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ABSTRACT: Mycobacteria are intracellular bacterial parasites which survive and proliferate inside of macrophages
for long periods of time. Because mycobacterial survival in macrophages is required for virulence, a great deal
of effort has been focused on identifying the genetic and physiologic determinants of intracellular survival and
growth. Anumber of factors, among them catalases, peroxidases, and superoxide dismutase have been suggested as
agents permitting mycobacteria to overcome the intracellular defences of macrophages. The characteristic features
of mycobacterial catalase/peroxidases and superoxide dismutase, their distribution within the genus Mycobacterium,
and their mutual interactions in the inactivation of toxic oxygen products are reviewed. Focus is placed on evidence
of the role of mycobacterial catalase-peroxidase and superoxide dismutase in virulence and on the role of catalase-
peroxidase in susceptibility to isonicotinic acid hydrazide.
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1. Introduction

The molecular mechanisms associated with the
pathogenesis of tuberculosis are just now being
identified and characterized. Pathogenic mycobac-
teria are facultative intracellular bacteria with the
ability to survive and proliferate inside the phago-
lysosomes of macrophages. Intracellular survival
and proliferation of mycobacteria is required for
their virulence (Rhoades and Ullrich, 2000) and
consequently, there has been a focus on discovery
of mechanisms of intracellular survival. Inhibition
of phagosome-lysosome fusion (Via et al., 1997) and
pH reduction in phagosomes (Crowle et al., 1991)
are two of the ways Mycobacterium tuberculosis and
Mycobacterium avium overcome the bactericidal
activities of human macrophages. The interaction
of mycobacterial cells with its host leads to their
replication, yet the macrophages must remain vi-
able (Grange, 1996). In addition, oxidative response
gene products, including catalase, peroxidase and
superoxide dismutase, have also been shown to be
agents of survival of mycobacteria in macrophages
(Manca et al., 1999; Firmani and Riley, 2002; Master
et al., 2002).

One of the bactericidal mechanisms of macro-
phages is the production of reactive oxidative in-
termediates (ROI) such as superoxide anion (O,"),
hydrogen peroxide (H,O,), hydroxyl radical (¢\OH),
and single oxygen ('O,). These oxygen species are
extremely toxic to microorganisms (Edwards et
al., 2001). Therefore, in order to survive within a
macrophage it is necessary that any microbial cell
is intrinsically resistant to these agents (Edwards
et al., 2001). Mycobacteria have the capacity to
inhibit production of ROI and produce enzymes
that degrade these microbicidal host metabolites
(Banerjee et al., 1994; Miller and Britigan, 1997).
This review focuses on the roles of mycobacterial
catalase-peroxidases and superoxide dismutases in
providing defence against ROI and consequently
affects virulence. In addition, the role of catalases,
peroxidases, and superoxide dismutases in suscep-
tibility to the antibiotic isonicotinic acid hydrazide
(INH or isoniazid) is covered because of the long
known interrelationship between virulence and
susceptibility to isoniazid (Middlebrook and Cohn,
1953; Jackett et al., 1978).

For information on the utility of the presence
and characteristics of catalases in identification of
members of the genus Mycobacterium, the reader
is referred to the article by (Dvorska et al., 2001).
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Catalases have also proven to be quite useful in
identifying taxonomic relationships between mem-
bers of the genus Mycobacterium (Wayne and Diaz,
1982).

2. Mycobacterial catalases and peroxidases

2.1. Mycobacterial catalases

Catalases (hydroxyperoxidases) degrade H,O, to
water and oxygen in a single reaction. Peroxidases
also degrade H,O,, but use H,O, to oxidize a vari-
ety of substrates. Cofactors for peroxidases include
the red and green hemes. Mycobacteria produce a
catalase-peroxidase, so-called because the enzyme
has both these activities. A total of three genes af-
fecting catalases have been described in Escherichia
coli: katG encoding a hyperoxidase I-type catalase
(HPI), katE encoding a hyperoxidase II-type catalase
(HPII), and katF, which does not encode another
catalase, but a regulatory gene for the katE-encoded
HPII (Milano et al., 1996). Catalase HPI is found in
the periplasmic space and the cytoplasmic mem-
brane, while catalase HPII is found in the cytoplasm
(Heimberger and Eisenstark, 1988).

2.2. Mycobacterial catalase-peroxidases

Within the genus Mycobacterium three different
types of catalase-peroxidases have been described
(Table 1). The heat-labile, H,0,-inducible KatG cata-
lase-peroxidase (T-catalase) is a member of the HPI
group of catalases. The heat-stable, non-inducible
KatE catalase-peroxidase (M-catalase), belongs to
the HPII group. The HPI KatG catalase-peroxidase
is resistant to aminotriazole, while the HPII KatE
catalase-peroxidase is sensitive. The third type of
catalase (A-catalase) was identified and described in
strains of M. avium and M. intracellulare. It is similar
to the mycobacterial KatE HPII catalase, but has
greater resistance to high temperature, has a differ-
ent charge, is more hydrophobic, and fails to react
with antibody to KatE (Wayne and Diaz, 1988).

M. tuberculosis expresses only a single catalase, the
KatG, heat-labile, H,0,-inducible, HPI type cata-
lase-peroxidase (Wayne and Diaz, 1982). The first
cloning of M. tuberculosis catalase-peroxidase (KatG)
and demonstration of its role in INH resistance pub-
lished by Zhang et al. (1992). The enzyme consists of
two similar domains, like cytochrome-c-peroxidase
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Table 1: Presence of catalase-peroxidases and superoxide dismutase (SOD) in mycobacteria

Mycobacterial Catalase-peroxidase
ny) actera SOD Others Authors

species HPI-type HPII-type

M. asiaticum KatG KatE Nd N Wayne and Diaz (1986)

M. aurum Nd KatE Nd Nd  Quemard et al. (1991)

M. avium KatG KatE SOD Nd  Wayne and Diaz (1986), Mayer and Falkinham
(1986), Milano et al. (1996)

M. bovis KatG Nd Nd Nd  Wilson et al. (1995)

M. intracellulare KatG KatE SOD  AhpC Wayne and Diaz (1982), Wayne and Diaz (1986),
Mayer and Falkinham (1986), Wayne and Diaz
(1988), Sherman et al. (1996)

M. gordonae KatG KatE Nd Nd  Wayne and Diaz (1986)

M. kansasii KatG KatE Nd Nd  Wayne and Diaz (1986)

M. leprae Nd Nd SOD Nd  Wheeler and Gregory (1980)

M. lepraemurium Nd Nd SOD Nd Ichihara et al. (1977)

M. phlei Nd Nd SOD Nd  Chikata et al. (1975)

M. scrofulaceum KatG KatE SOD Nd  Wayne and Diaz (1986), Mayer and Falkinham (1986)

M. smegmatis KatG Nd SOD Nd  Kusunose et al. (1976b), Marcinkeviciene et al. (1995)

M. terrae Nd KatE Nd Nd  Wayne and Diaz (1986)

M. tuberculosis KatG Nd SOD Nd Middlebrook and Cohn (1953), Kusunose et al.
(1976b), Wayne and Diaz (1986), Zhang et al. (1993)

M. xenopi KatG Nd Nd Nd  Wayne and Diaz (1982)

Nd = not detected — identification of the enzyme in organism was not described so far

of yeast. The catalase-peroxidase domain and activ-
ity is located in the NH,-terminus. The function of
C-terminal end has not been described so far, but
could be involved in the binding of the enzyme to
substrate (Wayne and Diaz, 1982).

The katE gene of M. avium, encoding an HPII-type,
heat-stable, M-type catalase-peroxidase has been
cloned (Milano et al., 1996) as has the katG gene of
M. intracellulare, encoding a HPI-type, heat-labile
and T-type catalase (Morris et al., 1992).

2.3. Alkylhydroperoxide reductase

Another antioxidant protein is alkylhydroperox-
ide reductase (AhpC). This H,O,-inducible enzyme
may act to protect mycobacteria from peroxides,
especially in the absence of KatG (Sherman et al.,
1996; Heym et al., 1997).

3. Superoxide dismutases

Superoxide dismutases (SOD) catalyse the dis-
mutation of the superoxide radical to H,O, and
molecular oxygen. Superoxide dismutases have
been distinguished on the basis of their associated
metals, namely iron, copper-zinc or manganese
(Dussurget et al., 2001).

3.1. Mycobacterial superoxide dismutases

SOD activity has been detected in a variety of
mycobacteria (Table 1). The first report about clon-
ing of M. tuberculosis SOD and demonstration of
a secreted feature of the SOD was described in
Zhang et al. (1991). M. tuberculosis produces two
SODs: one (SodA) that employs an iron-cofactor
(Kusunose et al., 1976a) and a second (SodC) that
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contains a copper-zinc co-factor (Dussurget et al.,
2001). M. leprae (Wheeler and Gregory, 1980) and
M. smegmatis strain TAKEO (Kusunoseetal., 1976b)
have been reported to produce a manganese-con-
taining SOD. The pattern of inhibition of SOD
activity of strains of M. avium, M. intracellulare,
and M. scrofulaceum, suggested that these species
produced SODs containing both iron and manga-
nese (Mayer and Falkinham, 1986).

However, those studies were performed on crude
extracts, not purified enzymes. The sodA gene of
M. avium was cloned and shown to encode a 23 kDa
protein consisting of 207 amino acids that shares a
high degree of similarity with Sod A superoxide dis-
mutases of M. tuberculosis and M. leprae (Thangaraj
etal., 1990; Escuyer et al., 1996). Unlike the Sod A of
M. tuberculosis, the M. avium enzyme was described
as a Mn SOD enzyme (Escuyer et al., 1996). Both
the iron-SOD of M. tuberculosis and the Mn SOD of
M. avium are exported from cells and large amounts
are found in the extracellular medium (Zhang et
al., 1991; Escuyer et al., 1996, Edwards et al., 2001).
The iron-SOD of M. tuberculosis is secreted via a
secA2-catalyzed export pathway (Braunstein et al.,
2003).

3.2. Reactive oxidative intermediates

In addition to having a role in macrophage
survival, the environmental opportunistic myco-
bacteria (e.g. M. avium and M. intracellulare) may
be exposed to photochemically generated ROI
in surface waters exposed to sunlight (Chikata
et al., 1975) and after phagocytosis in free living
phagocytic protozoa and amoebae (Strahl et al.,
2001) and amoebae, where SOD activity may aid
in their survival.

4. Mycobacterial catalase-peroxidases
and superoxide dismutases as a virulence
factors

Mycobacteria are considered the archetypical in-
tracellular pathogens due to their capacity to invade
and multiply within macrophages. Mycobacteria
are readily phagocytised by macrophages due, in
part, to their very high cell surface hydrophobic-
ity (Crowle et al., 1991). Following phagocytosis,
mycobacterial cells are exposed to toxic forms of
oxygen including H,O,, superoxide, HOCI, «OH,
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and singlet oxygen produced as a consequence of
the respiratory burst (Miller and Britigan, 1997). In
addition to RO], toxic reactive nitrogen intermedi-
ates (RNI) may also be produced in infected mac-
rophages (Noronha-Dutra et al., 1993). Therefore,
it has been proposed that mycobacterial survival in
macrophages depends upon their ability to with-
stand the inhibitory and bactericidal activities of
those compounds (Crowle et al., 1986).

M. tuberculosis virulence has been linked to
resistance to H,O,. Low virulence isolates were
shown to be more susceptible to H,O, compared
to isolates with high virulence (Jackett et al., 1978).
Because catalase levels were not strictly associ-
ated with measures of virulence in guinea pigs,
factors other than catalase are involved (Jackett
et al., 1978; O’Brien et al., 1991). Factors (e.g.
permeability) other than catalase-peroxidase ac-
tivity have been proposed to contribute to H,O,
resistance in M. intracellulare (Gangadharam and
Pratt, 1984). The catalase-peroxidase activities of
M. tuberculosis, M. bovis BCG, and M. avium were
the only agents resulting in the destruction of H,0O,
(Laochumroonvorapong et al., 1997). Therefore, it is
likely that protection against other reactive oxygen
(ROI) and nitrogen (RNI) intermediates is mediated
by additional enzymes.

4.1. Catalase-peroxidases as mycobacterial
virulence factors

The KatG catalase-peroxidase of M. tuberculosis
appears to promote the persistence in infected
tissue. KatG deletion mutants of M. tuberculosis
had lower levels of survival in spleens of mice
and guinea pigs (Wilson and Collins, 1996; Li et
al., 1998). Introduction of a cloned katG catalase-
peroxidase gene into the katG deletion strain led to
persistence in spleens of mice and guinea pigs (Li
etal., 1998). The same appears not to be the case for
M. intracellulare. Anisogenic katG" and katG™ pair of
M. intracellulare strains had the same growth kinet-
ics in mouse tissue (Marklund et al., 1998).

Catalases and peroxidases may also have a role
in mycobacterial resistance to reactive nitrogen
intermediates (RNI). RNI, which include nitric
oxide (NQe), are bactericidal. It has been shown
that RNI are responsible for killing mycobacte-
ria in alveolar macrophages (Noronha-Dutra et
al.,, 1993). Recently it has been shown, that the
M. tuberculosis KatG catalase-peroxidase has per-
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oxynitratase activity (Wengenack et al., 1999),
suggesting that it could be involved in resistance
to reactive nitrogen intermediates. Possibly, RNI
interact with peroxide, generated by mycobacte-
rial cell metabolism, to produce other bactericidal
products such as singlet oxygen (Noronha-Dutra
et al., 1993). Alternatively, the iron within catalase
(i.e., KatG and KatE) may interact with, and thus
detoxify, NOe.

Results of studies using different, non-isogenic
strains of M. tuberculosis have provided conflicting
data. M. tuberculosis strains that lacked catalase
activity (i.e., strains B1453 and H37RaHR) were
the most sensitive to RNI, but other M. tuberculosis
strains that were catalase-positive (i.e. strains 79112
and H37a) were also sensitive to RNI (O’Brien et al.,
1994). Those results show the weakness of compar-
ing non-isogenic strains. It is quite likely that other
RNI detoxification systems exist. A similar result
was seen when hydrogen peroxide susceptibility of
M. tuberculosis was investigated. H,0O, susceptibility
was correlated with the presence of low levels of
catalase activity in INH-resistant isolates, but not
in low-virulence, INH-sensitive, catalase-positive
isolates (O’Brien et al., 1994).

4.2. Superoxide dismutase as mycobacterial
virulence factor

Like catalase-peroxidase, mycobacterial super-
oxide dismutase may be involved in macrophage
survival and consequently, the virulence of myco-
bacteria. However, like the data on catalase-per-
oxidase there are conflicting reports. In one report,
a null mutation in the M. tuberculosis copper-zinc
superoxide dismutase gene (sodC) did not reduce
survival in activated and inactivated murine bone
marrow-derived macrophages. There was also no
difference in the survival of the two isogenic strains
in guinea pig tissues (Dussurget et al., 2001). In
contrast, a second report demonstrated that an
sodC-null mutant was more susceptible to killing
by gamma interferon-activated murine peritoneal
macrophages (Piddington et al., 2001). In both re-
ports, the sodC-null mutants were more susceptible
to superoxides compared to their sodC-wild type
parents (Dussurget et al., 2001; Piddington et al.,
2001). M. tuberculosis mutants with reduced levels
of the exported iron-SOD were more susceptible
to H,0, and were almost avirulent (Edwards et
al., 2001).

5. Role of mycobacterial catalase-peroxidase
in isoniazid susceptibility

5.1. Mechanism of action of isoniazid

The association between virulence, H,O,-sus-
ceptibility, and catalase activity in M. tuberculosis
has been known since the 1950’s (Middlebrook and
Cohn, 1953). Further, isoniazid-resistant isolates
were shown to have low catalase activity (Michison
et al., 1963). Later it was shown that isoniazid is a
prodrug that requires activation by the mycobacte-
rial catalase-peroxidase (Shoeb et al., 1985; Zhang
et al., 1992). Isoniazid is activated to an unstable
electrophilic state by the KatG catalase-peroxidase
with H,0O, serving as an electron acceptor (Shoeb et
al., 1985). Activated isoniazid inhibits the biosynthe-
sis of mycolic acid synthesis (Banerjee et al., 1994;
Mdluli et al., 1998b), components of cell wall that
protect mycobacterial cells against oxidising agents
and other agents in the environment (Mdluli et al.,
1998b). The targets for activated isoniazid include
the enoyl acyl carrier protein (ACP) reductase en-
coded by the inhA gene (Banerjee et al., 1994) and
the B-ketoacyl ACP synthase encoded by the kasA
gene (Mdluli et al., 1998a). Only the KatG catalase-
peroxidase activates isoniazid in M. tuberculosis
(Zhang et al., 1992; Li et al., 1998). It is likely that
endogenous superoxide levels also contribute to
isoniazid’s antibacterial activity. The presence of an
active superoxide dismutase gene prevented isoni-
azid-induced-killing of an M. smegmatis exposed to
non-toxic levels of a superoxide-generating agent
(Wang et al., 1998).

5.2. The mechanism of resistance to isoniazid

Although isoniazid is very effective against
isolates of M. tuberculosis, it is about 100-fold less
effective against M. avium. This difference has been
attributed to a decreased permeability of isoniazid
through the M. avium cell wall. However, the rates of
INH-accumulation in M. tuberculosis and M. avium
cells were approximately the same. Interestingly,
the total INH-influx in M. tuberculosis was found to
be four times higher (Mdluli et al., 1998b).

One mechanism leading to isoniazid resistance
(Inh®) are mutations in the KatG catalase-per-
oxidase gene as was described by Zhang et al. 1992.
Characterization of laboratory-generated Inh® mu-
tants of M. avium and M. tuberculosis revealed that

165



Review Article

Vet. Med. — Czech, 49, 2004 (5): 161-170

a majority had a mutation in the katG gene. Unlike
M. tuberculosis, M. avium formed colonies in the
presence of isoniazid at concentrations that inhibited
mycolic acid biosynthesis. These mycolate-deficient
M. avium cells exhibited altered colony morphologies,
modified cell wall ultrastructure, and were 10-fold
more sensitive to hydrophobic antibiotics, such as
rifampin (Mdluli et al., 1998b).

Among laboratory-generated Inh® isolates of
M. tuberculosis some lack katG mutations and have
normal KatG catalase-peroxidase. This demonstrates
that mutations other than the KatG catalase-per-
oxidase, such as in the mycolic acid synthesis path-
way, lead to isoniazid-resistance (Quemard et al.,
1991). One such gene (i.e., inhA) encodes one pro-
posed target of activated isoniazid, the enoyl ACP
reductase. Mutations in inhA were shown to con-
fer resistance to both isoniazid and ethionamide in
M. smegmatis and M. bovis (Banerjee et al., 1994). The
simplest hypothesis is that isoniazid is converted to
an activated form by the KatG catalase-peroxidase
and the activated antibiotic inhibits the enoyl ACP
reductase (Figure 1).

The gene encoding the M. intracellulare KatG cat-
alase-peroxidase (heat labile, HPI T-catalase) was
cloned and expressed in E. coli (Morris et al., 1992).
They found that the presence of another catalase

i

peroxidase KatG
+
H,0,

activated

activity appeared to be involved in antagonizing
isoniazid activity. That second catalase, perhaps the
heat-stable (HPII M-type catalase), may be respon-
sible for the relative intrinsic resistance of M. avium
complex isolates to isoniazid. The mechanism by
which this catalase confers protection against iso-
niazid is unknown, although it possibly scavenges
H,O,. However, that does not necessarily mean
that isoniazid-toxicity is mediated by H,O,, but
rather that the removal of H,O, by catalase inhib-
its H,O,-dependent peroxidase-mediated isoniazid-
oxidation (Milano et al., 1996). That possibility is
illustrated in Figure 1.

A cloned copy of the M. intracellulare katG gene
was subjected to site-directed mutagenesis in
host mycobacterial organism (Rouse et al., 1996;
Marklund et al., 1998). The resulting katG mutants
of M. intracellulare were resistant to isoniazid, were
more sensitive to H,O,, and had lost the heat-sensi-
tive catalase-peroxidase activity, but retained the
KatE heat-stable peroxidase activity. The same
authors performed experiments in mice and dem-
onstrated that the parent M. intracellulare strain and
an isogenic katG mutant had the same growth kinet-
ics in tissues (Marklund et al., 1998). These results
proved that the KatG catalase-peroxidase mediates
resistance to H,O, and isoniazid-susceptibility but
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Figure 1. The mechanism of catalases and peroxidases action
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is not an essential virulence factor for growth of
M. intracellulare in mice.

6. Additional factors involving oxidative
stress which participate in virulence

Other factors that participate on protection
against intracellular parasites are RNI, which in-
clude nitric oxide (NOe). NOe kills mycobacteria
in alveolar macrophages (O’Brien et al., 1994).
Comparison of the in vitro susceptibility to NOe
of eight M. tuberculosis and one M. bovis isolates
differing in virulence showed a significant nega-
tive correlation between NOe susceptibility and
virulence (O’Brien et al., 1994).

Differences in the susceptibility of M. tuberculosis
and M. avium complex isolates to killing by macro-
phages, which may be due to differences in their
susceptibility to RNI, have been reported by Doi
et al. (1993) and Flesch and Kaufmann (1987). The
identity of mycobacterial target of NOe is unclear.
In tumour cells this radical inactivates the iron- and
sulphur-dependent enzymes involved in respira-
tion, energy production, and cell multiplication
(Denis, 1991). In Clostridium sp. iron-nitrosyl
complexes and NOe were detected due to their
reaction with the iron-sulphur protein, named
“ferredoxin” (Doi et al., 1993). But sensitivity of
mycobacterial iron-sulphur centres to NOs is un-
known. The iron-dependent superoxide dismutase
(SOD) of M. avium was suggested as the target for
NOe (Denis, 1991).

The M. tuberculosis  alkylhydroperoxidase
(AhpC) is similar to members of a family of bacte-
rial and eukaryotic antioxidant proteins (Sherman
et al.,, 1999). As was described by several authors
(Deretic et al., 1995; Sherman et al., 1996; Wilson
and Collins, 1996) the presence of AhpC is as-
sociated with resistance to isoniazid in strains of
E. coli and M. smegmatis. Also several Inh® isolates
of M. tuberculosis have been described that carry
ahpC promoter mutations resulting in AhpC over-
expression and have reduced KatG catalase-per-
oxidase activity (Heym et al., 1997; Sherman et al.,
1999). It was proposed that because KatG is only
described catalase-peroxidase in M. tuberculosis,
there is selection for compensatory ahpC pro-
moter mutations in katG (Inh®) M. tuberculosis
mutants during infection, to mitigate the added
burden imposed by organic peroxides (Sherman
et al., 1999).

7. Conclusions

In spite of the efforts focused on elucidating the
role of catalase-peroxidases, superoxide dismutases,
and other enzymes in virulence and antibiotic-sus-
ceptibility in the mycobacteria, more information
is required. First, it is clear that not all enzymes
and genes involved in oxidant defence have been
identified in the major mycobacterial pathogens
(i. e. M. tuberculosis, M. bovis, M. kansasii, and M.
avium complex). Further, many other proteins and
genes participate in the complex process of myco-
bacterial survival and growth within macrophages,
tissues, and infected hosts. For example, a total of
191 putative transcription regulators were identified
by screening the M. tuberculosis complete genome
sequence (Cole et al., 1998) and 380 transcripts were
identified whose expression profiles appear to be
altered during the general process of phagocytosis
of mycobacterial cells by macrophages (Tooker et
al., 2002). It is hoped that knowledge of the roles
of catalase-peroxidases and superoxide dismutases
in mycobacterial virulence and drug-susceptibility
will lead to the development new antimycobacte-
rial drugs.

8. REFERENCES

Banerjee A., Dubnau E., Quemard A., Balasubramanian
V., Um K.S., Wilson T., Collins D., de Lisle G., Jacobs
W.RJr. (1994): inhA, a gene encoding a target for iso-
niazid and ethionamide in Mycobacterium tuberculosis.
Science, 263, 227-230.

Braunstein M., Espinosa B.]., Chan J., Belisle ].T., Jacobs
R. (2003): SecA2 functions in the secretion of superox-
ide dismutase A and in the virulence of Mycobacterium
tuberculosis. Mol. Microbiol., 48, 453-464.

Chikata Y., Kusunose E., Ichihara K., Kusunose M. (1975):
Purification of superoxide dismutases from Mycobac-
terium phlei. Osaka City Med. J., 21, 127-136.

Cole S.T., Brosch R., Parkhill J., Garnier T., Churcher C.,
Harris D., Gordon S.V.,, Eiglmeier K., Gas S., Barry C.E.,
III, Tekaia F., Badcock K., Basham D., Brown D., Chill-
ingworth T., Connor R., Davies R., Devlin K., Feltwell
T., Gentles S., Hamlin N., Holroyd S., Hornsby T., Jag-
els K., Barrell B.G. (1998): Deciphering the biology of
Mycobacterium tuberculosis from the complete genome
sequence. Nature, 393, 537-544.

Crowle A.],, Tsang A.Y., Vatter A.E., May M.H. (1986):
Comparison of 15 laboratory and patient-derived
strains of Mycobacterium avium for ability to infect and

167



Review Article

Vet. Med. — Czech, 49, 2004 (5): 161-170

multiply in cultured human macrophages. J. Clin.
Microbiol., 24, 812-821.

Crowle A.].,, Dahl R, Ross E., May M.H. (1991): Evidence
that vesicles containing living, virulent Mycobacterium
tuberculosis or Mycobacterium avium in cultured human
macrophages are not acidic. Infect. Immun., 59,
1823-1831.

Denis M. (1991): Tumor necrosis factor and granulocyte
macrophage-colony stimulating factor stimulate human
macrophages to restrict growth of virulent Mycobacte-
rium avium and to kill avirulent M. avium: killing effector
mechanism depends on the generation of reactive nitro-
gen intermediates. J. Leukoc. Biol., 49, 380-387.

Deretic V., Philipp W., Dhandayuthapani S., Mudd M.H.,
CurcicR., Garbe T., Heym B., Via L.E., Cole S.T. (1995):
Mycobacterium tuberculosis is a natural mutant with an
inactivated oxidative-stress regulatory gene: implica-
tions for sensitivity to isoniazid. Mol. Microbiol., 17,
889-900.

Doi T., Ando M., Akaike T., Suga M., Sato K., Maeda H.
(1993): Resistance to nitric oxide in Mycobacterium avium
complex and its implication in pathogenesis. Infect.
Immun., 61, 1980-1989.

Dussurget O., Stewart G., Neyrolles O., Pescher P, Young
D., Marchal G. (2001): Role of Mycobacterium tuberculo-
sis copper-zinc superoxide dismutase. Infect. Immun.,
69, 529-533.

Dvorska L., Bartos M., Martin G., Erler W., Pavlik I. (2001):
Strategies for differentiation, identification and typing
of medically important species of mycobacteria by
molecular methods. Vet. Med. — Czech, 46, 309-328.
http://www.vri.cz/docs/vetmed/46-12-309.pdf

Edwards K.M., Cynamon M.H., Voladri R.K., Hager C.C,,
DeStefano M.S., Tham K.T., Lakey D.L., Bochan M.R,,
Kernodle D.S. (2001): Iron-cofactored superoxide dis-
mutase inhibits host responses to Mycobacterium tuber-
culosis. Am. J. Resp. Crit. Care Med., 164, 2213-2219.

Escuyer V., Haddad N., Frehel C., Berche P. (1996): Mo-
lecular characterization of a surface-exposed super-
oxide dismutase of Mycobacterium avium. Microb.
Pathog., 20, 41-55.

Firmani M.A., Riley L.W. (2002): Mycobacterium tuberculo-
sis CDC1551 is resistant to reactive nitrogen and oxygen
intermediates in vitro. Infect. Immun., 70, 3965-3968.

Flesch I., Kaufmann S.H. (1987): Mycobacterial growth
inhibition by interferon-gamma-activated bone marrow
macrophages and differential susceptibility among
strains of Mycobacterium tuberculosis. J. Immunol., 138,
4408-4413.

Gangadharam P.R., Pratt P.E. (1984): Susceptibility of
Mycobacterium intracellulare to hydrogen peroxide. Am.
Rev. Respir. Dis., 130, 309-311.

168

Grange ].M. (1996): The biology of the genus Mycobacte-
rium. Soc. Appl. Bacteriol. Symp. Ser., 25, 15-9S.

Heimberger A., Eisenstark A. (1988): Compartmentaliza-
tion of catalases in Escherichia coli. Biochem. Biophys.
Res. Commun., 154, 392-397.

Heym B., Stavropoulos E., Honore N., Domenech P,
Saint-Joanis B., Wilson T.M., Collins D.M., Colston M.].,
Cole S.T. (1997): Effects of overexpression of the alkyl
hydroperoxide reductase AhpC on the virulence and
isoniazid resistance of Mycobacterium tuberculosis. In-
fect. Immun., 65, 1395-1401.

Ichihara K., Kusunose E., Kusunose M., Mori T. (1977):
Superoxide dismutase from Mycobacterium lepraemu-
rium. J. Biochem. (Tokyo), 81, 1427-1433.

Jackett P.S., Aber V.R., Lowrie D.B. (1978): Virulence and
resistance to superoxide, low pH and hydrogen perox-
ide among strains of Mycobacterium tuberculosis. J. Gen.
Microbiol., 104, 37-45.

Kusunose E., Ichihara K., Noda Y., Kusunose M. (1976a):
Superoxide dismutase from Mycobacterium tuberculosis.
J. Biochem. (Tokyo), 80, 1343-1352.

Kusunose M., Noda Y., Ichihara K., Kusunose E. (1976b):
Superoxide dismutase from Mycobacterium species,
strain Takeo. Arch. Microbiol., 108, 65-73.

Laochumroonvorapong P, Paul S., Manca C., Freedman
V.H., Kaplan G. (1997): Mycobacterial growth and
sensitivity to H,O, killing in human monocytes in vitro.
Infect. Immun., 65, 4850-4857.

Li Z., Kelley C., Collins F., Rouse D., Morris S. (1998):
Expression of katG in Mycobacterium tuberculosis is as-
sociated with its growth and persistence in mice and
guinea pigs. J. Infect. Dis., 177, 1030-1035.

Manca C., Paul S., Barry C.E., III, Freedman V.H., Kaplan
G. (1999): Mycobacterium tuberculosis catalase and per-
oxidase activities and resistance to oxidative killing in
human monocytes in vitro. Infect. Immun., 67, 74-79.

Marcinkeviciene J.A., Magliozzo R.S., Blanchard J.S.
(1995): Purification and characterization of the Myco-
bacterium smegmatis catalase-peroxidase involved in
isoniazid activation. J. Biol. Chem., 270, 22290-22295.

Marklund B.I., Mahenthiralingam E., Stokes R.W. (1998):
Site-directed mutagenesis and virulence assessment of
the katG gene of Mycobacterium intracellulare. Mol.
Microbiol., 29, 999-1008.

Master S.S., Springer B., Sander P, Boettger E.C., Deretic
V., Timmins G.S. (2002): Oxidative stress response
genes in Mycobacterium tuberculosis: role of ahpC in
resistance to peroxynitrite and stage-specific survival
in macrophages. Microbiology, 148, 3139-3144.

Mayer B.K., Falkinham J.O., III (1986): Superoxide dis-
mutase activity of Mycobacterium avium, M. intracellu-
lare, and M. scrofulaceum. Infect. Immun., 53, 631-635.



Vet. Med. — Czech, 49, 2004 (5): 161-170

Review Article

Mdluli K., Slayden R.A., Zhu Y., Ramaswamy S., Pan X.,
Mead D., Crane D.D., Musser J.M., Barry C.E., III
(1998a): Inhibition of a Mycobacterium tuberculosis beta-
ketoacyl ACP synthase by isoniazid. Science, 280,
1607-1610.

Mdluli K., SwansonJ., Fischer E., Lee R.E., Barry C.E., I1I
(1998b): Mechanisms involved in the intrinsic isoniazid
resistance of Mycobacterium avium. Mol. Microbiol., 27,
1223-1233.

Michison D.A., Selkon ].B., Lloyd ]J. (1963): Virulence in
the guinea pig, susceptibility to hydrogen peroxide,
and catalase activity of isoniazid-sensitive tubercle
bacilli from south Indian and British patients. J. Path.
Bacteriol., 86, 377-386.

Middlebrook G., Cohn M.L. (1953): Some observations
on the pathogenicity of isoniazid-resistant variants of
tubercle bacilli. Science, 118, 297-299.

Milano A., De Rossi E., Gusberti L., Heym B., Marone P,
Riccardi G. (1996): The katE gene, which encodes the
catalase HPII of Mycobacterium avium. Mol. Microbiol.,
19, 113-123.

Miller R.A., Britigan B.E. (1997): Role of oxidants in micro-
bial pathophysiology Clin. Microbiol. Rev., 10, 1-18.

Morris S.L., Nair J., Rouse D.A. (1992): The catalase-per-
oxidase of Mycobacterium intracellulare: nucleotide se-
quence analysis and expression in Escherichia coli. ].
Gen. Microbiol., 138, 2363-2370.

Noronha-Dutra A.A., Epperlein M.M., Woolf N. (1993):
Reaction of nitric oxide with hydrogen peroxide to pro-
duce potentially cytotoxic singlet oxygen as a model for
nitric oxide-mediated killing. FEBS Lett., 321, 59-62.

O’Brien L., Carmichael J., Lowrie D.B., Andrew P.W.
(1994): Strains of Mycobacterium tuberculosis differ in
susceptibility to reactive nitrogen intermediates in vitro.
Infect. Immun., 62, 5187-5190.

O’Brien S., Jackett P.S., Lowrie D.B., Andrew P.W. (1991):
Guinea-pig alveolar macrophages kill Mycobacterium
tuberculosis in vitro, but killing is independent of sus-
ceptibility to hydrogen peroxide or triggering of the
respiratory burst. Microb. Pathog., 10, 199-207.

Piddington D.L., Fang F.C., Laessig T., Cooper A.M,,
Orme .M., Buchmeier N.A. (2001): Cu, Zn superoxide
dismutase of Mycobacterium tuberculosis contributes to
survival in activated macrophages that are generating
an oxidative burst. Infect. Immun., 69, 4980-4987.

Quemard A., Lacave C., Laneelle G. (1991): Isoniazid
inhibition of myecolic acid synthesis by cell extracts of
sensitive and resistant strains of Mycobacterium aurum.
Antimicrob. Agents Chemother., 35, 1035-1039.

Rhoades E.R., Ullrich H.J. (2000): How to establish a last-
ing relationship with your host: lessons learned from
Mycobacterium spp. Immunol. Cell Biol., 78, 301-310.

Rouse D.A., DeVito J.A., Li Z., Byer H., Morris S.L. (1996):
Site-directed mutagenesis of the katG gene of Mycobac-
terium tuberculosis: effects on catalase-peroxidase ac-
tivities and isoniazid resistance. Mol. Microbiol., 22,
583-592.

Sherman D.R., Mdluli K., Hickey M.]., Arain T.M., Moz-
ris S.L., Barry C.E,, III, Stover C.K. (1996): Compensa-
tory ahpC gene expression in isoniazid-resistant
Mycobacterium tuberculosis. Science, 272, 1641-1643.

Sherman D.R., Mdluli K., Hickey M.]., Barry C.E., III,
Stover C.K. (1999): AhpC, oxidative stress and drug
resistance in Mycobacterium tuberculosis. Biofactors, 10,
211-217.

Shoeb H.A., Bowman B.U.Jr., Ottolenghi A.C., Merola
A]. (1985): Peroxidase-mediated oxidation of isoniazid.
Antimicrob. Agents Chemother., 27, 399-403.

Strahl E.D., Gillaspy G.E., Falkinham J.O., III (2001):
Fluorescent acid-fast microscopy for measuring phago-
cytosis of Mycobacterium avium, Mycobacterium intracel-
lulare, and Mycobacterium scrofulaceum by Tetrahymena
pyriformis and their intracellular growth. Appl. Environ.
Microbiol., 67, 4432-4439.

Thangaraj H.S., Lamb F.I, Davis E.O., Jenner PJ., Jeya-
kumar L.H., Colston M.]. (1990): Identification, se-
quencing, and expression of Mycobacterium leprae
superoxide dismutase, a major antigen. Infect. Immun.,
58, 1937-1942.

Tooker B.C., Burton J.L., Coussens P.M. (2002): Survival
tactics of M. paratuberculosis in bovine macrophage
cells. Vet. Immunol. Immunopathol., 87, 429-437.

Via L.E., Deretic D., Ulmer R.J., Hibler N.S., Huber L.A.,
Deretic V. (1997): Arrest of mycobacterial phagosome
maturation is caused by a block in vesicle fusion be-
tween stages controlled by rab5 and rab?7. J. Biol. Chem.,
272, 13326-13331.

Wang J.Y., Burger R.M.,, Drlica K. (1998): Role of super-
oxide in catalase-peroxidase-mediated isoniazid action
against mycobacteria. Antimicrob. Agents Chemother.,
42,709-711.

Wayne L.G., Diaz G.A. (1982): Serological, taxonomic,
and kinetics studies of the T and M classes of myco-
bacterial catalase. Int. J. Syst. Bacteriol., 32, 296-304.

Wayne L.G., Diaz G.A. (1986): A double staining method
for differentiating between two classes of mycobacterial
catalase in polyacrylamide electrophoresis gels. Anal.
Biochem., 157, 89-92.

Wayne L.G., Diaz G.A. (1988): Detection of a novel cata-
lase in extracts of Mycobacterium avium and Mycobacte-
rium intracellulare. Infect. Immun., 56, 936-941.

Wengenack N.L., Jensen M.P,, Rusnak F., Stern M.K. (1999):
Mycobacterium tuberculosis KatG is a peroxynitritase.
Biochem. Biophys. Res. Commun., 256, 485-487.

169



Review Article

Vet. Med. — Czech, 49, 2004 (5): 161-170

Wheeler P.R., Gregory D. (1980): Superoxide dismutase,
peroxidatic activity and catalase in Mycobacterium lep-
rae purified from armadillo liver. ]J. Gen. Microbiol.,
121, 457-464.

Wilson T.M., Collins D.M. (1996): ahpC, a gene involved
in isoniazid resistance of the Mycobacterium tuberculosis
complex. Mol. Microbiol., 19, 1025-1034.

Wilson T.M., de Lisle G.W., Collins D.M. (1995): Effect of
inhA and katG on isoniazid resistance and virulence of
Mycobacterium bovis. Mol. Microbiol., 15, 1009-1015.

Zhang Y., Garbe T., Young D. (1993): Transformation with
katG restores isoniazid-sensitivity in Mycobacterium
tuberculosis isolates resistant to a range of drug concen-
trations. Mol. Microbiol., 8, 521-524.

Zhang Y., Lathigra R., Garbe T., Catty D., Young D. (1991):
Genetic analysis of superoxide dismutase, the 23 kilo-
dalton antigen of Mycobacterium tuberculosis. Mol.
Microbiol., 5, 381-391.

Zhang Y., Heym B., Allen B., Young D., Cole S. (1992):
The catalase-peroxidase gene and isoniazid resistance
of Mycobacterium tuberculosis. Nature, 358, 591-593.

Received: 04-04-02
Accepted after corrections: 04-04-28

Corresponding Author

RNDr. Milan Bartos, Veterinary Research Institute, Hudcova 70, 621 32 Brno, Czech Republic
Tel. +420 533 331 215, fax: +420 541 211 229, e-mail: bartos@vri.cz; http://www.vri.cz/labs/tbc/default.htm

170



