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FUNCTIONAL CLASS

Enzyme; hydrogen peroxide: hydrogen peroxide oxidore-
ductase; EC 1.11.1.6.

Catalases can be considered as peroxidases specialized in
the dismutation of hydrogen peroxide to oxygen and water,
the catalatic reaction, according to the overall exothermic
process (Equation (1)):

2H,0; — 2H, 0+ 0, (¢))

Four categories of enzymes with catalase activity, three
of them corresponding to well characterized unrelated gene
families, have beén defined:

(a) The classic mono-functional heme-containing tetra-
meric enzymes in either large or small subunit
variations. This is the widest and most extensively
studied, particularly at the structural level, group of
catalases.?

(b) The non-heme, Manganese-containing catalases,
which have been reported only in prokaryotes.>~’

(c) The heme-containing catalase-peroxidases, which
are widely distributed among prokaryotes and also
found in lower eukaryotes.®’

(d) Finally a group of miscellaneous heme-containing
enzymes, with secondary reactions in the form of
low levels of catalatic activity, that include methe-
moglobin, metmyoglobin and the chloroperoxidase
from Caldariomyces fumago.®

(a) (b)

. 3D Structure Ribbon drawings of catalase structures corresponding to (a) beef liver (BLC; PDB code: 7CAT) and (b) HPII from
Escherichia coli (PDB code 1IPH) as representative members of the small and the large subunit size enzymes respectively. The location of
heme cofactors in the two structures and of NADP(H) in BLC are explicitly indicated. The four molecular regions defined in the small
subunit size catalases, and the five regions in the large subunit size catalases (see text), are represented with different colors.
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Catalase has been the subject of interest throughout the
twentieth century, with the biochemical characterization
and naming of the enzyme appearing first in 1900.° A
number of reviews dealing with the physiology, biochem-
istry and structure of heme-catalases are available!7>%10-14
and even the history of the studies about catalases has been
analyzed.? The present work will focus on the structure of
mono-functional heme-catalases, emphasizing the informa-
tion obtained in the last few years mainly in relation to the
catalytic functioning of these enzymes.

OCCURRENCE

Catalases are ubiquitous enzymes present in practically all
aerobic prokaryote and eukaryote organisms and even in
some facultative anaerobes.!® In eukaryotic cells, catalase
is located in the cytosol, but also in the mitochondria®*¢
and, particularly, in the peroxisomes, which are cellular
organelles specialized in a number of oxidative processes
that can result in the generation of hydrogen peroxide such
as the B-oxidation of long chain fatty acids.’®* Numerous
organisms present a number of catalase isozymes encoded
by multiple genes, as initially reported for plants.®!” In
turn, in most mammals catalase appears to be the product
of a single structural gene, though various amounts of
sialic acid attached to the enzyme or other postranscrip-
tional modifications may give rise to the frequently
observed heterogeneity.'®!* Mammal catalases also pre-
sent a widely variable tissue distribution with large
concentrations of the enzyme found in liver, kidney,
erythrocytes and marrow bone.’

BIOLOGICAL FUNCTION

Although the whole range of biological functions of
catalases remains uncertain, the primary role appears to
be the removal of small peroxides, particularly hydrogen
peroxide, before they can cause cellular damage either
directly or through their reactive breakdown products such
as the highly reactive oxidant, the hydroxyl radical.
Consistent with this protective role, catalase levels
generally respond to oxidative stress, but with many
species-specific variations. Among the prokaryotes, oxida-
tive stress responses are often part of more general stress
responses to temperature, salinity or starvation.’> Among
the eukaryotes, developmental changes, general metabolic
changes, pathogenesis, radiation, hormones, temperature
extremes, extreme oxygen concentrations and hydrogen
peroxide have all been observed to influence catalase
levels.® Besides that primary protective role the catalase
system can also have a considerable physiological sig-
nificance in biological oxidations, such as the metaboliza-
tion of methanol and ethanol, in a number of living
organisms.>*?*? Under physiological conditions catalase

may also play a role in the compartmentalization of
hydrogen peroxide,”® a molecule that is gaining attention
in signaling as a potential second messenger.?%?*

The physiology of the catalase expression in various
organisms has been extensively reviewed.”-®!3

AMINO ACID SEQUENCE INFORMATION

There are currently 120 catalase sequences reported and
comparison reveals a strong sequence homology for about
400 residues,?® with twelve residues that are fully
conserved along with another seven residues that differ in
only one or two of the sequences. As might be expected,
the active site histidine is one of the fully conserved amino
acids, but the essential tyrosine, that provides the fifth
atom ligand of the heme iron, and the active site asparagine
residue differ in one or two sequences, possibly because of
sequencing errors. Despite the sequence similarities among
all the classic heme-containing catalases there are two well
defined subgroups of enzymes with polypeptide lengths of
about 500 and of more than 700 residues per subunit, the
small and the large subunit size catalases, respectively.
Catalase HPII (hydroperoxidase II) from Escherichia coli,
with 753 residues per subunit, is the largest heme catalase
characterized.?

The high degree of sequence and structural similarity
found among the classic heme catalases of evolutionarily
distantly related organisms suggests that strong forces, not
yet well understood, are restraining the differentiation of
these enzymes.

PROTEIN PRODUCTION, PURIFICATION
AND MOLECULAR CHARACTERIZATION

Molecular characterization protocols used in structure-
function studies have created a need for the facile
purification of large amounts of wild type and mutant
variant protein. These have been achieved, for catalase
HPII and for catalase A from Saccharomyces cerevisiae
(SCC-A), through site-directed mutagenesis and plasmid
encoded expression in catalase-deficient mutant
strains.?’”?® In the case of native HPII, and of the
approximately 90 mutant variants of HPII that have been
obtained, cultures are grown with aeration over night at
37 °C, although some variants must be grown at 28 °C to
increase the yield of protein by improving the chances of
folding into a protease resistant structure. Crude extracts
are fractionated with streptomycin sulfate and ammonium
sulfate producing protein that is usually >75% pure. Heat
treatment at 50 °C or extraction with chloroform has also
been used despite the fact that they can interfere with
subsequent crystallization. Ion exchange chromatography
on DEAE cellulose or hydroxylapatite completes the
purification.
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METAL CONTENT AND COFACTORS

The prosthetic group of horse liver catalase was first
identified as protoheme.?”” The heme component was
extracted from purified catalase using acetone-HCl and
characterized spectroscopically. In addition, the extracted
heme was incorporated into hemoglobin generating a
protein that was indistinguishable from native hemoglobin.
Since those initial studies all small subunit size catalases
have been found to contain per subunit a non-covalently
bound iron protoporphyrin IX group, a heme b type, as the
principal determinant of activity, with the usual procedure
for heme quantitation involving conversion to the pyridine
hemochromogens followed by spectral determination. In
many of these small subunit size catalases variable
percentages of the heme b cofactors appear modified
towards the heme degradation pigments biliverdin or
bilirubin.>*3! In turn, in some of the large subunit
catalases analyzed the corresponding heme prosthetic
groups have been characterized to be an oxidized proto-
porphyrin IX, now known as heme d.>>-3 This unique type
of heme, formed in the interior of the catalase molecule
through a self-catalyzed reaction, has the configuration of
a cis-hydroxychlorin +y-spirolactone, with the modifica-
tions occurring in the pyrrole ring opposite to the essential
histidine.>*

NADP(H) cofactors can also bind to some of the small
subunit size catalases despite the absence of characterized
nucleotide binding motifs in those enzymes.>**¢ Instead,
large subunit size catalases, possessing an extra C-terminal
domain with a flavodoxin-like topology, do not bind
NADP(H).

ACTIVITY TEST

The two most common assays of catalase activity include
the determination of oxygen evolved during catalysis using
a Clark electrode®” and the monitoring of decreased in
absorbance of hydrogen peroxide at 240 nm.3® Determi-
nation of catalase activity at normal physiological hydro-
gen peroxide concentrations, in the micromolar range, has
also been recently developed as a chemiluminescence assay
based on the reaction of luminol (5-amino-2,3-dihydro-1, 4-
phthalazinedione) and NaOCI that specifically depends on
the hydrogen peroxide concentration.??

SPECTROSCOPY

The iron atom in the resting catalases, coordinated with
the four nitrogens of the porphyrin ring, is present as ferric
iron (Fe(IIl)) in a high-spin state (s = 5/2).3° The fifth iron
ligand, the proximal ligand, is provided by the phenolic
oxygen atom of a deprotonated tyrosine residue (Figure 1).
The position of the sixth, or distal, iron ligand appears to

remain empty or occupied by a weakly coordinated water
molecule in resting catalases. In turn, the distal coordina-
tion position in compound I, a common intermediate in the
catalytic cycles of both catalases and peroxidases, is always
occupied by an oxo-oxygen atom directly coordinated with
the iron (Fe(IV)) (Figure 1). Compound I in catalases, but
not always in peroxidases, has a cation radical located on
the heme ring itself resulting in a total of three unpaired
electrons with a spin state of 3/2.4%%!

The absorption spectra of catalases have been well
documented.’®'* The resting state enzyme exhibits a
strong absorption maximum (Soret) at 407-408 nm and
smaller bands at 530 nm and 630 nm. When converted to
compound I, the Soret band does not shift appreciably but
is decreased in intensity by about 50%. The 530 nm and
630 nm bands are red-shifted to 560 and 660, respectively.
Conversion to the inactive compound II species results in a
red-shift of the Soret to 430 nm along with a decrease in
intensity of about 25%. The 530 nm band increases in
intensity and the 630 nm band is shifted to 570 nm and
increased substantially in intensity. The EPR spectrum of
the native M. lysodeikticus enzyme exhibits transitions at
gy = 6.58 and g, = 5.56 characteristic of high spin ferric
heme. When converted to compound I by peracetic acid,
the ferric heme signal at g~ 6 almost completely
disappears and is replaced by a strong transition at g = 2.4

X-RAY STRUCTURES OF HEME-
CATALASES

Crystallization and crystallographic studies

Catalase was one of the first enzymes to be crystallized.*°
However, X-ray structura] studies were considered feasible
only much later, when protein crystallography had already
an established methodology and new catalase crystal
forms, with smaller unit cells containing a half catalase
molecule in the crystal asymmetric unit, became available.
The first X-ray structural determinations of catalase were
made for Penicillium vitale catalase (PVC) at 3.5 A
resolution®'*? and for beef liver catalase (BLC) at 2.5 A
resolution.’>* At present a large number of catalase
crystals, suitable for high resolution structural studies,
have been obtained from a diversity of biological sources
using a variety of precipitants and crystallization setups,
though in catalases that bind NADP(H) the partial
occupancy of the cofactor can be an important source of
heterogeneity> that might interfere with crystallization.2®
Catalase HPII from Escherichia coli, as a representative
crystallization example, was crystallized at 22° with a
protein concentration of 15 mg ml™' using the hanging
drop vapor diffusion method over a reservoir solution
containing 15-17% PEG 3350 (Carbowax), 1.6-1.7 M
LiCl (Baker) and 0.1 M Tris-HCI pH 9.0.>¢ Those HPII
crystals diffracted beyond 1.8 A resolution and belong to
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Figure 1 Views of the iron coordination: (a) in resting
catalases, i iron oxidation state III, as determined for native MLC
at about 0.9 A resolution; and (b) for compound I, iron oxidation
state IV, as determined for PVC at 1.5 A resolution. The macro-
ring of the heme appears strongly buckled in both structures. The
phenolic hydroxyl group of the tyrosine residue acting as the
proximal ligand is, most probably, deprotonated (see text and
Figure 4). The covalent modifications between heme b in MLC
and heme d in PVC can be clearly identified. The water molecule
in the sixth ligand position, well defined in the MLC structure,
has a long coordination bond distance which suggests a weak
coordination that might facilitate its removal to initiate catalysis.
With respect to resting catalase the iron atom in compound I is
dlsplaced by about 0.2 A, towards the coordinated OX0-0Xygen
in the heme distal side. Drawings in this figure were made with
the program sosscrer.””

the monoclinic space group P2, with unit cell parameters
a=93.0A, b=13234A, ¢c=12124 and B =109.3°
containing one molecule, a tetramer, per asymmetric unit
with a solvent content of about 40%.

The refined crystal structures of seven monofunctional
heme-containing catalases from different species are now
available including three prokaryote enzymes, Micrococ-
cus lysodeikticus catalase (MLC),>” a peroxide-resistant
mutant of Proteus mirabilus catalase (PMC_PR; PDB
codes: 1CAE, 1CAF)*! and HPII (PDB code: 11PH);*” and
the eukaryote enzymes, catalase-A from Saccharomices
cerevisiae (SCC-A; PDB code: 1A4E),?® PVC,® BLC (PDB
codes: 7CAT, 8CAT)*® and catalase from human erythro-
cyte (HEC; PDB codes: 1DGE 1DGB, 1DGG and
1DGH).>

Overall description of the structure

The structural similarity found among all heme-catalases,
even higher than the expected from the sequence simi-
larities, spans for about 460 residues per subunit. The
conformation displayed by the homologous molecular
regions appears to be exclusive of mono-functional heme
catalases and has been referred as the ‘catalase fold’.! The
‘catalase fold” can be described, following the nomen-
clature used with BLC,>® as composed of four consecutive
regions along the polypeptide chain: (i) an amino terminal
arm, (ii) an anti-parallel eight-stranded B-barrel domain,
(iii) an extended structure that was named the * ‘wrapping
domain’ or the ‘wrapping loop’ and (iv) an a-helical
domain.

The amino-terminal-arm region, that extends to the
essential catalytic histidine, is quite variable in length
ranging from 53 residues in PMC to 127 in HPII, although,
from sequence analysis, most small subunit catalases
appear to contain about 60 residues in their amino-
terminal-arms. Helix o2 (residues 101-119 in HPII) is the
first secondary structure element common to all the
catalase structures available (Figure 2). The amino-
terminal-arm region is involved in extensive intersubunit
interactions and residues from this region contribute to
define the heme pocket of a symmetry related subunit in
the molecule. The extent of the intersubunit interactions
increases with the length of the amino-terminal-arm region
that shows a clear correlation with differences in molecular
stability among catalases.®® The catalase structures deter-
mined often show a variable number, of disordered
residues at the amino end, 26 in HPIL,*® despite the
restraints imposed by the intricate intermolecular interac-
tions.

The anti-parallel eight-stranded B-barrel domain is the
central feature of the catalase fold. The continuity of the
hydrogen bonding within the B-barrel is interrupted
between strands B4 and B5, where there are only two
well defined hydrogen bonds that involve the catalytic
asparagine (Figure 2). The first half of the B-barrel (B1-
B4) contains most of the residues that define the heme
distal side.>”*%! The second half of the B-barrel contributes
to the NADP(H) binding pocket in those catalases that
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Figure 2 Main-chain hydrogen bonding network corresponding to an HPII subunit. HPII is, at present, the largest catalase molecule
characterized and the nomenclature of their secondary structural elements, explicitly indicated in this figure, can be used as a common
reference for all the catalase structures. The extra carboxy terminal domain, only present in the large subunit size catalases, is shown in the
lower-left side of the figure. Important catalytic residues are represented with thicker circles (see text). The side chain side chain covalent
bond, found only in HPII between atom Ny from His392 and atom Cg from the essential tyrosine residue (Tyr415), has been omitted to
emphasize the common features among catalases.
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Figure 3 Views down the three molecular dyad axis (referred as P, Q and R) of the HPII tetramer. A different color is used for each
subunit which allows to appreciate the extensive intsubunit interactions found in the catalase tetramers. A singular knot-like structure
between Q related subunits results from the insertion of the amino-terminal arm into a narrow loop formed by residues from the wrapping
domain from the neighbor subunit. This singular feature is common to all heme-containing catalases structures determined despite the
diversity, both in sequence and length, of the N-terminal region. The extra carboxy terminal domain, present in the large subunit size
catalases, increases only the longest molecular R axis. The figure was made with BoBscaret.

bind this cofactor. In all the catalase structures at least six
helices are also part of the B-barrel domain, three of them
(3, a4 and a5) inserted between the two halves of the B-
barrel (Figure 2).

The wrapping loop is an extended region of about 110
residues that links the globular B-barrel and a-helical
domains. This region has a low content of secondary
structural elements though it contains helix a9 with most
of the residues that define the heme proximal side
including the essential tyrosine. The wrapping loop
participates in extensive intersubunit interactions particu-
larly with residues from the amino-terminal-arm region
from another subunit (see below).

The a-helical domain, with about 60~65 residues, is
defined by four, continuous anti-parallel a-helices that
cluster with three of the helices found between different
strands of the B-barrel domain.

The structures of the two large subunit catalases
determined, PVC*® and HPIL*® present a conspicuous
extra carboxy-terminal domain of about 150 residues with
a high content of secondary structure elements organized
with a ‘flavodoxin-like’ topology (Figure 2). This extra
domain, that from sequence analysis seems to be present in
all the large subunit size catalases, has never been
associated with nucleotide binding and other possible
functional or structural roles remain unknown.

The quaternary organization of catalases also appears
extremely well preserved even among very distantly related
organisms. Catalase molecules are tetramers with the four

subunits related to each other by three perpendicular
dyad symmetries, which have often been used as the
axes P, Q and R* of a molecular reference frame
(Figure 3). The small subunit size catalases are roughly
dumbbell-shaped with maximum dimensions of about
100 A x 80 A x 100 A along the P, Q and R molecular
axes, respectively. In the large subunit catalases only the
size along the R axis changes significantly to a value of
about 140 A (Figure 3). A unique feature of the molecular
organization of catalases is the slipping of the amino-
terminal arm of one subunit through the wrapping loop of
the Q-related subunit. This intricate intersubunit threading
seems to require a deep coordination between the folding
of subunits and the oligomerization process.*¢°

Heme and heme pocket

Heme groups are deeply buried inside the catalase tetramer
with iron atoms situated at about 20 A from the nearest
molecular surface. Heme pockets show extensive structural
similarities among different catalases,>"¢! though, as
indicated before, at least four covalent variants of the
heme group have been reported: the heme b itself, the heme
degradation pigments biliverdin or bilirrubin and the
modified heme d group. In PVC and HPII the ‘heme
orientation’, defined by the relative disposition of vinyl and
methyl groups from pyrrole rings I and II, is mostly
inverted with respect to the heme orientation found in the
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Figure 4 Heme environment in catalases as determined for native MLC (for clarity iron coordination distances, shown in Figure 1(a),
are not repeated in this drawing). Only residues hydrogen bonded to the catalytically important amino acids His61 and Tyr343 are shown
(see text). Conserved solvent molecules are also included, though the water closest to the heme iron {(W1), well defined in MLC, appears to
have only partial occupancy or large positional disorder in most catalase structures determined. The bonding geometry of the phenolic
oxygen of Tyr343, particularly the presence of a double hydrogen bond with Arg339, supports the deprotonation of this tyrosine. The

figure was made with sosscripr.”’

five smaller subunit size catalase structures available3*

(Figure 4).

In catalases three residues are considered essential for
catalysis: a tyrosine on the proximal side of the heme
(Tyr415 in HPII) and a histidine and an asparagine on the
distal side (His128 and Asn201 in HPII) (Figure 4). The
oxygen of the phenolic hydroxyl group of the essential
tyrosine is the proximal ligand of the heme iron, the
coordination ligand LS. This oxygen, that also forms two
hydrogen bonds with the N, and N, atoms of a fully
conserved arginine residue (Arg411 in HPII), is most likely
deprotonated possessing a localized negative charge that
can contribute to the stabilization of the high oxidation
states of the iron in catalases.®’ On the heme distal side,
the imidazole ring of the essential histidine is situated
almost parallel to the heme, at a mean distance of about
3.5 A above pyrrole ring III (pyrrole ring IV in the inverted
hemes of PVC and HPII). A serine residue (Ser167 in HPII),
hydrogen bonded to the Nj atom of the essential histidine,
can also have a critical role in catalysis favoring one of the
tautomers of the histidine. In fact the Ng atom of the
essential histidine presents an alternative hydrogen bond
with a main-chain oxygen atom (from residue Thr168 in

HPII) (Figure 4), which would facilitate small rotations of
the imidazole ring, as seen in the HPII variant Val169Cys
(see below), that might be used during catalysis. The N,
atom of the essential histidine is situated the closest to the
heme iron, though still too far for a direct coordination,
and has been assumed to mediate the transfer of hydrogen
during catalysis (see below). The side-chain oxygen atom
of the essential asparagine remains unbound in resting
catalase, a conspicuous energetically unfavorable situation
which could also have a role in catalysis, such as the
stabilization of the heme radical present in compound I
(see below).

The character of the heme pocket, particularly on the
distal side, is strongly hydrophobic apart from the polar
atoms from the functional groups, such as the essential
histidine and asparagine. The hydrophobic residue preced-
ing the essential histidine is in direct contact with the heme
and appears to have a major role in selecting the shape and
size of substrates that can reach the iron atom. This residue is
most frequently a valine (Val127 in HPH), but it is a
methionine, post-translationally oxidized to a methionine
sulfone, in PMC_PR and a cis-proline in both MLC and
SCC-A. The negatively charged propionic side chains of the
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Figure 5 Detailed stereo view of the accessibility surfaces of the native SCC-A (in blue) and of the Val111Ala variant protein (yellow
grid). The heme and the NADP(H) cofactors are explicitly represented as solid spheres. The solvent accessibility of the major entry channel,
with a funnel shape and labeled 1 in this figure, is interrupted in the native structure only in the vicinity of residue Val111; instead this
channel reaches the heme distal pocket in the structure of the Val111Ala variant (see text). In both the small .and the large subunit size
catalases the major channel is filled with solvent molecules except in the lower and narrower part, for about 8 A in length before reaching
the heme pocket, where no well defined solvent molecules are seen (Figure 9a). An alternative channel with two branches (labels 2 and 3 in
the figure), reaching close to the heme site above and below the catalytic asparagine (Asn143 in SCC-A), has its entrance at the NADP(H)
pocket. The NADP(H) cofactor when bound to one catalase subunit would seem to lock the entrance to the two branches of this
alternative, lateral channel, in the corresponding subunit. At least two more paths, not shown in this figure, connecting the heme pocket

and the protein exterior can be proposed.'*3!

heme, fully buried and pointing towards the molecular
center in catalases, are neutralized by a complex network of
ionic and hydrogerr bonding interactions primarily with
residues from the wrapping domain. Residues in the
wrapping domain also form most of the heme proximal
pocket including the essential tyrosine coming from helix
a9. Therefore, the interactions formed during the heme
internalization may provide integrity to the loosely struc-
tured wrapping domain, which itself participates, as
indicated before, in many subunit-subunit interactions.
Residues from the B-barrel domain define the heme distal
side and also the cavity lining the edges of heme pyrrole rings
I, II and III in BLC, SCCA, PMC_PR or MLC (pyrrole rings
II, I and IV, respectively, in the inverted heme groups).

The limited accessibility to the heme groups in catalases,
deeply buried inside the molecular tetramer, requires the
existence of channels for an efficient communication
between the active center and the surface of the molecule.
In fact, a complex network of molecular channels and
cavities appears extremely well conserved, particularly
among the small subunit size catalases. A major channel
reaches the distal side of the heme pocket, close to the
essential histidine and asparagine residues, almost perpen-
dicularly to the plane of the heme (Figure 5). In the small
subunit size catalases this channel, with a funnel shape and
about 30 A long, opens near the molecular R axis and
becomes narrow and hydrophobic just before reaching the
heme pocket. In the large subunit size catalases this
channel, narrower and about 20 A longer than in the
smaller enzymes, starts following the interface between
the extra carboxy terminal domain and the B-domain

of an adjacent subunit. A second, bifurcated channel,
approaches the heme laterally above and below the
essential asparagine (Figure 5). This second, or lateral,
channel emerges in the molecular surface at a location that
corresponds to the NADP(H) binding pocket in catalases
that bind the dinucleotide (Figure 5). In large catalases the
upper branch of this lateral channel shows some discon-
tinuities, though combined biochemical and structural
analysis with the variant HPII Arg260Ala still support its
role as a possible path to or from the heme.*?

NADP(H) and NADP(H) binding pocket

NADP(H) binding to catalases was totally unexpected
when it was found to occur in some mammalian
catalases.>*3¢ NADP(H) binding has since then been
shown to be a frequent feature of small subunit size
catalases from both prokaryotic and eukaryotic organisms.

The NADP(H) binding pocket, one per catalase subunit,
is located towards the carboxy ends of helices a5 and a10
in a site on the molecular surface associated, as indicated
above, with the entrance to the lateral channel (Figure 5).3!
Distances between the NADP(H)-binding sites of different
subunits are larger than 60 A with the nicotinamide active
carbon (C*) situated at about 20 A from the closest heme
iron atom (Figure 6).3¢ Catalase residues defining the
NADP(H) binding pocket are strongly conserved and the
important differences in the dinucleotide binding affinities
to different catalases seem to be mainly due to a single
amino acid exchange: a histidine, present in enzymes with
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NADP(H)
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Figure 6 Relative disposition and distances between the
catalytic atoms of the heme and NADP(H) cofactors found in
many small subunit size catalases, as determined in the PMC_PR
structure.>® The compact conformation adopted by the bound
NADP(H) is apparent. Distances between the active center atoms
of the two cofactors suggest the existence of molecular electronic
pathways in catalases. The figure was made with program
BOBSCRIPT.®

high NADPH binding affinity (His304 in BLC), for a
glutamine in the low affinity catalases (GIn302 in SCC-
A).?® A comparative analysis of the PMC_PR and HEC
structures with and without NADPH showed that no
important rearrangements are induced by the dinucleotide
binding to catalases.?’** Bound NADP(H) molecules in
PMC_PR, BLC and HEC have right-handed helical
conformations, with the two bases within 4 A of each
other (Figure 6). NADP(H) when bound to proteins is
generally found in an extended conformation and only the
NADP(H) in flavin reductase P exists in a more compact
structure than in catalases.? In the SCC-A and MLC
structures, the nicotinamide portion of NADP(H) shows
larger disorders than the adenine portion suggesting that
NADP(H) binding is driven by adenine while the nicoti-

namide interactions, sensitive to the oxidation state of the
dinucleotide, might have a variable contribution.?® The
pocket corresponding to the NADP(H) binding site in
small subunit catalases appears partially filled in the large
subunit enzymes, such as HPII and PVC, by residues from
the protein segment that joins the a-helical and the
flavodoxin terminal domains. An entrance to the lateral
channel is kept in the large subunit size catalases in exactly
the same location as in the smaller catalases, despite the
absence of NADP(H) binding to the large enzymes.

The biochemical function of NADP(H) in catalases is
not yet fully understood. It seems clear that one likely role
is protection of the enzyme against inactivation by its own
substrate, mainly in conditions of low-peroxide concentra-
tions.®? It has also been shown that NADP(H) is essential
for the dismutation of small peroxides, other than
hydrogen peroxide, although the contribution of the
cofactor to this reaction is unclear.®* Hypotheses explain-
ing the interactions of NADP(H) with the heme inter-
mediates, particularly compound II (see below), and the
electron transfer paths between the heme and the nucleo-
tide have been intensively investigated®>~® and recently
reviewed.!*

FUNCTIONAL ASPECTS
Oxidation-reduction potentials

The redox potentials of the reaction intermediates of
catalase have not been reported.

Kinetics

The catalatic reaction of catalases has been extensively
analyzed by a variety of spectroscopic techniques, and the
kinetic implications of these studies have also been recently
reviewed.* One very significant caution reiterated in that
review is that most reports of Michaelis—Menten kinetic
constants attributed to catalases can be misleading because
the enzyme can neither be saturated with substrate
hydrogen peroxide before it is inactivated nor has a true
enzyme-substrate complex been directly observed before
compound I in catalases, in other words, catalases do not
follow typical Michaelis—Menten kinetics. The conse-
quence is that all reports of the constants, K, and k.,
are really ‘apparent’ constants and must be interpreted in
this light.

It is not possible to define a single value to any of the
kinetic constants that would be applicable to all catalases.
There is extensive variation in these constants among
heme-catalases from different sources often arising, at least
in part, from subtle sequence and structural variations
among the different enzymes which influence substrate
accessibility and product exhaust. For example, enzyme
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activities can vary over a 10-fold range from 14 000 units
.per mg for E. coli HPII and 30 000 units per mg for bovine
catalase to 180 000 units per mg for the catalase from
Serratia marsescens. These values were all determined in an
oxygraph ‘using 60 mM H,0,, but significant variations
are caused by only small changes in substrate concentra-
tion making a comparison of literature values very
difficult. The picture is further complicated by varying
sensitivities to inactivation of catalase by its own substrate,
H,O,. For example, BLC is inactivated at H,O, concen-
trations above 0.3 M whereas E. coli HPII loses activity
only above 3 M H,0,*® and this in turn affects the
observed K, values. The kinetic constants are also
dependent on the assay method employed, whether by
extrapolation of absorbance changes at low H,0, con-
centrations or direct assay of oxygen evolution in an
oxygraph at higher H,0, concentrations. With these
caveats in mind, the following values were determined
for BLC and HPII using the oxygraph assay method:*? for
BLC, Kn=70mM and kg, =3.7x10° (at 300 mM
H,0,), and for HPII, K, = 450mM and ke, = 1.4 X 10°
(at 3 M H,0,). However, K, and k_,, values of 1.1 M and
3.8 X 107, respectively, have also been reported for heme-
catalases.**

Reaction pathway

The catalatic dismutation of hydrogen peroxide by heme
catalases takes place in two discrete stages, each employing
one hydrogen peroxide molecule.!’***** The first substrate
molecule is reduced to water, oxidizing catalase to an
oxyferryl specie, compound I, in which one oxidation
equivalent is on the iron and a second oxidation equivalent
is delocalized as the porphyrin cation radical (Equation
(2)).47:48

Enzyme (Por-Fe(Ill)) + H,0,
— Compound I (Port-Fe(IV) = 0) +H,0 (2)

A second hydrogen peroxide molecule can then
complete the catalatic cycle reducing compound I back to
the native Fe(IIl) state along with the generation of water
and molecular oxygen (Equation (3)).

Compound I (Por*~Fe(IV) = O) + H,0,
— Enzyme (Por-Fe(Ill)) + H,0 + O, 3)

Alternatively, the resting catalase can be recovered from
compound I by two-electron oxidation peroxidatic reac-
tions of some small organic substrates such as aliphatic
alcohols. In most small subunit catalases, compound I can
also be reduced via one electron reduction of the porphyrin
radical resulting in the formation of an alternative ferryl
intermediate called compound II (Equation (4)). Electrons

could be derived either from exogenous donors, as in most
peroxidases, or from endogenous donors not yet well
identified in catalases.

Compound I (Port-Fe(IV) = O) + AH
— Compound I (Por-Fe(IV) = Q)+ H* +A (4)

Compound II can either be converted back to the native
enzyme by a second one electron reduction reaction or it
can react with another molecule of peroxide to give
compound III (formally Fe(VI)), a catalytically inactive
intermediate. However, the rates of one electron reaction
are slow in catalases and compound II has never been
identified in the large subunit enzymes which do not bind
NADPH. This observation seems to support the hypothesis
that the dinucleotide cofactor has a role in preventing the
accumulation of compound II in small subunit enzymes as
indicated above.*’

A detailed account of the diverse catalytic possibilities
of heme-catalases has been recently reviewed.'*

FUNCTIONAL DERIVATIVES
X-ray structures of compounds | and Ii

The crystal structures of catalase intermediate compounds
I and II were first trapped with PMC_PR using X-ray fast
data-collection techniques.®’ The analysis of the structures
of the two compounds, at 2.7 A resolution, revealed only
minor local rearrangements relative to the native enzyme.
In both compounds the iron appears slightly displaced
above the heme ring towards the bound oxygen, clearly
visible in the position of the distal side iron ligand. In
compound I, but not in compound II, the presence of an
extra peak in the electron density map, situated in the heme
proximal side at about 18 A from the iron, was interpreted
as a transiently bound anion.

The structures of compound I in PVC (Figures 1 and 7)
and of (most likely) compound II in MLC have also been
recently studied, at 1.8 and 1.6 A resolution respectively,
using standard X-ray data-collection methods. These
structures, prepared in both cases by soaking crystals of
the native catalases with peracetic acid and afterwards
flash cooling them to liquid nitrogen temperatures,
confirm the absence of major structural rearrangements
with respect to the resting enzymes and also the displace-
ment of the iron atom towards the bound ligand on the
heme distal side in both compounds. However, no extra
density, similar to that reported for compound I in
PMC_PR, has been identified in the structure of compound
I in PVC. Instead, the structure of PVC compound I
contains at least one acetate molecule, derived either from
the peracetic acid or from the acetate buffer, located in the
main channel at about 15 A above the heme (Figure 7). In
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Figure 7 Stereo view of the heme distal side pocket and of the lower part of the major heme channel in the PVC compound I structure
(iron coordination distances are given in Figure 1(b)). One solvent molecule, corresponding to the position of solvent molecule W2 in
Figure 4 and also named W2 in here, is well defined in the heme distal side besides the oxo-oxygen coordinated with the heme iron. Solvent
molecules are absent in the lower part of the major channel reaching the heme though, at about 8 A from W2, an acetate molecule,
hydrogen bonded to a putative aspartic residue, and farther up two more solvent molecules, labelled SA and SB, have been identified
{compare with Figure 9(a) and (b)). The figure was made with Bosscripr.”

both the PMC_PR and the PVC compound I structures the
coordinated oxygen is situated at 1.7-1.8 A above the iron
atom, but at distances larger than 3.3 A both from
the N, atom of the essential histidine and from the single
solvent molecule found inside the distal heme pocket. This
solvent molecule is hydrogen bonded to the N, and N
atoms of the essential histidine and asparagine residues,
respectively (Figure 7). In the structure of compound I, as
also in resting native catalases, no well defined solvent

molecules are found in the lower part of the main channel
(Figure 7).%8

Amino triazole and azide complexes

The structure, at 1.8 A resolution, of PVC complexed with
the specific catalase inhibitor 3-amino-1,2,4-triazole (AT)
shows a hydrogen bond between the N* AT atom and the
side chain oxygen atom of the essential asparagine and
also, as anticipated,”® a covalent bond of the C° atom from
the AT molecule with the N, atom of the essential histidine
(Figure 8). All the AT atoms are situated about 3.5 A above
the heme macro-ring eliminating the possibility of the

proposed existence of a direct coordination between
the AT molecule and the iron atom. The coplanarity of
the imidazole and AT rings could be reflecting a partial
resonance between the two aromatic rings but also the
restraints imposed by the distal heme pocket geometry,
particularly by the planarity of the heme group itself. In
fact, in the PVC~AT complex structure no space is left for
solvent molecules and even some displacement of the
conserved Phe141 (PVC sequence, derived from the X-ray
structure, which corresponds to Phe206 in HPII) is
required (Figure 8). Therefore, catalases with reduced
distal side pockets, like PMC_PR, can be expected to have
a diminished sensibility towards inhibition by AT.>! The
structure of the PVC-AT complex offers structural
indications, such as the proper geometry to bind simulta-
neously to the histidine and asparagine, of the specificity of
AT for catalases particularly with respect both to catalase-
peroxidases and to peroxidases.

The crystal structure of catalase complexed with the
classical heme inhibitor azide have been obtained for both
SCCA and HPIL?®”! In both structures there is a direct
coordination between the heme iron and the azide nitrogen
atom N2, with a coordination angle (Fe-N'-N?) of about
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141

Figure 8 View down the heme distal side of the catalase
inhibitor 3-amino-1,2,4-triazole (AT) complexed with PVC.%?
The AT molecule, stacked above the heme, is covalently bound to
the essential histidine and hydrogen bonds the catalytic aspar-
agine. However, with the shortest distance at 3.86 A no direct
coordination can be established between the iron in the heme and
the AT molecule. The figure was made with sosscrier.”

130 ° as expected for the hybridization in the azide
molecule. Azide atoms N* and N® are both situated at
distances of only about 3.0 A from the N, atom of the
essential histidine. No solvent molecules are seen in contact
with the azide molecule, which appears to be replacing the
solvent found in the heme distal pocket of resting catalases.
The geometry of the azide complex, in particular the direct
coordination of the azide molecule with the iron atom,
confirms that the inhibition mechanism of azide is similar
in catalases to the one reported for other heme enzymes.

X-ray structures of mutant catalases

Combined structural and site directed mutagenesis studies
have been extensively done in HPII and, to a lesser extent,
in SCC-A. In HPII these combined analyses have included
modifications affecting: (i) the accessibility to the heme,
both throughout the major and the lateral channels,?® (ii)
the catalytic essential residues,”? (iii) the covalent structure
of the molecule, including alterations in the heme
oxidation or extra bonds between residues,”> and (iv) the

folding and oligomerization processes.®® Combined studies
in SCC-A have concentrated on the analysis of mutations
in the lower part of the main channel, particularly residue
Val111, which when replaced by an alanine presents some
reduction in catalatic activity but important increments of
peroxidatic activity for substrates bulkier than ethanol.”*

HPI variants Val169Cys, His392GIn and His392Glu
resulted in modifications of the covalent structure of the
enzyme that affected directly to either the His128 or the
Tyr415 essential residues.”® The HPII variant Val169Cys,
intended to allow selective changes of the major channel
diameter at the entrance of the distal pocket, contains a
new type of covalent bond formed between a carbon atom
from the imidazole ring of the essential histidine (His128)
and the sulfur atom of the modified residue (Cys169)
(Figure 9). This variant enzyme has only a residual
catalytic activity and presents an unmodified heme b
group instead of the heme d found in HPII, supporting the
relationship between catalase activity and modifications on
the heme. The Val169Cys structure also shows, in the final
part of the major channel, a continuous chain of well
defined water molecules whose disposition and interac-
tions were assumed to reflect the organization of hydrogen
peroxide substrate molecules entering towards the heme
pocket in active catalase (Figure 9).

The self-catalyzed oxidation of heme b to heme d has
been linked with the formation of the covalent bond
between the N; atom of His392 and the Cg atom of the
essential tyrosine (Tyr415), a singular post-transcrip-
tional modification found in native HPIL”! PVC, like
HPII, contains heme d but, unlike HPII, contains an
unmodified essential tyrosine, a result of having a
glutamine at the position corresponding to His392 in
HPII. The His392Gln variant of HPII retains 75% of
native catalytic activity and contains heme b, in turn the
His392Glu variant exhibits only 25% of native activity
and contains a mixture of heme b and cis and trams
isomers of heme d. These results seem to indicate that
heme d is not strictly required for activity in the large
subunit size catalases, therefore questioning the meaning
of this self-catalyzed heme modification.

The catalytic roles of the essential histidine and
asparagine residues have been investigated by analyzing
the two inactive, His128Asn and His128Ala, and the
two weakly active, Asn201Ala and Asn201His, HPII
variants. The structures of the four variant proteins show
a solvent organization strongly altered with respect to
native HPII in the vicinity of the heme pocket. The main
channel in the His128Asn and His128Ala structures is
filled with a continuous chain of hydrogen bonded water
molecules spanning from the molecular surface to the
heme distal pockets. In these two essential histidine HPII
variants the disposition and interactions of the chained
water molecules, particularly in the lower part of the
channel, might well be reflecting the organization of
hydrogen peroxide substrates when entering the native
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enzyme, as also indicated above for the HPII variant
Val169Cys.”

CATALYTIC MECHANISMS

Compound | formation and reduction: peroxidatic
reaction

Structure-based hypothetical catalytic mechanisms for
compound I formation and reduction were formulated
when the native structures of BLC and PVC became
available®? taking into account the approach followed with
cytochrome C peroxidase (CCP).”* Particularly relevant
new information concerning the catalytic mechanism in
catalases can now be included from: (i) the catalytic and
structural peculiarities of a number of catalase var-
iants,>*7"73 (i) the compound I and compound II
structures referred above,%’ (iii) the accurate determination
of the solvent organization in the vicinity of the heme
group,®®”> (iv) the detailed structural information of some
of the catalase structures determined, particularly MLC
refined at 0.9 A resolution and (v) the deeper under-
standing of heme enzymes, in particular, of heme
peroxidases.”®

Although the new experimental data now available is
consistent with the catalytic mechanism that had been
proposed for catalases,’’ some considerations extending
those ideas should be added. In the proposed catalytic
mechanism ethyl-hydrogen peroxide was used as the model
substrate of the overall peroxidatic reaction:

CH;3;CH;00H — {CH3CH,0H + H,0}
— CH3CHO + H,0

In a formal sense the compound I formation process,
with an oxygen bound to a ferryl iron with a porphyrin-
centered 7 radical, requires the transfer of the hydrogen
atom from O(2) to O(1) (oxygens from the hydroperoxide
are designated as R-O(1)-O(2)-H and the chirotopic
methylene hydrogens as Hg and Hg). After the transfer, the
substrate becomes an acyl! alcohol which can itself act as a
substrate for the newly formed compound I reducing it
back to the native enzyme. This second reaction step,
equivalent to adding ethanol as an external substrate when
compound I is already present, produces water and an
aldehyde (Figure 10).

Figure 9 Views of the heme distal side pocket and of the lower
part of the major channel in wild type HPII (a) and in the
Val169Cys variant (b). In the Val169Cys variant structure a chain
of well defined solvent molecules, not visible in the structure of
the wild type enzyme, fills the major channel reaching the distal
pocket. In the variant protein a covalent bond is formed between
the sulfur atom of the replaced residue (Cys169) and the carbon
atom C, from the imidazole ring of the essential histidine
(His128). The figure was made with Boescrier.”’
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Figure 10 Schematic representations of successive hypothetical steps in the formation of compound I (a) and of the reduction of
compound I back to the resting enzyme (b). (a1) Resting catalase with the two solvent molecules found in the MLC structure (Figure 4).
(a2) Ethyl-hydrogen peroxide has been used as the model substrate, with the three hydrogen substrate atoms involved in catalysis explicitly
represented. (a3) Transfer of the hydrogen atom between the oxygens of the peroxide (H is bound transiently to both O(1) and O(2)). (a4)
Compound I structure with the newly formed alcohol molecule (ethanol) still in the distal pocket. (b1) Complex between the substrate
(ethanol) and Compound I. Although in a peroxidatic reaction this step can be completely independent from that in (a4), the same figure is
used to emphasize the possibility of having a continuous reaction as observed for certain substrates. (b2) Abstraction of the Hg hydrogen
by the oxo-oxygen. (b3) Transfer of the alcohol hydrogen towards the oxo-oxygen (or hydroxyl ion) with aldehyde formation. (b4)
Reaction completion returning to the resting enzyme configuration.
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It appears that the essential features of the O-O bond
heterolysis leading to formation of compound I can be
similar in heme catalases and in heme peroxidases.”> In
both systems the main catalytic residue is a histidine which
presents a favored imidazole tautomer with a proton on
the Ns atom while N,, oriented closer to the Fe atom,
participates directly in the catalytic transfer of hydrogen.
Furthermore, the substrate peroxide interacts simulta-
neously with two residues on the distal side of the heme,
the essential histidine and an asparagine in catalases, or the
catalytic histidine and an arginine in heme peroxidases.
However, one significant difference between catalases and
peroxidases lies in the identity of the proximal iron ligand:
while a histidine is often found in heme peroxidases, a
deprotonated tyrosine is invariably present in catalases.
The tyrosinate ligand, reinforced by a charge-relay system
likely acting in the heme proximal side,® suggests a
catalytic mechanism dominated by a strong electronic push
from the Fe—tyrosine pair that would compensate the weak
electronic pull that can be expected to be provided by the
catalytic asparagine. In peroxidases the Fe-histidine pair,
with the histidine as the proximal ligand, would only give a
weak electronic push even if reinforced by an interaction of
the histidine with a neighbor aspartic residue (Asp235 in
CCP). This weaker push would be compensated by the
stronger electronic pull from the positively charged
catalytic arginine found in many peroxidases (Arg48 in
CCP). Other differences between the active center organi-
zations in peroxidases and catalases were assumed to have
also a role in facilitating concerted transformations in
catalases leading to compound I formation. In particular
the different orientation of the essential histidine with
respect to the heme could allow the existence of a second
charge-relay system, situated in the heme distal side
between the histidine and one of the heme propionic
groups.’! However, differences between active centers in
catalases and peroxidases are expected to be mainly
reflecting different catalytic requirements for compound 1
reduction in the two types of enzymes.

Peroxidases prefer one-electron donors reducing com-
pound I in two distinct reaction steps via compound II,
whereas catalases prefer two-electron donors. Several
explanations can be proposed to rationalize the character-
istic low reactivity of catalases in one-electron peroxida-
tions: (i) steric constraints could play a major role in the
decreased turnover of substrates like phenols and aromatic
amines by catalases. Accordingly, the large subunit
catalases with a longer and narrower entrance channel
would be expected to show, as experimentally observed, a
lower tendency to give compound IL2 (ii) The destabiliza-
tion of compound II in catalases. (iii) The stabilization on
the heme ring of the radical cation, which provides the first
electron transferred in most one-electron reduction steps.
This increased stability may, in turn, be contributed by: (a)
the strong hydrophobic character of the heme environment
in catalases, with the direct stacking of two phenylalanine

side chains on the heme,2®31%! (b) the existence of
unbound polar atoms close to the heme ring such as the
side chain oxygen of the essential asparagine,?® (c) the
organization of the charge-relay system likely acting on the
heme proximal side® or (d) the altered resonance structure
of the heme due to either the strong bending of the macro
ring observed in all the catalase structures analyzed,?"* or
to the oxidation of one of the heme pyrrole groups as
found in heme d,** or to the interactions with the neighbor
aromatic residues, including stacking with the essential
histidine.

Hydrogen peroxide as substrate: catalatic reaction

Because steps followed by the catalatic reaction in catalases
were assumed to be similar to the peroxidatic mechanisms,
the larger number of binding modes for hydrogen peroxide
was proposed to be the main reason for the higher
efficiency of the catalatic reaction in catalases.®* However,
the recent data about the solvent organization, in the
vicinity of the heme, and about the catalytic activities of a
number of catalase variants, suggests that molecular
channels can also have a major contribution to the
catalatic efficiency by selecting and pre-orienting the
hydrogen peroxide substrate specifically. Lining up several
molecules of hydrogen peroxide inside the channels, before
reaching the heme pocket, would overcome the restricted
accessibility of the heme active center in catalases
explaining, at least in part, the fast turnover rate of the
catalatic reaction. This hypothetical ‘chain reaction’
mechanism would be consistent with the high apparent
K values of catalases for hydrogen peroxide, a reflection
of an inefficient reaction at low concentrations when the
chain of substrates would not be easily maintained.*® The
high selectivity towards hydrogen peroxide has been
proposed to rely on an accurate ‘molecular ruler’ mechan-
ism,*> though solvent variations in a number of HPII
variants seem to require alternative explanations,’> pend-
ing the direct observation of hydrogen peroxide inside
catalase.

The steady flow of substrates and products required to
achieve the observed reaction rates in catalases”” appears
unfeasible if both have to move in and out simultaneously
through the narrow neck of the major catalase channel,?®
even more so if incoming substrates are chained to each
other. Alternative paths seem necessary to maintain a
continuous flow, reaching to and from the heme, without
mutual obstruction. These alternative ways are expected to
appear obstructed in the resting catalases, to avoid the
entrance of undesired substrates or inhibitors in the heme
active center,® opening only during catalysis according to
the ‘back door’ mechanism principle.”® The lateral
bifurcated channel, whose entrance is associated with the
NADP(H) binding pocket, is a clear candidate for such an
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alternative path to the heme, but other possibilities have
Iso been considered.?%3!

Therefore, for hydrogen peroxide the specific catalatic
reaction achieved by heme-catalases might proceed as a
cooperative, ‘chain-like’, substrate inlet to the heme active
center concerted with a ‘back-door’ mechanism for the exit
of products.

CONCLUSIONS

Heme-catalases are ubiquitous redox enzymes that protect
against the deleterious effects of small peroxides, though
the whole range of biological roles played by these enzymes
appears to be much larger. A number of basic questions
related with the molecular functioning and the biochem-
istry of heme-catalases remain open, despite the wealth of
biological, biochemical and structural information now
available. Part of the difficulties in reaching a deeper
understanding seem due to the singularity of the catalytic
mechanisms in heme-catalases that, though centered
around the heme iron atom, require the critical contribu-
tion of long and intricate molecular channels.

The intensive and prolonged research around heme-
catalases can still continue occupying biochemists for
many more years.
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