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A single catalase enzyme was produced by the anaerobic bacterium Bacteroides fragilis when cultures at late
log phase were shifted to aerobic conditions. In anaerobic conditions, catalase activity was detected in
stationary-phase cultures, indicating that not only oxygen exposure but also starvation may affect the produc-
tion of this antioxidant enzyme. The purified enzyme showed a peroxidatic activity when pyrogallol was used
as an electron donor. It is a hemoprotein containing one heme molecule per holomer and has an estimated
molecular weight of 124,000 to 130,000. The catalase gene was cloned by screening a B. fragilis library for
complementation of catalase activity in an Escherichia coli catalase mutant (katE katG) strain. The cloned gene,
designated katB, encoded a catalase enzyme with electrophoretic mobility identical to that of the purified
protein from the B. fragilis parental strain. The nucleotide sequence of katB revealed a 1,461-bp open reading
frame for a protein with 486 amino acids and a predicted molecular weight of 55,905. This result was very close
to the 60,000 Da determined by denaturing sodium dodecyl sulfate-polyacrylamide gel electrophoresis of the
purified catalase and indicates that the native enzyme is composed of two identical subunits. The N-terminal
amino acid sequence of the purified catalase obtained by Edman degradation confirmed that it is a product of
katB. The amino acid sequence of KatB showed high similarity to Haemophilus influenzae HktE (71.6% identity,
66% nucleotide identity), as well as to gram-positive bacterial and mammalian catalases. No similarities to
bacterial catalase-peroxidase-type enzymes were found. The active-site residues, proximal and distal heme-
binding ligands, and NADPH-binding residues of the bovine liver catalase-type enzyme were highly conserved
in B. fragilis KatB.

In aerobic conditions, aerobic and facultative organisms
preferentially utilize oxygen as a terminal electron acceptor
(45). As a consequence of the partial reduction of oxygen
to water during microbial respiration, the reactive oxygen spe-
cies superoxide anion (O2

2), hydrogen peroxide (H2O2),
and hydroxyl radical (OHz) are formed as intermediate com-
pounds (20, 28). In addition, superoxide anion and hydrogen
peroxide may also be generated by autoxidation of dehydro-
genases, catechols, thiols, flavins, and oxidases and by UV
radiation (14). Moreover, in the Fenton reaction, free hydro-
gen peroxide readily reacts with available metal transitions
such as ferrous iron to form a more powerful and highly reac-
tive oxidant, hydroxyl radical (28, 57). Oxygen radicals are
implicated in damage to membrane lipids, proteins, and DNA
(33, 66).
Microorganisms have developed efficient enzymatic and

nonenzymatic mechanisms to eliminate the oxygen by-products
along with synthesis of DNA repair enzymes, metabolic en-
zymes, and oxidative defense regulators (66). Toxic O2

2 is
eliminated by dismutation to H2O2 by superoxide dismutase
(20), and accumulation of toxic H2O2 is prevented by the
action of catalases and peroxidases (29).
On the other hand, in anaerobic conditions, generation of

reactive oxygen species is thought not to be a problem because
of the absence of oxygen, and the lack of protective mecha-
nisms against oxygen toxicity in anaerobic bacteria was seen as
an explanation for their sensitivity upon oxygen exposure (45).
Many studies have shown that anaerobic bacteria are not uni-
formly sensitive to oxygen, and there is a broad range of oxygen

tolerance from species extremely sensitive to oxygen to those
that are able to remain viable in the presence of oxygen for
extended periods of time (16, 45). It is believed that in some
anaerobic bacteria, as in aerobic organisms, the presence of
superoxide dismutase and catalase plays a role in the detoxi-
fication of oxygen by-products (45).
Among the anaerobic bacteria, the opportunistic pathogen

Bacteroides fragilis is one of the most aerotolerant species, and
this aerotolerance may prove to be an important virulence
factor. This is supported by the fact that clinical isolates of B.
fragilis are more resistant to oxygen exposure than are fecal
strains (56). The former strains were able to survive in the
presence of oxygen for 48 (56) to 72 (67) h, while the latter
totally lost viability after 4 h of oxygen exposure (56). These
results suggest that a system directly related to oxygen toler-
ance may exist, and in fact, both superoxide dismutase and
catalase have been found in B. fragilis (22, 74).
Catalases are among the oxidative stress-starvation response

proteins that have been extensively studied in aerobic bacteria,
but much less is known about the enzymes in anaerobic organ-
isms (39). Catalase has been used as a biochemical tool for
differential identification of Bacteroides species, and some re-
searchers have suggested exposure of the bacterial cells to air
before performance of the test (32), indicating that activity is
induced upon contact with oxygen. In contrast, Wilkins et al.
(74) detected catalase activity in anaerobic growth without
oxygen exposure.
In this report, we describe the isolation, cloning, and nucle-

otide sequence of B. fragilis catalase. Thus, this work is the first
in a series of molecular studies aimed towards understanding
the regulatory mechanism(s) that controls the enzymes respon-
sible for aerotolerance in anaerobic bacteria.
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MATERIALS AND METHODS

Strains and growth conditions. B. fragilis 638 (54) was grown routinely in
supplemented brain heart infusion broth (Difco Laboratories, Detroit, Mich.)
(63) in an anaerobic chamber at 378C. Menadione was omitted from the medium.
The catalase-deficient mutant Escherichia coli UM255 (pro leu rpsL hsdM hsdR
endI lacY katG2 katE12::Tn10 recA), kindly provided by P. C. Loewen, University
of Manitoba, Winnipeg, Manitoba, Canada (47), and E. coli DH5a were grown
aerobically in Luria-Bertani medium with 50 mg of ampicillin per ml when
required.
Isolation and purification of catalase. B. fragilis was grown anaerobically in

supplemented brain heart infusion broth (63) to the late log growth phase
(optical density at 550 nm, approximately 0.7 to 0.8) and then aerated by shaking
in air at 250 rpm for 1 h at 378C. A cell pellet was obtained by centrifugation at
6,000 3 g for 15 min at 48C and washed twice with TSD buffer, composed of 50
mM Tris-HCl (pH 8.0), 150 mM NaCl, and 100 mM dithiothreitol. The following
procedures were carried out at 48C. The cell pellet was suspended in TSD buffer
containing 40 mg of RNase A per ml, 50 mg of DNase I per ml, 1 mM EDTA, 1
mM phenylmethylsulfonyl fluoride, and 1 mg of pepstatin A per ml. The cells
were disrupted by two passages through a French pressure cell (American In-
strument Co., Silver Spring, Md.) at 16,000 lb/in2. After centrifugation at 34,000
3 g for 30 min, the clarified supernatant was dialyzed against 50 mM Tris-HCl–
100 mM dithiothreitol (pH 8.0) and applied to a DEAE-agarose (Bio-Rad,
Hercules, Calif.) column equilibrated with the same buffer. Proteins were eluted
with a 0 to 0.5 M NaCl gradient in the equilibrium buffer, and fractions contain-
ing catalase activity were pooled and concentrated by membrane filtration. The
concentrated sample was subjected to 7.5% nondenaturing polyacrylamide gel
electrophoresis (PAGE) and electroeluted at 40 mA of constant current with a
Prep-Cell 491 (Bio-Rad Laboratories, Inc., Melville, N.Y.). Fractions containing
catalase activity were pooled and concentrated. This sample was electroeluted a
second time as described above, except that an 8.5% polyacrylamide gel was
used. Fractions containing catalase activity and a single protein band following
PAGE were pooled and concentrated. Protein concentration was determined by
the Bradford method (7) using lysozyme as the standard.
Catalase determination. Catalase activity was measured spectrophotometri-

cally as described by Aebi (1). Decomposition of H2O2 was monitored at 240 nm
by using E 5 0.04 mmol/cm2 (51). One unit of catalase is the amount of enzyme
which decomposes 1 mmol of H2O2 per min at 258C.
PAGE. Nondenaturing PAGE and denaturing sodium dodecyl sulfate (SDS)-

PAGE were performed as described by Laemmli (37). Following electrophoresis,
proteins were detected by staining the gel with Coomassie blue R250.
Visualization of catalase activity on nondenaturing PAGE was performed by

the ferric chloride-potassium ferricyanide method of Woodbury et al. (75). Per-
oxidase activity was detected by incubating gels with one of the following solu-
tions: (i) 40 mM pyrogallol and 7.4 mM H2O2 in 50 mM sodium-potassium
phosphate buffer, pH 6.0 (43); (ii) 2.8 mM diaminobenzidine and 20 mM H2O2
in 50 mM sodium-potassium phosphate buffer, pH 7.0 (24); or (iii) 0.1 mM
guaiacol and 1 mM H2O2 in 15 mM sodium phosphate buffer, pH 6.0 (61).
Bovine liver catalase and horseradish peroxidase were used as standards.
Molecular weight determination. The molecular weight of the native protein

was estimated by two methods. One was the PAGE method of Hedrick and
Smith (30). Briefly, the 100 3 log (Rf 3 100) values of the standard proteins’
relative migration were determined for several different acrylamyde gel concen-
trations. The negative slope value obtained for each protein was plotted against
its respective molecular weight. The second method was high-performance liquid
chromatography (HPLC; Beckman Instruments Inc.) with a Hydropore-5-SEC
(Rainin Instrument Co., Inc.) size exclusion column equilibrated with 0.1 M
potassium phosphate, pH 7.0. Subunit molecular weight was obtained following
denaturing SDS-PAGE.
Spectrum absorption of the catalase. Determination of the UV and visible

spectra of the native enzyme in 50 mM Tris-HCl–150 mM NaCl (pH 8.0) was
carried out with a DU-65 spectrophotometer. The pyridine hemochrome spectra
of the catalase were measured in aqueous alkaline pyridine solution (13), and the
reduced form of the protein was obtained by addition of 2 mM sodium dithionite.
Heme content of the protein was determined by pyridine-NaOH (13). Bovine
hemin (Sigma) was used as the standard.
N-terminal amino acid sequence. The diisothiocyanate-coupled polypeptide

was subjected to fully automated solid-phase Edman degradation on a Milligen-
Biosearch 6625 Prosequencer (Millipore Corp., Marlborough, Mass.) (2).
DNA preparation and analysis. Routine DNA manipulations were carried out

in accordance with standard procedures (3, 58). Small-scale DNA plasmid prep-
arations for screening were carried out by the alkaline lysis method (4). Plasmid
deletion clones for nucleotide sequencing were purified with a Qiagen Plasmid
Mini kit (Qiagen Inc., Chatsworth, Calif.).
Southern hybridization analysis was performed with a nylon membrane (Hy-

bond-N; Amersham Corp., Arlington Heights, Ill.), and the DNA probe was
labelled with 32P by random primer reaction with a commercial kit (Pharmacia
LKB, Inc., Piscataway, N.J.). Hybridization was performed overnight at 658C
with 53 SSC (13 SSC is 0.015 M NaCl plus 0.015 M sodium citrate)–53
Denhardt’s solution–1% SDS–20 mM sodium PPi–100 mg of fragmented salmon
sperm DNA per ml. Probed nylon membranes were washed twice in 23 SSC plus

0.1% SDS for 1 h each time and twice in 0.13 SSC plus 0.1% SDS for 1 h each
time at 528C.
Cloning of catalase. Chromosomal DNA from B. fragilis 638 was partially

restricted with Sau3AI, and fragments between 5 and 15 kb were collected by
size fractionation on neutral sucrose gradients (3). A genomic library was con-
structed by ligating the Sau3AI fragments into the unique BglII site of a positive
selector, pEcoR251 (65). E. coli UM255 was transformed by electroporation
(12), and transformants were selected on Luria-Bertani agar containing 50 mg
of ampicillin per ml. Colonies were screened for catalase activity by applying
a 3% H2O2 solution to each agar plate and looking for the appearance of
bubbles. Potential catalase-positive colonies were immediately streaked onto a
new plate.
Production of nested deletions and DNA sequencing. Two catalase subclones,

pFD567 and pFD568, bearing a 2.7-kb EcoRI-EcoRI fragment in both orienta-
tions were purified by CsCl density gradient centrifugation and restricted with
SalI. The ends of the DNA were filled in with a-phosphorothioate deoxynucle-
otides by using the Klenow fragment (55). The thio-protected plasmid DNAs
were subsequently restricted with SmaI, treated with exonuclease III and S1
nuclease to obtain unidiretional deletions, ligated, and transformed into E. coli
UM255 (31). Transformants containing suitable-size deletions were identified
and then sequenced with the reverse sequencing primer of pUC19. Sequencing
was performed on double-stranded DNA templates by the dideoxy-chain termi-
nation reaction (59) with modified T7 polymerase (Sequenase 2.0; U.S. Biochem-
ical Corp., Cleveland, Ohio). Five additional primers based on available se-
quence information were used to fill gaps in the existing sequence.
DNA sequence and database comparison. Computer analysis of nucleotide

and amino acid sequence data was performed with the University of Wisconsin
Genetics Computer Group DNA sequence analysis software (10). Phylogenetic
relationships were inferred by the parsimony method from a multiple amino acid
sequence alignment generated by Pileup with the PHYLIP phylogeny inference
package (version 3.5), and a consensus tree was constructed from 100 bootstrap
replications.
Nucleotide sequence accession numbers. The nucleotide sequence of B. fragilis

katB has been submitted to the GenBank database and assigned accession num-
ber U18676. Other sequences used for the analysis (together with their designa-
tions) and their GenBank accession numbers are as follows: B. firmus katA
(Bacfi), M74194; B. stearothermophilus perA (Bacst), M29876 (44); B. subtilis
vegetative catalase kat-191 (Bacsu), M80796 (6); E. coli hydroperoxidase I (Eco-
lihpi), M21516 (68); E. coli hydroperoxidase II (Ecolihpii), M55161 (70); Hae-
mophilus influenzae catalase hktE (Hiu), U02682, (5); Lactobacillus sake katA
(Lacsk), M84015 (35); Listeria seeligeri (Lisee), M75944 (27); Micrococcus luteus
(Miclu), P29422 (48); Mycobacterium intracellulare catalase-peroxidase (Mycit),
Q04657 (46); M. tuberculosis catalase-peroxidase (Myctb), S42739 (76); Pseudo-
monas seringae catF catalase isozyme (Psesyr), U03465; Rhodobacter capsulatus
cpeA catalase-peroxidase (Rpsecap), X71420 (19); Salmonella typhimurium hy-
droperoxidase I (saltyhpi), P17750 (40); Streptomyces venezuelae bromoperoxi-
dase-catalase (Strve), P33569; Penicillium vitale catalase (Pencil), P11934 (69);
bovine liver catalase (BLC), P00432 (60).

RESULTS

Catalase activity in crude extracts of late-log-phase B. fragilis
exposed to oxygen was significantly higher than in cells main-
tained in anaerobic conditions (Table 1). The anaerobic activ-
ity was less than 0.02 U/mg of protein when chloramphenicol
was added to the culture prior to harvesting. Without the
addition of chloramphenicol, anaerobic catalase values ranged
up to 1.4 U/mg of protein (data not shown). In contrast, after
aeration for 1 h, catalase activity increased to 35.6 U/mg of

TABLE 1. Determination of catalase activity in B. fragilis
and transformed E. colia

Bacterial strain

Catalase activity of
(U/mg of protein)

With O2 Without O2

B. fragilis 638 35.6b ,0.02c

E. coli UM-255(pFD567) 494.0 NTd

E. coli UM-255(pUC19) ,0.08 NT

a Chloramphenicol (100 mg/ml) was added to the cultures just before the cells
were harvested.
b Bacterial cells were exposed to oxygen for 1 h at 378C.
c Cells were not exposed to oxygen prior to harvesting.
d NT, not tested.
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protein. Late-stationary-phase cells also had an increased cata-
lase activity of up to 6 U/mg of protein.
To investigate whether exogenous peroxide could induce

catalase activity, 20, 50, 100, 200, 500, and 1,000 mM hydrogen
peroxide was added to late-log-phase cells at 1-h intervals.
Samples analyzed during the course of hydrogen peroxide ad-
dition showed no significant increase in catalase activity (data
not shown).
Purification of catalase. A rapid purification strategy using

ion-exchange chromatography and electroelution from poly-
acrylamide gels provided a satisfactory yield of catalase and
avoided longer enzyme manipulations. The results of this pu-
rification procedure are summarized in Table 2. The purified
native catalase from the bacterial crude extract on nondena-
turing PAGE is shown in Fig. 1A.
Following PAGE, a single catalase activity component was

detected in crude extracts of B. fragilis cells exposed to oxygen

but not in cells maintained anaerobically (Fig. 1B). Moreover,
the purified catalase exhibited an electrophoretic mobility
identical to that of the catalase from crude extracts. In addi-
tion, stationary-phase cell extract also showed the same elec-
trophoretic pattern (data not shown), indicating that in both
conditions, the catalase activity is probably due to a single
enzyme.
To investigate if the purified catalase also has peroxidatic

activity, native polyacrylamide gels of the purified protein were
soaked in the presence of organic electron donor substrates
and examined for peroxidase activity (Fig. 2). A strong perox-
idase activity towards pyrogallol was detected, as shown in Fig.
2A. A very faint band of activity also was observed when
diaminobenzidine was used (Fig. 2B). However, no activity was
detected towards guaiacol (Fig. 2C) or when a mixture of
4-aminoantipyrine and 2,4-dichlorophenol was used as the sub-
strate (data not shown).
Following denaturing SDS-PAGE of the purified enzyme, a

major polypeptide band with an estimated molecular weight of
60,000 was observed. The purity of the isolated protein was
determined by scanning the stained gel, and results showed
that the catalase polypeptide was approximately 96% pure.
This preparation was subjected to N-terminal amino acid anal-
ysis by Edman degradation. The first 20 amino acids were
found to be MENKTLTAANGRPIADNQNS.

FIG. 1. Nondenaturing PAGE (7.5 to 20% acrylamide exponential gradient).
(A) Gel stained for proteins. Lanes: 1, 100 mg of proteins from a crude extract
of B. fragilis exposed to oxygen for 1 h; 2, 15 mg of purified B. fragilis catalase. (B)
Gel stained for catalase activity. Lanes: 1, 56 mg of proteins from a crude extract
of B. fragilis not exposed to O2; 2, 56 mg of proteins from a crude extract of B.
fragilis exposed to O2 for 1 h; 3, 1.8 mg of purified B. fragilis catalase; 4, 5 mg of
proteins from a crude extract of E. coli UM255 transformed with pFD567
containing the B. fragilis catalase gene; 5, 5 mg of proteins from a crude extract
of E. coli UM255 transformed with pUC19.

FIG. 2. Nondenaturing PAGE (7.5 to 20% acrylamide exponential gradient).
The gel was stained for peroxidase activity as follows: A, pyrogallol; B, diami-
nobenzidine; C, guaiacol. Lanes: 1, 2 U of B. fragilis catalase; 2, 2 U of horse-
radish peroxidase isoenzymes.

TABLE 2. Purification of B. fragilis catalase from 46.1 g of wet cells exposed to oxygen for 1 h

Fraction Vol (ml) Protein concn
(mg/ml)

Total
protein (mg)

Activity
(U/ml) Total U Sp act

(U/mg)
Fold

purification
Enzyme
yield (%)

Crude extract 90 35.6 3,200 725 65,200 20.4 1 100
DEAE-agarose 4 51.6 206 2,900 11,600 56 2.7 17.8
Electroelution (7%) 0.87 2.4 2.1 12,900 11,200 5,400 264 17.2
Electroelution (8.5%) 0.4 1.2 0.48 9,400 3,800 8,000 392 5.8
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The native protein molecular weight was estimated to be
approximately 124,000 by nondenaturing PAGE (Fig. 3A). A
similar molecular weight of approximately 130,000 was deter-
mined by size exclusion HPLC (Fig. 3B). Thus, the enzyme
holomer is composed of two identical subunits.
The spectrum of the native catalase from B. fragilis is shown

in Fig. 4. A Soret band at 404 nm and minor peaks at 498, 552,
575, and 623 nm were present. Addition of 2 mM sodium
dithionite caused a decrease but not a shift in the Soret band
and disappearance of the bands in the visible region but the
appearance of a peak at 635 nm. The reduced pyridine hemo-
chrome exhibited a shift in the Soret band from 410 to 417 nm
(Fig. 4, insert). The spectrum in the visible region of the pro-
toheme also shows two peaks at 521 and 554 nm, indicating
that the hemochrome complex has an absorption spectrum
similar to that of protoheme IX (13). However, it yielded two
minor peaks at 503 and 579 nm which are present in both the
oxidized and reduced forms. On the basis of the heme content
determined as pyridine hemochrome, it was estimated to be
one protoheme IX molecule per dimer of the catalase. This

low heme content correlates with the relatively low A404/A280
ratio of 0.7.
Cloning of catalase. The gene library of B. fragilis 638 was

screened in E. coli UM255, and several transformants able to
decompose hydrogen peroxide were observed. Plasmid DNA
from one of these clones, pFD566, restored catalase activity
when transformed into naive E. coli UM255, confirming that
expression of catalase was due to the presence of the plasmid.
Restriction analysis of pFD566 showed that it contained a
6.6-kb insert DNA fragment (Fig. 5).
Restriction fragments of pFD566 were subcloned into

pUC19, and each construct was tested for the ability to restore
catalase activity in E. coli UM255 (Fig. 5). The construct
pFD567 conferred catalase activity, suggesting that the cata-
lase gene was located within a 2.7-kb EcoRI fragment. The
cloned catalase gene, containing the l PR promoter, was highly
expressed in the host strain E. coli UM255, producing 494
U/mg of protein, while the strains tranformed with the host
vector pUC19 alone showed a much lower activity of ,0.08
U/mg of protein (Table 1). Furthermore, the cloned gene ex-
pressed in E. coli UM255 also showed electrophoretic mobility
identical to that of purified catalase. This strongly indicates
that the cloned catalase gene from B. fragilis corresponds to the
same enzyme detected and purified from the parental strain
(Fig. 1B). The catalase gene located on pFD567 is designated
katB.
Nucleotide sequence of katB. The strategy for sequencing the

2.1-kb katB region is shown in Fig. 6. The 1,956 bp of the B.
fragilis nucleotide sequence extended from the BglII-Sau3AI
site to the EcoRI site and revealed a single open reading frame
of 1,461 bp (nucleotides 217 to 1677; Fig. 7). This open reading
frame encodes a protein of 486 amino acids with a predicted
molecular mass of 55,905 Da. Comparison of the N-terminal
sequence of purified KatB to the katB open reading frame
revealed a 19-of-120 match. Thus, the identities of the gene
and gene product were confirmed.
The deletion clones used for sequencing were examined for

catalase activity in E. coli, and it was found that removal of
nucleotides 1 to 64 had no effect on activity (clone R3-11),
but when nucleotides 1 to 281 were deleted, removing 22
codons from the N terminus of katB (clone R5-24), catalase
activity was no longer detected (Fig. 6 and 7). Deletion of
nucleotides 1668 to 1956, containing three codons, from the
C-terminal region did not affect activity (clone D1-1). How-
ever, catalase activity was lost when the last 21 codons for the
C terminus (nucleotides 1612 to 1956) were deleted (clone
D2-7).

FIG. 3. Determination of native molecular weight. (A) Nondenaturing
PAGE. The 100 3 log (Rf 3 100) value of each protein was plotted against the
percent gel concentration, and the negative slope was obtained for each protein.
(B) Gel exclusion HPLC.

FIG. 4. Absorption spectra of 1.2 mM B. fragilis catalase in 50 mM Tris-HCl
(pH 8.0)–150 mMNaCl. The insert shows the pyridine hemochromogen complex
absorption. The oxidized (——) and reduced (z z z z z z) forms of the enzyme with
2 mM sodium dithionite were used.

FIG. 5. Restriction endonuclease map of the B. fragilis 638 chromosomal
DNA fragment, subclones of this fragment, and their ability to complement
catalase activity in E. coli UM255. pFD566 is the original 6.6-kb fragment cloned
into the BglII site of pEcoR251. All subclones were cloned into the multiple
polycloning site of pUC19.
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Presence of the katB-specific sequence among Bacteroides
species. Southern blot hybridization analysis was carried out to
investigate whether the katB gene is homogeneously distrib-
uted among the members of the B. fragilis group. Chromo-
somal DNAs of several Bacteroides spp. were restricted with
EcoRI, blotted onto nylon membranes, and then hybridized
with the 0.79-kb SphI-SspI fragment of katB (Fig. 8). The
probe strongly hybridized to all chromosomal DNAs from B.
fragilis. B. fragilis ATCC 25285 and 638 seem to have in com-
mon the katB gene region of an approximately 2-kb EcoRI-

EcoRI fragment. However, some variations may exist, as the
restriction fragment containing katB in B. fragilis VPI 2393 was
detected in a larger fragment of approximately 5.1 kb. We
observed weak similarities to B. ovatus ATCC 8483, B. thetaio-

FIG. 6. DNA sequencing strategy used for the B. fragilis katB region. A partial restriction endonuclease map of the sequenced gene is indicated. The katB open
reading frame is depicted as a shaded box. The arrow in the box indicates the direction of transcription. A series of R and D clones were used to sequence both strands,
and the directions and extents of sequencing reactions are shown as solid and dotted arrows. The long arrows indicate the fragment sizes of the deleted clones that
were able (1) or unable (2) to complement catalase activity in E. coli UM255.

FIG. 7. Nucleotide sequence of the katB region and the deduced amino acid
sequence. The start and stop codons of the open reading frame are indicated by
bold letters and an asterisk, respectively. The partial N-terminal amino acid
sequence obtained by Edman degradation is aligned with the N-terminal region
of the translated peptide, and the mismatch at position 5 is indicated by a solid
circle. Restriction endonuclease sites useful for isolation of the DNA probe are
listed. The arrows indicate the initial nucleotide sequences of deleted DNA
clones.

FIG. 8. Autoradiograph of chromosomal DNAs probed with the 32P-labelled
SphI-SspI fragment of B. fragilis katB. Lanes: a, B. fragilis 638; b, B. fragilis ATCC
25285; c, B. fragilis VPI 2393; d, B. vulgatus 341; e, B. thetaiotaomicron VPI 5482;
f, B. ovatus V211; g, B. thetaiotaomicron VPI 2302; h, B. uniformis V528; i, B.
stercoris ATCC 43183; j, B. distasonis CLA 348; k, B. merdae ATCC 43185; l, B.
eggerthi ATCC 27754; m, H. influenzae (clinical strain).
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taomicron VPI 2302 and VPI 5482, B. distasonis CLA 348, and
B. eggerthi ATCC 27754.
Comparison of amino acid sequences. The predicted amino

acid sequence obtained for KatB was compared to other cata-
lase sequences in the GenBank-EMBL/Swiss-Prot databases.
When KatB was individually compared with other catalases, it
showed the highest amino acid identity with H. influenzae cata-
lase HktE (71.6% identity and 81.9% similarity). KatB also
showed high similarity to catalases from the gram-positive bac-
teria S. venezuelae (56.1% identity), B. subtilis (55.6% identity),
and L. sake (52.7% identity), as well as to the bovine (49.9%
identity) and human (49.5% identity) catalases. No similarity
to bacterial catalase-peroxidase-type enzymes such as E. coli
hydroperoxidase I, S. typhimurium hydroperoxidase I, and R.
capsulatus CpeA was found.
The identity between KatB and other catalases centered

around important structural motifs. For example, comparison
of bovine liver-type catalase revealed that residues involved in
the active site of the bovine enzyme, His-74, Ser-113, and
Asn-147 (17, 49), were conserved in KatB at the His-54, Ser-93,
and Asn-127 positions. Moreover, the proximal heme site
which interacts with Pro-335, Arg-353, and Tyr-357 as ligands
in bovine catalase was localized as Pro-315, Arg-333, and Tyr-
337 in KatB. The five distal heme site ligands in bovine cata-
lase, Val-73, His-74, Asn-147, Phe-152, and Phe-160, also were
conserved, except that Val-73 was replaced by Met-53 in KatB
(Fig. 9). In addition, the NADPH binding site residues of the
bovine catalase, Arg-202, Asp-212, Lys-236, and His-304 (18),
seemed to be conserved in KatB as Arg-182, Lys-216, and
His-284, but Asp-212 has been replaced by His-192 in KatB
(data not shown).
The phylogenetic relationship between B. fragilis KatB and

15 bacterial catalases and 1 fungal catalase was determined
from a progressive multiple alignment of the amino acid se-
quences followed by parsimony analysis (Fig. 10). This com-
parison clearly shows two groups within the bacterial catalases.
The first major group consists of catalases from both gram-
negative and gram-positive bacteria which contain the consen-
sus pattern residues of the active site and proximal heme ligand
residues of typical catalases (17, 49). A second major group is
composed of the catalase-peroxidase-type enzymes of M. tu-
berculosis, M. intracellulare, S. typhimurium hydroperoxidase I,
E. coli hydroperoxidase I, R. capsulatus, and B. stearother-
mophilus.
The strong homology between B. fragilis KatB and H. influ-

enzae HktE was clearly seen in this analysis. These catalases
were grouped together in an important gram-positive cluster
including S. venezuelae, B. subtilis, and L. sake.

FIG. 9. Multiple alignment of the deduced amino acid sequence of B. fragilis
KatB with sequences of mammalian and bacterial catalases. Conserved amino
acid residues are capitalized. The active-site residues of BLC (His-74, Ser-113,
and Asp-147) are indicated by asterisks. The proximal (Pro-335, Arg-353, and
Tyr-357) and distal (Val-73, His-74, Asn-147, Phe-152, and Phe-160) heme site
ligands are indicated by open and solid circles, respectively. The consensus
patterns of His-74 active site F-x-[RH]-x(4)-[EQ]-R-x(2)-H-x(2)-[GAS] and Tyr-
357 proximal site R(L,I,V,M,F,A)F(G,A,S,T)YxD(A,S,T)(Q,E,H) are under-
lined. See Materials and Methods for species designations.

FIG. 10. Phylogenetic relationship of B. fragilis KatB and representative mi-
crobial catalases. This unrooted tree was constructed from a multiple alignment
similar to that shown in Fig. 9, except that additional catalases listed in Materials
and Methods were included. The tree topology was obtained by use of the
parsimony program (Protpars) of Felsenstein (15), and the numbers represent
how often the groups of species to the right of a fork occurred in 100 trees tested.
See Materials and Methods for species designations.
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DISCUSSION

The human intestinal tract provides an anaerobic environ-
ment where both obligate and facultative anaerobic bacteria
compete and survive (14, 16, 66). Outside of the intestine,
facultative bacteria such as E. coli and S. typhimurium are
readily able to adapt to the reactive oxygen species that are
formed during metabolism in the presence of oxygen or re-
leased from phagocytes as part of their oxygen-dependent kill-
ing defense mechanism (14, 66). However, it is not clear how
anaerobes such as B. fragilis adapt to oxygenated environ-
ments. B. fragilis is one of the most oxygen-tolerant anaerobes,
and there is some suggestion that strains found in human
infections are more aerotolerant than nonclinical strains (56,
67). This suggests that there is an adaptive mechanism that
protects them during an oxidative stress. Previous work (23)
suggested that catalase is one of the important enzymes in-
volved in the aerotolerance of some Bacteroides species. Thus,
the studies described in this report were initiated to pursue a
better understanding of the role catalase plays in the aerotol-
erance and oxygen response of the opportunistic pathogen B.
fragilis.
The results presented here show that the native KatB pro-

tein has an estimated molecular weight of 124,000 to 130,000 as
determined by two methods, electrophoretic mobility and size
exclusion HPLC. The subunit molecular weight determined by
SDS gel analysis was 60,000, and this agreed closely with the
55,905 obtained from the predicted amino acid sequence.
These results indicate that the native enzyme is composed of
two identical subunits. The B. fragilis enzyme is similar in size
to other dimeric catalases with molecular masses of 127,000 to
160,000 Da (11, 21, 36, 52). Catalases containing two subunits
have been found in S. venezuelae (36), Comamonas compran-
soris (52), Klebsiella pneumoniae kpA (21), and M. tuberculosis
(11). The spectrum of the hemochrome complex of the enzyme
indicates that it is a hemoprotein containing a protoheme IX.
Although the heme/subunit ratio of 1:2 is also found in other
bacterial catalases (8, 9), the low heme content may be due to
the loss of heme during purification procedures (8).
Even though our results showed that native KatB had strong

peroxidatic activity with pyrogallol as the electron donor, the
B. fragilis enzyme is more characteristic of typical catalases
rather than the catalase-peroxidase enzymes for two reasons.
The first is the lack of reduction by dithionite as seen in the
native form of the protein (50, 62). This may be due to the
steric hindrance that does not provide access to the heme
prosthetic group of the enzyme (62). Secondly, comparison of
the conserved motifs in the KatB amino acid sequence re-
vealed that the heme-binding ligands and active-site residues
are highly conserved with the true catalases, whereas the con-
served active site and domains of peroxidases that are present
in bacterial catalase-peroxidases (19, 73) were not identified in
the B. fragilis catalase. The restricted peroxidatic activity asso-
ciated with B. fragilis KatB is probably due to the nonspecific
catalysis that occurs in typical catalases toward certain types of
organic electron donor compounds (62).
The KatB structural gene is 1,461 nucleotides long and en-

codes a protein of 486 amino acids. Multiple amino acid se-
quence alignments and parsimony analysis showed a strong
relationship between KatB and a group of catalases containing
mostly gram-positive bacterial and mammalian-type catalases
(Fig. 10). The relationship between Bacteroides genes (pro-
teins) and those of gram-positive bacteria is not new (discussed
in reference 64); however, a surprising observation was the
71% amino acid identity (66% nucleotide identity) with the H.
influenzae HktE enzyme. Generally, Bacteroides spp. which are

not closely related to other gram-negative eubacteria (72)
share little homology with other species, with identities at the
amino acid level of ,40% most common. There is no obvious
explanation for the high degree of homology between KatB
and HktE, and a codon usage comparison of these two genes
revealed that, while the codon usage patterns are similar, they
are also closely aligned to representative genes from their
respective species (data not shown). These results indicate that
it is likely that there was a horizontal transfer of the catalase
gene from a common gram-positive ancestor into both the
anaerobe B. fragilis and H. influenzae.
Catalase activity is not universal among Bacteroides spp.; B.

fragilis and B. distasonis are catalase positive, while B. thetaio-
taomicron, B. ovatus, and B. eggerthi possess variable catalase
activity (74). B. vulgatus and B. uniformis are catalase negative.
Results presented here show that B. fragilis produces a single
catalase enzyme similar to that of B. distasonis, but in contrast,
the B. distasonis enzyme is twice the size, with a molecular
weight of 250,000 (25). Thus, there clearly are differences in
catalase structure among Bacteroides spp. This is supported by
hybridization analysis showing that the 0.79-kb SphI-SspI frag-
ment of B. fragilis katB has strong homology with B. fragilis
chromosomal DNA but not with that of other Bacteroides spp.
(Fig. 8). Some variation in the catalase gene region may exist
within the species as observed between B. fragilis VPI 2393
(homology group II; 34) and the two homology group I strains
ATCC 25285 and 638. Unfortunately, there are not many stud-
ies on the structure and composition of catalases from Bacte-
roides spp. that can be used for a comparison with B. fragilis
KatB.
As mentioned above, catalase is likely to be involved in the

aerotolerance of B. fragilis. Thus, it is not surprising that we
observed a significant increase in catalase specific activity when
cells were exposed to oxygen. On the other hand, addition of
20 to 1,000 mM hydrogen peroxide to late-log-phase cells had
no effect on catalase activity (data not shown). Although the
peroxide may not have reached an intracellular concentration
sufficient to induce a detectable response, our results suggest
that an increase in the Eh of the culture due to the peroxide is
not sufficient for high catalase activities. These findings are in
agreement with previous work showing that aerotolerance in
anaerobic cultures is observed upon aeration (71) and molec-
ular oxygen, but not an adverse oxidation-reduction potential,
influences B. fragilis aerotolerance (53, 71). We also observed
increased catalase activity in stationary-phase cells, suggesting
that catalase is synthesized as part of a strategy for surviving in
starvation conditions. Consistent with this observation was the
finding of Gregory et al. (26) that showed inhibition of catalase
formation with addition of glucose to B. fragilis cultures grow-
ing in a peptone medium. The B. fragilis catalase response is,
therefore, similar to E. coli hydroperoxidase II (encoded by
katE) in the way that it is upregulated by oxygenation and
stationary phase but not peroxides (39, 41, 70). In E. coli, katE
is regulated by the starvation-stationary phase stress regulatory
system rpoS (katF) (38, 42). In contrast, B. fragilis KatB has a
strong identity (71%) with H. influenzae HktE. The latter,
although it has 50% identity with E. coli KatE (5), is reported
to be downregulated in stationary phase and upregulated by
exposure to hydrogen peroxide under the oxyR-like regulatory
system, similar to peroxide-inducible E. coli katG (5). The
regulatory system that might be involved in the regulation of B.
fragilis katB should prove quite interesting and is presently
under investigation. Further studies of catalase and its regula-
tion will help us to understand, at the molecular level, the
mechanisms by which aerotolerant pathogenic B. fragilis strains
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respond to the anaerobic-aerobic-anaerobic shifts that may
occur during the establishment of an infection.
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