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All catalases, whether eukaryotic, prokaryotic, or archae, catalyze the
same basic reaction, the dismutation of hydrogen peroxide to water and
oxygen: 2H,0, — 2H,0 + O,. The enzyme presumably evolved to pro-
tect the cell by removing peroxide before cell damage was caused by
peroxide radicals generated in chemical reactions. The degradation of
H,0, by various tissues was first studied in the early 1800s by Thénard,
and the first report of a similar bacterial activity determined both in
whole cells and in cell extracts appeared in 1893 (Gottstein 1893). The
suggestion of a specific enzyme with the catalytic role of peroxide
degradation (hence the name catalase) appeared in 1900 (Loew 1900),
and this was confirmed with the purification of catalases from various
sources, including beef liver (Sumner and Dounce 1937). The first report
of a purified bacterial catalase from Micrococcus luteus appeared a
decade later (Herbert and Pinsent 1948), but the simplicity of spotting a
drop of H,0, on the edge of a colony and watching for oxygen genera-
tion had much earlier made the presence or absence of catalase a diag-
nostic tool in bacterial taxonomy. Interest in bacterial catalases also
derived from the potential role of the enzyme in pathogenesis wherein
the infecting bacterium frequently has to survive a burst of active oxygen
species, including H,0, generated by the infected tissue.

There are a number of sources of H,0, during the aerobic growth of
any organism (Farr and Kogoma 1991). Reduction of oxygen as the ter-
minal electron acceptor can give rise to partial reduction products, in-
cluding the reactive oxygen species superoxide ion (0,°7) and H,0,.
The former is removed in a reaction (205"~ + 2H* — H,0, + 0O,)
catalyzed by one of three possible superoxide dismutases that generates
additional H,O,. Other intracellular sources of H,0, include reactions
catalyzed by oxidases and dehydrogenases, as well as the oxidation of
thiols, flavins, and ascorbate. Alternatively, extracellular H,O, can pene-
trate the cell membrane, providing easy access to cellular components.
The major damage from H,0, arises from the highly reactive hydroxyl
radicals, generated in the Fenton reaction between H,0, and metal ions
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such as Fe**, which can react with DNA, proteins, and lipids, making it
desirable for most aerobic organisms to have catalases or peroxidases to
circumvent the damage.

Having primarily a protective role, catalases are not required for cell
growth in either Escherichia coli (Loewen 1984) or Bacillus subtilis
(Loewen and Switala 1987), and many other bacteria have been charac-
terized as lacking any detectable catalase activity (Buchanan and Gib-
bons 1974). However, a selective advantage of having the enzyme has
been demonstrated in a number of ways in a number of organisms. An
obvious expectation has been realized with cell survival in the presence
of H,0, being enhanced in catalase-proficient cells, as compared to
catalase-deficient cells (Sammartano et al. 1986; Yonei et al. 1987; Abril
and Pueyo 1990; McCann et al. 1991; Volkert et al. 1994). Long-term
survival in stationary phase is also enhanced in catalase-proficient strains
(Mulvey et al. 1990), and a selective growth advantage of the-non-heme
catalase from Lactobacillus plantarum has also been demonstrated
(Kono and Fridovich 1983b). In addition, the presence of intracellular
catalase reduced the rates of both spontaneous and H,O,-induced muta-
tions (Abril and Pueyo 1990). Despite the apparent importance in protec-
tion against peroxide, catalase was found not to be a significant factor in
either virulence or survival of either Salmonella typhimurium (Papp-
Szabo et al. 1994; Buchmeier et al. 1995) or Haemophilus influenzae
(Bishai et al. 1994). The reduced virulence exhibited in katF (rpoS)-
containing mutants of S. typhimurium is thus a result of reduced expres-
sion of other virulence genes, not just catalase (Fang et al. 1992).
Similarly, the sensitivity to near-UV radiation exhibited by rpoS-
containing mutants can be ascribed to reduced expression of genes other
than katE that are under the control of rpoS (Sammartano et al. 1986), al-
though exogenous catalase was important in the protection against near-
UV radiation (Sammartano and Tuveson 1984). Catalase HPI has been
shown to be important in the recovery of proton-motive-force-dependent
and -independent transport processes in E. coli after peroxide treatment
(Farr et al. 1988), may be a reflection of its periplasmic location (Heim-
berger and Eisenstark 1988). In addition, the lack of catalase in Bacillus
larvae has been implicated in the enhanced oxygen toxicity of the organ-
ism as compared to B. subtilis (Dingman and Stahly 1984).

Some catalases also have a peroxidatic mode of reaction in which an
organic electron donor (or sometimes a halide ion) is employed in the
reduction of H,0, : RH, + H;0, — 2H,0 + R. In many catalases, this is
a minor reaction that does not seem to be important, but in some bacterial
catalases, the peroxidatic activity is so prominent that there is some ques-
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tion as to whether the enzyme should be called a catalase or a peroxidase.
As a result, considerable diversity is evident among bacterial catalases,
with three or four distinct groupings possible: the monofunctional
catalases, possibly subdivided on the basis of heme content and subunit
size; the catalase-peroxidases; and the non-heme, Mn-containing
catalases. Given the diversity in bacterial habitats, such a multiplicity of
catalase types is not surprising, and this may also explain the diversity in
mechanisms for controlling expression of the catalases. In this review, I
summarize the broad range of catalases that have been purified and se-
quenced, providing a focus on the diversity in structure, function, and
regulation of expression.

CATALASE DIVERSITY
Catalase Characterization and Groupings

The first report of a purified bacterial catalase from M. luteus appeared in
1948 (Herbert and Pinsent 1948). This was followed in 1959 by purifica-
tion of the catalase from Rhodobacter spheroides (Clayton 1959). Anoth-
er 20 years passed before the purifications of catalases (or more correct-
ly, hydroperoxidases) HPI and HPII from E. coli were reported in 1979
(Claiborne and Fridovich 1979; Claiborne et al. 1979). Since then, there
has been a regular appearance of reports of catalases being purified and
characterized, or being cloned and sequenced from a broad range of bac-
terial species, including gram-negative, gram-positive, and phototrophic
bacteria, mycobacteria, halophilic archaebacteria, and streptomycetes. A
list of the catalases that have been characterized following purification or
by sequence analysis of a cloned gene is shown in Table 1. The catalases
in Table 1 have been subdivided into four groups amid the considerable
heterogeneity, based on a survey of the properties and sequences of the
enzymes. The first grouping of monofunctional catalases is further sub-
divided into the "typical" catalases (typical because of their similarity to
the eukaryotic catalases) and "atypical" catalases (atypical because of
certain key differences from the typical enzyme); the second grouping
contains the catalase/peroxidases; and the third grouping includes the
non-heme catalases. Another generalization is that it is common for bac-
terial species to have a multiplicity of catalase isozymes. In fact, the list-
ing of only one catalase from a given organism in Table 1 should not be
interpreted to mean that this is the only type produced by the organism.
Rather, the identification of just one catalase may simply be a reflection
of its predominance in the organism or the result of cloning of a particu-
lar gene. Other organisms in which catalases have been identified but not
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sufficiently characterized to allow inclusion in this comparison include
cyanobacteria (Tel-Or et al. 1986), diverse lactic acid bacteria (Engesser
and Hammes 1994), Porphyromonas (Love and Redwin 1994), Rhodo-
spirillum rubrum (Nadler et al. 1986), and various pseudomonads (Itoh et
al. 1992). From a quick perusal of Bergey’s Manual (Buchanan and Gib-
bons 1974), it is obvious that there are far more organisms with catalases
than are listed in Table 1, but the presence of these other enzymes has
been deduced by the simple H,0, spot diagnostic assay, not by sequenc-
ing or purification.

Monofunctional Catalases

Primarily on the basis of subunit size and heme content, the group of
monofunctional catalases has been subdivided into two subgroups. The
largest group contains the typical catalases that closely resemble
eukaryotic catalases (Nicholls and Schonbaum 1963; Deisseroth and
Dounce 1970), both in size and heme content. Normally, these enzymes
are homotetramers of 55-kD to 65-kD subunits with one heme b (proto-
heme IX) per subunit, but a number of variants are evident, including
dimeric and hexameric structures, and with varied pH and thermal
sensitivities (data not tabulated). A unique heterodimeric variant has
been partially characterized in Pseudomonas syringae where the enzyme
CatF appears to contain two catF-encoded 67-kD subunits and two as-
yet-uncharacterized 20-kD subunits. The diversity within this group is
further illustrated by the catalase from Streptomyces venezuelae, which
has an associated bromoperoxidase activity but which is closely related
to typical catalases through sequence similarity.

Catalases in the second smaller subgroup of atypical enzymes
generally have larger subunit sizes of 80 kD to 84 kD and contain heme
d. Although its heme component has not been characterized, the Myco-
bacterium avium catalase has been included in this group on the basis of
its larger size and sequence comparisons, to be discussed below. One of
the catalases of Bacillus firmus has also been included in this group on
the basis of its physical characterization and sequence comparisons, al-
though only a portion of its sequence has been determined. The catalase
from Xanthomonas oryzae with a subunit size of 80 kD will in all
likelihood be a member of this group when its sequence is determined
(Chamnongpol 1995a,b). These larger enzymes exhibit significantly en-
hanced stability and retain activity at 70°C, in 7 M urea or 1% SDS, and
over a broad pH range from 3.0 to 11.0.
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With seemingly unique properties among the atypical subgroup of
catalases, why are they not treated as a separate group distinct from the
typical catalases? The answer lies in the fact that both typical and atypi-
cal catalases share a very similar core sequence of approximately 350
residues, consistent with a distant ancestry. Thus, the division into two
related subgroupings has been made on the basis that the two subgroups
have similar sequences but slightly different physical properties. The se-
quence similarities of the enzymes are discussed below. It should be
noted that apparently similar atypical enzymes have been characterized
from Penicillium vitale (Vainshtein et al. 1986) and Neurospora crassa
(Jacob and Orme-Johnson 1979).

Catalase-peroxidases

The group of six bacterial catalases that also exhibit an organic
peroxidase activity, capable of utilizing o-dianisidine as substrate, are
listed in Table 1B. They have been found in a broad range of bacteria in-
cluding gram-positive, gram-negative, and phototrophic bacteria;
mycobacteria; halophilic archaebacteria; and streptomycetes. Some, such
as those from Bacillus stearothermophilus, E. coli, and Haloarcula
marismortui, were isolated initially as peroxidases with an associated
catalatic activity. More recently, in recognition of the ubiquity of the
class, newly characterized members have been reported as catalase-
peroxidases. Most commonly, the enzyme is a homotetramer of 80-kD
subunits, but variants with both smaller and larger subunits and with
homodimeric structures have been found. Unlike the more typical cata-
lases, these enzymes exhibit relatively sharp pH dependency. As dis-
cussed below, there is a significant sequence resemblance to plant
peroxidases, confirming the relationship of the enzymes to the family of
peroxidases.

Perhaps the most notorious of this family is KatG or HPI of
Mycobacterium tuberculosis (Zhang et al. 1992) and M. bovis (Wilson et
al. 1995), which has been implicated as one of the determinants, along
with inhA, in isoniazid sensitivity of the organisms. The importance of
isoniazid lies in its being a front-line drug used in tuberculosis treatment,
and resistance to it is an increasing problem. A certain fraction of
isoniazid-resistant strains of M. tuberculosis have been characterized as
having a defect in the katG gene that prevents potentiation of the antibac-
terial activity of isoniazid by the peroxidatic reaction of HPI (Rosner and
Storz 1994; Hillar and Loewen 1995). On the basis of sequence
similarities with plant peroxidases for which crystal structures are avail-
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able, and the sequence characterization of a number of katG-containing
mutants from E. coli (Loewen et al. 1990) and M. tuberculosis
(Altamirano et al. 1994; Cockerill et al. 1995; Heym et al. 1995), a site-
directed mutagenesis study of structure-function relationships in the en-
zyme is being undertaken.

Non-Heme Catalases

Originally referred to as pseudo-catalases because they were insensitive
to the common catalatic inhibitors, azide and cyanide, this class is now
accepted as a distinct group of catalases. This designation is quite legiti-
mate in view of the obvious catalatic activity, and it simply increases the
obvious diversity among catalases by establishing a class of non-heme
enzymes. Only two enzymes in this class have been purified (Table 1C),
one each from a gram-positive and a gram-negative organism. Subunit
sizes are smaller than in heme-containing catalases, and both enzymes
were stable at up to 80°C. The common cofactor in both cases is the Mn
ion. Despite the small number in this group, other examples will un-
doubtedly appear when multiple catalase isozymes found in some bac-
teria are further characterized. Unfortunately, this class remains largely
undeveloped.

Sequence Comparison of the Catalases

In 1993, the 4 then-sequenced bacterial catalases were included in a
phylogenetic analysis of catalase sequences that placed them apart from
the plant, fungal, and mammalian catalases (von Ossowski et al. 1993).
Additional comparisons have been carried out in conjunction with the
publication of new catalase sequences, but several new sequences be-
came available in late 1995, increasing the number of bacterial catalase
sequences to 20. In addition, there are 6 bacterial catalase-peroxidase se-
quences available for comparison. Because of the unrelatedness of the
catalase and the catalase-peroxidase sequences, alignments and par-
simony analyses have been carried out separately on the two groups. No
sequences for non-heme catalases are yet available, making comparison
impossible.

Monofunctional Catalases

An alignment of the 20 bacterial catalase sequences along with yeast
catalase is shown in Figure 1 and reveals significant similarity among the
sequences in a core region of about 370 residues. Using such alignments,
a phylogenetic comparison of the 20 sequences was carried out using the
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Figure 1 (Continued on facing page.)
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4 VVVACGPRSVSTLSDDGYAVHFVT EAYKHLKPIGAYGAGVDLLRKAGIDNRLAEDTDVLNDQAVVTTKAAADEL PERFAEEFA AALAQHRCWQRRTDAVPA

Figure 1 (For legend, see following page.)
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highly conserved core of 340 amino acids that gave rise to the rela-
tionships shown in Figure 2A. The sequence of the typical catalase from
the yeast Saccharomyces cerevisiae was used as an outgroup for com-
parison. A similar phylogenetic tree was obtained using the complete se-
quence of the enzymes rather than just the core (M.G. Klotz and P.C.
Loewen, unpubl.). The most striking feature of Figure 2A is the existence
of two main groups that are inconsistent either with the groupings based
on molecular comparison of 16S rRNA sequences or with common dis-
tinguishing structural features. Instead, the groupings appear to be based
on the ecological niche of the organism. One group is made up of
normally nonpathogenic bacteria that are widely spread in nature, includ-
ing such organisms as B. subtilis, E. coli, Pseudomonas aeruginosa, and
P. syringae. The second group is composed mainly of pathogenic bac-
teria, including H. influenzae, Neisseria gonorrhoeae, Bordetella
pertussis, and Brucella abortus. Such a division would imply evolution-
ary pressures on catalases that differ between these two environmental
niches. One rationale might be that there are greater demands on
catalases of pathogenic bacteria in the hostile intracellular environment
which frequently experience defensive bursts of H,O,. Unfortunately,
there are no obvious catalytic differences among enzymes from the two
groups to support this concept, and the inclusion of more catalase se-
quences in the future may provide other interpretations. The distance tree
was also determined and is shown in Figure 2B. Perhaps the most
noteworthy features of this tree are the long branches to the individual
catalases combined with the relatively short distances between the
branch points in the core of the tree, suggesting that most evolution took

Figure 1 Alignment of 20 bacterial catalase sequences and the yeast T catalase
generated by CLUSTAL-W (Thompson et al. 1994) and refined by eye. Where a
residue is conserved in more than half of the 21 sequences, the residue is placed
above the sequences and replaced with a dotted rectangle. The accession num-
bers and other information about the following aligned sequences are sum-
marized in Table 1: (1) B. firmus KatA, (2) B. subtilis KatE, (3) E. coli KatE, (4)
M. avium KatE, (5) L. seeligeri Kat, (6) D. radiodurans KatA, (7) P. aeruginosa
KatB, (8) P. syringae CatF, (9) M. luteus Kat, (10) B. subtilis KatA, (11) L. sake
KatA, (12) B. fragilis KatB, (13) H. influenzae HktE, (14) N. gonorrhoea Kat,
(15) P. mirabilis XatA, (16) B. pertussis KatA, (17) C. jejuni KatA, (18) B.
abortus Kat, (19) M. extorquens KatA, (20) S. venezuelae Kat, (21) S. cerevisiae
CatT (accession number P06115). The numbering is consecutive throughout the
sequence starting from the amino-terminal residue of the E. coli KatE sequence,
the terminal 47 residues of which are shown alone at the top of the figure.
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place after the sequences diverged. The branching of Deinocococcus
radiodurans and Listeria seeligeri is slightly different in the trees in Fig-
ure 2A and B, a minor variation that reflects the lower bootstrap value at
that particular branch.

Both typical and atypical catalases are included in the alignment in
Figure 1 and the trees in Figure 2. The close sequence similarity among
all members of both subgroups is the main reason for keeping them in
the same group in Table 1. However, the fact that the two atypical heme-
d-containing enzymes for which sequence is available (E. coli and B.
subtilis) are grouped phylogenetically with the third enzyme that was
identified as a potential member of the group (M. avium), provides sup-
port for the subgrouping. The inclusion of the B. firmus enzyme in the
atypical subgrouping, despite the shorter sequence, is also expected,
based on its physical characterization as containing heme d and having
an 80-kD subunit (Hicks 1995). The reason for the shorter sequence is
that only a portion of the gene was cloned and sequenced.

Catalase-peroxidases

The alignment of the six catalase-peroxidase sequences is shown in Fig-
ure 3, and parsimony analysis of this alignment gives rise to the rela-
tionships shown in Figure 4 using yeast cytochrome ¢ peroxidase as an
outgroup. The yeast enzyme was aligned only with the amino-terminal
420 amino acids from the catalase-peroxidases, but the complete se-
quences of the latter enzymes were used in this comparison. This restric-
tion was necessitated by the second region of weak similarity to the yeast
enzyme in the carboxyl end of the apparently sequence-duplicated
catalase-peroxidases (Welinder 1991). These results contain no surprises,
with the enteric bacteria and mycobacteria grouping separately.

Figure 3 Alignment of 6 bacterial catalase-peroxidase sequences and yeast
cytochrome ¢ peroxidase generated by CLUSTAL-W (Thompson et al. 1994)
and refined by eye. Where a residue is conserved in 4 or more of the 7 se-
quences, the residue is placed above the sequences and the residue is replaced
with a dotted rectangle. The accession numbers and other information about the
following aligned sequences are summarized in Table 1: (1) E. coli KatG, (2) S.
typhimurium KatG, (3) M. intracellulare KatG, (4) M. tuberculosis KatG, (5) B.
stearothermophilus PerA, (6) R. spheroides Kat, (7) S. cerevisiae cytochrome ¢
peroxidase (accession number P00431). The numbering is consecutive through-
out the sequence starting from the amino-terminal residue of the M. in-
tracellulare KatG sequence.
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REGULATION OF CATALASE SYNTHESIS

The general phenomenon of two regulatory pathways controlling bac-
. terial catalase synthesis was inferred from the mechanisms operating in
E. coli and S. typhimurium, where HPI synthesis is induced by H,0, and

A

E. coli

S. typhimurium

M. tuberculosis

M. intracellulare

B. stearothermophilus
R. capsulatus

S. cerevisiae

S. cerevisiae

B. stearothermophilus
R. capsulatus

M. intracellulare

M. tuberculosis
typhimurium
Figure 4 Unrooted phylogenetic trees based on the amino acid sequences of 6
catalase-peroxidases as aligned in Fig. 3 constructed by (A) parsimony or B)
neighbor-joining methods using yeast cytochrome ¢ peroxidase as an outgroup.
The numbers at the nodes in A are an indication of the level of confidence for
the major branches as determined by bootstrap analysis as described in Fig. 2. In
B, the lengths of the arms are drawn to scale to indicate the branch lengths as
determined by the neighbor-joining, also as described in Fig. 2.

E. coli S.
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to a lesser extent in stationary phase, and HPII synthesis is induced in
stationary phase (Loewen et al. 1985; Loewen 1992). In the past 5 years
the regulation of catalase levels in a number of other organisms has been .
reported, and the two main factors influencing catalase levels in a majori-

ty of bacteria remain H,O, in the medium and growth into stationary
phase (Table 2). The rationale for why catalase levels should respond
directly to H,0, is that it allows the cell to remove H,0,, the substrate

for catalase, before it has a chance to damage cellular components
(Yonei et al. 1987). In the case of E. coli and P. aeruginosa, it makes fur-

ther sense that the peroxide-inducible catalases, HPI and KatB, respec-
tively, should be periplasmic enzymes, where they can protect
respiratory-chain components and degrade incoming peroxide before it
fully enters the cell (Heimberger and Eisenstark 1988; Brown et al.
1995). The parallel rationale for why catalase would be an asset in sta-
tionary phase cells is that the enzyme will serve as a protectant against
peroxide that may be generated or encountered during periods of low
metabolic activity. The importance of this response was demonstrated by

the more rapid drop in viability of katE-containing mutants as compared

to wild type when subjected to prolonged incubation under starvation
conditions (Mulvey et al. 1990).

Despite the well-characterized nature of these responses in E. coli,
there is clearly no uniformity in response patterns in other bacteria, with
almost as many different apparent responses as there are bacteria. For ex-
ample, HtkE from H. influenzae is a typical catalase but is induced by
H,0,; CatB from D. radiodurans and KatA from B. subtilis respond to
both H,0, and stationary phase; and Cat-I, the catalase-peroxidase from
B. firmus, is not induced by either peroxide or stationary phase. There- ‘
fore, it is possible to generalize that bacteria will respond to hydrogen
peroxide and starvation with the synthesis of catalases, but each
organism appears to have adapted the responses of its unique arsenal of
catalases to specific needs arising from its environment.

It has become evident that oxygen levels may be a third general
moderator of catalase synthesis in some organisms (Table 2). In fact, just
such a role for oxygen in E. coli has been suggested (Hassan and
Fridovich 1978; Meir and Yagil 1990), but because reports to the con-
trary (Yoshpe-Purer et al. 1977; Mulvey et al. 1990) cast doubt on the
reproducibility of the phenomenon, E. coli has not been included in the
part of Table 2 listing oxygen responses. The rationale for why catalase
should be induced under aerobic conditions is that a cell is more likely to
encounter or generate H,O, during growth on O, than in its absence. The
molecular mechanisms controlling the response of catalase to oxygen
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Table 2 Regulatory responses of catalases

Bacterial species Catalase or response References
A. H,0, response
Bacillus firmus CatII Hicks (1995)
Bacillus subtilis KatA Ishida and Sasaki (1981);
Bol and Yasbin (1994)
Deinococcus radiodurans CatB Wang and Schellhorn (1995)
Escherichia coli KatG Loewen et al. (1985)
Haemophilus influenzae  HpkE Bishai et al. (1994)
Neisseria gonorrhoeae Cat Zheng et al. (1994)
Pseudomonas aeruginosa KatB Brown et al. (1995)
Rhizobium leguminosarum Crockford et al. (1995)
Salmonella typhimurium  KatG Christman et al. (1985);
Morgan et al. (1986)
Xanthomonas oryzae Kat Chamnongpol et al. (1995b)
B. Stationary phase response
Bacillus firmus Cat III Hicks (1995)
Bacillus subtilis KatA Bol and Yasbin (1994)
Deinococcus radiodurans CatB Wang and Schelihorn (1995)
Escherichia coli KatE Loewen et al. (1985);
Mulvey et al. (1990)
Pseudomonas syringae CatF Klotz and Hutcheson (1992)
Salmonella typhimurium  KatE Fang et al. (1992)
Staphylococcus aureus Martin and Chaven (1987)
Streptomyces coelicolor  Catl, 4,5 Kim et al. (1994);

Walker et al. (1995)
C. Oxygen response (induction by oxygen)

. Bacillus coagulans Vassilyadi and Archibald (1985)
Bacteroides fragilis Cat Rocha and Smith (1995)
Rhodobacter capsulatus  Cat-per Hochman et al. (1992)
Rhodobacter spheroides Clayton (1960a,b)
Staphylococtus simulans Fondren et al. (1994)
Xanthomonas oryzae Kat Chamnongpol et al. (1995a)

D. Other responses

Bacillus subtilis sporulation Loewen and Switala (1987)

Bacteroides fragilis glucose Gregory et al. (1977)
repression

Haemophilus influenzae  stationary phase Bishai et al. (1994)
repression

Rhizobium leguminosarum cell density Crockford et al. (1995)
repression

Xanthomonas oryzae superoxide Chamnongpol et al. (1995b)

induction
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remain unknown, but systems to sense and respond to aerobic/anaerobic
changes have been identified in E. coli (Shaw and Guest 1982; ITuchi et
al. 1986; Kalman and Gunsalus 1988), suggesting that similar systems
exist in other organisms and may have been adapted to control catalase
levels.

At a molecular level, the most detailed picture of catalase synthesis
remains the one developed in E. coli (for reviews, see Loewen 1992;
Loewen and Hengge-Aronis 1994; Schellhorn 1994). HPI, the catalase-
peroxidase, is expressed constitutively in exponential phase under the
control of the alternate sigma factor od (Ivanova et al. 1994), and its
levels increase two- to fourfold as cells enter stationary phase, presum-
ably because of elevated oS levels. HPI levels also increase five- to ten-
fold in response to added H,0, in a reaction mediated by OxyR, a mem-
ber of the LysR family of regulatory proteins that responds to oxidant
levels in the cell (Christman et al. 1989; Tartaglia et al. 1989; Storz et al.
1990; Kullik et al. 1995).

In B. subtilis, where katA is induced in response to H,O,, a somewhat
different mechanism has been proposed (Chen et al. 1995). This has
arisen from the identification of a potential operator sequence upstream
of the katA promoter, the promoter of mrgA, encoding a protective DNA-
binding protein, and the promoter of hemAXCDBL, the heme biosyn-
thetic operon, all of which are coordinately induced by H,0, and
repressed by Mn*+ ion. Interaction of this operator with a peroxide- and
Mn*+-sensing repressor has been proposed as the controlling element of
katA expression, although the repressor has yet to be identified. A se-
quence very similar to the hypothetical operator of B. subtilis has also
been identified upstream of the kat promoter in L. seeligeri, suggesting
that the operator-repressor sensor of peroxide may be a common alterna-
tive to the OxyR sensor of enteric bacteria (Chen et al. 1995).

HPII levels are expressed at a low level in exponential phase under
the control of oS, and there is an increase in expression of eight- to ten-
fold as cells enter stationary phase. The principal and possibly sole
determinant in the increase of HPII expression seems to be oS, with only
indirect evidence suggesting the involvement of additional transcription
factors (Meir and Yagil 1990; Mulvey et al. 1990). Therefore, any de-
scription of HPII regulation requires a discussion of oS regulation, a
story with many facets. Starvation or medium depletion causes the
formation of ppGpp by RelA as a result of ribosome stalling, and this has
been correlated with the appearance of oS (Gentry et al. 1993). ppGpp
appears to affect oS expression by enhancing both transcriptional elonga-
tion and a less clearly defined posttranscriptional process (Lange et al.
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1995). In addition, an indirect involvement of ppGpp has been suggested
to involve homoserine lactone (Huisman and Kolter 1994), and other
mechanisms have UDP-glucose (Boehringer et al. 1995) and H-NS inter-
fering with oS expression (Barth et al. 1995). Notwithstanding its pos-
sible uniqueness to E. coli and a limited number of related bacteria, the
general picture of control of catalase levels in response to starvation and
oxidative stress is summarized in Figure 5. The third control pathway in-
volving oxygen levels is included despite a lack of detailed information
and the possibility that it may simply be a manifestation of the oxidative
stress response.

In addition to these three general mechanisms controlling catalases,
there are a number of mechanisms that appear to be unique to individual
organisms. These include superoxide induction, repression in stationary
phase, cell density repression involving an as-yet-unidentified heat-stable
repressor, and glucose repression (Table 2). Because of the limited num-
ber of examples of each, these latter instances may reflect adaptations to
unique environments experienced by specific bacteria. The response to
superoxide generation can be rationalized in terms of a need to respond
to potential peroxide generation from superoxide dismutase. The reason

’

Oxidative Stress Starvation Oxygen Levels
1PPGPP +7?
HZOZ
poS
OxyR oxidation lppGpp +?
”?
RpoS (o) :
katG katG katE
| o ‘,
HPI HPI HPII Catalase

Figure 5 Schematic summary of the common responses of bacterial catalases to
oxidative stress, starvation, and oxygen levels. The detailed mechanisms for
oxidative stress and starvation regulation are from E. coli, and no mechanism
has been determined for the response to oxygen levels, although it may be re-
lated to the oxidative stress response.
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catalase synthesis should be repressed in stationary phase or as cell
density reaches a certain level, the opposite of what seems to be more
common in most other bacteria so far studied, may be related to the
reduction in effective H,O, concentration experienced by an individual
cell in a very dense culture (Ma and Eaton 1992). Elucidation of the
molecular mechanism controlling the cell density response may ultimate-
ly supply the rationale. It seems likely that bacteria not exhibiting the ap-
parently more normal response of increased catalase in response to H,O,
or starvation may have evolved in environments where peroxide is not a
factor in stationary-phase metabolism.

The instance of catabolite repression of catalase expression is also
difficult to explain because it is not clear what advantage there would be
in turning on or off a nonmetabolic enzyme in response to carbon source
changes. Different metabolic pathways may lead to different levels of ac-
tive oxygen species as by-products leading to an organism producing
more or less protective enzyme depending on the particular carbon
source. However, external sources of H,0, would remain a threat and re-
quire the potential for enzyme synthesis regardless of carbon source. E.
coli is not listed as experiencing catabolite repression of catalase because
of the conflicting reports in support (Yoshpe-Purer et al. 1977; Hassan
and Fridovich 1978; Meir and Yagil 1990) and to the contrary (Epps and
Gale 1942; Loewen et al. 1985), and because of evidence that cCAMP
does not affect catalase expression. It is clear that a definition of
catabolite repression of catalase in E. coli is complicated by the influence
of metabolite changes and starvation on oS levels. For example, growth
phase, medium pH, and acid content (Schellhom and Stones 1992; Muk-
hopadhyay and Schellhorn 1994) all affect oS levels and, indirectly,
catalase levels. Therefore, any demonstration of catabolite repression of
catalase expression must differentiate the response from more general
metabolic or pH effects on gene expression.

BACTERIAL CATALASE STRUCTURE

The crystal structures of three bacterial catalases have been solved, in-
cluding those from M. luteus (Murshudov et al. 1992), E. coli (Bravo et
al. 1995), and Proteus mirabilis (Gouet et al. 1995). In all three cases,
there is extensive similarity to the structures of the two eukaryotic
catalases from bovine liver (Murthy et al. 1981) and P. vitale (Vainshtein
et al. 1986), and the bacterial structures were determined in large part by
molecular replacement using the bovine liver enzyme as a model. To
date, no catalase-peroxidase has been crystallized, and the only structural
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information available has been gleaned from the structure of yeast
cytochrome ¢ peroxidase which, as noted above, exhibits some sequence
similarity with the catalase-peroxidases.

HPIl
Multimeric Structures

Because the structures of catalases are discussed elsewhere in this
monograph, only a very brief description of the significant features is
presented here. Despite the existence of dimeric and hexameric enzymes,
the three structures so far solved have been of tetramers. Because HPII
had earlier been characterized as a hexamer, and its initial crystals were
consistent with the hexameric structure, the tetrameric structure was a
surprise, although it was consistent with the structures of other crystal-
lized catalases. Two explanations for this discrepancy are based on dif-
ferences in salt and pH used in crystal formation as compared to enzyme
characterization. The enzyme was originally characterized in a relatively
low-salt environment of 50 mM potassium phosphate, pH 7, whereas the
crystals were isolated from 1.5 M LiCl-0.25 m Tris.HCI, pH 9. When the
enzyme was characterized by gel filtration at high salt, the apparent size
was consistent with a tetrameric structure, whereas at low salt it
remained consistent with a hexamer (P.C. Loewen, unpubl.). Thus, the
size difference between high and low salt could have arisen from a
change in subunit composition, or alternatively, the change in salt could
have induced a change in the Stokes radius or conformation of the
protein, affecting the apparent size of the protein. Electrospray mass
spectrometry of HPII has revealed a tetrameric structure even at very low
salt concentrations (5 mmM ammonium carbonate), confirming that the en-
zyme is most likely a tetramer under all conditions, and that it is the size
of the tetramer that is changing with salt (Chernushevich et al. 1995).

Heme Location and Structure

In all catalases, the heme is deeply buried and relatively inaccessible to
larger substrates, providing an explanation for its lack of reactivity with
larger organic molecules. This lack of reactivity is enhanced further in
HPII, where the access channel is even more occluded, making access
for anything larger than H,0, almost impossible. Heme b (protoheme
IX) is found in the typical catalases of M. luteus and P. mirabilis, but
heme d is present in HPII of E. coli (Chiu et al. 1989). What is even
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more striking about the heme of HPII is the flipped orientation compared
to the other enzymes (Bravo et al. 1995). This has the effect of placing
the reactive histidine (His-128) over ring IV of the heme, as compared to
the equivalent His-54 in the P. mirabilis catalase being situated over ring
III (Fig. 6). The other key catalytic residues (Asn-201 and Ser-167) and
the heme iron are in the same spatial relationship to His-128 as in other
catalases, thereby providing an explanation for the similar catalatic ac-
tivities of atypical and typical catalases.

The flipped conformation does create another problem, however, and
that is that the site of oxidation on ring III and the proximal location of
the oxygens of the spirolactone and hydroxyl group on ring III are distant
from the catalytic residues. As shown in Figure 6A, the modification site
on the heme (denoted by spirolactone and OH on ring III) is a significant
distance, and on the opposite side of the heme, from His-128, which is an
essential residue in the heme modification reaction (Loewen et al. 1993).
The mechanism of catalysis involved in the heme modification is now
being investigated.

NADPH Binding

The binding of NADPH to catalase was first demonstrated for the bovine
enzyme (Kirkman and Gaetani 1984). Subsequent studies of bacterial en-
zymes have determined that the nucleotide is bound to the P. mirabilis
enzyme (Jouve et al. 1989) but not to E. coli HPII (Hillar et al. 1994).
Thus, we have an atypical catalase without NADPH and a typical
catalase with NADPH, leading to the speculation that the difference in
nucleotide binding may be another difference between the two group-
ings. However, generalizations based on a sample size of two are
tenuous, and the analysis of additional members of each group will be re-
quired to verify or disprove this idea.

The crystal structures have shown that NADPH is not bound immedi-
ately adjacent to the heme pocket and active site in either the bovine
structure (Fita and Rossman 1985) or the P. mirabilis enzyme (Gouet et
al. 1995). Furthermore, it is not required for enzymatic activity, raising
the question of its role in catalase. Because NADPH prevents and may
even reverse the accumulation of compound II, an inactive form of
bovine liver catalase (Kirkman et al. 1987), it has been proposed that the
role of NADPH is to reduce a labile free-radical precursor in the pathway
leading to compound II through either a two-electron transfer (Hillar and
Nicholls 1992) or a more unusual one-electron transfer (Almarsson et al.
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Figure 6 Comparison of the three-dimensional relationship of active-site
residues and heme in catalase HPII of E. coli (A) and the catalase of P. mirabilis
(B). The active-site residues are numbered according to their location in the se-
quence of the individual enzymes, and the spirolactone and hydroxyl modifica-
tions in the heme d of HPII are also indicated in A. The rings of the heme are
numbered (I-1V) according to convention to illustrate the opposite orientation in
the two enzymes. The dashed lines between His-128 and Ser-167 in A and His-
54 and Ser-93 in B denote a potential hydrogen bond. The dashed lines between
Tyr-415 (A) or Tyr-337 (B) and the iron atom of the heme indicate fifth ligand
association on the proximal side of the heme. The three-dimensional rela-
tionships of the various residues were generated from the atomic coordinates
using QUANTA (Molecular Simulations Inc, Boston, Massachusetts).

1993). Regardless of the mechanism, it is interesting to speculate that
HPII, and possibly others in the atypical group, do not bind NADPH be-
cause compound II formation is rare, having never been demonstrated in
HPII, making NADPH an unnecessary accessory.

Function of the Extended Sequence of HPII

HPII and other atypical catalases differ from the smaller typical bacterial
catalases in having approximately 75 additional residues at the amino
terminus and 175 residues at the carboxyl end. In this respect, they
resemble the P. vitale catalase, and there is even extensive structural
similarity between the two enzymes, with the carboxy-terminal sequence
residing in a unique flavodoxin-like domain that does not seem to be in-
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Figure 7 Diagrams of catalase HPII of E. coli (A) and the catalase of P.
mirabilis (B) to illustrate the locations of the extended sequences of HPII rela-
tive to the similar core structures of the two enzymes. The amino-terminal ex-
tension of 75 residues and the carboxy-terminal domain of 160 residues in HPII
that are absent in the P. mirabilis catalase are indicated with N and C, respec-
tively, and are colored red. The diagrams were generated from the atomic coor-
dinates using the program SETOR (Evans 1993).

volved in subunit interactions. Diagrams depicting the structure of E. coli ‘
HPII and the P. mirabilis catalase are shown in Figure 7, where the large
carboxy-terminal domain and the amino-terminal extension are clearly
visible in the HPII structure. HPII is remarkably resistant to heat and pH
denaturation, and the subunits do not dissociate even under the extreme
voltages of mass spectrometry. In the latter case, the multimeric state
proved to be so stable that monomers are not seen, and larger complexes
of two, three, and four tetramers were evident, the largest having a mass
of 1.3 x 106 D (Chernushevich et al. 1995). Additional stabilizing inter-
actions involving the amino and carboxyl termini are an obvious expla-
nation for the enhanced stability; this is currently being investigated
through the construction of truncated mutants of HPIIL. It is tempting to
speculate that the additional sequence may interfere with compound II
formation, thereby eliminating the need for NADPH, but further study is
needed to confirm such conjecture.



Bacteral Catalases 299

Modified Residues

The catalase from P. mirabilis has been found to contain a methionine
sulfone (Buzy et al. 1995) at residue 53, immediately adjacent to the key
active-site residue His-54. It was concluded that the modified residue did
not significantly influence catalysis on the basis of similarities in kinetic
properties between the P. mirabilis and bovine catalases. However, one
of the sulfone oxygens appears to be involved in a hydrogen bond with
an adjacent asparagine, suggesting a role in protein folding. It was also
suggested that the modification may explain the reduced sensitivity of
the P. mirabilis enzyme to aminotriazole. The more normal residue at
this location in 15 of 20 catalases is valine, but three apparently related
catalases from B. fragilis, H. influenzae, and N. gonorrhoeae (Fig. 1)
also have a methionine in the same location. Whether the sulfone modifi-
cation occurs in these other enzymes remains to be determined.

One of the two surface-situated cysteines of E. coli HPII has been
found to be modified (Sevinc et al. 1995), but the identity and role of the
modification remain unknown. The modification on Cys-438 is alkali-
labile and has a mass of 44 + 2 D, but otherwise does not have properties
consistent with being a disulfide, an acetyl ester, a carbamoyl derivative,
or an oxidized sulfur. Both cysteines, and therefore the modification,
could be replaced with either alanine or serine without a significant ef-
fect on catalysis; perhaps not surprising, given the remoteness from the
deeply buried active site.

HPI

The use of the crystal structure of yeast cytochrome ¢ peroxidase (CCP)
as a model for the structure of the catalase-peroxidases was first pro-
posed by Welinder (1991, 1992). A number of specific residues of yeast
CCP were identified as having a catalytic role, including His-175 (the
heme iron fifth ligand), Asp-235 (hydrogen-bonded to His-175 on the
proximal side of the heme), His-52 and Arg-48 on the distal side (which
catalyze H,0, cleavage), and Asn-82 (which is hydrogen-bonded to His-
52). The equivalent residues in HPI are all conserved as His-267, Asp-
377, His-106, Arg-102, and Asn-136. By analogy with the strong
similarity in structures between the shorter bovine catalase and larger
HPII, with most of the extra sequence of HPII residing in a separate
domain, it is possible that HPI will be organized with the amino-
terminal, active-site-containing 400 residues residing in a domain that is
structurally similar to yeast CCP, and the remaining 300 residues resid-
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ing in a separate domain. However, there is currently no evidence to sup-
port such a hypothesis, and the additional sequence could just as well be
folded into the CCP domain, causing significant changes. Consequently,
the larger size of HPI as compared to yeast CCP requires a note of cau-
tion when attempts to draw structural analogies are made. With this in
mind, site-directed mutagenesis studies of specific residues in HPI are
now under way.

SUMMARY

Catalases have been purified and characterized from a large number of
bacterial species. A phylogenetic comparison of the sequences and
physicochemical properties of the enzymes has resulted in the identifica-
tion of four groups: the monofunctional catalases broken down into typi-
cal and atypical groups, the catalase-peroxidases, and the non-heme
catalases. Great diversity in the number and types of catalases present in
different bacteria has been reported, with anywhere from zero to six
isoenzymes being identified, although a maximum of three catalases
have ever actually been purified from any one organism. Associated with
this diversity of catalases is a diversity of control patterns. Induction of
catalase synthesis in response to H,O,, starvation, and oxygen occurs
commonly in different organisms. However, there is no consistent asso-
ciation of a particular induction mechanism with catalase type, and other
responses have been identified that seem to be unique to specific
organisms. It would appear that the diversity of catalases and control
mechanisms have evolved in response to the diversity of environments
that different bacteria experience. We can expect even more diversity to
appear as more catalases are studied. This mixture of similarity and
diversity extends even to structure, where there is a strong resemblance
between the typical and atypical monofunctional catalases, but also sig-
nificant differences that may be responsible for the higher catalytic rate
at high [H,0,], the enhanced stability, and the lack of NADPH in atypi-
cal HPII as compared to the typical catalases. This diversity evident in
the family of bacterial catalases will continue to fascinate workers and,
as more is learned, should provide insights into the adaptation of bacteria
to different environments.
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