physiological roles
(19, 21, 22). KatA exhibits the highest specific activity and
the lowest affinity for the substrate. This again fits well with
its physiological characteristics. Indeed, KatA is the sole
H2O2-inducible catalase ofS. meliloti(21). Thus, the expres-
sion of thekatAgene is largely enhanced when the cells are
facing an oxidative stress situation. This seems to be
particularly the case with symbiotic bacteroids, where the
high rate of bacteroid respiration and the stringent conditions
required to reduce nitrogen may induce an oxidative stress
situation (22). In this framework, theKM is not the

determinant parameter; furthermore, it should be noted that
a value up to 1.1 M has been reported for the apparentKM

of beef liver catalase (43). On the other hand,katC gene
expression is also induced by stress situations (heat, salt, or
ethanol stress) (21). This is in agreement with the fact that
some large subunit catalases are more resistant to denatur-
ation by heat, salt, ethanol, and chemical denaturants and
that their expression is often induced by stressful conditions
or at the end of exponential growth (44).

Unlike bacteria such asE. coli, P. mirabilis, or Syn-
echocystisPCC 6803,S. meliloti, as other Rhizobia (e.g.,
Bradyrhizobium japonicum, Sinorhizobium fredii, Rhizobium
leguminosarumbv. trifolii , and R. leguminosarumbv.
phaseoli), contains three catalases (21). In this framework,
it is interesting to note that bacteria which interact with other
organisms, such asKlebsiella pneumoniae, also contain three
catalases (45). Sophisticated regulation of the three HP of
S. melilotioccurs not only in batch cultures but also during
the symbiotic interaction (22). Thus,S. melilotihas kept a
panel of enzymes which enables it to adapt to various
environmental conditions both in the soil as a free-living
organism and in root nodules as a symbiont. The combination
of the regulatory processes (e.g., katA induced by H2O2) and
of the kinetic parameters of the three hydroperoxidases
appears to lead to an optimization of theS. meliloticapacity
of H2O2 scavenging.
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