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Chapter

Evolutionary Strategies of
Highly Functional Catalases
for Adaptation to High H,0,
Environments

Isao Yumoto, Yoshiko Hanaoka and Isao Hava

Abstract

Enzymatic evolutionary strategies for adaptation to a high H,0, environment
have been evaluated using catalases with high catalytic efficiency isolated from two
H,0,-tolerant bacteria, Exiguobacterium oxidotolerans and Psychrobacter piscatori. The
entrance size of the narrow main channel in catalase has been estimated by deter-
mining the formation rate of the intermediate state of peracetic acid (b), whichisa
larger substrate than H,O, versus that of catalase activity with H,0, (a) (calculated
as b/a). The ratio of b/a in E. oxidotolerans catalase (EKTA) is much higher than that
of P. piscatori catalase (PKTA). To elucidate the structural differences between the
catalases, the amino acids present in the main channel have been compared between
the two catalases and other catalases in the database. The combination of amino
acid residues, which contribute high catalytic efficiency in the narrow main chan-
nel of EKTA were different from those in PKTA. In this review, we discuss strategic
differences in the elimination of high concentration of H,0O, owing to differences
in the phylogenetic positions of catalases. In addition, we describe the relationships
between the environmental distributions of genera involved in H,O,-resistant bacte-
ria and their catalase functions based on the main channel structure of catalase.

Keywords: H,O,-tolerant bacteria, Exiguobacterium, Psychrobacter, Vibrio, catalase,
narrow main channel, bottleneck size

1. Introduction

Oxygen is important for metabolism, acting as a terminal electron acceptor in
aerobic bacteria, and these bacteria produce intracellular reactive oxygen species
(ROS), such as hydrogen peroxide (H,0,), superoxide (0*), and hydroxyl radical
(OH") as by-products of oxygen metabolism [1-4]. H,O, is not a strongly harmful
substance; however, the presence of H,O, in bacterial cells may lead to the genera-
tion of harmful ROS, such as OH", via the Fenton reaction. Therefore, the presence
of catalase is critical for the protection of cellular components, such as DNA, RNA,
proteins, and lipids, from strongly harmful OH" [5-7]. Moreover, the production of
intracellular catalases is important for the metabolism of aerobic microorganisms to
conduct their metabolisms.
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Bacteria possess catalases for the elimination of toxic by-products of oxygen
metabolism produced inside the cells and for preserving their niches by eliminating
the H,0, produced by host organisms [8-10]. This function is important, particu-
larly for pathogenic and symbiotic microorganisms or microorganisms needing to
maintain their niches in the host. In such cases, bacterial catalases may have evolved
during interactions with the host (to degrade active oxygen species generated by the
host for parasites elimination) or parasitic/symbiotic microorganisms (to elimi-
nate active oxygen species generated by the parasites/symbionts). For example,
Aliivibrio fischeri (formerly Vibrio fischeri) exhibits a symbiotic relationship with
the host squid by colonising the light-emitting organs of the squid. The host squid
possesses a protective mechanism associated with the production of H,0, to prevent
the colonization of unfavourable pathogenic bacteria. In contrast, A. fischeri pro-
duces highly efficient catalase in the periplasmic space to eliminate H,0O, produced
by the host squid. Thus, production of catalase in the vicinity of the cell surface is
important for helping microorganisms to establish their niche.

The oral biofilm community consists of various microorganisms, including foe
and companion bacteria and functions to maintain the ecological balance among
constituents [11]. Among these community members, Streptococcus gordonii is
known to produce H,O, to expel its competitors. Additionally, Veillonella atypica
is able to support the growth of the obligate anaerobe, Fusobacterium nucleatum
under microaerophilic conditions and can also protect the microorganism from
S. gordonii via production of catalase. Thus, extracellular catalase production is
important for protection not only of the niche of the producer but also of other
companion microorganisms to facilitate the formation of microbial communities
within biofilm.

Catalase is commonly observed in various aerobic bacteria. Bacteria that do
not possess catalase cannot grow on the agar plates owing to the presence of H,0,
on agar plates [12]. However, many bacterial strains have been isolated from agar
plates, suggesting that these bacteria likely express catalase and these bacteria
are likely to encounter H,O,. Moreover, these data suggest that H,O, may be
ubiquitously present in various environments in which many microorganisms
live. Accordingly, investigation of the molecular strategies through which catalase
eliminates H,O, in various physiological, ecological, and taxonomic background is
essential.

In this review, we evaluate the relationships between catalase evolution and
structural changes in the main channel structure of catalases, based on various
catalases including those isolated from H,0,- tolerant bacteria. In addition, con-
sidering the taxonomic backgrounds of H,O,-tolerant bacteria, we compared the
main channel structures of catalases derived from the same genera of H,O,-tolerant
bacteria and discussed the reasons for the distribution of these H,0,-tolerant
bacteria. This systematic approach will bring deeper understanding in strategic
evolutionary changes in bacterial catalases and strategic bacterial distributions in
the environment.

2. Phylogeny of catalases

The dismutation of H,O, in microorganisms occurs mainly via three phyloge-
netically unrelated catalases: monofunctional catalase, catalase-peroxidase, and
Mn-catalase [2, 13]. Here, we focus on monofunctional catalases.

Bacterial monofunctional catalases are classified into clades 1-3 according
to phylogenetic analysis based on their amino acid sequences [14, 15]. Clade 1
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catalases contain approximately 500 amino acid residues per subunit and are
mainly of plant origin, except a subgroup that is of bacterial origin, including
Firmicutes group A and Proteobacterial minor group (Sinorhizobium clade).
Clade 2 catalases, which exhibit larger molecular masses than catalases from other
clades, consist of approximately 750 amino acid residues. The catalases in this
clade originated from fungi, bacteria including Actionbacteria, Bacteroides, and
Proteobacteria (Polaromonas, Burkholderia and Akkermansia) and archaea. Clade 3
catalases, with nearly 500 residues per subunit, occur in fungi, bacteria including
Chloroflexi, Firmicutes group B and Proteobacteria, fungi, and some eukaryotes.
Reports have shown that pathogenic or symbiotic bacteria possess only one clade
3 catalase (e.g., Haemophilus influenzae, Neiseria gonorrhoeae, and A. fischeri
[described above]). These catalases evolved through interactions between the
host and parasite. Moreover, many prokaryotic clade 3 catalases exhibit distinct
NADP(H) binding compared with clade 1 catalases, discrimination of catalases
between the two clades based on apparent molecular features and enzymatic
characteristics is difficult.

3. Reaction mechanisms of catalases

Catalase consists of four identical subunits and each subunit, each of which
possesses heme b or d at the reaction centre. The catalytic reaction cycle consists of
the following two steps. The first step involves the formation of compound I, which
is produced by oxidation of Fe** (Fe’* Pro) in the heme moiety to an oxoiron (IV)
porphyrin n-cation radical species, Fe** = O Pro*’, by the first reacted H,0, molecule
[16]. During this reaction, the oxygen—oxygen bond in the peroxide (R-O-O-H)
bound to the heme, that is the first H,O, molecule, is cleaved heterolytically. Asa
result, one oxygen binds to the ion with the by-product of a water molecule. This
reaction intermediate, compound I, is subsequently reduced by second reaction
of H,0; to the resting state (Fe** Pro). This reaction leads to the production of
molecular oxygen (O,) and water molecules (H,0) [17, 18]. Compound I can also be
observed if organic peroxides are used as substrates instead of H,0,. The compound
I formation rate decreases as the molecular size of the substrates increases (i.e.,
H,0,” CH;COO,H). Therefore, estimation of the compound I formation rate may
be an indicator of the size of the bottleneck structure of the narrow main channel,
which is directly accessible to the reaction centre, heme.

4, Characteristics of H,O,-resistant bacteria

Catalase is important for cellular protection intra- and extracellular elimina-
tion of H,0,. Because H,0,-tolerant microorganisms may evolve in artificially
high H,0, environments, we have studied H,0,-tolerant microorganisms and their
catalases. First, strain S-17 can survive downstream of drain pools (sedimenta-
tion tank [8°C, 1.5-6 mM]) from herring egg processing factory, which uses
H,0, as a breaching agent [19, 20]. This strain was identified as a new species,
Vibrio rumoiensis S-1'. The growth temperature range of strain S-1" is 2-34°C. The
catalase activity of cell extracts of strain S-1" was found to be 4000-8000 U/ mg
protein, which was one or two orders of magnitude higher than those of Alcaligenes

faecalis, Corynebacterium glutamicum, and Pseudomonas fluorescens. Strain S-17
possesses only one type of clade 3 catalase, which accounts for 1.8% of the protein
in cell extracts. The isolate produces catalase not only inside the cell but also in
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the Tperiplasmic space and on the cell surface [21-24]. Therefore, V. rumoiensis

S-1" cells exhibit catalase activity, and expression of catalase on the surface of

V. rumoiensis cells may help to protect the cell in high H,0, environments.
According to several reports on symbiotic or pathogenic strains involving the
genus Vibrio and its related genus Aliivibrio, strain S-1" was predicted to be derived
from marine environments or organisms.

Strain T-2-27, an H,0,-tolerant microorganism, was isolated from the upstream
region of a water treatment system (pretreatment tank to decrease H,O, con-
centration [8°C, 6-38 mM]) of a herring egg processing factory [25]. The isolate
was identified as a new species, E. oxidotolerans T-2-2T. The growth temperature
range of this strain was 4-40°C (optimum 34°C). The cell extract of strain T-2-2T
exhibited catalase activity of 28,000 U/mg protein and catalase accounted for 6.5%
of protein in the cell extract. The bacterium produced catalase (E. oxidotolerans
[EKTA]) both intercellularly and extracellularly [26-29]. The immunolocaliza-
tion of catalase suggests that the enzyme is present on the inner surface of the
cells [28]. Catalase that bind to the cell surface and localise to the inner surface
are also important for defence against extracellular H,0, in E. oxidotolerans T-2-27.
The localisation of catalase changes from inside of the cells to the cell surface as
the culture period is extended. The catalase is induced by H,0O, stimulation prior
to initiation of growth and low aeration growth condition [27, 29]. Thus, catalase
activity is required inside the cells and is essential for extracellular defence as the
cell age increases. Exiguobacterium spp. are distributed in various environments,
including marine environments [30, 31]. Therefore, strain T-2-2" may have origi-
nated from marine environments or organisms. Additionally, although strain T-2-2"
possesses a catalase gene sequence belonging to clade 2, only clade 1 catalase can be
purified [32].

Strain T-3-27, an H,0,-tolerant microorganism, was isolated from the upstream
of the water treatment system (pretreatment tank to decrease H,O, concentration
[8°C, 6-38 mM]) of a herring egg processing factory [33]. The growth temperature
range of strain T-3-2" is 0-30°C, and the localisation of catalase has not yet been
clarified. However, strain T-3-2" exhibits high resistance against H,O,. The isolate
was identified as a new species, P. piscatorii T-3-2" and cell extracts of strain T-3-2"
exhibit much higher catalase activity (12,000 U/mg protein) than those of other
stains belonging to the same genus, including Psychrobacter nivimaris (15 U/ mg
protein), Psychrobacter proteolyticus (29 U/mg protein) and Psychrobacter aquamaris
(1800 U/mg protein). Strain T-3 belongs to P. piscatorii as well [34, 35] and exhibits
higher catalase activity (19,700 U/mg), with catalase accounting for 10% of all
proteins in the cell extract. Several reports have described Psychrobacter spp. were
isolated from marine origins [36]; therefore, it is possible that strains T-3-2" and
T-3 originated from marine environments or organisms. Although the strain T-3
possesses catalase gene sequences belonging to clade 2, only clade 3 catalase can be
purified [32].

5. Characteristics of catalases from H,0,-resistant bacteria

Catalases derived from H,O,-tolerant microorganisms in clade 3 and clade 1 have
been purified from V. rumoiensis S-1', P. piscatorii T-3, and from E. oxidotolerans
T-2-2". The kinetic parameters (kc../Ky,) of these catalases were higher or equivalent
to the highest values comparing with those of catalases reported by Switala and
Loewen (2002) [37]. In addition, these catalase activities exhibited distinctive
temperature dependencies comparing with ordinary catalase such as Micrococcus
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luteus catalase (MLC) and bovine liver catalase (BLC) [32]. These characteristics
reflect the environmental conditions in which these bacteria were isolated (8°C,
1.5-38 mM H,0,). Thus, multiple environmental factors (including low tempera-
ture and high H,0,) have affected the characteristics of enzymes via evolutionary
and/or environmental selection processes.

The catalase from V. rumoiensis S-17 (VKTA) can be purified by two steps of
anion-chromatography and one step of gel filtration chromatography [25]. The
purified VKTA exhibits 395,000 U/mg protein under standard reaction conditions
(30 mM H,0,, pH 7), with a V;,; and K, of 8.0 x 10° pmol H,0,/pmol heme/s
and 35 mM for H,0,, respectively, as determined spectrophotometrically. The
catalytic efficiency kca /Ky, of VKTA is 2.3 x 10’/s/M, which is the highest among
reported clade 3 catalases owing to the low K, value [31]. Additionally, because
of the fragility of V. rumoiensis S-17 cells, high affinity to H,0, and high catalytic
efficiency are required for protection of the cells. It is known that catalase activity
is not as dependent on temperature as the activity of ordinary enzymes. Moreover,
VKTA exhibits an obvious temperature dependence between 10°C and 70°C with an
optimum temperature at 40°C. The amino acid sequence of VKTA contains active
sites (H®, T and N*%), proximal sites of heme (Y*** and R*"), and binding sites
for the distal region of heme (V'*, T'** and F"*°). VKTA possesses NADPH- binding
sites (H'®?, R"™, V**® and K*"). The active site containing “T"°” is unique compared
with that of the other catalases listed in Figure 1. Indeed, other catalases contain an
“S residue at this position”, making the site less hydrophobic. However, the effect of
this amino acid substitution on the function is unknown.

EKTA can be purified by two steps of anion-chromatography and one step of gel
filtration chromatography. The purified EKTA exhibits an activity of 430,000 U/mg
protein under standard reaction condition [26] with a V};,,x and K, of 1.5 x 10° pmol
H,0,/pmol heme/s and 40 mM for H,0,, respectively, as determined by spectropho-
tometry [28]. The catalytic efficiency kc,/ Ky, of EKTA is 3.8 x 10”/s/M, which is the
highest among reported clade 1 catalases owing to the high k.,; and low K, values.
EKTA exhibits a temperature dependency between 10°C and 70°C with an optimum
temperature of 45°C. Catalase activity decreases from 100-60% as the temperature
increases from 45-50°C and then is further decreased to approximately 10% at
70°C. Moreover, this catalase exhibits the highest temperature sensitivity among
the three catalases purified from the three H,O,- tolerant bacteria. The amino acid
sequence of EKTA contains active sites (H*, $'%* and N'%%), proximal sites of heme
(Y** and R**) and binding sites for the distal region of heme (V7 T and F*?),
as shown in Figure 1. There is no NADPH-binding site in the amino acid sequence
of this catalase. These important residues for catalase activity are well conserved
in EKTA.

The catalase from P. piscatorii T-3 (PKTA) can be purified by one step of anion-
chromatography and one step of hydrophobic chromatography [35]. The purified
PKTA exhibits an activity of 222,000 U/mg protein under standard reaction condi-
tions, with Vi, and Ky, of 2.4 x 10° pmol H,0,/pmol heme/s and 75 mM for H,0,,
respectively. The catalytic efficiency kc../Ky, of PKTA is 3.2 x 10%/s/M as determined
with O, electrode [34]. PKTA exhibits a temperature dependency between 10°C and
80°C with an optimum temperature of 45°C. The activity decreases at temperature
over 50°C, showing approximately 10% at 70°C and complete deactivation at 85°C.
The amino acid sequence of PKTA contains active sites (H?®, $'°* and N***), proxi-
mal sites of heme (Y*** and R*”), and binding sites for the distal region of heme
(V'%, T8 and F**?). This PKTA also contains NADPH-binding sites (H'**, R"?, V**
and K*), as shown in Figure 1. These important residues for catalase activity are
well conserved in PKTA.
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EKTA 1t KLTTNQGVP IGDNONSRTAGRRGPTLLEDYQLIEKIAHFDRERVPER RGFGAHGVF-— KVKNSMKKYTKAAFLQEEGTEVFY 90
E. enclense B MTEKRLTTNQGVP IGDNONSRTAGRRGPTLLEDYQLIEKMAHF DRERVPER' TVKNSMKKYTKAAFLOEEGTEVPV 88
E. aurantiacum p i MDOHRRLTTNQGVP IGDNANS I TAGRRGPTLLEDYQLIEKLAHF DRERVPER' KVKNSMKRYTKANFLOEEGKETPI 89
L. innocua 1z MTERKNLTTNQGTPVGDNONSMTAGLKGPTLLEDYVLIEKLAHF DRERVPER' -VIKKSMKKYTIANFLOEEGTETEV 89
B. anthracis 1z MNPNNRLTTNOGAPVGDNONSRTAGRRGPVLLEDYHLVEKLAHFDRERI PER! VTKNSMKKY TKAAFLONEGTETPV &9
D. radiodurans 1:MSDENNKGVGTAVQGVGGPRDGRTAPGEQGTTLTTROGHPVHDNONSRTVGSRGPMTLENYQFTEKLSHFDRER] PER' RGVGAHGVFRATGKVGDEPVSKYTRAKLFQEDGKETPV 120
PSCF 1: TDTLTRDNGAVVGDNONSQTAGAQGPVLLODVQLLOKLORFDRERI PER' TASADISDLSKATVFK-SGEKTPV 85
BLC 1 -MADNRDPAS DOMK HWKEQRAAQK PDVLTTGGGNPVGDKLNSLTVGPRGPLLVQDVVFTDEMAHF DRER 1 PER’ EVTHDITRYSKAKVFEHIGKRTPT 109
MLC 1 MEHQKTTPHATGSTRONGAPAVSDROSLTVGSEGPIVLHDTHLLETHQHFNRMN I PER] VTEDVSKYTKALVF-QPGTKTET 94
P. mirabilis b 5 MEKKKLTTAAGAPVVDNNNVITAGPRGPMLLODVWFLEKLAHFDREVIPER! TVTHDITKYTRAKIFSEVGKKTEM 88
vsc 1t MSKKLTTAAGCPVAHNONVQTAGKRGPQLLODVWFLEKLAHFDREVI PERI TVTHDITKYTKAKIFSDIGKKTDM 87
V. halioticoli 1z MTKKLTTAAGCPVAHNQDVLTAGKRGPOLLODVWFLEKLAHFDREVIPERI TVTHDITKFTKANIFSEIGKKTDL 87
VKTA ¢ MSDDTKKCP--VTHMTTDFGAPVVTNRDS LTAGPRGPLLAQDVWLNEK LAGFVREVI PERI TVTHDITKYTRAKIFSEVGKKTEM 95
P. phenylpyruvicus 1z —-MSDKKCPYAPTKLTMNNGAPVADNONS LTVGPRGPLLAQDLWLNEKLANFVREVIPER] TVINDITKYTRAKIFSEVGKKTEM 95
P. cryohalolentis 1z DKKCPYAPTQLTMSNGAPVADNQONS LTAGKRGPLLAQD IWLNEKLGNFAREVI PE! TVTNDITKYTRADIFSEVGKQTEM 103
PKTA 1z

—-MSNDMNDKKCPY DMT PLTMSNGAPVVDNENSKTAGKRGPLLAEDLWLNEKLADFNREVIPER
*

. - * ww * ow www

TVINDITQYTRADIFSEVGKQTEM 99
* *

EKTA 091 : FARFSTRIHGTHSPETLROBRGFSVKFY TEEGNWDE VG| HSLKPDPRTN IQDPDRYWDFMTLRPESTNMLMHIFTDEGI PASYRKMRGSSVHSFKWUNAHGNT 210
E. enclense 089 : FARFSTRIHGTHSPETLRDBRGFSVKFY TEEGNWDFVGN [HSLKPDPRTN IQDPDRYWDFMTLRPES TNMLMHLFTDEGI PASYRKMRGSSVHSFKWVNAHGNT 208
E. aurantiacum 090 : FARFSTRI HGLGSPETLRD@RGFSVKFY TEEGNY DFVG] HSLKPDPRTNLQDPDRFFDFMSLTPESTSML THLFSDEGI PASYRHMRGS SVHSFKWVNEFGNT 209
L. innocua 090 : FARFSTETHGOHS PETLRDBRGFSVKFY TEEGNY DFVGN] HSLKPDPRTNIQDGNRYWDFESLSPEATTMIMYLFSDEGTPASYRETRGSSVHAFKWINEEGKT 209
B. anthracis 090 : FVRFSTRIHGOGS PETARDERGFAVKFY TEEGNYDIVG] HSLKPAPDTN IQTPDRYWDFMTLSPES THMMTWYFSDYGTPASYREMEGFGVHSFEWINAEGKI 209
D. radiedurans 121 : FVRFSTRGHGTHSPETLRIBRGFAVKEY TEDGNWDLVG HSQKPSPTTNIQSQERI FDFEAGSPEATHMI TLLYSPWGI PASYRFMQGSGVNTYKWVNDQGEG 240
PSCF 086 : FVRFSS@VHGNHSPETLRDRHGFATKFY TADGNWDLVGN HAFKPDPRTNLONDSRRFDFESHVPEATRTLTLLY SNEGTPAGYRFMDGNGVHAYKLVNAKGEV 205
BLC 110: AVRFSTRAGESGSADTVRDBRGFAVKFY TEDGNWDLVGN] HSQKRNPOTHLKDPDMVWDFWSLRPESLHQVSFLFSDRGI PDGHRHMNGYGSHTFKLVNANGEA 229
MLC 095: LLRFSTRAGELGSPDTWRDMRGFALREY TEEGNY DLVG] SQKRLPDSGLRDATMOWDFWTNNPESAHQVTYLMGPRGLPRTWREMNGYGSHTYLWVNAQGEK 214
P. mirabilis 089 : FARFSTRAGERGAADAERDERGFALKFYT! 3 [HIVKRDPRTNMRNMAYKWDFESHLPESLHQLTIDMSDRGLPLSYRFVHGFGSHTYSFINKDNER 208
vsc 088 : FARFSTRAGERGAADAER DIRGFSLKFY TEEGNWDLAGN] \WKRDPRTNMRSAKNNWDEWTS LPEALHQVTIVMSDRG I PAT YRHMHGFGSHTFSFINSDNER 207
V. halioticoli 088 :FARFT GAADAERDERGFALKFY TEEG VGN] [HAVKRDPRTNMRSAENNWDFWTS LPEALHQITIVMSDRGI PASYRCMHGYGSHTFSFINADNER 207
VKTA 096 : FARFTTRAGERGAADAERDERGFALKFY TEEGNWDMVG] KAVKRDPRTNLRSATNNWDYWTLLPEALHQVTVVMSDRGI PASYRHMHGFSSHTYSLWNQAGER 215
P. phenylpyruvicus 096 : FARFSTRAGERGAADAER DRRGFALKFY TEEGNWDLVGN [KAVKRDPRTNMR SATNNWDFWTLLPESFHQVTIVMSDRGI PASYRHMHGFGSHTYSFWNKEGER 215
P. cryohalolentis 104 : FARFSTRAGERGAADA ALKFYTEE! \WKRDPRTNMRSATNNWDEWTLLPEALHQVTIVMSDRGLPASYRNMHGFGSHTYSFWNEAKER 223
PKTA 100 : FARFSTHAGERGAADAERDERGFALKFY TEQGTWDLVG [KAVKRDPRTNMRSATNNWDEWTLLPESLHQVT I TMSDRG I PASYRHMHGFGSHTYSFINSDNER 219
e e P - e o * *
EKTA 211:VYIKLRWVPKEGVHNLSADEATEVQGKDFNHASNDTFQA TENGDFPEWDLFVQVLDPADVENFDFDPLDATKDWFEDV I PFQHVGTMTLNKNVDNY FAETESVGENPGVLVPGMLPSEDK 330
E. enclense 209 :VYVKLRWVPKAGTHNLSAEEATETIQGKDFNHASNDTFQA TEDGDY PEWDLFVQVLDPADVDQFDFDPLDATKDWFEDV I PFQHVGTMT LNKNVDNY FAETESVGFNPGVLI PGMLPSEDK 328
E. aurantiacum 210 : VYVKLRWVPKQGIKNLSMDEAAKVQAEDFNHATRDLEFNATEEGDFPEWDLYVQILDPADMDNFDFDPLDATKDWFEDVI PYQLVGTMTLNKNVDNY FAETESVGFNPGVLVPGIQPSEDK 329
L. linnocua 210:VYVKLRWVPKAGIVNLSTEQARQ IQAKEFNHASRDLY EATENGDY PEWDLYVOVLDPKDLDSFDENPLDATKDWEE DVFPYEHVGTMTLNRNPDN I FAETESVGENPGVLVRGMLPSEDR 329
B. anthracis 210:VYIKYHWKPQOGVRNLSAKEVQEVQGK DENHATRDLEDA IEKGNY PKWDLHVOVMOLEETDSLDFDPLDPTKVWPEDRFPLMEVGTMT LNRNPKNFEAEVEQVAFSPSATVNGIEPSEDK 329
D. radiodurans 241 : VLVKYHWEPVQGVRNLTQMOADEVOATNFNHATQDLHDA TERGDFPQWDLFVQIME DGEHPELDFDPLDDTK IWPREQFPWRHVGOMT LNRNPENVFAETEQAAFGTGVLVDGLDESDDK 360
PSCF 206 : HYVKFHWKS LOGTKNLDPKEVAQVQSKDY SHLTNDLVGA TKKGDFPKWDLYVOVLKPEELAKFDFDPLDATKIW--PDVPEKK I GOMVLNKNVDNFFQETEQVAMAPANLVPGIEPSEDR 323
BLC 230 :VYCKFHYKTDQGIKNLSVEDAARLAHEDPDYGLRDLENATATGNYPSWTLY IQVMTFSEAET FPFNPFDLTKVWPHGDYPLI PVGKLVLNRNPVNYFAEVEQLAFDPSNMPPGIEPSPDK 349
MLC 215: HWVKYHF I SQQGVHNLSNDEATK IAGENADFHRQDLFES IAKGDHPKWDLY IQAT PYEEGKTYRFNPFDLTKTISQKDYPRIKVGTLTLNRNPENHFAQIESAAFSPSNTVPGIGLSPDR 334
P. mirabilis 209 : FWKFHFRCQOGIKNLMDDEAEALVGKDRESSQRDLFEAIERGDY PRWKLOIQIMPEKEASTVPYNPFDLTKVWPHADY PLMDVGY FELNRNPDNY FSDVEQAAFSPANIVPGISFSPDK 328
vsc 208 : YWVKFHFVSQOGIKNLS DAEAGELVGNDRESHORDLLDS IDNQDFPKWTLKVQIMPEADAATVPYN PFDLTKVWPHKDY PL1EVGEFELNRNPONY FAEVEQAAFNPANVVPGISFSPDK 327
V. halioticoli 208 : YWKFHFKTQQGIKNLT DQEAQDLVGQDRESHOKDLYES IENGDFPKWNLQVQIMPEKDAETVSYNPFDLTKVWPHDDY PLHDVGVFELNKNPONFFAEVEQSAFNPAAVVPGIGESPDR 327
VKTA 216: FWKMHFRTQQGTKNLTDAEAGELVAQDRESHORDLYEA TERGEY PKWTMF IQVMPEADAEKYALH PFDLTKVWYKGDYPLIEVGEFELNKNSENFFADVEQVAFSPSNLVPGIGVSPDR 335
P. phenylpyruvicus 216 : FWKFHMRTQOGTKNLTDAEAAETVGRDRESNQRDLFES TEKGDFPKWKMYVQTMPEEEAEKVPYHPFDLTKVWPKGDYPLIEVGEFELNKNSDNY FLDVEQAAFAPSNLVPGIGVSPDK 335
P. cryohalolentis 224 : FWKFHFRTQOGIKNLTDAEAAEVVGS DRESHOKDLY DATENRHFPKWKMYVQIMPEAEADTVPYHPFDLTKVWPKGDYPLIEVGEFELNKNSDNYFVDVEQAAFAPSNLVPGISVSFPDK 343
PKAT 220: FWVKFHFRTQQGTKNLTDAEAAE I TASNRESHOEDLLSATDNGDF PKWKMYVQIMPET DADKVPYHPFDLTKVWPKGDY PLTEVGEIELNKNSDNY FLOVEQAAFAPNNLVTGISASPDR 33%
* P - * * * * * % ke - ok ox % % * * * %
EKTA 331:LLQGRLF DTQ! [IGPNYQOLPINCP=FAQVNNYQRDGAM- = PFKQQTSSVNYEPNRYQDEPKQTPEY TEDTQPLHDDIHGRLEIEKTNNFGOAGEVYRRMTEEEQMALLNNLY 444
E. enclense 329: LLQGRLF DTQRYRIGTNYQOLPINCP-FAQVNNYQRDGAM: = PVGOOTS PVNYEPNRYQEE PKETPEY TEENQPLLDDKHGRLETEKTNNFGOAGEVYRRLTEDEQAALLKNLY 442
BE. aurantiacum 330:MLQGRLF DTQRYRIGANYLQLPINCP-FAQVSNNORDGAM ~PFKQOTSPVNYEPNRYEDAPKPDAAY IETEQPL-TGVAGROKIEKTNDFGOAGEVYRRYSQEEKDALVRNLY 442
L. innocua 330: LLOGRLFS¥SDTORHRVGENY LOLPINS P-KAPVANNQRDGYM ~PFKQOTSS INYEPNSYETEPKENPAF IEQEQEIRGDI SGRLIAEKPNNFGHAKEVWDRYSDAERAALVKNIV 443
B. anthracis 330 : LLOGRLFSEPDTQRYRLGANYLQ I PVNCP-YAAVHNQORDGAM-----QINQNPST INYEPSRHAENPVEDPAYRDSTMKV-EGYVSREKI DKPNDFKQAGERYRSFSKEEQDNLIANLT 442
D. radiecdurans 361 :MLQGRTF DTQRYRVGPNYLQLPINAP-KKHVATNQRDGOMAYRVDTFEGODQRVNYEPS-LLSGPKEAPRRAPEHTPRVEGNLVRAATERPNPFGOAGMOYRNFADWERDELVSNLS 478
PSCF 324: LLQGRVFSEADTOMYRLGANGLSLPVNQP-KVAVNNGNQDGAL-——--NTGHTTSGVNYEPSRLEPRPADDKARY SE-LPL-SGTTQQAKI TREQNFKQAGDLYRSYSAKEKTDLVQKFG 435
BLC 350 :MLOGRLFA¥PDTHRHRLGPNY LQTPVNCPYRARVANY QRDGPMCMMDNQGGAPNY Y PNSFSAPEHQPSALEHRTHF SGDVQRFNSANDD--NVTQVRTFYLKVLNEEQRKRLCENIAGHL 467
MLC 335 :MLLGRAFASHDAQLYRVGAHVNQLPVNR P=-KNAVHENYAFEGQMWY DHTGDRSTYVPNSNGDSWS DETGPVDDGWEADGTLTREAQALRADDDDFGQAGT LVREVF SDQERDDFVETVAGA 453
P. mirabilis 329 :MLQGRLF S¥GDAHRYRLGVNHHO 1 PVNAP-KCPFHNYHRDGAMRVDGNSGNGI TYE PNSGGVFQEQPDFKEPPLS IEGAADHWNHREDE-DYFSQPRALY-ELLSDDEHQRMFARIAGEL 445
vse 328 :MLOGRLFARGDAQRYRLGVNHOH 1 PYNAP-RCPVHS YHRDGAMRVDGNFGSTLGYE PNDOGOWAEQPDF SEPPLNL DGAAAHWDHREDE-DY FSQPGDLF-GLMTAEKQAI LFDNTARNL 444
V. halioticoli 328 :MLQGRLFS¥GDAQRYRLGVNHHQI PVNAP-RCPVHSYHRDGAMRTDGNFGST IGYEPNQHKEWAEQ PEFSEPPLELQGVATHWDHREDD-DYFTQAGNLF-RIMTADEQQRLFENTARAM 444
336 :MLOARLFNEADAQRYRLGVNYHQI PVNQA -RCPVHSNHRDGQGRVDGNYGALPHY EPNSFGOWQGQ PQFSEPPLKLTGNAAHWS Y DKDDHNY FEQPGKLF-RLMNDGOKEALFGNTGRAM 453
P. phenylpyruvicus 336 :MLONRLINSADAQRYRVGVNSHQ1PVNQP-RCPYSSNHRDGLGRADDNYGGREHYE PNSFOOWOEQ PEYAEPPLK INGDAAHWDFRKDDDDY FSQPRALF-NLMSDEQKQTLFDNTARDI 453
P. cryohalolentis 344 :MLONRLVNEADAQRYRVGVNHOQT PVNKP-RCPVMSNHRDGQGRVDDNYGSRPHYE PNSESQWOEQPDYAEPPLKIDGYAAHYDFREDDSDY FSQPRALF-NLMSAEQQOVLFENTANNM 461
PKTA 340 :MLOARLFS¥ADAQRYRVGVNHKQTPVNKP -RCPVTSNHRDGOMR 1 DDNYGGRPHY TPNSFEQWODO POYAEPALK I DGYAEHY DFREDDSDY FSQPRALF-NLMNDEQKQVLFDNTARAM 457
o . P P .
EKTA 445:NDLQOVRHENTVLLAICNFYRADASLGEKLSEALNVDIKPFLOOMOK:

E. enclense

E. aurantiacum
L. innocua

B. anthracis
D. radiodurans

443 :NDLEQVRHENTVLLAICNFYRADAS LGOKLSEALOVDIEPFLOOMRS
443 : AHTKEVRHENTVLLLICNFYRADRDLGERLSKELNVDITPFLSQVTE:
444: DDWSGVRDDIKI-RNLRNFYQTEPEFANRVADGTGINLEEHVADLK:
443 : SDLKDV=-NERTKLLAVCNFFRADQEYGMRLAQALNVDITQYVGNAPK:
479 :GALAGVDKRIQDKMLEY - FTAADADY GORVREGT QAKEAEMKGOKQEAPVYGTEASSLY- 536

PSCF 436:ESLADTLTESKNIMLSY-LYKEDPNYGTRVAEVAKGDLSKVKSLAASLKD========== 484
BLC 468:KDAQLFIQKKAVKNFSDVHPEYGSRIQALLDKYNEEKPKNAVHTYVQHGSHLSAREKANL 527
MLC 454 : LKGVRQDVQARAFEYWKNVDAT IGORIEDEVKRHEGDG I PGVEAGGEART 503
P. mirabilis 446 : SQASKETQQRQTDLFTKVHPEYGAGVEKATKVLEGKDAK~: - 484
VsC 445:NGVPKEIQLRHVTHCYKADPAYGEGIGKLLGFDISEYNS— - 483
V. halioticoli 445: TGVSLPIKHKHINHALQADKAYGEGLAKAME INTEDINL~- - 483
VKTA 454 :GDAPEFIKFRHIRNCHAADPAYGAGVAKALG INLEKALASKKDDPMYGNPLVALPA. ~ 509
P. phenylpyruvicus 454 :EPTPDFIKYRHIRNCYWCDPAYGEGVAKAIGLTVEDALAARETDPARHLDSLL: - 506
P. cryohalolentis 462 : AGVPDFIQYRHIRNCNWCDAAYGEGVAKALGLTVEDAMAARDSDPARHLPSC! - 514
PKTA 458 : GDALDFTKYRHIRNCNWCDPAYGTGVAKALGMSVEDAMAARENDPARHLPSCL 510

Figure 1.

Amino acid sequence alignment of EKTA, Exiguobacterium enclense catalase, Exiguobacterium
aurantiacum catalase, Listeria innocua catalase, Deinococcus radiodurans KatA, PSCE, MLC, Proteus
mirabilis catalase, Aliivibrio salmonicida (VSC) catalase, Vibrio halioticoli catalase, VKTA, Psychrobacter
phenylpyruvicus catalase and Psychrobacter cryohalolentis catalase. The amino acid vesidues involved in
the narvow main channel ave highlighted by green or yellow (bottleneck residues). The active sites ave indicated
in bold font, the proximal sites of heme are marked in blue and the binding sites of distal vegion of heme are
marked by underlined text.

6. Relationship between the compound formation rate with peracetic
acid and the bottle neck amino acid residue in the narrow main

channel

Catalase is known to have high activity owing to its superior substrate selectivity
for H,0,. The interactions of substrate molecules larger than H,O, are strongly
inhibited due to selection of the substrate by the narrow main channel, which
reaches the active site. The formation rate of the reactive intermediate (compound I)

in the reaction of EKTA with peracetic acid is 77 times higher than that of BLC and

1200 times higher than that of MLC [26]. A comparison of the structural and func-
tional data on EKTA (a clade 1 catalase) with the data for two clade 3 catalases (BLC
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and MLC) revealed that the size of the bottleneck defines the compound I formation
rate, which corresponds to the size of the substrate molecule. The atom-to-atom
distance for combinations of amino acid residues showed that, the L'*’ (BN [bottle-
neck] 2) to I'*% (BN4) and D' (BN1) to M*®” (BN3) combinations at the bottleneck
of EKTA resulted in larger bottleneck sizes than the combinations in BLC and MLC
[26]. The sizes of the amino acids and the probability of occurrence of the corre-
sponding amino acids (based on a comparison of catalase sequences in the database)
indicated that M'® may play a key role in determining the size of the bottleneck of
EKTA. Clade 3 catalases, i.e., BLC and MLC contain W (Phe) in the corresponding
position of M7 in EKTA. The volume of W (Phe) is 231.7 A3, whereas that of M
(Met) is 167.7 A3 [38, 39]. Therefore, the size of the key residue M in EKTA is the
major reason for the high the compound I formation rate with peracetic acid.

7. Comparison of amino acid residues in the narrow main channel of
catalase

The main channel of catalase consists upper and lower narrow parts. The narrow

part, which is nearer to the reaction centre, heme consists of 14 amino acid residues

[26] (Fl§ures 1and 2). The seven residues forming the channel (H*®°, V7, D', N*%,
F134 F'* and F** in EKTA) are well conserved (>95% homology). V¥ is relatively
highly conserved (> 80%) followed by PM? (54%). The other amino acid residues,
including M"* (approximately 20%), V**¢ (approximately 30%) and L'* (approxi-
mately 20%) are relatively rarely conserved. Both M’ and I'*° are very rarely
conserved (< 3%) among catalases. Among the 14 amino acid residues described
above, D' (BN1), L* (BN2), M*’ (BN3) and I'*® (BN4) are located in the bottle-
neck structure in between the upper and lower parts of the main channel of catalase.
Among these four amino acid residues only D'* is well conserved. Therefore,

(A] [B]
164
146 167
V177a ¥ |-149
V180
D106 D109

I#p’ N143 F135 V146
L2142 v w v

'107 MSZb M45 P110 V55
‘ F142

F134
VSC EKTA
Organisms: Aliivibrio salmonicida Organisms: Exiguobacterium oxidotolerans
PDB:2ISA PDB:212M

Figure 2.

Structural model of narrow main channels of catalases of VSC [A] and EKTA [B]. Each chavacteristic amino
acid residues are indicated by yellow marker. Number for amino acid residues was accordance with Figure 1.
The amino acid residues of narrow main channels in VSC are the same as VKTA. “This amino acid vesidue is
substituted to “T” in PKTA. "This amino acid vesidue is modified as S-dioxymethionine.



Antioxidants - Benefits, Sources, Mechanisms of Action

variations in amino acid residues, except D%, define the size of the bottleneck struc-
ture and the reaction rate with substrates larger than H,0,. Based on the alignment of
multiple catalases including other catalases derived from other species belonging to
the genus Exiguobacterium, there are several common amino acid residues between
EKTA and Exiguobacterium enclense catalase (M, V*¢ 1L1% and M), Owing to the
lower volumes of these residues compared with the corresponding residues in other
catalases, these residues are thought to be related to the genus-specific efficiency
catalytic reactions in the presence of high concentrations of H,0,.

In contrast, M ®, ['¥°, LP* N' and T*® are specific amino acid residues in the
narrow main channel of PKTA. These amino acid residues are corresponding to
MO0, B 119 N and V** in VKTA and catalases from Proteus mirabilis, Aliivibrio
salmonicida, Psychrobacter phenylpyruvicus and Psychrobacter cryohalolentis catalases.
Although the activities of the latter two catalases are not known, the other three cat-
alases exhibit high catalytic efficiency for H,O, [40]. Therefore, these residues are
specific to the catalase of Proteobacteria and affect the efficiency of these catalases.

8. Relationship between catalase phylogeny and the main channel
structure of catalases

The clade 1 catalase EKTA exhibits a higher ratio (b/a = 1.4) of the compound I
formation rate using peracetic acid (a) to catalase activity using H,O, (b) than the
clade 3 catalase PKTA (b/a = 0.0056) [29]. Although the size of the bottleneck of
PKTA is unknown, the difference in the catalytic characteristics can be attributed to
the seize of the bottleneck, which this can be ascertained from the amino acid resi-
dues in the bottleneck. In addition to EKTA and PKTA, the b/a ratio was estimated
using the clade I catalases, Pseudomonas syringae catalase (PSCF) and Deinococcus
radiodurans catalase and the clade 3 catalases BLC and MLC. Differences in the
b/a ratio are related to the intensity of the degree of the extended branch in the
phylogenetic tree of catalase (Table 1 and Figure 3). This indicates that catalases
from H,0,-tolerant bacteria evolved in different directions depending on the
bacterial taxonomic phylogenetic position. Thus, the phylogenetic position can be

EKTA PKTA VKTA

Bottle neck structure

BN2-BN4 L%, M167, 0 V¢ w176, T VB w172, vi8

The size of BN2-BN4 164.6,167.7, 164.9 150.6, 231.7,120.0 150.6, 231.7, 1391

Enzymatic feature

b/aratio® 1.4 0.0056 ND

Kinetic parameters for HO,

Vinax (/) 1.5x10°° 24x10°¢ 8.0 x10°°

K (mM) 40° 75¢ 35

keat/ K (/M/s) 38x10"° 32x10°%¢ 23x10""

Cellular features

Percentage of catalase in cell 6.5% 10% 1.8%

extract

Location of isolation Upstream of the Upstream of the Downstream of the drain
drain (6-38 mM drain (6-38 mM (1.5-6 mM H,0,)
H,0,) H,0,)

Involved bacteria Gram positive Gram negative Gram negative
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EKTA PKTA VKTA
Phylogeny
Clade 1 3 3
Extended of phylogenetic Yes Yes Yes
position
Purified catalase activity
(U/mg)©
Catalase activity of cell extract 28,000 20,000 7,300
(u/ mg)d

“The ratio of compound I formation rate using peracetic acid (a) to catalase activity using HO, (b).
"Determined by spectrophotometry.

‘Determined by oxygen electrode analysis.

“Standard reaction conditions of 30 mM H,0, at pH 7.

Table 1.
Summary of the chavacteristics of catalases from H,O,-tolevant bacteria.

_—

Psychrobacter piscatorii PktA (PKTA) (ACD42777.1)

Psychrobacter cryohalolentis Catalase (ABE75776.1)

Psychrobacter phenylpyruvicus KatA (SUD91343)
100

Neisseria gonorrhoeae KatA (AB18144.1)

Vibrio iensis VktA (BAB12412.1)

Ureibacillus thermosphaericus Cat (KY776555)
I Bacteroides fragilis KatB (AAC43384.1)
Vibrio halioticoli Cat (WP_023404273)

10 Allivibrio salmonicida Cath (AB26662.1)

53 100 L Allivibrio fisheri KatA (0681486.1) Clade 3

Proteus mirabilis KatA (P42321.1)

Helicobacter pylori Kat (WP_108169033.1)
Brucella abourtus KatA (C4IW57)
r T{: Campylobacter jejuni KatA (Q59296)
® Bos taurus Cat(BLC)(NP_0010304€3.1)

Lli Lactobacillus sake KatA (P30265)
64 Micrococcus luteus KatA (MLC) (P29422)

Deinocccus radiodurans KatA (Q59337)

100

Pseudomonas aeruginosa KatB (AAB53655.1
—— g ( )

100 L Pseudomonas syringe CatF (PSCF) (1M7S_A)

Bacillus anthracis cat (YP_027348.1)
Listeria seerigeri KatE (AAB53655.1)
100 o Clade 1
86 Listeria innocua Kat (WP_0100991449.1)

86 Listeria monoctogenes Kat (AOA459ESK2)

100

Exiguobacterium aurantiacum KatA (STO08856)
s _L— Exiguobacterium enclense cat(SDB93015.1)
100 Exiguobacterium oxidotolerans EktA (EKTA) (ABF45371.1)

Xanthomonas oryzae KatX (CAA66262.1) _

——————  Mycobacterium aviumKatE (P50979.1)
100 Clade 2

7 _|— Escherichia coli KatE (AAA24039.1)
Neurispora crassa KatA (XP_957826.1)

50

0.20

Figure 3.

Phylogenetic position of catalases clades 1-3. The phylogenetic tree was constructed using the Maximum
Likelihood method and JTT matrix-based model [41]. Multiple alignments of the sequences were performed
using the MUSCLE program [42]. The numbers in the branches indicate bootstrap percentages based on 500
replicates. Bay, 0.20 changes per amino acid position. Evolutionary analyses were conducted in MEGA X [13].
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ascertained based on the amino acid sequences of catalase from Exiguobacterium
spp- and Psychrobacter spp. However, it has been difficult to discriminate clade 1
and clade 3 catalase except phylogenetic position based on amino acid sequences.
Indeed, these catalases can be discriminated based on differences in the catalytic
efficiency for H,O, according to the structure of the narrow main channel.

9. Environmental distribution and catalase function of H,0,-resistant
bacteria

Results of a screening of bacterial strains adapted to high H,0, environments
(8°C, 6-38 mM H,0,), E. oxidotolerans T-2-2" and P. piscatorii T-3" and T-3-2
were isolated. Some microorganisms have been shown to thrive under extreme
environments such as high and low temperatures and high and low pH. However,
Exiguobacterium spp. and Psychrobacter spp. are known widely distributed in polar
regions, permafrost, deep sea regions, temperate and tropical soils, and ordinary
marine environments [43, 44]. Therefore, several strains belonging to the genera
Exiguobacterium and Psychrobacter have been identified as psychrophilic or psychro-
tolerant bacteria. In addition to the cold-adapted variations of these genera, our
studies revealed that there were variations in the H,O, tolerance of these genera.

Although these genera exhibit common physiological characteristics and envi-
ronmental distributions, phylogenetic positions are completely different from a tax-
onomical point of view [43]. Gram-positive Exiguobacterium belongs to the phylum
Firmicutes, class Bacilli, and order Bacillales, whereas Psychrobacter belongs to the
phylum Proteobacteria, class Gammaproteobacteria, order Pseudomonadales, family
Moraxellaceae. Dias et al. analysed and compared four genomes of Exiguobacterium
and Psychrobacter [44] and showed that Psychrobacter exhibited higher genomic
plasticity, whereas E. antarcticum exhibited a large decrease in genomic content
without changing its adaptability to cold environments. These results suggest that
the H,0, tolerance and molecular features of catalases and their productivities in
H,0O,-tolerant bacteria belonging to Exiguobacterium and Psychrobacter were related
to the intrinsic genomic architectural dynamics of these taxa.

V. rumoiensis was isolated from an environment containing lower H,0, con-
centration (1.5-6 mM) than the other two strains. The genus Vibrio and the closely
related genus Aliivibrio are known for involving species of their pathogenicity and
symbiosis with marine organisms. Thus, these organisms may have high capacity
for adaptability to high H,0, environment. Moreover, bacterial genome analysis
of six bacterial species belonging to the rumoiensis clade revealed that there are
ecogenomic signatures inferring the ongoing habit expansion in two strains (V.
rumoiensis included) [45]. Thus, this microorganism may have adapted to environ-
ments containing high H,0, by genomic altering specific characteristics.

10. Conclusion and future studies

It has been shown that completely different taxa of bacteria evolve catalases
in different directions improving productivity of catalases in the same or similar
environment (i.e., low temperature and high H,0, concentration). Adaptations to
environments with high concentration of H,0, has been achieved by certain groups
of bacteria, including psychrotolerant bacteria originating from marine environ-
ments, which are widely distributed and can survive under various environmental
conditions (e.g., low temperature and high H,O, concentration). This adaptability is
observed in terms of enzymatic features, productivity and localisation of catalase.

10



Evolutionary Strategies of Highly Functional Catalases for Adaptation to High H,0, Environments
DOI: http://dx.doi.org/10.5772/intechopen.95489

Future studies are necessary to analyze the evolutionary process in more detail
and determine the relationship of this evolutionary process with the functions
of specific enzymes. Furthermore, detailed studies of the microbiota present in
environments containing high H,O, concentrations may provide insight into the
mechanisms through which bacteria adapt to artificial extreme environments.
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Website resources:

Catalase website (http://www.catalase.com/index.htm)

EMBEL-EBI Catalase

(http://pfam.xfam.org/family/PF00199#tabview=tab3)
Catalase (enzyme nomenclature designation [EC] 1.11.1.6)
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