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Abstract. More than 300 catalase sequences are now
available, divided among monofunctional catalases
(> 225), bifunctional catalase-peroxidases (> 50) and
manganese-containing catalases (> 25). When combined
with the recent appearance of crystal structures from at
least two representatives from each of these groups (nine
from the monofunctional catalases), valuable insights
into the catalatic reaction mechanism in its various forms
and into catalase evolution have been gained. The struc-
tures have revealed an unusually large number of modifi-

cations unique to catalases, a result of interacting with re-
active oxygen species. Biochemical and physiological
characterization of catalases from many different organ-
isms has revealed a surprisingly wide range of catalatic
efficiencies, despite similar sequences. Catalase gene ex-
pression in micro-organisms generally is controlled ei-
ther by sensors of reactive oxygen species or by growth
phase regulons, although the detailed mechanisms vary
considerably.
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Introduction

Catalases, or more correctly, hydroperoxidases, are one
of the most studied classes of enzymes. The name cata-
lase was first applied, perhaps inappropriately by today’s
standards, in 1900 [1], and the protein has been the object
of study in many different organisms ever since. The
ubiquity of the enzyme, its ease of assay, involving a
cheap, readily available substrate, H,0,, and the spectac-
ular display of oxygen evolution have combined to make
it an attractive target for biochemists and molecular biol-
ogists alike. A number of reviews of catalases have ap-
peared over the years, and the most recent [2, 3] provide
a thorough background of structural and physiological in-
formation up to early 2000. There has been no slowing in
the appearance of work relevant to catalase physiology
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and structure, and the focus of this review will be on de-
velopments since 2000. Recent insights into the structure
of catalases arising from a number of new and informa-
tive crystal structures will be presented and discussed in
light of implications for the catalytic mechanism. The
structural and mechanistic picture will be supplemented
with an overview of recent reports on the regulation of
expression of catalases.

The overall reaction catalyzed by catalases is the degra-
dation of two molecules of hydrogen peroxide to water
and oxygen (reaction 1).

2H,0, — 2H,0 + O, (1)

This deceptively simple overall reaction can be broken
down into two stages, but what is involved in each of the
stages depends on the type of catalase. The mechanism
relevant to a particular catalase will be addressed in the
appropriate section.
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Three classes of proteins unrelated on the basis of se-
quence and structure exhibit significant catalase activity.
The class that is most widespread in nature and which has
been most extensively characterized is composed of
monofunctional, heme-containing enzymes subdivided
based on having large (> 75 kDa) or small (< 60 kDa)
subunits. Phylogenetic analyses have demonstrated the
existence of two distinct clades or subgroupings of small
subunit enzymes and one clade of large subunit enzymes
among the monofunctional catalases [4]. The second, less
widespread class is composed of bifunctional, heme-con-
taining catalase-peroxidases that are closely related by se-
quence and structure to plant peroxidases. The third class
includes the nonheme or Mn-containing catalases. In ad-
dition, a diverse group of proteins, all heme-containing,
such as chloroperoxidase, plant peroxidases and myoglo-
bin, exhibit very low levels of catalase activity, attribut-
able to the presence of heme, which alone exhibits cata-
latic activity [2].

Regulation of catalase gene expression

Cells usually modulate their stress response systems
through regulatory proteins that sense the stressor or a
messenger of the stressor and cause appropriate changes
in transcription and, occasionally, translation or proteoly-
sis. Most bacteria produce one or more catalases that usu-
ally respond to oxidative stress, either directly to H,O,
levels or to the presence of other active oxygen species.
The earliest studies of catalase gene regulation were car-
ried out in Escherichia coli, and these have been exten-
sively reviewed [5]. The catalase-peroxidase HPI (hy-
droperoxidase I), or KatG, is controlled as part of the
OxyR regulon, which senses active oxygen species, and
the monofunctional catalase HPII is controlled as part of
the o° regulon in stationary phase. Very recently, poly-
amines, including putrescine, spermidine and spermine,
were reported to up-regulate both the oxyR and rpoS reg-
ulons in E. coli [6], but the mechanism remains unclear.
The commonality of a reactive oxygen sensor and growth
phase or o-transcription factor control mechanisms in
catalase gene expression is illustrated in table 1, although
there is no consistency in type of catalase or type of reg-
ulator. In addition, other regulators have been adapted to
modulate catalase levels, but the generality of their in-
volvement and the regulatory protein involved has not
been defined.

Heme synthesis must be sufficiently rapid to satisfy in-
duced catalase synthesis rates. E. coli successfully in-
creases the rate of heme synthesis to satisfy the demands
for it in cells expressing plasmid-encoded catalases, but
whether this is simply a response to heme demand or co-
ordinate regulation of heme operons is not clear. In
Staphylococcus aureus, Pseudomonas aeruginosa and
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Bacillus subtilis, there is coordinate control of oxidative
stress proteins and iron storage and transport proteins
[7-9], but no link to the control of protoporphyrin syn-
thesis has been demonstrated. There has been one report
of iron-deficient catalase from Proteus mirabilis (PMC)
being produced in E. coli during its rapid expression un-
der the control of an inducible T7 promoter [10]. In this
instance, presumably the protophorphyrin was available
for protein folding, but the availability or insertion rate of
iron was limiting.

Monofunctional, heme-containing catalases

Heme-containing catalases all have in common a two-
stage mechanism for the degradation of H,O,. In the first
step, one hydrogen peroxide molecule oxidizes the heme
(in heme-containing catalases) to an oxyferryl species in
which one oxidation equivalent is removed from the iron
and one from the porphyrin ring to generate a porphyrin
cation radical (reaction 2).

Enz (Por-Fe") + H,0, — @)
Cpd I (Por*-Fe'V= 0) + H,0

The second hydrogen peroxide molecule is utilized as a
reductant of compound I to regenerate the resting-state
enzyme, water and oxygen (reaction 3).

Cpd I (Por*-Fe'V=0) + H,0, — 3)
Enz (Por-Fe'") + H,0 + O,

Despite this common reaction, there are great differences
in reactive capability among the members of this very
large family of enzymes, and recent research is only just
beginning to provide us with clues that point to some ex-
planations for the differences.

Phylogeny

Three reviews of catalase phylogeny have appeared, each
succeeding review involving an increased number of
sequences, from 20 in 1993 [11] to 74 in 1997 [4] to 256
in 2003 [12]. In 1997, the clear division of monofunc-
tional catalases into three clades was obvious, arising
from a minimum of two gene duplication events. The
more exhaustive recent analysis confirms these conclu-
sions but integrates a larger picture including catalase-
peroxidases and nonheme catalases into a universal tree
of life. Clade 1 catalases are predominantly of plant ori-
gin, but with one algal representative and a subgroup of
bacterial origin. Clade 2 enzymes are all large subunit
enzymes of bacterial and fungal origin. The one archae-
bacterial clade 2 enzyme is postulated to have arisen in a
horizontal transfer event from a Bacillus species. The
clade 3 enzymes are all small subunit enzymes from bac-
teria, archaebacteria, fungi and other eukaryotes. It is
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Table 1. Regulatory responses of catalases and catalase-peroxidases in bacteria and fungi.

Organism Catalase Type? Regulator Additional response Reference
Agrobacterium tumefaciens KatA CPx OxyR [76]
Emericella nidulans CatA 3 post-transcriptional control [77]
Emericella nidulans CatB 2 developmental, H,0, [78]
Emericella nidulans CatC 3 stationary phase [79]
Emericella nidulans CpeA CPx StuA [80]
Apergillus niger CatR 2 H,0, [81]
Bacillus firmus Catll 3 H,0,/ascorbate [82]
Bacillus firmus Catlll 2 stationary phase [82]
Bacillus subtilis KatA 3 PerR [83, 84]
Bacillus subtilis KatE 2 o° [85]
Bacillus subtilis KatX 1 o [86]
Bacteroides fragilis KatB 3 OxyR [87]
Brucella abortus KatE 3 OxyR [88]
Dinococcus radiodurans CatE 2 H,0, [89]
Escherichia coli HPI (KatG) CPx OxyR [90]
Escherichia coli HPII (KatE) 2 o’ [91]
Haemophilus influenzae HktE 3 H,0, /ascorbate [92]
Helicobacter pylori KatA 3 Fur [93, 94]
Mycobacterium smegmatis KatG CPx FurA [95]
Mycobacterium tuberculosis KatG CPx FurA [96]
Neisseria gonorrhea Kat 3 OxyR [97]
Erinea carotovora HPIT 2 fou [98]
Pseudomonas aeruginosa KatA 3 Fur [99]
Pseudomonas aeruginosa KatB 1 OxyR [100]
Pseudomonas putida CatA 3 log phase [101]
Pseudomonas putida CatC 2 stationary phase [101]
Pseudomonas syringae CatF 1 stationary phase [102]
Pyrobaculum calidifontis Kat pc Mn aerobic conditions [103]
Rhizobium etli KatG CPx OxyR [104]
Salmonella typhimurium KatM Mn o’ [105]
Salmonella typhimurium HPI CPx OxyR [106]
Salmonella typhimurium HPII 2 foi [107]
Sinorhizobium leguminosarum Cat log phase [108]
Sinorhizobium meliloti KatA 3 H,0, [109]
Sinorhizobium meliloti KatC 2 stationary phase [110]
Staphylococcus simulans ACKI oxygen [111]
Staphylococcus aureus KatA 3 PerR, Fur [7,112]
Streptomyces coelicolor CatA 3 CatR [113]
Streptomyces coelicolor CatB 2 ob [114]
Streptomyces coelicolor CatC CPx FurA [115]
Streptomyces reticuli CpeB CPx FurS [116]
Vibrio fischeri KatA 3 stationary phase, H,O, [117]
Xanthomonas oryzae KatX 2 fou [118]
Xanthomonas campestrisi KatE 2 foi [119]

a1, clade 1; 2, clade 2; 3, clade 3; CPx, catalase-peroxidase; Mn, manganese-containing catalase.

postulated that the archtypal monofunctional catalase
was a large subunit clade 2 enzyme from which an early
gene duplication event, accompanied by loss of the se-
quence at the 5" and 3’ ends, gave rise to the clade 1 en-
zymes. Clade 3 enzymes are not present in older taxo-
nomic groups, suggesting that they arose much later in
evolution as a result of a gene duplication in bacteria that
then spread by horizontal and lateral transfers among
bacteria to archaebacteria and eukaryotes. The division
into three clades is illustrated in figure 1 with a focus on
the nine catalases for which structures have been deter-
mined.

Kinetic properties

Many catalases have been characterized over the century
of study, but very few of the enzymes have been charac-
terized side by side. This has resulted in many indepen-
dent reports of activities and properties, but no way to
properly compare the results. Such a comparison of 16
common catalases, including seven for which the struc-
tures have been determined, has revealed just how great a
divergence in properties there is within the catalase fam-
ily [13]. Catalases do not follow Michaelis-Menten kinet-
ics except at very low substrate concentrations, and dif-
ferent enzymes are affected differently at higher substrate
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Clade 2
55 bacterial, archaebacterial
and fungal incl.
PVC -NADPH Clade 3
HPIl His-IVheme d 68 bacterial incl.
MLC +naDPH
Clade 1 PMC His-lil heme b
19 bacterial incl. NADPH
HPC
CatF ’.-”&NA'\I.IJPH . His-Ill heme b
45 eukaryote and
67 plant and 1 algal archaebacterial incl.
BLC
HEC 1l home b
CATA

Figure 1. Phylogenetic tree of the monofunctional catalases, focus-
ing on the nine catalases for which structures have been determined.
The highlighted enzymes are a subset of the 255 sequences used to
generate the tree [12]. Adjacent to each enzyme is a summary of
heme type (b or d), heme orientation and whether or not NADPH
can bound (+ or —, respectively). The heme can be oriented with the
imidazole ring of the essential histidine located either above ring I11
(His-III) or above ring IV (His-1V) of the heme.

concentrations. Most small subunit enzymes begin to
suffer inactivation by H,O, at concentrations above
300-500 mM and never reach the Michaelis-Menten
V... predicted by extrapolation from rates at low sub-
strate concentrations. On the other hand, large subunit en-
zymes start to suffer inhibition only above 3 M [H,0,], if
at all, and exceed the predicted Michaelis-Menten V..
Consequently, the presentation of observed data in terms
of'the typical constants K, and V., is misleading because
true Michaelis-Menten kinetics are not applicable. With
this proviso in mind, the observed k,, values ranged from
54,000 s (P, aeruginosa KatB) to 833,000 sec™! (PMC),
and the [H,0,] at V,,,./2 ranged from 38 to 599 mM. Se-
quence differences among catalases must be responsible
for the widely differing reaction rates and substrate
affinities, but providing a rationale for how is not yet pos-
sible. Greater insights into the reaction mechanism must
be gained before this goal will be realized.

Catalases are uniquely stable

The conclusion from phylogenetic reasoning that the ar-
chetypal catalase was a clade 2, large subunit enzyme is
supported by the unusual resistance to denaturation and
proteolysis exhibited by enzymes from this clade. Resis-
tance of catalase HPII to pH and thermal denaturation
was noted early in the study of catalases from E. coli and
other enteric bacteria and used as a diagnostic test to dif-
ferentiate among catalases in crude extracts [14, 15].
Documentation of the thermal stability revealed that there
was actually a small increase in activity above 60°C and
that activity began to drop only above 80°C, with a 7}, of
83°C [16]. The loss of activity was accompanied by
changes in secondary structure, but the dimer association
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was not affected. Boiling in buffer, or alternatively, heat-
ing to 65°C in 5.6 M urea was required to dissociate the
dimer. While not as stable as HPII, small subunit cata-
lases such as bovine liver catalase (BLC) still exhibited
enhanced stability for an enzyme from an organism nor-
mally growing at 37°C, with a T}, for loss of activity of
56°C. The thermal stability of HPII has also been utilized
as a purification step [13] . Catalases, generally, are also
resistant to treatment with an ethanol:chloroform mix-
ture, another property that can be exploited as a tool for
catalase purification [13]. Unfortunately, HPII protein
heated above 60°C or treated with ethanol:chloroform
does not readily crystallize, suggesting that some alter-
ations in structure have occurred that were not reflected
in enzyme activity.

Another example of the robustness of HPII lies in its re-
tention of high levels of activity even after treatment with
a 1:1 (w:w) ratio of proteinase K for 16 h at 37°C [17].
Despite the retention of activity, a closer analysis revealed
that the protein had suffered limited cleavage but that the
core of the enzyme containing the heme active site re-
mained intact. Rapid cleavage of about 75 N-terminal
residues occurred initially within one h, followed by a
slower cleavage of 160 C-terminal residues. Removal of
the C-terminal domain exposed one further protease sen-
sitive sight that allowed cleavage of the subunit into two
approximately equal-sized fragments. Despite the intro-
duction of this last nick and possibly one other nearby, the
monomers remained intact within the larger tetramer.
Both thermal stability and resistance of the majority of
the protein to proteolysis can be explained in terms of a
very rigid, stable structure that resists unfolding, thereby
preventing access to the protease active site. Resistance to
proteolysis is an advantage to HPII because it is ex-
pressed in stationary phase, a period of rapid protein
turnover and elevated protease levels. There would have
been a strong selective pressure to retain this property, but
it is not clear whether resistance to proteolysis evolved in
E. coli and thermal stability was an inadvertent outcome.
Alternatively, the catalase could have originated in a ther-
mophilic organism and been horizontally transferred to
E. coli, where protease resistance has been the selective
pressure for retention of thermal resistance.

The enhanced thermal stability of HPII was initially as-
cribed to the extended sequence of 80 residues from one
subunit being overlapped by the wrapping domain of an
adjacent subunit [16]. However, proteolytic removal of all
but 5 residues of the overlapped N-terminal region did
not significantly affect the thermal stability, whereas re-
moval of the C-terminal domain lowered the 7}, by more
than 25°C [17]. The importance of the N-terminal se-
quence in folding and oligomerization was demonstrated
in HPII variants, N-terminally truncated by only 20
residues, not accumulating protein when expressed from
mutant genes [18], and this has been confirmed in the
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catalase from Candida tropicalis, where truncation by 4
or 24 residues produces aggregates of inactive protein
smaller than tetrameric [19]. In the latter case, even the 4-
residue truncation eliminates the overlap or interweaving
feature common to catalases, which would be expected to
have an effect on subunit association. Longer truncations
extending to within 3 residues of the heme active site had
the expected effect of preventing heme binding [19].

Insights from recent structures

New insights into catalase function have been provided
by the solution of two monofunctional catalase structures,
one published and the second soon to be reported, and the
comparison of the structures of a number of variants with
the earlier released native structures [see table 2 for Pro-
tein Data Base (PDB) accession numbers]. The previ-
ously reported seven catalase structures include the small
subunit clade 3 enzymes from BLC [20, 21], Micrococ-
cus lysodeiticus (MLC) [22], PMC [23], Saccharomyces
cerevisiae (CATA) [24, 25], and human erythrocytes
(HEC) [26] and the large subunit clade 2 enzymes from
Penicillium vitale (PVC) [27, 28] and E. coli (HPII) [29,
30]. The two new structures include Pseudomonas sy-
ringae (CatF) [31, 32], which provides the first look at a
clade 1 catalase, and the Helicobacter pylori catalase
(HPC) with and without formic acid bound [P. C. Loewen
et al., unpublished]. The typical core catalase features of
a heme-containing active site deeply buried in a beta-bar-
rel structure with two or three channels providing access
to the heme has been described in many papers and re-
views. Some of the similarities and differences between
small and large subunit catalases are evident in the struc-
tures of CatF and HPII in figure 2. The CatF and HPC
structures retain these common features, but CatF pre-
sents an unexpected heme orientation and lacks reduced
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nicotinamide adenine dinucleotide phosphate (NADPH).
In addition, the presence of four subunits in the asym-
metric unit of CatF makes possible an assessment of
asymmetry, particularly in solvent location, among sub-
units and in comparison with other catalases.

Heme orientation

The first catalase structures solved, BLC and MLC, had a
common heme orientation in which the active site His
was situated above ring III of the heme (referred to as the
His-III orientation), leading to the conclusion that this
was the normal orientation for heme in catalases. This
was reinforced by the heme orientation found in PMC,
CATA and HEC. The presence of the ‘flipped’ orientation
with the active site His located above ring IV of the heme
(His-IV) in PVC and HPII was assumed to be unique to
large subunit enzymes. The fact that the hemes in PVC
and HPII were modified to heme d with a cis-hydrox-
yspirolactone group on ring III [33] reinforced the idea
that large subunit enzymes were unique. The CatF struc-
ture presents heme in the His-IV orientation, suggesting
that the ‘normal’ and, in view of probable evolutionary
development, original orientation of heme in catalases is
His-IV. The residues making contact with the two methyl
groups and two vinyl groups on rings I and II create a ma-
trix of van der Waals interactions that favor the His-IV
orientation in CatF, PVC and HPII and that would prevent
any attempt to flip the heme to the His-III orientation.
Similarly, the matrix of van der Waals interactions in the
clade 3 catalases BLC, MLC, PMC, HEC and CATA fa-
vor the His-III orientation and would prevent adoption of
the His-IV orientation. A survey of 228 catalase se-
quences identified residues at the positions equivalent to
301 (Ala) and 350 (Leu) in CatF that are the key deter-
minants in heme orientation through their proximity to

Table 2. Protein Data Bank accession numbers for native catalases, their complexes and variants (available at www.resb.org/pdb).

Catalase Organism

Accession numbers

A. Monofunctional catalases

PVC Penicillium vitale

BLC Bos taurus (liver)

PMC Proteus mirabilis

CATA Saccharomyces cerevisiae
HEC Homo sapiens (erythrocyte)
HPII Escherichia coli

MLC Micrococcus lysodeikticus
CatF Pseudomonas syringae
HPC Helicobacter pylori

B. Catalase-peroxidases

HmCPx Haloarcula marismortui
BpKatG Burkholderia pseudomallei
C. Manganese catalases

LPC Lactobacillus plantarum

4CAT

7CAT, 8CAT, 4BLC

2CAG, 2CAH, 1M85, IMQF, 1E93

1AE4

1DGB, 1DGF, 1DGG, 1DGH, 1F4], 1QQW
1GGE, 1IPH, 1CF9, 1GG9, 1GGF, 1GGH, 1GGJ,
1GGK,1QF7, 1P7Y, 1P7Z, 1P80, 1P81, IQWS
IGWE, 1HBZ, IGWF, IGWH

1M7S

1QWL, 1QWM

1ITK
IMWV

1JKU, 1JKV
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Figure 2. Ribbon diagrams for comparison of the overall structures and sizes of heme-containing small and large subunit catalases, a cata-
lase-peroxidase and a dimanganese catalase. A tetrameric small subunit, heme-containing catalase, CatF (4), a tetrameric large subunit,
heme-containing catalase, HPII (B), a dimeric catalase-peroxidase, BpKatG (C) and a hexameric dimanganese catalase, LPC (D), are pre-
sented. The structures in 4 and B are both viewed looking down the Q axis to facilitate comparison of the structures, in particular of the
added C-terminal domains in HPIIL. In C, BpKatG is viewed along the noncrystallographic two-fold symmetry axis. All structures are pre-
sented in the same scale. The dimensions of the four structures (X by Y) are 93 A x 93 A for CatF (4), 85 A x 136 A for HPII (B), 83 A
x 108 A for BpKatG (C) and 90 A x 81 A for LPC (D). The hemes are shown in 4, B and C in blue, and the dimanganese clusters in D are

shown in red. The figure was prepared using SETOR [120].

the vinyl groups on rings I and II. At position 301, 0% of
clade 1 and clade 2 enzymes have Leu or Ile, but 80% of
clade 3 enzymes do. The larger group prevents adoption
of the His-IV orientation. At position 350, 69 % of clade
1 enzymes and 100% of clade 2 enzymes have Leu,
whereas 0% of clade 3 enzymes do, and the location of
the Leu side chain prevents adoption of the His-III orien-
tation. The recently solved structure of HPC conforms to
this rule in presenting the His-III orientation. Occupancy
at the equivalent position in other catalases suggests that
most clade 1 and all clade 2 enzymes will have the His-
IV orientation and that most clade 3 enzymes will have
the His-III orientation. It will be interesting to determine
whether the apparent sequence exceptions conform to the
clade majority, whether there is a mixture of heme orien-

tations or whether there are small subsets of clade 1 and
clade 3 enzymes with His-III and His-IV orientations, re-
spectively.

NADPH binding

Since it was first noted almost 20 years ago [34], the pres-
ence of NADPH in catalases has presented the interesting
problem to biochemists of explaining the purpose of the
cofactor, and of determining its universality. The struc-
tures of the clade 3 enzymes BLC, HEC, PMC and CATA
all contain NADPH in some fraction of their subunits,
whereas the cofactor is not evident in the structures of the
clade 2 enzymes PVC and HPII. NADPH is not evident
in the structure of CatF, and the potential binding site is
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modified compared with clade 3 binding sites to such an
extent that NADPH binding should not be possible. The
NADPH binding pockets of BLC, HEC, CATA and PMC
contain a His, an Arg, a Val and a His (193, 202, 301 and
304, respectively, using BLC numbering), which may be
considered to be signatures for NADPH binding. In CatF,
the equivalent residues are Argy, Glu,s, Iles,, and
Asps7, €ach of which would interfere with NADPH bind-
ing either through electrostatic repulsion, direct steric in-
terference or loss of favorable contacts. All clade 1 cata-
lases lack the equivalent of Arg,,, and His,,,, and most
lack His,; and Val,,, leading to the conclusion that most,
if not all, clade 1 catalases do not bind NADPH. In the
case of clade 2 enzymes, a portion of the extended C-ter-
minal sequence protrudes into the NADPH binding site,
precluding any possibility of NADPH binding in these
enzymes. The conclusion seems to be that only clade 3
enzymes bind NADPH, but even in this clade, the coen-
zyme is not universal, based on the signature residues,
and the structure of HPC confirms this conclusion. A re-
gion of electron density that might be assigned to
NADPH is not evident in the electron density maps of
HPC, and the signature residues are sufficiently changed,
including the equivalent of His,y; to Tyr, Valy, to Ile and
His,, to Thr, to make fitting of NADPH into the site dif-
ficult, if not impossible.

The widespread nature of the His-III orientation of heme
in clade 3 enzymes suggests that this feature was adopt-
ed shortly after the separation of clade 3 from clade 1 en-
zymes. The more limited nature of NADPH binding
among clade 3 enzymes also suggests that it evolved
independently and at a later date, arguing against a direct
evolutionary link between the His-III orientation of the
heme and NADPH binding as previously speculated
[32].

The role of NADPH and the presumed reason for its
binding site having evolved are to prevent the formation
of inactive compound II [34], but the mechanism by
which this is achieved remains unclear [35—38]. Clade 2
enzymes do not form compound II, or at least it has not
been possible to generate compound II in the laboratory,
making NADPH binding unnecessary. Similar attempts
to generate compound II from a clade 1 catalase have not
been reported. Curiously, the electron density maps
of HPC suggest that one of the two subunits in the asym-
metric unit is in an oxyferryl form and that treatment
with formic acid converts the oxyferryl species to an un-
modified iron. This is consistent with earlier work show-
ing that formic acid can reduce compound I and promote
the conversion of compound II to native state [2]. Given
the apparent stability of the oxyferryl species in HPC, it
is unlikely that it is either compound I or II, although
it is degraded by formic acid treatment. Several electron
donors can reduce compound I and II back to the ferric
state [2], and it is tempting to speculate that the evolution
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of NADPH binding in a small subset of catalases may
have been the result of these other recovery routes be-
coming limited, possibly as a result of environmen-
tal changes. Based on this very limited experimental
picture, one might postulate that compound II recovery
was not a problem for the progenitor large subunit cata-
lases. As the early small subunit enzymes evolved, they
were either not converted to compound II or the com-
pound II was recovered through the involvement of read-
ily available metabolites such as formic acid, ascor-
bate and phenols [2]. With the appearance of clade 3
enzymes, which are converted to compound II, and the
evolution of more specialized intracellular environ-
ments, the availability of reducing metabolites may have
become restricted, or the prevalence of NADPH may
have increased, allowing catalases in some species to
utilize it as the tool for preventing compound II forma-
tion.

Catalase as a source of reactive oxygen species and
another role for NADPH

The usual physiological role ascribed to catalases is that
of removing H,0,, a reactive oxygen species (ROS), be-
fore it can cause cellular damage. It was therefore sur-
prising to find that catalase in human and mouse ker-
atinocytes is responsible for the generation of ROS upon
irradiation with UVB light [39]. The ROS were not iden-
tified, but singlet oxygen and superoxide were eliminated,
making hydroperoxides the most likely species. This new
and very exciting development, the detoxification of
UVB light through generation of H,0,, which is also de-
graded by the catalase, has been heralded as a second role
for catalases.

The mechanism of ROS generation by catalase remains
unclear, however. Significantly, normal catalase in-
hibitors such as azide, aminotriazole and cyanide, which
bind to the heme iron and essential imidazole ring, acti-
vate the production of ROS. When the effect of inhibitors
is considered in the context that the Soret absorbance
maximum for heme in the native enzyme is at 407 nm,
well removed from the 290 to 320 nm region for UVB
light, it seems unlikely that the heme center is actively
involved in the generation of ROS, and NADPH, a co-
factor of mammalian catalases, may prove to be in-
volved. The wavelength of maximum absorbance for
NADPH is 340 nm, and the cofactor is a logical source
of the electrons required for reduction of molecular oxy-
gen. Future work involving comparison with catalases
that do not bind NADPH should clarify the mechanism
of this intriguing property. Furthermore, if the NADPH
cofactor is found to have a role in ROS generation, it will
suggest another role for NADPH in catalase physiology
and a possible explanation for why NADPH binding in
catalase evolved.
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Channel architecture

The recently reported structures of CatF [32] and HPII
variants [40] have provided significant insights into the
channel architecture in catalases. Three obvious channels
connect the heme-containing active site with the surface.
The main channel, so named because it is the most obvi-
ous access route to the heme, approaches the heme per-
pendicular to its plane and has long been considered the
primary access route for substrate H,0,, a concept sup-
ported by molecular dynamics modeling [41, 42]. A com-
parison of the main channels in CatF and HPII (fig. 3) re-
veals the extended and bifurcated structure in HPII as
compared with the shorter funnel shape in CatF, which is
representative of other small subunit enzymes. A second
channel approaches the heme laterally, almost in the
plane of the heme, and has been referred to as the minor
or lateral channel. Limited evidence pointing to a role for
the lateral channel in HPII includes a 3-fold increase in
specific activity resulting from an enlargement of the
channel through removal of Arg,,, part of the Glu-Arg
ionic pair situated in the channel. A third channel con-
nects the heme with the central cavity, but no evidence of
it having a role has been presented.

An extensive review of the waters occupying the main
channels in each of the four subunits of CatF, HEC (+ CN
and + peracetic acid), CATA + azide and HPII, and of the
single subunits of MLC and PMC, revealed a number of
consistently occupied positions as well as a number of
low occupancy sites [32]. All enzymes contain a water in-
teracting with the catalytic residues His and Asn, and
some catalases, including HPII, MLC and PMC, contain
a second water in the active site interacting with the heme
iron and the active site His. Moving away from the heme
in the channel, only one subunit of HPII and all subunits
in inactive HEC contain waters in the hydrophobic region
around the conserved Val,,, (HPII numbering). The lack
of waters in the hydrophobic portion of the channel be-
tween the conserved Asp (12 A from the heme) and the
active site His was interpreted as a ‘molecular ruler’ ef-
fect [26] attributed to the lack of interaction sites on the
protein and a distance that was inappropriate for the for-
mation of a stable matrix of hydrogen-bonded waters, but
appropriate for a matrix involving the slightly larger
H,0,. While elements of the ruler model may be applica-
ble, the new structures suggest that a more complex series
of interactions control substrate access to the active site.
The first point to consider is that a matrix of water can
form in the hydrophobic portion of the channel of HEC
treated with peracetic acid in the absence of any new con-
stituents or structural changes. Secondly, there seems to
be an optimum three-dimensional shape and size for this
portion of the channel, because making the channel in
CATA or HPII either smaller (V169A in HPII) or larger
(V1691 in HPII) reduced [25, 40] enzyme-specific activ-
ity. Finally, changing the conserved Asp (181 in HPII) to
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Figure 3. Structure of the channels providing access to the active
sites in one subunit each of CatF (4), HPII (B), BpKatG (C) and
LPC (D). The channel, as calculated by the program VOIDOO
[121], is presented as a blue chicken-wire structure in a cross-sec-
tion slab of the enzyme. In 4 and B, the key valine (V5 and V)
and aspartate residues (D5, and D,4,) discussed in the text are indi-
cated. In C, the key serine (Ss,,) discussed in the text is indicated,
and its hydrogen bond with the propionate is indicated by a dashed
line. Also in C, the region of unassigned electron density corre-
sponding to an INH-like molecule is presented in a red chicken-
wire structure. The active site heme is evident at the end of the chan-
nelsin 4, B and C. In D, the dimanganese cluster is presented as two
blue balls (Mn) and four red balls (waters), and one of the coordi-
nating histidines (His69) is indicated for reference. All four chan-
nels are presented in the same scale for comparison. Note that the
approach to the heme in C is in the plane of the heme in compari-
son to the approach perpendicular to the plane of the heme in 4 and
B. The figure was prepared using SETOR [120].

any uncharged residue, polar or nonpolar, including Asn,
Gln, Ala, Ser and Ile caused a loss of enzyme activity and
a reduction in solvent occupancy in the channel [40].
Most notably, the sixth ligand water was absent in all sub-
units of D181A, DI181S and D181Q variants, and there
were generally fewer waters in the channel. By contrast,
the D181E variant exhibited normal levels of activity and
contained not only the sixth ligand water in all subunits,
but an unbroken water matrix extending the full length of
the channels.
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This striking influence of the negatively charged side
chain at position 181 of HPII may lie in the generation of
an electrical potential field in the hydrophobic portion of
the channel between the negative charge and the posi-
tively charged heme iron. The potential field will influ-
ence the orientation of any molecule with an electrical di-
pole, including both water and hydrogen peroxide. In
both cases, the preferred orientation will be with oxygen
atoms pointed toward the positively charged heme iron
and the hydrogens toward the negatively charged side
chain of aspartate or glutamate. Such a uniform orienta-
tion in the population of solvent will facilitate the forma-
tion of hydrogen bonds, providing an explanation for in-
creased water occupancy when Asp or Glu are present at
position 181 in HPII. A second result of the induced ori-
entation of hydrogen peroxide is that it will enter the ac-
tive site with one oxygen oriented toward the heme iron,
the hydrogen on this oxygen located within hydrogen-
bonding distance of the essential His and the second oxy-
gen situated within hydrogen-bonding distance of the
NH, of the active site Asn. This perfectly explains the
suggestion arising from molecular dynamics studies that
the substrate hydrogen peroxide enters the active site in a
preferred orientation. Further support for the involve-
ment of a potential field is provided by the structures of
CatF, PMC and HEC [32], which reveal an increasingly
weaker interaction between the heme iron and the sixth
ligand water. The heme propionate in each case forms a
hydrogen bond with either a Gln (CatF), a His-His com-
plex (PMC) or a His-Asp-Tyr complex HEC. As the like-
lihood for electron transfer into the heme ring increases,
thereby decreasing the effective positive charge on the
heme iron, the association of water with the heme iron de-
creases. Despite this apparent correlation between
weaker dissociation at the heme and inductive effects, the
situation is clearly more complex because HEC exhibits
one of the fastest turnover rates. Finally, it is conceivable
that the electrical potential field might serve to polarize
electrons in the hydrogen peroxide, facilitating formation
of the transition state.

The folding of catalases has proven to be very sensitive to
minor disruptions in structure within the active site. For
example, the active site variants of HPII, HI28A and
HI128N folded properly and protein accumulated, but the
variants HI28E and H128Q did not accumulate any pro-
tein despite the presence of sufficient room to accommo-
date the longer side chain [43]. Given the central position
of heme in catalase structure, the isolation and character-
ization of an iron-deficient PMC was a surprise. PMC ex-
pressed from a gene under the control of a T7 promoter
was found to lack iron in about 70% of the molecules,
presumably because the rapidly produced protein se-
questered the protoporphyrin faster than iron could be in-
serted [10]. Despite the lack of iron, there is very little
distortion in the heme or in the protein surrounding the
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heme. Even the proximal tyrosine, which normally asso-
ciates with the heme iron, is shifted very little, remaining
associated with the pyrrole nitrogens. Not surprisingly,
the iron-deficient protein is less active in proportion to
the loss of iron.

Catalase-peroxidases

Despite a very different sequence and tertiary/quaternary
structure, the overall catalatic reaction of catalase-perox-
idases takes place via the same two stages (reactions 2
and 3) as were described for the monofunctional cata-
lases. In large part this is because both types of enzyme
are heme-containing, but it has the implication that the
residues in the active site will have similar roles. The per-
oxidatic reaction presents another layer of complexity in-
volving the use of organic electron donors for the reduc-
tion of compound I to the resting state via two one-elec-
tron transfers (reaction 4).

Cpd I(Por*-FelV= 0) + 2AH, — )
Enz(Por-Fe") + 2AH*+ H,0

In the presence of a suitable organic electron donor and
low levels of H,0O,, the peroxidatic reaction becomes sig-
nificant. Unfortunately, the in vivo peroxidatic substrate
for the catalase-peroxidases has not been identified, leav-
ing the actual role of the peroxidatic reaction undefined.

Phylogeny

The first review of KatG phylogeny appeared in 2000 and
included 19 sequences [44]. The most recent report has
included 58 sequences that have become available, the
majority from bacteria but with five each from archae-
bacteria and fungi [12]. With the larger number of se-
quences in the data set, the tree is not as robust as the ear-
lier tree, and several interpretations of structure are pos-
sible. When integrated into a conceptual tree of life, it is
apparent that the catalase-peroxidases evolved much later
than the heme-containing monofunctional catalases, and
a significant frequency of lateral gene transfer is evident.
Very significantly, the data are consistent with the inter-
pretation that sometime after a lateral gene transfer event
from bacteria to the eukaryotic ancestor, the plant perox-
idases evolved from the catalase-peroxidases.

Catalase-peroxidase structures

The first catalase-peroxidase HPI of E. coli was purified
and characterized in 1979 [45], and the sequence of its en-
coding gene, katG, appeared in 1988 [46], providing the
first catalase-peroxidase sequence and demonstrating the
close phylogenetic link to plant peroxidases. It remained
for the demonstration that KatG from Mycobacterium tu-
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berculosis was responsible for the activation of the widely
used antitubercular drug isoniazid (INH) [47] to bring the
catalase-peroxidases into the spotlight. This led to exten-
sive efforts around the world to crystallize the protein in
order to characterize at the molecular level the interaction
of the protein with the drug. Attempts to crystallize HPI
from E. coli had commenced unsuccessfully in 1987, and
success with the M. tuberculosis enzyme was no better.
Persistence was finally rewarded in 2001 and 2002 with
preliminary reports of the crystallization of catalase-per-
oxidases from the halophilic archaebacterium Haloarcula
marismortui [48], from the cyanobacterium Synechococ-
cus [49] and the Gram-negative bacterium Burkholderia
pseudomallei [50], and of the C-terminal domain of HPI
of E. coli [51]. The structure of the H. marismortui en-
zyme (HmCPx) at 2.0 A was reported first [52], followed
by the structure of the B. pseudomallei enzyme (BpKatG)
at 1.7 A [53]. There are obvious and clear similarities be-
tween the two enzymes, but the BpKatG structure presents
anumber of unusual features that provided potentially sig-
nificant insights into the function of the enzyme. In addi-
tion, the structures have opened new avenues to studying
the enzyme through the identification of specific struc-
tural features to be investigated. One view of the BpKatG
dimer is presented in figure 2.

The asymmetric unit of both catalase-peroxidases con-
tains two subunits related by noncrystallographic two-
fold symmetry, consistent with the predominant form of
the enzyme in solution being a dimer. Each subunit is
composed of 20-a-helical sections joined by linker re-
gions and just three or four f-strand segments, making
the structure very different from monofunctional cata-
lases. It had previously been proposed that the large gene
size of katG had arisen through a gene duplication and fu-
sion event [54], resulting in a gene with two distinct se-
quence-related domains. Further support for this hypoth-
esis is evident in the conservation of ten pseudo-symme-
try-related a-helical segments in the N- and C-terminal
domains for which the r.m.s. deviation of 133 Ca car-
bons following superimposition is just 2.19 A in BpKatG.
Superimposition of the N-terminal domain of BpKatG onto
the structures of cytochrome c peroxidase, ascorbate per-
oxidase and horseradish peroxidase revealed r.m.s. devia-
tions for the same 133 Ca atoms in the 10 a-helical seg-
ments of 0.97 A, 1.22 A and 2.03 A, respectively. Not sur-
prisingly, the inactive C-terminal domain has suffered
greater evolutionary drift, with the corresponding 113 Ca
atoms in 10 a-helical segments having r.m. s. deviations of
3.62 A, 3.75 A and 4.06 A, when compared with cy-
tochrome ¢ peroxidase, ascorbate peroxidase and horserad-
ish peroxidase. The high similarity between the HMCPx
and BpKatG is illustrated by the r.m.s. deviation of 0.43 A
for the 133 Car atoms and 1.05 A for the 685 Ca atoms.
The heme-containing active site is somewhat more
deeply buried compared with peroxidases but is accessed
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through a similar funnel-shaped channel that approaches
the heme laterally rather than perpendicularly as in
monofunctional catalases (fig. 3). Interpretation of possi-
ble substrate binding sites is complicated by the presence
of'a deep crevasse on the side of the protein that could po-
tentially be the binding site of a substrate and the exis-
tence of a second channel approaching a small central
cavity near the heme that also contains a single metal ion
in BpKatG. Not knowing the natural peroxidatic substrate
makes assigning roles to these features speculative at this
point. HmCpx differs considerably in having 28 sulfate,
chloride or potassium ions in its structure, consistent with
the halophilic origin of the organism and the high ionic
strength required to stabilize the enzyme.

Covalent linkage joining Trp-Tyr-Met

The most striking and unusual feature in both catalase-
peroxidase structures is a covalent structure involving the
indole ring of the active site Trp (residue 111 in BpKatG)
and the sulfur of a Met (264 in BpKatQG) joined to the or-
tho positions of a Tyr ring (residue 238 in BpKatG) (fig.
4). The structure is clearly evident in the electron density
maps, although the refined bond lengths are a bit longer
than ideal for covalent bonds, and the bonds to the Tyr and
Trp are not pure sp2 in character, deviating somewhat
from planarity. Independent evidence for the existence of
the covalent bonds has been obtained from a mass spec-
trometry analysis of tryptic digests of BpKatG [55]. Sim-
ilar results pointing to the presence of the Trp-Tyr-Met
adduct in HPI of E. coli were also obtained, confirming
its presence in three catalase-peroxidases and supporting
conjecture that the structure may be common to all cata-
lase-peroxidases.

The obvious question posed by such a covalent structure
is, what is its role? It had previously been shown that the
active site Trp is essential for normal catalatic activity. Its
replacement by Phe results in the loss of catalase activity
and enhanced peroxidase activity in both HPI [56] and
the Synechocystis KatG [57, 58]. Subsequent work has
shown that replacement of either Met,, [55] or Tyr,35 [59]
has a similar effect in eliminating catalase activity with
no effect or a positive effect on peroxidase activity. In
other words, the complete adduct is required for catalatic
activity but not for peroxidatic activity, providing a clear
explanation for why the apparently closely related plant
peroxidases have no, or only a vestige, of catalase activ-
ity. Given that the adduct is required for catalase activity,
electronic or steric roles or a combination of both can be
envisioned. A very precise and immovable positioning of
the indole ring may be necessary for interaction with the
reducing H,O, in order that correct bond lengths leading
to the transition state are realized. Alternatively or in ad-
dition, the adduct may alter the electronic environment on
the indole, enhancing the interaction with the substrate
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Figure 4. Structure of the distal side residues that are critical for
catalatic activity in the catalase- peroxidases including the covalent
adduct of Trp,,-Tyr,;5-Met,q,. The structure and residue numbering
in BpKatG is shown. The structure is viewed looking into the active
site from the access channel, resulting in the side chain of Asp,4, be-
ing located between the viewer and Trp,,,. The heme group, includ-
ing the hydroperoxy group on the vinyl group of ring I, is shown
along with the three waters in the active site. Hydrogen-bonding in-
teractions are indicated by dashed lines. Note that Asp,,, does not
interact with any of the other residues in the diagram. The figure
was prepared using SETOR [120].

and facilitating the formation of the transition state. De-
termination of the structures of the variants individually
lacking each of the Trp, Tyr and Met residues involved in
the adduct will provide valuable evidence about the role
of the adduct.

A very intriguing question that has not been addressed so
far is the reaction mechanism giving rise to the covalent
structure. A variety of mechanisms might be proposed,
but a free radical mechanism involving hydrogen perox-
ide as an oxidant for the formation of both covalent bonds
is the simplest, and one version of such a mechanism is
presented in figure 5. An oxidized heme intermediate
may be involved in the formation of the nearby Trp-Tyr
linkage but seems less likely in the case of the Tyr-Met
linkage. The fact that the M264L variant loses significant
activity could be interpreted as being a result of the ab-
sence of the Tyr-Trp portion because the Met-Tyr bond
has to form first or because the Tyr-Trp adduct, if it is pre-
sent, is not sufficient to promote the catalatic reaction.
Determination of the structure of the M264L variant will
provide insight into this question.

Given that peroxidases probably evolved from catalase-
peroxidases [12], the loss of catalatic activity was as sim-
ple as disrupting the covalent adduct. Loss of the inactive
C-terminal domain and shrinkage of the remaining pro-
tein through loss of looped regions also had to occur. This
leads to the interesting question: was the progenitor of
catalase-peroxidases a large subunit peroxidase that be-
came catalase-proficient, or was it always a catalase that
evolved peroxidatic activity? At the moment, there is no
answer.
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Ty [P

Figure 5. One possible mechanism for the creation of the covalent
adduct among Trp,,;, Tyr,;s and Met,q,. Hydrogen peroxide cat-
alyzes the covalent bond formation at both sites, and a free radical
route is presented. The methionine S is left with a positive charge
because the presence of oxygen is not indicated in the electron den-
sity maps, and this may be stabilized by the negative charge on the
tyrosine, which can be associated with Arg,,,.

Heme modification

A second unusual modification in BpKatG [53], not evi-
dent in the HmCPx structure [52], is an apparent perhy-
droxy modification on the ring I vinyl group of the heme
(fig. 4). The modification, first noticed in the electron
density maps of BpKatG, has subsequently been con-
firmed by mass spectrometry analysis [55]. The modifi-
cation could arise from the simple hydration-like addition
of hydrogen peroxide across the double bond of the vinyl
group. As such, its removal should be equally facile, and
treatment of the enzyme with INH, a peroxidatic sub-
strate, does cause its removal. Another indication of the
labile nature of the modification is evident in the small
amount of oxidized heme in the mass spectrum. The pres-
ence of an easily reversible modification involving the
substrate in the active site presents a strong argument that
it has some mechanistic significance. The simplest inter-
pretation is that the perhydroxy group serves as a reser-
voir of H,0,. Normally, the heme would be oxidized to
compound I by H,0,, but compound I is very reactive and
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is rapidly degraded if substrate is not present. The perhy-
droxy modification is less reactive than compound I and
allows H,0, to reside in the active site, available for im-
mediate reaction when a peroxidatic substrate is con-
tacted.

INH activation

How does KatG activate INH to be an antitubercular sub-
stance? The initial KatG-catalyzed removal of the hy-
drazine portion of INH, generating the isonicotinoyl rad-
ical, presumably involves oxidation of the hydrazide rad-
ical to diimide and reduction of compound I or II. The
subsequent step of combining the acyl radical with
NAD" to generate the adduct that binds to InhA to inhibit
mycolic acid synthesis is not as clearly defined. Initially,
the adduct was characterized in the active site of InhA,
leading to the conclusion that it was formed in InhA [60],
although this would have necessitated the transfer of a
radical species from KatG to InhA. Subsequently, it was
suggested that the isonicotinoyl radical and NAD" re-
acted independent of protein via the Minisci reaction
[61]. The requirement of KatG for rapid radical genera-
tion and InhA-inhibitor generation leads to the conclu-
sion that KatG was responsible for both [62]. Unfortu-
nately, with KatG in the reaction mixture, it is not possi-
ble to define clearly the extent of its involvement. Is the
role of KatG limited to radical production, or does it also
facilitate the addition of the radical to NAD*? At the mo-
ment, we can only state that KatG greatly enhances the
production of the isonicotinoyl-NAD" inhibitor of InhA
through the generation of isonicotinoyl radical, but the
involvement of KatG or any other protein in the addition
of the acyl radical to NAD* has not been convincingly
demonstrated.

The structure of BpKatG contains a region of unassigned
electron density of a size and shape consistent with a mol-
ecule similar to INH and in a location consistent with be-
ing the INH binding site (fig. 3). Because the enzyme
used for crystallization had never been treated with INH
and INH is not a natural metabolite, the unknown ligand
in BpKatG must be a metabolite with a structure similar
to INH. A number of pyridine-based coenzymes, such as
pyridoxal phosphate and nicotinamide, come immedi-
ately to mind. The structure surrounding the ligand can
easily be rationalized as a site for radical generation and
electron transfer to the heme in MtKatG involving, in par-
ticular, Sers,, (fig. 3), the equivalent of Ser;,s the most
prevalent site for mutations causing INH resistance [63].
The unknown ligand is near the narrow end of the funnel-
shaped entrance channel, and NAD" could potentially fit
into the funnel, placing it in close proximity to the
nascent radical. Hence, it is physically possible for KatG
to be involved in the generation of the InhA inhibitor, but
NAD" binding to KatG has never been demonstrated.
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KatG variant characterization

Biochemical analyses of the catalase-peroxidases have
been proceeding in parallel with the structural work. The
Synechocystis, E. coli and M. tuberculosis catalase-per-
oxidases have been extensively dissected through a com-
bination of site-directed mutagenesis and characteriza-
tion of the variants. The M. tuberculosis katG has been
modified to express a number of naturally occurring
KatG variants that impart INH resistance [64, 65]. A
comparison of the variant properties with the location of
the residue change in the protein structure reveals three
categories of mutations [53]. The first category, and pos-
sibly the most interesting, includes only the S315T vari-
ant, which interferes with INH activation without signif-
icantly reducing peroxidatic activity. As noted above, an
INH-like molecule is bound adjacent to and appears to in-
teract with the main-chain atoms in the residue equivalent
to Sersy,, in BpKatG, suggesting a mechanism for how the
MtKatG S315T change might affect INH binding. With
no change in main-chain conformation, the Thr side chain
would interact with the heme propionate, forcing a rota-
tion of the Thr side chain. This would break the propi-
onate-OH link, a likely electron transfer conduit between
the heme and the active site. In order to maintain the pro-
pionate-SerOH association, a distortion of the main-
chain atoms is required, and this would sterically interfere
with INH binding. Electronic absorption and resonance
Raman spectroscopy suggest that while there are differ-
ences in the heme between the native and S315T variant,
the variant actually stabilizes the native conformation in
the long term [66]. Recent calorimetric and spectroscopic
characterization has concluded that the change from Ser
to Thr reduces the affinity of the enzyme for INH [67],
consistent with the concept that disturbance of the main
chain around Thr;,s is the explanation for poor INH
binding.

The second group of MtKatG mutations includes a larger
number of variants that interfere generally with peroxi-
datic activity by disrupting the matrix of active-site
residues in the vicinity of the heme. The third category in-
cludes a number of residues that are quite distant from the
active site, some resident in the C-terminal domain, sug-
gesting that they interfere either with protein folding or
with subunit association. This interpretation is supported
by the lack of protein accumulation on expression.

The initial mutageneses of E. coli HPI and Synechocystis
KatG (SyKatG) were focused on the active-site residues
and generally confirmed the importance of the distal side
triad of Arg (102 in HPI, 119 in SyKatG), Trp (105 in
HPI, 122 in SyKatG) and His (106 in HPI, 123 in
SyKatG), and His,q; as the proximal side ligand of the
heme iron in HPI [56—58]. Perhaps the most exciting ob-
servation was that changing Trp,,s (HPI) or Trp,,
(SyKatG) for Phe, a common change in plant peroxi-
dases, resulted in loss of catalase activity and an increase
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in peroxidatic activity. The ready accumulation of a com-
pound I radical was demonstrated, confirming the impor-
tance of the distal Trp in the second stage of the catalatic
reaction and its lack of importance in the first-stage for-
mation of compound I. More recently, the distal side
Asp,s, [68] and Asn,s; [69] of SyKatG were also found to
be critical for catalatic activity, but not for peroxidatic ac-
tivity. These two residues are conserved in all known
catalase-peroxidase sequences except that of Salmonella
typhimurium [70], where the Asn is replaced by a Thr.
Given the similar codon sequences, ACPy for Thr and
AAPy, this one exception may eventually prove to be the
result of a sequencing error. A continuation of this com-
mon theme of an independent loss of catalatic activity
also occurs in the replacement of either Tyr,,, of SyKatG
[59] or Met, of BpKatG [55]. Both these residues are in-
volved in the covalent adduct, and in their absence there
is a significant reduction in catalase activity with little ef-
fect on peroxidase activity. These catalase-defective vari-
ants have provided a perfect opportunity to study the per-
oxidatic activity of the enzyme in comparison with plant
peroxidases, revealing that the mechanisms of compound
I formation and overall peroxidatic rates are similar be-
tween the two classes of enzyme. Whether the compound
I radical proves to be a uniquely porphyrin cation radical
[59] or a tyrosine radical [71] in all catalase-peroxidases
or whether different enzymes will have different radical
locations will be the subject of further study.

At this time, the catalogue of residues required for cata-
latic activity in the catalase-peroxidases includes the
Trpyi1, ASPiar, Ashyy,, Tyr,ss and Met,, (BpKatG number-
ing and residues 122, 152, 153,249 and 275, respectively,
in SyKatG). Each of these changes is essential, and it will
be interesting to see how many more residues will be
found to be essential for catalatic activity. One feature
unique to the catalase-peroxidases is the large subunit-2
domain structure, and it is not yet clear whether both do-
mains are required for catalatic activity.

Nonheme or manganese-containing catalases

Nonheme catalases were initially referred to as pseudo-
catalases because they did not contain heme [72], but
other names, including Mn-containing [73], nonheme [2]
and dimanganese catalase [74] more accurately reflect
their characteristics and have been applied. The nonheme
catalases are not as widespread as the heme-containing
catalases and so far have been identified only in bacteria.
The number of available sequences has recently increased
to 29, allowing for a phylogenetic review, and the result-
ing tree presents two main groups and suggests that the
class of enzymes appeared at a time intermediate between
the early appearance of monofunctional catalases and the
late appearance of catalase-peroxidases [12]. It is specu-

Diversity among catalases

lated that the dimanganese catalases may not have be-
come as widespread in nature because of their lower spe-
cific activity in relation to other catalases that already ex-
isted in multiple forms in many bacteria.

The crystal structures of the two nonheme catalases, one
from Thermus thermophilus (TTC) [74] and the second
from Lactobacillus plantarum (LPC) [75] reveal that the
catalytic center is a dimanganese group. The enzyme is a
homohexameric structure of approximately 30 kDa
monomers (fig. 2). The four-helix bundle motif of the in-
dividual monomers is highly conserved between the two
enzymes, with only the C-terminal tails differing. The di-
manganese centers share very similar environments, with
the direct coordination of the Mn atoms involving a vir-
tually identical matrix of glutamate and histidine
residues. The environments differ slightly in that one glu-
tamate that normally interacts with Mn-associated waters
in LPC is replaced by an arginine in TTC, and an arginine
in LPC is absent in TTC. Access to the dimanganese clus-
ters is via a central channel that extends the full width of
the hexamer, with branches into each subunit leading to
the active center. The branch leading from the central
channel into one of the dimanganese clusters is shown in
figure 3, and the similarity in length and narrowness of
the channel to those in the monofunctional catalases is
quite striking. In all three cases, CatF, HPII and LPC, the
final 15 A is uniformly narrow as compared with the fun-
nel shape of the channel in the catalase-peroxidases, sug-
gesting that restricted access to only substrate H,O, is
very important to the catalatic reaction. The absence of a
glutamate and an arginine in the TTC active site appar-
ently creates a larger cavity and a second access channel
that allows in larger ions that cannot reach the LPC active
site, but viewing this expanded channel will have to await
the release of the TTC coordinates.

The dimanganese catalase structures provide insight into
the mechanism of the catalatic reaction in a nonheme en-
vironment. Like heme-containing catalases, the reaction
takes place in two stages, but here the similarity ends. The
oxidation state of the dimanganese cluster is equally sta-
ble in either the 2,2 (Mn"-Mn") or 3,3 (Mn"-Mn'") states,
resulting in the enzyme being isolated primarily as a mix-
ture of these two states. Consequently, there is no tempo-
ral order to the oxidation and reduction stages, and either
can occur first depending on the resting state of the en-
zyme. If the 2,2 state is encountered, the H,0O, is an oxi-
dant (reaction 5) and if the 3,3 state is encountered, the
H,0, is a reductant (reaction 6).

H,0, + Mn"-Mn"(2H") — Mn"-Mn"" + 2 H,O (5)
H,0, + Mn"'-Mn"! — Mn"-Mn"'(2H") + O, (6)

Reactions 5 and 6 are presented as being analogous to re-
actions 2 and 3 in heme-containing catalases, but there is
one overriding difference. Oxidation of the reaction cen-
ter (reaction 5) involves removal of electrons from the ac-
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tive center, but a derivatized reactive intermediate is not
produced. As a result, the second stage does not involve
reduction of a reactive intermediate, but a simple transfer
of electrons to the dimanganese center generating oxy-
gen. Another nuance is that both product waters are gen-
erated in reaction 5, unlike the heme catalases, where one
water is produced in each of reactions 2 and 3.
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