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Abstract Heme peroxidases and catalases are key
enzymes of hydrogen peroxide metabolism and signal-
ing. Here, the reconstruction of the molecular evolution
of the peroxidase—catalase superfamily (annotated in pfam
as PF00141) based on experimentally verified as well
as numerous newly available genomic sequences is pre-
sented. The robust phylogenetic tree of this large enzyme
superfamily was obtained from 490 full-length protein
sequences. Besides already well-known families of heme b
peroxidases arranged in three main structural classes, com-
pletely new (hybrid type) peroxidase families are described
being located at the border of these classes as well as form-
ing (so far missing) links between them. Hybrid-type A
peroxidases represent a minor eukaryotic subfamily from
Excavates, Stramenopiles and Rhizaria sharing enzymatic
and structural features of ascorbate and cytochrome c¢
peroxidases. Hybrid-type B peroxidases are shown to be
spread exclusively among various fungi and evolved in
parallel with peroxidases in land plants. In some ascomy-
cetous hybrid-type B peroxidases, the peroxidase domain is
fused to a carbohydrate binding (WSC) domain. Both here
described hybrid-type peroxidase families represent impor-
tant turning points in the complex evolution of the whole
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peroxidase—catalase superfamily. We present and discuss
their phylogeny, sequence signatures and putative biologi-
cal function.
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Abbreviations

APx Ascorbate peroxidase
APx-CcP Hybrid-type A peroxidase
CcP Cytochrome c peroxidase

CDE Chlorite dismutase-dye decolorizing
peroxidase-EfeB

EST Expressed sequence tags

HyBpox  Hybrid-type B peroxidase

KatG Catalase—peroxidase

PDB Protein Data Bank

Pfam Database of protein families

WSC Cell-wall integrity and stress response
component

Introduction

Heme peroxidases are ubiquitous oxidoreductases pre-
sent in all kingdoms of life. They can be divided in three
main structural superfamilies and two minor families
(overview in [1]). The three main superfamilies are the
(1) peroxidase—catalase superfamily, (2) the peroxidase—
cyclooxygenase superfamily [2] and (3) the CDE super-
family [3]. The latter is comprised of so-called chlorite
dismutases, dye-decolorizing peroxidases and EfeB (which
are heme-binding/sensoring proteins of unclear biological
function). In PeroxiBase (http://peroxibase.toulouse.inra.
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fr [4]) currently over 9,580 heme peroxidases are anno-
tated and 8,160 of them belong to the peroxidase—catalase
superfamily.

Heme peroxidases catalyze the oxidation of one- or two-
electron donors by hydrogen peroxide. There is a great var-
iability regarding the nature of one electron donors rang-
ing from metal cations, aliphatic or aromatic compounds to
proteins (Reaction 1). Typical two-electron donors can be
halides (like C1~, Br™ or I") or thiocyanate (SCN™) which
are oxidized to the corresponding hypohalous acids (HOX)
(Reaction 2). There are only few heme peroxidase (sub)
families that are able to dismutate hydrogen peroxide in
the absence of electron donors as typical (monofunctional)
catalases (Reaction 3). However, the mechanism of hydro-
gen peroxide dismutation by these peroxidases is different
from typical heme catalases and thus should be designated
as (pseudo) catalatic [5].

H,O, + 2AH, — 2H,0 + 2HA® (1
H,0, + X~ + H" — H,O + HOX )
2H,0, — 2H,0 + O 3)

This work focuses on the peroxidase—catalase super-
family (PF00141). Already in 1992, Welinder [6] for the
first time recognized the phylogenetic and structural rela-
tionship between heme peroxidases from plants, fungi
and bacteria. In the subsequent years, the denominations
“plant-type peroxidase superfamily” or “superfamily of
heme peroxidases from plants, fungi and bacteria” or
“non-animal heme peroxidase superfamily” were used in
literature. In the meanwhile numerous further representa-
tives from the kingdoms of Archaea, Fungi, Protista and
Plantae were detected. Importantly, even in some Meta-
zoan genomes members of this superfamily were found.
Thus, it is more appropriate to denominate the whole
superfamily according to the typical reaction specificities
of its members [1] and not according to the taxonomi-
cal origin of selected members (as usual in older litera-
ture, e.g., [7]. It will be outlined below, how bifunctional
enzymes (i.e., catalase—peroxidases) form the basis of
this superfamily and how during evolution the (pseudo-)
catalatic activity was lost and monofunctional peroxidases
evolved. The denomination peroxidase—catalase superfam-
ily reflects this development. This superfamily represents
a good example for the divergent evolution of a mid-size
gene that acquired diverse functions in different genomes.
The usage of manifold electron donors by the different
organisms in Reactions 1 and 2 mirrors the physiological
necessities. The particular peroxidase gene evolved either
by vertical descent or by horizontal gene transfer (HGT) as
observed in several clades within the evolutionary history
of this superfamily [8].
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All members of the peroxidase—catalase superfam-
ily that were investigated at the protein level contain non-
covalently bound heme b and have a histidine as proximal
ligand as well as a catalytic distal histidine [9]. For all other
residues in the heme cavity some variability is observed
and described below. Three main classes are distinguished
(Class I, IT and III) of which many biochemical and physi-
cal data have been collected in the last decades (e.g., [10-
12]). Only recently, a few of the evolutionary missing links
between these classes started to be systematically investi-
gated (e.g., [13]).

Class I of this superfamily (1,852 annotated members,
classified according to [6] is apparently the most divergent
one. It comprises sequences of various catalase—peroxi-
dases, ascorbate peroxidases, cytochrome c peroxidases
and also hybrid-type subfamilies discovered recently.
Class II (609 annotated members) is constituted mainly by
manganese, lignin and versatile peroxidases from lignin-
degrading fungi [14], but also numerous novel heme per-
oxidase sequences from fungi, that are not able to decay
wood, which were annotated recently [15]. Class III (5,701
annotated members) is formed by large multigenic fami-
lies of plant secretory peroxidases [16] including the well-
known horseradish peroxidase (HRP).

The intention of this paper is to highlight features of the
missing links between these three main classes. Hybrid-
type A peroxidases (also named ascorbate-cytochrome c
peroxidases, APx-CcP) are shown to be positioned between
the classical families of ascorbate and cytochrome c per-
oxidases, whereas hybrid-type B enzymes (originally also
abbreviated as APx-CcPs) are quite different from hybrid-
type A proteins. A distinct group of ascomycetous hybrid-
type B enzymes are shown to be fusion proteins containing
a N-terminal peroxidase domain and C-terminal WSC-car-
bohydrate binding domain(s). We discuss the evolution and
typical sequence signatures for both hybrid peroxidases
and speculate about their physiological function. It will be
demonstrated that hybrid-type peroxidases represent real
turning points in the robust evolution of three main struc-
tural classes of the peroxidase—catalase superfamily. Their
future biochemical analysis will further contribute to the
understanding of the evolution of structure—function rela-
tionships of these abundant oxidoreductases.

Materials and methods

Sequence data mining and multiple sequence alignment
All protein sequences used in this study were collected
from PeroxiBase (http://peroxibase.toulouse.inra.fr [4])

where they were previously verified and annotated. Mul-
tiple sequence alignment of full-length protein sequences
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was performed with Muscle program [17] implemented
in the MEGA 5 package. Optimized parameters were: gap
open —2.9 gap extend 0, hydrophobicity multiplier 2. Maxi-
mum of alignment iterations was set to 1,000. Used clus-
tering method was UPGMB for the first two iterations, for
other iterations Neighbor-Joining (NJ) and minimal diago-
nal length 28. Obtained alignment was inspected mainly for
the presence of conserved catalytic residues on both distal
and proximal sides of the heme prosthetic group and further
refined in GeneDoc [18]. Those sequences that did not pos-
sess the conserved essential residues in the heme cavity [i.e.,
distal Trp(Phe, Tyr)-His-Arg(Lys) and proximal His-Asp-
Trp(Phe)] were segregated from the main alignment. After
inspection and refinements the alignment used for phylog-
eny contained 490 full-length sequences. Sequences of
observed peroxidase pseudogenes were analyzed separately.
For this purpose a second independent alignment focused
mainly on the non-functional ascorbate peroxidases was
prepared with Muscle using the same parameters as above.

Structural alignment

Structural neighbors within the peroxidase—catalase super-
family were identified with the Dali Database (http://ekhi
dna.biocenter.helsinki.fi/dali) where the PDB structural
hits were sorted according to obtained Z-score [19]. Struc-
tural alignment was performed with ESPript program suite
http://espript.ibcp.fr/ESPript/ESPript [20] where the input
was the previously refined Muscle-alignment file. As top
secondary structure of this alignment the sequence of Burk-
holderia KatG with known 3D structure was selected (PDB
code IMWYV, Table 1). Parameters for similarity calcula-
tions were Risler, global score of 0.7, and consensus over
50 % were displayed. Obtained structural alignment was
edited in GeneDoc [18].

Identification of introns and exons in putative peroxidase
genes

For identification of donor splice sites and acceptor splice
sites in various peroxidase genes the program suite NetAsp-
Gene 1.0 of the CBS server was used (http://www.cbs.dtu.dk/
services/NetAspGene/). GT-AG consensus sequence for the
borders between exons and introns was present in most, but
not all hybrid-type peroxidase genes.

Molecular phylogeny

Molecular phylogeny within the whole peroxidase—catalase
superfamily was reconstructed using the MEGA package,
version 5 [21]. Muscle-aligned protein sequences includ-
ing sequences of all 22 proteins of this superfamily with

Table 1 Overview on all known 3D structures of representatives of
the peroxidase—catalase superfamily

Peroxidase Source Class PeroxiBase ID PDB code
abbrev.
BpKatG B. pseudomallei 1 2303 IMWV
EcoHPI—C E. coli I 2394 102]
domain
HmaKatGl  H. marismortui 1 2440 1ITK
MtKatG1 M. tuberculosis 1 3551 1SJ2
SeKatGl1 S. elongatus 1 2426 1UB2
PCC7942
MagKatG2 M. grisea 1 2337 3UT2
PsAPx1 P. sativum 1 2462 1APx
NtAPx2 N. tabacum 1 3946 1IYN
GmAPx1 G. max I 1954 10AG
SceCcP S. cerevisiae 1 2361 2CYP
LmAPx-CcP L. major 1 2334 3RIV
ArMnP A. ramosus 11 2404 1ARP
CcinPOX2a  C. cinereus 11 2403 1ILYK
PcLiP5 P. chrysosporium 11 2409 ILLP
PcMnP1 P. chrysosporium 11 2379 IMNP
PerVP5 P. eryngii I 2299 2BOQ
AhPrx4 A. hypogaea 1 102 1SCH
AruPrxCl1A  A. rusticana il 90 1ATJ
(HRP)
Atprx53 A. thaliana 1 219 1PA2
GmPrx1 G. max 101 475 1IFHF
HvPrx101 H. vulgare 1 68 1BGP
RrePrx01 R. regia I not yet 3HDL

(palm tree)

The PeroxiBase ID and the corresponding PDB codes are given. Note
that only structural data of wild-type proteins and not of variants or
engineered mutants are presented

known 3D structure were subjected to Neighbor-Joining
(NJ) or Maximum-Likelihood (ML) methods. For NJ 1,000
bootstraps, Jones-Taylor-Thornton (JTT) model of distribu-
tion and y parameter optimized to 0.88 was used. For ML
100 bootstraps, Whelan and Goldman (WAG) model of
amino acid substitutions with 3 y categories was applied.
The branch swap filter was set to very strong and the num-
ber of threads was set to 1. Reconstructed rooted phyloge-
netic tree was depicted with the program FigTree (http:/
tree.bio.ed.ac.uk/) in a circular polar form with branches
transformed as cladograms. The branching details for par-
ticular (sub) families were presented with the Tree Explorer
program of the MEGA package in the rectangular form.
Ancestral protein sequences were inferred from the ML-
reconstructed tree using the ancestors option of the MEGA
suite [21] and exported as current site ancestors and corre-
sponding most probable sequences.
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Prediction of signal sequences and glycosylation
in peroxidases

Putative signal sequences for selected peroxidase sequences
were analyzed using the predictive algorithm of the pro-
gram SignalP 4.1 (http://www.cbs.dtu.dk/services/SignalP/
[22]. The appropriate prediction database was chosen
according to determined phylogenetic relationship. Intra-
cellular sequences were further subjected to subcellu-
lar localization analysis using TargetP 1.1 from the same
online suite [22]. The N- and O-glycosylation sites were
predicted with NetNGlycl.0 and NetOGlyc 4.0 servers,

respectively [23].
Homology modeling
Homology modeling of putative peroxidases from various

subfamilies was performed with I-Tasser [24]. Obtained
structural models were rendered with PyYMOL (http://www

Results and discussion

The peroxidase—catalase superfamily: division in three

main classes

We have reconstructed a robust phylogenetic tree of the
whole peroxidase—catalase superfamily comprising up
to 490 full-length protein sequences of members from
all known subfamilies. The general presentation of this
tree (Fig. 1) clearly distinguishes all three main structural
classes already defined by Welinder in 1992 [6]. However,
upon closer inspection the occurrence of many so far unde-
scribed clades as well as missing links is obvious.

As expected, Class II and Class III (comprising only
eukaryotic proteins) are evolutionary descendants of Class
I, which contains both prokaryotic and eukaryotic repre-
sentatives. The phylogenetic origin of Class I is (accord-
ing to the ML method) positioned among predecessors
of katG genes coding for catalase—peroxidases (KatGs)
from planktonic aerobic and heterotrophic bacteria [25].

.pymol.org).
2l
2H basidiomycetous hybrid B
peroxidases (basal clade)
[Class ||] basidio & ascomycetous
2G hybrid B peroxidases
LiP
\ APx-related chytridiomycetous hybrid B
metazoan ascorbate MnP plant secretory peroxidases
peroxidases RElcHigeses
fungaksecretory fungal
peroxidases hybrid B
fungal peroxidases
cytochrome ¢
; tous hybrid B
peroxidases CoP subfamily | peroxidases with WSC
fusion
[Class IIl]
*
CcP subfamily Il 2J
ancestral KatG clade
2F =P
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choanoflagellidal
eronitages (vasal) @ bacterial KatGs
@ 7]
4 Y ©
2D A7 k]
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algal& plant & &/ 8d oo
ascorbate peroxidases §/ 3 82 ,
° 88 catalase-peroxidases
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hybrid A peroxidases ’
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Fig. 1 Rooted maximum-likelihood tree in a circular polar form
reconstructed with 490 full-length sequences from the peroxidase—
catalase superfamily. Bootstrap values are presented in a color
scheme for the ML output: red >90, violet >70, blue >50, green >30.
Three main classes and distinct subfamilies are highlighted. Node
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labeled as Asterisk is the evolutionary step where the two-domain
structure and the bifunctionality were lost (see the discussion in the
text). Arrows with number 2 and alphabets indicate the phylogenetic
position of particular sequences analyzed in Fig. 2 (with exception of

Fig. 2e which is a pseudogene)
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Catalase—peroxidases are homodimeric oxidoreductases
having a two-domain monomeric structure with a func-
tional N-terminal heme-containing domain and a C-termi-
nal domain without prosthetic group. KatGs are bifunc-
tional having both a (pseudo-) catalase activity [5] and a
broad peroxidase activity [26, 27]. From the planctobac-
terial branch, a major KatG clade [28] and minor KatG
branches evolved (Fig. 1). The major KatG clade includes
sequences from all bacterial phyla but also fungal katG
genes. Among fungal KatGs the majority is located intra-
cellularly (either in the cytosol or in peroxisomes) [29].
A smaller second group contains signal sequences for
secretion [8]. The further evolutionary development of the
catalase—peroxidase superfamily led towards (so far) puta-
tive KatGs from eukaryotic photosynthetic Algae and het-
erotrophic Stramenopiles positioned still within the minor
KatG branches.

The next important evolutionary branching beyond
bifunctional KatGs proceeded first in direction of hybrid-
type Al peroxidases that formed the basis for the evolu-
tion of three important groups within Class I, namely
minor hybrid-type clade A2, ascorbate peroxidases from
Algae and green plants and cytochrome ¢ peroxidases from
Opisthokonts phyla Choanoflagellida and Fungi (Fig. 1).
Importantly, very soon in the evolution of the catalase—
peroxidase superfamily (but already in the early eukary-
otic world) at the beginning of the evolution of hybrid-type
A peroxidase a common ancestor (labeled as * in Fig. 1)
of fungal Class II peroxidases (including manganese and
lignin peroxidases) and recently discovered and rare meta-
zoan ascorbate peroxidases as well as of Class III per-
oxidases segregated. Most probably at this stage the two-
domain structure typical for ancestral and modern KatGs
disappeared by losing the (heme-free) domain (Fig. 2).

Besides KatGs only very few representatives of Class
I are composed of two domains (Fig. 2c). Inspection of
sequence suggests that in these rare cases both domains
most probably are able to bind the prosthetic group (see
following discussion of hybrid-type A peroxidases). There
are also some examples of the occurrence of peroxidase-
like domains lacking both the distal and the proximal his-
tidines and thus (most probably) the heme group (Fig. 2e).

More typically, most known ascorbate peroxidases
(APxs) (Fig. 2b, d) and all known cytochrome ¢ peroxi-
dases (CcPs) (Fig. 2f) are single domain proteins having
lost the ancestral C-terminal domain. This is also true for
all currently known members of Class II and Class III
(Fig. 2g—j) that reveal a high overall sequence similarity
with the N-terminal domain of the ancestral KatG. The
high level of evolutionary conservation of the heme per-
oxidase domain is obvious by comparison of the available
X-ray structures (Table 1) of selected members as depicted
in Fig. 3. The typical conserved 12-a-helical bundle [30,

A: BpKatG1 - 2 distinct peroxidase domains - Proteobacteria
[} []

heme binding no heme

B: LmAPXCcP - single peroxidase domain - Excavata

C: EgrAPxCcP - 2 similar peroxidase domains - Excavata
[} [} [] []

heme binding

D: PsAPx1 - single peroxidase domain - Viridiplantae
[} [}

heme binding

E: CreAPx1 - single peroxidase domain - Chlorophyta

probably no heme

F: SceCcP - single peroxidase domain - Fungi
[] (]

L

G: CaroAPx1 - single peroxidase domain - Metazoa

H: PcMnP1 - Class Il single peroxidase domain - Fungi

I
-~ O

P(1c) - Class lll single peroxidase domain - Viridiplantae
[}

[

: NcHyBpox1- fusion peroxidase & WSC domain - Fungi
(] []

heme binding unknown function

100 AA

:

Fig. 2 Schematic presentation of monomer organization in typical
representatives of various classes of the peroxidase—catalase super-
family. LP leader peptide, SP signal peptide, WSC carbohydrate
binding domain (for water-soluble carbohydrates), aa amino acid.
Abbreviations of peroxidase names correspond with PeroxiBase.
Rhomboids indicate positions of distal and proximal histidines

31] with low content of B-strands did not change signifi-
cantly during evolution.

Peculiarities of hybrid-type A peroxidases

The investigation of hybrid-type A peroxidases (abbrevi-
ated as APx-CcP in PeroxiBase) started recently since it
was found that they represent the missing link between
ascorbate and cytochrome c¢ peroxidases (Fig. 1). The
presented detailed phylogenetic reconstruction (Fig. 4)
additionally underlines that hybrid-type A peroxidases
are also among first descendants of bifunctional catalase—
peroxidases. Upon losing the (KatG-typical) C-terminal
domain as well as the ability to dismutate hydrogen perox-
ide they became monofunctional peroxidases. It has been
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BpKatG1
(Proteobacteria)

LmAPx-CcP
(Excavata)

Fig. 3 Three-dimensional structures of representatives from all
classes of the peroxidase—catalase superfamily. a, b Class I peroxi-
dases, ¢ Class II and d Class III peroxidases. a Two-domain mono-
meric structure of KatG from Burkholderia pseudomallei (PDB
accession code: IMWYV, b hybrid-type Al peroxidase from Leish-
mania major (PDB code: 3RIV), ¢ manganese peroxidase from

demonstrated frequently that ancient enzymes were pro-
miscuous and thus multifunctional before evolving more
specialized catalytic functions later during evolution [32].
The multiple structural sequence alignment depicted
in Fig. 5 suggests that the bifunctional activity of KatGs
[5] has been lost stepwise. This can be exemplified by
inspection of two representative hybrid-type A peroxi-
dases, namely EgrAPx-CcP and LmAPx-CcP (Fig. 5).
The (pseudo-) catalase activity of KatGs is based on the
presence of a redox active cofactor, a post-translation-
ally formed Trp-Tyr-Met adduct in close proximity to the
heme group (BpKatG numbering: Trp111-Tyr238-Met264,
Fig. 3a) [33]. Tyrosine 238, which is essential for the
H,0,-degrading activity of KatG [34, 35], is located on the
KatG-typical large loop LL1 that also contributes to the
architecture of the substrate channel [5]. Both hybrid-type
A peroxidases, EgrAPx-CcP and LmApx-CcP, have lost
this large loop including Tyr238 (Fig. 5b) as well as the
C-terminal part of large loop LL2 (Fig. 5c). Thus, they are
not able to form the covalent adduct [10]. In LmAPx-CcP
Met264 is substituted by a leucine, whereas in all hybrid-
type A peroxidases Trplll is fully conserved together
with the catalytic residues His112 and ArglO8 (BpKatG

@ Springer

HRP(1c)
(Viridiplantae)

Phanerochaete chrysosporium (PDB code: IMNP) and d Armoracia
rusticana (horseradish) peroxidase (PDB code: 1ATJ). Color code:
N-terminus is depicted in blue, C-terminus in red. In addition, the
heme b group and essential distal and proximal residues are depicted.
The violet sphere in (c¢) represents a bound manganese cation. Abbre-
viations of peroxidase names are taken from PeroxiBase

numbering Fig. 5). The histidine—arginine pair is found in
all (mono) functional peroxidases of the catalase—peroxi-
dase superfamily and is important for the heterolytic cleav-
age of H,0, in compound I formation [36]. The proximal
heme architecture including the triad His279—Asp389—
—Trp330 (and the H-bonding network between these resi-
dues) of hybrid-type A peroxidases is still very similar to
that of KatGs [37].

Hybrid-type A1 peroxidase from Leishmania major has
been investigated in detail demonstrating that it can use
both ascorbate (as monofunctional APx) and cytochrome
¢ (as monofunctional CcP) as electron donors (Reaction 2)
[38]. The elucidation of its X-ray structure [30] confirmed
its intermediate position between ascorbate and cytochrome
c peroxidases (see Fig. 3b and discussion below).

Hybrid-type A heme peroxidases form a small group
within lower single cell eukaryotes (Fig. 1). Phylogeneti-
cally, they can be subdivided in the basal subfamily Al
from Trypanosomatids and subfamily A2 from Rhizaria
and Excavates (Fig. 4). The latter evolved in parallel with
monofunctional ascorbate peroxidases. Sequence analysis
suggests that hybrid-type A peroxidases are mostly non-
secretory oxidoreductases which is reminiscent of most
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90 LinfAPx-CcP Leishmania infantum 6389|303AA.

ool L i o Excavata
. . LmAPx-CcP Leishmania major 2334 PDB:3RIV|303AA.
. intracellular_hybrid A1 LbraAPx-CcP Leishmania braziliensis 6390[305AA.
7 clade TcrAPx-CcP1 Trypanosoma cruzi 2308|328AA. , . :
100~ TcrAPx-CcP2 Trypanosoma cruzi 2480|328AA. (Klnetoplast|da)

65 PsAPx1 Pisum sativum 2462 PDB:1APX|250AA.
45 MtAPx1 Medicago truncatula 3509|250AA.
VUAPx1 Vigna unguiculata 2429|250AA.
2 GmAPx1 Glycine max 1954 PDB:10AF|250AA.

66
2
I— AhAPx1 Arachis hypogaea 2871[250AA. Viridip|antae

LjAPx1 Lotus japonicus 2980|250AA.

Eudicotyledons

63 PamAPx1 Pennisetum americanum 3949|250AA.
ZmAPx5 Zea mays 995|250AA. M
onocotyledons
99 100 BdiAPx2 Brachypodium distachyon 7848|250AA. y
sl — HVAPx2 Hordeum vulgare 2148|250AA.
[ PpAPXx1 Pi inaster 2579|249AA.
. B PAPx1 Pinus pinaster 2579|249, Gymnospermae
62 WmAPx2 Welwitschia mirabilis 2776|251AA.
100 NhyAPx3 Nitella hyalina 7747|247AA. Ch r h t
NhyAPx6 Nitella hyalina 11148|247AA. a Op y a
2 Ji CatmAPx1 Chlorokybus atmophyticus 7705|307AA. Vi rid i plantae

KfIAPx4 Klebsormidium flaccidum 7735|299AA.

. = 8 63 LuAPx79 Linum usitatissimum 12042|285AA. .
monofunctional % L maP3 Giycine max 2226267AA. Eudicotyledons
ascorbate 86 I_fi ZmAPX3 Zea mays 6379[290AA.
peroxidases 21] e LE AcAPx4 Allium cepa 2608 peroxisomal|288AA. Monocotyledons

87 ZmAPx4 Zea mays 6706|289AA.
McAPx6 Mesembryanthemum crystallinum 2495|260AA.

g | [ MbrAPx2 Monosiga brevicollis 11126|253AA. Choanoflagellate
36

CspAPx1 Chlamydomonas sp. 1957|319AA. Chlorophyta

100 PyAPx Porphyra yezoensis 2406|242AA.
PhaiAPx1 Porphyra haitanensis 7312|242AA. Rh fo) d Ophyta

44 CcriAPx1 Chondrus crispus 2631|237AA.

77 \_[ GpAPx Galdieria partita 2446|247AA.
] 96 GsAPx2 Galdieria sulphuraria 2567|290AA.
63 MbrAPx1 Monosiga brevicollis 6306|287AA.
OtAPx Ostreococcus tauri 7145|815AA. Chlorophyta
MpuAPx Micromonas pusilla 11130|339AA.
SAspAPx Salpingoeca sp. 11129|339AA.
CreAPx2 Chlamydomonas reinhardtii 1958|327AA. Viridiplantae
VcaAPx3 Volvox carteri 8562|326AA.
SmAPx4-1 Selaginella moellendorffii 7200[407AA. .
SmAPx4-2 Selaginella moellendorffii 7201|407AA. LyCO p0d 10 phyta
CkAPx1-2 Cucurbita cv.Kurokawa Amakuri 1903|372AA.

NtAPx2 Nicotiana tabacum 3946 PDB:11YN|295AA. Eudicoty|edons

= LTE TaAPx2 Triticum aestivum 2592|348AA.
[ CsubAPx1 Coccomyxa subellipsoidea 11186|304AA. Chlorophyta
B CmeAPx1 Cyanidioschyzon merolae 2611|376AA. Rhodophyta
59 BnaAPx-CcP2 Bigelowiella natans 11106|271AA. Rhizaria
hybrld A2 ,_[ PparAPx-CcP1 Prymnesium parvum 2453|279AA. Haptophyta
Clade 38 |_,— BnaAPx-CcP1 Bigelowiella natans 2510|304AA secr. Rhizaria
39 L[ EgrAPx-CcP1 Euglena gracilis 7277|649AA. Excavata
42 TpsAPx-CcP1 Thalassiosira pseudonana 2557|265AA. Stramenopiles
T 98 MbrCcP Monosiga brevicollis 11127|267AA. Choanoflagellate
CCP basal 2| L SAspCcP Salpingoeca sp. 11128|323AA. Lycopodiophyta
Su bfamlly L IgCcP1 Isochrysis galbana 2287|300AA. Haptophyta

Fig. 4 Details of the phylogenetic tree (Fig. 1) focusing on the corresponding ID numbers are taken from PeroxiBase. Subcellular
hybrid-type A peroxidase clades. Obtained bootstrap values are pre- location of hybrid A peroxidases is indicated
sented for the ML method. Abbreviations of peroxidase names and
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bacterial KatGs which are their predecessors. Only the
circozoan Bigelowiella natans reveals two paralogs with
one being presumably secreted to cope with environmen-
tal stress (highlighted in blue in Fig. 4). This marine alga
of secondary endosymbiotic origin contains a battery of
oxidoreductases all possessing signal/leader peptides
[39].

Among hybrid-type A2 peroxidases a unique dimeric
two-domain structure is found in the peroxidase of
Euglena gracilis (EgrAPx-CcP1). At first sight, this
resembles the two-domain structure of KatGs (Figs. 2a
and 3a), but it has been demonstrated that both domains
bind heme and exhibit peroxidase activity [40]. This two-
domain peroxidase is localized in the cytosol of Euglena
gracilis [40]. All other currently known hybrid-type A
peroxidases do not contain a second heme-binding per-
oxidase domain.

A

Large diversity within clades of ascorbate and cytochrome
¢ peroxidases

As outlined above, ascorbate peroxidases are evolutionary
descendants of hybrid-type Al peroxidases (Fig. 4). The
main physiological role of modern APxs is hydrogen per-
oxide reduction by concomitant oxidation of ascorbate to
monodehydroascorbate according to Reaction 1. The early
segregating APx clade containing only microalgal repre-
sentatives is strictly intracellular as are their direct prede-
cessors. In the descendant clades from green and red alga
and higher plants most representatives are located either in
the cytosol or in the plastids, but few members reveal also a
peroxisomal location (e.g., AcAPx4 and ZmApx4) [41]. As
monodehydroascorbate reductase is also partially localized
in protistan and plant peroxisomes [42] this organelle could
also possess an efficient ascorbate-recycling system.

lhhhhhhhhhhht | m [hhhhhhhhh

BpKatG1l (Proteobact) : f\YRT--A----DGR------| A-GEGQQRFAPIEN - SWPDNA— -NLDKARRLLWPIKQKY----- GRAIF 1174
PstaKatGl (Planctomyc) : [YRV--T----DGR------ -SYGTQRFAPIEN - SWPDIYA - -NLDKARRLLWPIKQKY - - - -~ GNKIf :236
EcoHPI (Proteobact) : [YRS--I----DGR------ -GRGQQRFAP] —SWPD#@——SLDKARRLLWPIKQKY ————— GQKIH :168
SeKatGl (Cyanobacte) : YRI--A----DGR------ A-GTGNQRFAPIEN - SWPDINT - -NLDKARRLLWPIKQKY - - - - - GNKL§ :157
MtuKatGla (Actinobact) : YRI--H----DGR------ A—GGGMQRFAP —SWPDNA——SLDKARRLLWPVKKKY ————— GKKL§ :170
HmaKatG1l (Euryarchae) : YRT--A----DGR------ A-AGGRQRFAPJIN - SWPDIYA - -NLDKARRLLLPIKQKY - - - - -

Ascomycete [YRA--M----DGR------ G-GMGQORFAP] —SWPD%S——NLDKARRLIWPIKQKY —————
EgrAPx-CcP YDR--A----SGT------ P-RAA QYPGGEA—AHGANA ——————
LmAPx-CcP YDC--F----KKD------ SPNSA
PsAPx1 (Viridiplan) : FDS--K----TKT------
GmAPx1 (Viridiplan) : --G----TKT------ €
NtAPx2 (Viridiplan) : [YNK--NIEEWPQR------ A SIER FDVEIRK
SceCcP (Ascomycete) : ---- DK--H----DNT------
CaroAPx1l (Arthropoda) :---RVLVPSIYLVIPBCV------------------ -~ D{eC - IBA :106
PcMnPl (Basidiomyc) : ---- IPEATATSR - - SQGPKAG- - - - - - - €A - :132
PcLiP5 (Basidiomyc) :---- 12 STATSPAMEAKGKFGG- - - - - -
ArMnP (Basidiomyc) : 1WA TIGFSPALTAAGQFGG- - - - - -

BdeHyBpox1l (Chytridiom) :

GprHyBpox1 (Chytridiom) : Q----AGT------¢lel,-DGEJRLF - - EVE - -RGENG- - €D-AFNATFKFFRNFY - - - - -

TasHyBpox1 (Basidiomyc) : A----AGT------[eleV-]pGSRIDY - - EI#D- - FEENK - -[€T -AFPSVMTQYKFYQ- - - - -

AbHyBpoxl (Basidiomyc) : D----NGT------€eleL-BGERVY - - E#G - -REENL- - SI -GFNQSLTDFEAFP-----

CcinHyBpox (Basidiomyc) : D----DGT- - - - - -(¢eM-|BGERVY - - ElfG - -RAENF - - €S -GFNQTLGDFENFP- - - - - :135
DsHyBpox (Basidiomyc) : E----DGT------ SRIOF - - EQD - -RPEWA - - (€N -GFFNALRHLQLGI - - - - - IIGAK:135
HanHyBpox1 (Basidiomyc) : E----AGT------ G I—D‘SITF——ETD——RAE#@ ————— IFGTV:135
LbiHyBpox (Basidiomyc) : N----NGT------ GGIIRDEST) Y——EHD——RPE!F—— L-GFNQTASDFENYP----- :132
MperHybPox (Basidiomyc) : S----TGT------ D‘SLRY--ELD—-RPE#V—— IALNGTFGFFSGFQ----- :131
PstrHyBpox (Basidiomyc) : A----AGT------ F--EYT--RPENS--€Q-AFPDSFNYWKYYV----- :138
ScomHyBpox (Basidiomyc) : D----DEl------ IDASIIRLWEEQA - -RAENP - - €T -HFNNSVVFVAGAV - - - - - DRHFY :137
ShirHyBpox (Basidiomyc) : E----KGT------ S-AMNDSLAFFAPYV----- ISVV:138
CgHyBpox2 (Ascomycete) : E----AGI------ YHAFTDSLLFFADFM- - - - - :136
CtheHyBpox (Ascomycete) : Y----TGV------ P-GHRTSLEFYANYL----- :132
EfeHyBpox (Ascomycete) : F----FKT------¢eL-pASRQY - - El#D - -NGENT - -€P-GHRTTCKFMAPYV- - - - - :131
FoHyBpox1l (Ascomycete) : K----AGT------€eL-BASEYW - -ESS- -RPENP - -€K-AFNNTFGFFSGFH- - - - - :130
GzHyBpoxl (Ascomycete) : K----AGT------€eL-BASIEFW- -ETT - -RAENP - - €K- AWNNTFGFFDGFY - - - - - :130
MagHyBpox1 (Ascomycete) : A----AGT------€leT-DALMFY - - EYA - -RSENA - -€A - AFNSTFGDLAEFH- - - - - :132
MagHyBpox2 (Ascomycete) : Y----FGT------(¢el,-BGEI#QY - - EIfN - - SGENT - - €P-GLRTTLSFLGGFV--- - - 1135
ManiHyBpox (Ascomycete) : F----FKT------¢eL-pGERQY - - EIfD - - NGENT - -€P-GHRTTMNFMGPYV- - - - - :131
MpoaHyBpox (Ascomycete) : Y----FGT------ IDASIFQY - - Ej#N - - SGENA - - €P-AFASTFKFLGEFL----- :132
MthHyBpox1 (Ascomycete) : Y----FGT------ EE 77777 :133
NcHyBpox1l (Ascomycete) : V----FGT------ IDAIFOF - - EI#T - -NGENT - -€P-GHNTTLRFLANYY - - - - - :132
PanHyBpox1 (Ascomycete) : F----FDR------ Dg ————— IWMIAAGAY : 137
PnoHyBpox1 (Ascomycete) : T----TKI------ A -ALNSTLADISSLV----- TTRSEANDARAIRSTV : 130
SsclHyBpox (Ascomycete) : E----T@L------ (GGIIDINS T S-AFNGTFGFTNNYA- - --- SIKSH DLLRMSVV:lBl
StheHyBpox (Ascomycete) : Y----FGT------ EE —————

UrHyBpox1l (Ascomycete) : F----TGI------ DIASL Y——ELGGNGGENI—— —————

VaaHyBpox (Ascomycete) : G----AGT- - - - - -[¢lell, - GENIWF - - EI#N - - RAENG - - €L, - AFNNTFNFFNYLY - - - - -

TpsAPx-R (Stramenopi) : S----SSTSFAAFS[EEP

AruPrxlc (Viridiplan) :RSDPRIAASTIARLHJPBCFVNGC------- DAS------ILL-BNITSFRTEKDAFGNANSAREFPVIDRMKAAVESAC- - - - -

Fig. 5 Selected parts of structural multiple sequence alignment of
48 members of the peroxidase—catalase superfamily. This align-
ment demonstrates both high conservation of the active site residues
as well as some variability. a Region including residues at the dis-
tal heme side, b region of the large loop, ¢ region including resi-
dues at the proximal heme side. Secondary structural elements taken
from the 3D structure of KatG from Burkholderia pseudomallei

@ Springer

(BpKatG, PDB code IMWYV) are depicted (& helix, e strand, ¢ turn).
Essential residues involved in catalysis are labeled as “*” and those
residues that were involved in catalysis but later during the evolution
mutated as “.” residues discussed in the text are labeled with arrows.
Sequences with known 3D structures are in bold. Parameters for the
alignment are described in the Sect. “Materials and methods”. Abbre-

viations of peroxidase names are taken from PeroxiBase
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B coccffete = e

BpKatGl (Proteobact):FA G DTWEP EDVYWGSEKIWLELSGGPNSRYSGDRQ------- LENPLAAVQMGLIYVNPE: 242
PstaKatGl (Planctomyc) : FAGENEBRVWEPQEDIYWGPESEWLG----- DKRYSGDRS------- LEKPLAAVQMGLIYVNPE:300
EcoHPI (Proteobact) : FGAGNEBRVWEPDLDVNWGDEKAWL - - - - - - THRHP-EAL------- AKAPLGATEMGLIYVNPE:230
SeKatGl (Cyanobacte) : FAFESEBIWHPEKDIYWGPEKEWVPPSTNPNSRYTGDRE- - - - - - - LENPLAAVTMGLIYVNPE:226
MtuKatGla (Actinobact) : FGFERVIBOQWEP-DEVYWGKEATWLG--- - - DERYSGKRD------- LENPLAAVQMGLIYVNPE:233
HmaKatGl (Euryarchae) : YAGENEBAFEEDKAVNWGPEDEFET - - - - - QERFDEPGE------- IQEGLGASVMGLIYVNPE: 222
MagKatG2 (Ascomycete) : FGGEINABTWQSDEAVYWGAETTFVP - -QGNDVRYNNSVDINARADKLEKPLAATHMGLIYVNPE : 277
EgrAPx-CcP (Excavata):FRPGEEI“SAREA ——————————————————————————————————————————————— VED:249
LmAPx-CcP  (Excavata) : FCWEVIBAKDGSVC - == == == == === o oo oo oo oo oo mmmmmmmmm oo oo oo oo GPD:158
PsAPx1 (Viridiplan) : FHREGEEBKPEP - - = = == == == === === ===~ =~~~ — = = — o o~~~ PPE:128
GmAPx1 (Viridiplan) : FHP@REBKPEP - - - - - = - = = = = m = —m oo oo o oo PPE:128
NtAPx2 (Viridiplan) :MKY@EVIBVTEPEQ- -~ === === === == === = = = — = m oo —m oo CPE:126
SceCcP (Ascomycete) :WRCENVIBTPED T~~~ = == = = = = = = = = = = = = = = m — —m —mm o m o m—mmmmm e m——— - - TPD:140
CaroAPxl (Arthropoda) :FREEEKIBCAS - - - - - - = - = - = - — —m m - oo oo oo oo oo~ SPVH:147
PcMnP1l (Basidiomyc) : FLA GNP KT IA- - - - - = - = - === = m —mm - m - m e m e m oo AVD:159
PcLiP5 (Basidiomyc) : FFT@EKDATOP - — = = = == == == == = == == == == — o — oo APD:169
ArMnpP (Basidiomyc) : FLTOWSNSSQP - = === - - - oo oo o oo oo SPP:170
BdeHyBpox1 (Chytridiom) : YSP@NIIBTTTPQ- -~ - - = - - = - - - = - === = m—m—mm o m o — o ——m———— oo~ TPI:163
GprHyBpoxl (Chytridiom) : LRV VAT VA - - - = = = = = = = = = - m — mm m — o m o m oo GPE:168
TasHyBpox1 (Basidiomyc) :MYH@NOBVEQN - - - = = = = = = = = = = = = = = = = = = - — —— — o — o — oo GGT:145
AbHyBpoxl (Basidiomyc) :FRGENIBANTA - - - - - - - - - - - - - — - mm - mm o mm e m o~ GDF:159
CcinHyBpox (Basidiomyc) : FRGEE I TFEA -~ = = = = = = = = = = = = = = = m = — m o m oo o e e GGF:161
DsHyBpox (Basidiomyc) : FRGENVIBATEA - - - - - - - === = - = - — - m —m oo oo oo GPP:161
HanHyBpox1 (Basidiomyc) : YRAGRIIBATGP - - - - - - === - = == = m — - m o oo oo o oo GSK:161
LbiHyBpox (Basidiomyc) :FRGEEIIBAYSA- - - - - - - - - - - - - oo oo oo m e m oo GNF:158
MperHybPox (Basidiomyc) : FRAGN I AKGP - — = = = = == = = = = = = = = = = m = — — o m o — oo GEA:157
PstrHyBpox (Basidiomyc) : ¥S A @B AT AR -~ ~ = = = = = = = = = = = = = = = = = = — oo GQF:164
ScomHyBpox (Basidiomyc) : YRGERIBATEP - - - - - - == == == == == —— — - — o m o m e m oo NNA:163
ShirHyBpox (Basidiomyc) : LRGERIBATEG- -~ - - - - - - = - = - = - - - mm oo oo oo oo GEF:164
CgHyBpox2 (Ascomycete) :FRGENIIBATEP - - - - - - - = - - = - - = - - = ——mm oo m oo m o m - GPF:168
CtheHyBpox (Ascomycete) : LRV KB AT AR -~~~ = === == = == == = == — = — o m oo GPL:158
EfeHyBpox (Ascomycete) : FRACNRIB AT AR - -~ = = == == = = = = = = = = = = = = = = e — e — oo - GAL:160
FoHyBpoxl (Ascomycete) : FRAGEIIBAY KA~~~ = = === == === == = o o o oo oo GPA:156
GzHyBpoxl (Ascomycete) :FRA@GNIIBAGKP - - -------- - - - oo oo oo GPS:156
MagHyBpox1l (Ascomycete) : FRACRVIB ATE A - - - - - = - - = = - = = - = = = — — — o m— o m e m oo GPA:158
MagHyBpox2 (Ascomycete) : VRV VI A TS A - - = = = = = = = = = = = = = m o m o oo GAI:161
ManiHyBpox (Ascomycete) : IRACII AT AR - - - - - — - - — = - = === === = == ———m o m— e — oo GAL:157
MpoaHyBpox (Ascomycete) : VRAGINKIB AT EG -~ = = == == === === == = == = — — o m o oo GAL:158
MthHyBpox1 (Ascomycete) : LRI NKIB AT TA - = = = = = == = = = = = = = = = = = = — — = m o oo oo GSA:159
NcHyBpoxl (Ascomycete) : L RUEKIBATSS - - - - - = - - - - - - - - m oo oo o oo oo o oo GST:158
PanHyBpox1l (Ascomycete) : LRLGKIB AL TA - -~~~ - == === == ===~ = —— —— o m oo oo GSS:163
PnoHyBpox1 (Ascomycete) : LRI OKIB AT E A - - - = = = = = = = = = == = = = = - — o — o oo GIK:156
SsclHyBpox (Ascomycete) : FRAGTIBAVOA - — — = = = = = = = = = = = = = = = = = = = o oo GVP:157
StheHyBpox (Ascomycete) : LRIGEKIBA T T A - - = = = = = = == = = = = = = = = — = = — o e e oo GSA:159
UrHyBpoxl (Ascomycete) :VREGRIIPATSR - - - -~ - - - - - - - - - - - - - oo oo oo~ GPV:161
VaaHyBpox (Ascomycete) :FRHORKIBAAQA - - = === == — = — = = — = = = = = = = — — —— ——m ——m— o —— - — - - - - - - GPA:160
TpsAPx-R (Stramenopi) : IRIGERBATKA - - - - - - = - - - oo oo oo DERNRRNNLQSDTTRS :147
AruPrxlc (Viridiplan) :VPL@RBSLOAF LD -~ == === === === == = m o m o m e e — oo LAN:165

Fig. 5 continued

The physiological role of ascorbate from cyanobacte-
ria through alga towards higher plants has undergone an
interesting stepwise evolution serving not only as a major
cellular water-soluble antioxidant and cofactor for many
enzymes but also as a growth regulator and signal trans-
ducer [43]. The significant higher concentration of ascor-
bate in plants compared to cyanobacteria [44] was directly
connected with the amplification of genes encoding both
APxs (cf. PeroxiBase) and dehydroascorbate reductases
Ascorbate peroxidases have neither a reasonable
H,O, dismutating activity (like KatG) nor can they use
cytochrome c¢ as electron donor (as CcP). The substrate
ascorbate binds at the y-heme edge through hydrogen

[42].

Class II and Class III peroxidases).

bonds to conserved basic residues (typically lysine and
arginine) and a heme propionate [45]. The proximal tryp-
tophan (of the His-Asp-Trp triad) is (in contrast to CcP)
not redox active [46]. During evolution of APx the distal
tryptophan was changed to phenylalanine (as found in most

The present analysis has also shown that several APx
genes in Chlorophyta and higher plants lack most of
the essential residues for heme binding and/or catalysis
(Fig. 6a, b). This is in contrast to the hybrid-type A2 per-
oxidase from Euglena gracilis (EgrAPx-CcPl) with its
unique structure of two functional domains [40]. This leads
us to the hypothesis that right at the level of segregation
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) !
C hht hhhhhhht hhhhhhhhhh
BpKatGl (Proteobact) :([€PDG DPVAAA - - RDIRDTIFAR - MAMN - DEET\YAIR TIACERR F] KTHGA~—GPASNVGAEPEAAGIEAQGLGWKSAYRTGKGADAITSGLEVTWTT PT:335
PstaKatGl (Planctomyc) :[€PNGKIFDPLAAA--RDIRETIGI{-MAMN -DEET] ALIR €UIF€KAHGA - -GPASNVGPEPEAAPIEEQGLGWKNKFGKGKGGDTITSGLEGAWTTHEPT : 393
EcoHPI (Proteobact) : PDHSGEPLSAA*fAAIRATFGNfMEMNfDEET ALIR GHTL: KTHGA*fGPTSNVGPDPEAAPIEEQGLGWASTYGSGVGADAITSGLEV@wTQ PT:323
SeKatGl (Cyanobacte) : DGNJ§DPLKTA - -HDVRVTIFAIN - MAMN - DEET] ALTE

€IsHRYEK CHGN - - GNAALLGPEPEGADVEDQGLGWINKTQSGIGRNAVTSGLEGARTPHPT : 319

GHT] KTHGA*fGPADLVGPEPEAAPLEQMGLGWKSSYGTGTGKDAITSGIEV@wT PT:326
HmaKatG1l (Euryarchae) :(€PDGN)FDPEASA - - KNIRQTI}g 3- MAMN - DKETAAMIE
MagKatG2 (Ascomycete) :[€PNGTISDPAASA - - KDIREAIIGIN - MEMN - DTETHAMI

€Y@ KVHGA - DDPEENLGPEPEAAPTEQQGLGWONKNGNSKGGEMITSGIEGPRTQOSPT: 316

MtuKatGla (Actinobact) :([€PNGI PDPMAAA**VDIRETFE‘fMAMNfDVET"LIV
€IZIAFEKTHGA - -VKGSNIGPAPEAADLGMOGLGWHNSVGDGNGPNQMTSGLEVIWTKINPT : 370

EgrAPx-CcP (Excavata) :DATRGP——DHLR.A F €LS-DGEI ‘L

LmAPx-CcP (Excavata) : M5DGSKTQ- - SHVREVIRIY (AT GA - EICEECHIE - 1213
PsAPx1 (Viridiplan) :€R--MEDATKGS - -DHLRDVf KKW Al - SCERGRREA AHKE - 1184
GmAPx1 (Viridiplan) :[€R- -IM¥DATKGS - - DHLRDVJGIAM AL CizieNN\HKE - - - - - - - - - :184
NtAPx2 (Viridiplan) :[€R- -M¥DAGPPSPAQHLRDV}J AL Alz§§¥ER SRPDRSGWGKPETKYTKDGPGAPGGQS - - :200
SceCcP (Ascomycete) :[€R- -IN§DADKDA - - DYVRTFIOIR yﬂg IEAMEKTHLK- -~ - - - - - - NSGYEGP--------- :196
CaroAPx1 (Arthropoda) : NDTFp#5SPFSNS - - SSLFPWI§KENFNFK - PNQ' eV e - - - - ---------- KA--GSP---------------—----—-———————- :197
PcMnP1l (Basidiomyc):EL——IPEPQDSV——TKILQ'FEDAG@FT—PFE SLLES—HS ARADKV-------- DQTIDAAP---~---~-=---=---=---—--———————-——~ :216
PcLiP5 (Basidiomyc) :[€L- -\Y§EPFHTV- -DQI IARVNDAGEFD- ELEL\YWNIL.SA - 5EE8YAAVNDV - --DPTVQGLP- - :226
ArMnP (Basidiomyc) : SL- -p#5GPGNTV - - TAILDRMGD - AleF'S - PDEV\YDI#LIA - 1sE#ASQEGL - - - - - - - - NSATFRSP :226
BdeHyBpox1 (Chytridiom) : (VI#VTGSEEIMEG THAA - -NSPQLTNKSYIP- -~~~ -~~~ -~ 1224
GprHyBpox1 (Chytridiom) : ACeSUNNEGVHGE - - DFPTLVPPSAGIPNNFSH 1235
TasHyBpox1 (Basidiomyc) : Ce)UNMEGVHAN - - - - - - - INGHITSQPYHH-----------mmmmm oo m oo :206
AbHyBpoxl (Basidiomyc) : VTSA--DEPDIVPPGNDPSKPTIVD---- :226
CcinHyBpox (Basidiomyc) : ACeUNi€GVRSE - -EFPQLVPPGPDPSVMVIQD- - - - :228
DsHyBpox (Basidiomyc) : F&@GVQHS - -AFPDTVPLPAGVDDVSQT----~-~---~-----------—--— -~ :227
HanHyBpox1 (Basidiomyc) : ACe RN eGVHEQ - -DFSTIVQGETNADNNTSGMQH- - - - - ==~ ----------- -~ :230
LbiHyBpox (Basidiomyc) : IKIFVIACEUNIECVRSS - -DFPELVPAGPDPNVPNIAN- - - - :225
MperHybPox (Basidiomyc) : ANVIACENIeGVHGN - -DFPEITGNNSEESFPK------ - :221
PstrHyBpox (Basidiomyc) : IS—QTD‘I!LTRCGHTV SVHHA - -GFPLVVGTDAVNANNTQGGIN- - :233
ScomHyBpox (Basidiomyc) : 1231
ShirHyBpox (Basidiomyc) : A 1233
CgHyBpox2 (Ascomycete) : 1229
CtheHyBpox (Ascomycete) : 1220
EfeHyBpox (Ascomycete) : 1225
FoHyBpoxl (Ascomycete) : \CeRAEGVHSV - - DFPEIVGIKADPNNDTNVP - = = = = = == == === == == == == — = :223
GzHyBpoxl (Ascomycete) : ‘CGHELG 'VHSV - -DFPDVTGIKADPNNDTSVP- - - - :223
MagHyBpox1 (Ascomycete) : TRICElzigife SVHGD - - TNPDLVAGVGLDPHAPASIAT - - :227
MagHyBpox2 (Ascomycete) : ACEizuNNeGVHSV - -DFPDLVTPGSGGPNGVVG- - - - - :227
ManiHyBpox (Ascomycete) : QATRCGHTL 'VHQD - -EFPDLMPATGVVSGNVA------------------—mm o~ 1222
MpoaHyBpox (Ascomycete) : \CEiuNle SVHST - - EFPDIAPPGTGVNGAVP 1223
MthHyBpox1 (Ascomycete) : NCesusNeAVHST - -EFPQIVPANVGQIP--------- :221
NcHyBpoxl (Ascomycete) : TRCGHTLG 'VHSE - -EFPEIVPSGTGTNGQKQ :223
PanHyBpox1 (Ascomycete) : ACeUNNeGVHRT - -EFPNIIPAGVSNIP-----~----------—----—-—-—-—————- :225
PnoHyBpox1 (Ascomycete) : IRCGHSIG 'VNSV--DHPEIVSGPVSPENKAS------------------—---———— :221
SsclHyBpox (Ascomycete) : 1221
StheHyBpox (Ascomycete) : 1221
UrHyBpoxl (Ascomycete) : 1226
VaaHyBpox (Ascomycete) : :227
TpsAPx-R (Stramenopi) 1222
AruPrxlc (Viridiplan) :256

*

Fig. 5 continued

A distal region

CreAPx1 (Chlorophyt) :|¥LCIRVIBNSINADNDViREKee #—GSI TPEAIRAINSHNNEGIFE AKIRAKAILA ID"GAEDG‘GP—ISWADLINL"KVT;@SG:lBG
CsaAPx5 (Viridiplan) PLLLALND TYDKATKSGGGSIRFEIRPENAEL‘A IS]L T E)IAK Kio T DK GG Pl T S YADL I QLAAWGSEVINS TEREE]
LeAPx9 (Viridiplan) :|¥SIRETi®NS\s) TYDKATKTGGPN—GSIRFSSEISRPE ©FDARNENIRRNE SIONVIRY - - - LD S|eles - INNONDIMNQ FLVAQSENYK Sy : 190
MpAPx4 (Viridiplan) :|gDiUid®:Nsyis) TFDKETKTGGSN—GSIMF——ELERPEEEELEAA AINBAGIREADEES - - - AAS|Me/es> - ISR GIAQSYAT KRN : 197
SpraAPx2 (Viridiplan) :|§SFYLIFNESBAA NG eNNGEEN N - EShRIgN EIHFEISHWVAKIFK K VIEDISRINIASADINY - - - KDALEE) - INN N0 ' GCGRLAMISR: 198
VcaAPx1 (Chlorophyt) : SACURIRVIR DAETYDBATKTGGDGSI LPEIARSIISNNE#DV T WD KIMAQAIA KISNAGGAEDG S/l - IS\ MV IBVAKV TTOAQ : 195
PsAPx1l (Viridiplan) E\L}ILRLA HSIRGINY S Kiyigiele P - gy HOAIHRAHGANNEIRD TEYYRINHIDIRYEQF 108
SceCcP (Ascomycete) LVRLARNNSIE TWDKIzIDNTGGEN4EG TR ELS EFNDESIAGLQNGFKFLEPIH EF IEWIRS|SCIIRE SIEGGVERNYOEM : 119
B . .

proximal region

CreAPx1l (Chlorophyt :326

CsaAPx5 (Viridiplan TIXELIRAS 1323

LeAPx9 Viridiplan E‘LLES DPENLP———WI————QKYQRSRETVSETDYEVD ————— (V) :320

KYQISRETVSQTDYEVD
SpraAPx2 (Viridiplan

( )
( )
( )
MpAPx4 (Viridiplan) :
( )
( )
( )
( )

VcaAPx1l (Chlorophyt) :IIPTLVARWT - -AAAA - - - IBPIAEIREIRFVAQIBISAAIGKG - - MK - - - - @NMDIISINKIRVANR INDNGRIS) - - - - -
PsAPx1 Viridiplan) : QDMVAIRSGGHTIREAAHKERSGFIHGPWTE - NS ARIDNSYIZT - - - - IBLLTGENDGIL@LPSDKA- - - - -
SceCcP Ascomycete) :

Fig. 6 Multiple sequence alignment presenting peroxidase-like a Region of residues around distal histidine. b Region of residues
genes coding for variants of plant ascorbate peroxidase-like proteins around proximal histidine. Parameters for the alignment are described
that most probably lack the heme group. Sequences are compared in the Sect. “Materials and methods”. Abbreviations of peroxidase
with functional ascorbate peroxidases from P. sativum (PsAPx) and names are taken from PeroxiBase

yeast cytochrome ¢ peroxidase (SceCcP) with known 3D structures.

from bifunctional KatGs to monofunctional peroxidases  loosing functionality (Fig. 6). The occurrence of separated
(labeled with * in Fig. 1) the two-domain version might  (heme-free) KatG-like C-terminal domains still present in
have existed for some time before being separated and  some genomes (cf. PeroxiBase) supports this hypothesis.
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Table 2 Prediction of signal

. . X Peroxidase PeroxiBase ID Taxonomy Signal or leader sequence
and leader peptides in various length AA, (probability)
(sub) classes of the peroxidase—
catalase superfamily performed  AqAPpx 11256 Porifera S 19 (0.959)
with SignalP (http://www. -
cbs.dtu.dk/services/SignalP/) or AbHyBpox1 7607 Basidiomycete 21(0.592)

Targetp (h[[p//wwwcbsd[udk/ BnaAPx-CcP1 2510 Cercozoa S22 (0964)
services/TargetP/) BnaAPx-CcP2 11106 Cercozoa cytosolic (0.916)
CaroAPx1 7150 Ecdysozoa S 17 (0.959)
CgHyBpox1 5357 Ascomycete S 21 (0.646)
CgHyBpox2 5361 Ascomycete S22 (0.872)
CtheHyBpox 10136 Ascomycete S 20 (0.560)
GprHyBpox1 11620 Chytridiomycete S 29 (0.652)
MagHyBpox1 2621 Ascomycete S 19 (0.683)
MagHyBpox2 5356 Ascomycete S 22 (0.836)
Abbreviations of used sequence NcHyBpox1 5358 Ascomycete S 20 (0.589)
names and ID correspond to TasHyBpox| 11638 Basidiomycete $20(0.810)
PeroxiBase
TerAPx-CcP1 2308 Kinetoplastida Mt (0.881)

S secreted, Mt mitochondrial

Also monofunctional cytochrome c¢ peroxidases are
direct descendants of hybrid-type A peroxidases (Fig. 1).
Phylogenetic analysis suggested the presence of two CcP
subfamilies. At the beginning of CcP evolution choano-
flagellidal enzymes are found (Figs. 1 and 4). As expected
from their direct predecessors they are intracellular
enzymes and some of them are predicted (with high prob-
ability) to be targeted to mitochondria. Also the newly dis-
covered Stramenopiles CcP representatives like most of the
fungal CcPs of subfamily II [47] could be targeted to mito-
chondria. By contrast, CcP subfamily I [47] was predicted
as non-mitochondrial, probably cytosolic. As obvious from
here presented phylogenetic reconstruction this younger
subfamily could have evolved through the loss or modifica-
tion of the ancestral leader sequence.

In both CcP subfamilies the architecture of the heme cav-
ity seems to be well conserved (i.e., distal triad Trp-His-Arg
and proximal triad His-Asp-Trp). Cytochrome ¢ peroxi-
dases can neither dismutate H,O, nor use ascorbate as elec-
tron donor. In contrast to APx the proximal Trp (Trp191 in
SceCcP) is the site of entry for both cytochrome c electrons
when CcP follows Reaction 1. The physiological role(s) of
CcP is still under discussion. The enzyme from S. cerevisiae
seems to be a protective enzyme for aerobic metabolism
and is localized in the intermembrane space of mitochon-
dria where it consumes hydrogen peroxide generated in the
respiratory electron transport chain [48]. The physiological
role of cytosolic CcPs of subfamily I remains unclear.

Metazoan representatives of the peroxidase—catalase
superfamily

Originally this superfamily was always designated as “non
animal” or as “superfamily of plant, bacterial and fungal

peroxidases” [6, 7]. Our analysis clearly demonstrates that
a distinct clade of (putative) ascorbate peroxidases was
segregated very early in evolution (Fig. 1). It contains only
sequences from Unikonts/Metazoan lineages. Already
described symbiotic Hydra viridis ascorbate peroxidase
[49] belongs to this clade in addition to other sequences of
metazoan origin. Most of them are predicted as secretable
proteins (Table 2). Since all descendant clades including
Class II, Class III and hybrid-type B peroxidases (Fig. 1)
also contain signal sequences for secretion, this might
reflect an evolutionary turning point with respect to subcel-
lular targeting. In case of the marine sponges from the phy-
lum Porifera secretable peroxidases could help to combat
marine microbes that live in the same niche [50]. In sea lice
(i.e., copepod parasites of fish) these peroxidases might be
involved in coping with the immune defence reactions of
the host [51]. Whether ascorbate is the preferred electron
donor of peroxidases from this minor clade remains to be
verified experimentally as well as the eventual physiologi-
cal role of ascorbate in ancestral metazoan lineages.

Peculiarities of hybrid-type B peroxidases

Until now hybrid-type B peroxidases have been abbrevi-
ated as “APx-CcP” similar to their hybrid-type A coun-
terparts. However, it is obvious from sequence alignment
(Fig. 5c) and first available experimental data (unpub-
lished) that they are not able to use cytochrome c as elec-
tron donor. Their phylogenetic position is very far from
both clades of APxs and CcPs (Fig. 1). Moreover, the basic
residues responsible for ascorbate binding in APx at the
y-edge of heme [12] have partially been lost on the distal,
but mainly on the proximal side (Fig. 5a, c). At the same
time they have acidic Mn*>"-binding residues on the distal
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side (Fig. 5a) which are conserved in all Class I manga-
nese peroxidases [52]. The proximal heme cavity residues
are identical to those from Class III peroxidases (Fig. 5c).

An interesting variability in the peroxidase active site
among hybrid-type B occurs in the distal catalytic triad
(Fig. 5a). Instead of the usual, highly conserved motif
“Arg-X-X-Phe/Trp-His” “Arg-X-X-Tyr-His” is found in
several proteins, e.g., in basidiomycetous DsHyBpox, Han-
HyBpox, MperHyBpox, ScomHyBpox1l and ascomycet-
ous CgHyBpox2. Moreover, “Lys-X-X-Tyr-His” is found
in phytopathogenic Sclerotinia sclerotiorum hybrid-type
B peroxidase. Whether the modification of distal Trp/Phe
towards Tyr affects the catalytic properties has to be tested.
Whether a distal lysine might replace the arginine during
heterolytic cleavage of hydrogen peroxide has to be tested
too [53].

The present phylogenetic reconstruction demonstrates
that hybrid-type B peroxidases are a sister clade to Class
IIT and APx-related peroxidases (Fig. 1). We suggest to use
the extension HyBpox for all members of this subfamily in
future. The evolution of Class III peroxidases (including
the well-known horseradish peroxidase, HRP) was recon-
structed recently [54]. The main conclusion was that the
emergence of Class III peroxidases was connected with
the appearance of land plants as there were no members of
this otherwise abundant Class found among Chlorophyta
(green alga) so far. However, the present robust phyloge-
netic reconstruction points to a more complex scenario
(Fig. 1). There was a common ancestor of hybrid-type B,
APx-related and Class III peroxidases. Hybrid-type B per-
oxidases diverted early from the common node with Class
IIT and APx-related (putative) peroxidases. The latter were
separated later in evolution from the very abundant Class
III clade (so far more than 5,700 sequences of Class III per-
oxidases are deposited in PeroxiBase). Interestingly, APx-
related enzymes, which appear also in Bacillariophyta and
Chlorophyta, have lost their ability to duplicate [S55, 56].
This is in large contrast with typical Class III peroxidases
genes present only among Viridiplantae that underwent fre-
quent duplication events, giving rise to often more than 150
unique peroxidase genes in a single plant genome (e.g., Zea
mays cf. PeroxiBase).

Hybrid-type B peroxidases are found in all fungal phyla,
predominantly in phytopathogens. Their evolution occurred
parallel with that of Class III peroxidases of land plants.
Up to seven distinct clades of hybrid-type B peroxidases
(Figs. 1 and 7) can be distinguished. In the basal clade
for the whole hybrid-type B subfamily an enzyme from
the basidiomycete Trichosporon asahii is found, which
is a yeast-like fungus commonly inhabiting soils. It was
described as an opportunistic human pathogen [57].

The next descendant clade contains only sequences
from Agaricomycetes. So far among Agaricomycetes the
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expression of Class II peroxidases involved in lignin deg-
radation was studied intensively [14], the physiological role
of the hybrid-type B peroxidases is fully unknown. Interest-
ingly, up to ten gene duplicates of hybrid-type B are found
in a single fungal genome (e.g., in Gymnopus luxurians or
Galerina marginata, cf. PeroxiBase). Thus, hyBpox gene
behaves similar to Class III peroxidase genes in particular
genomes.

The next two clades (Fig. 7) comprise genes from both
Basidiomycetes and Ascomycetes. Thus, a lateral gene
transfer between different fungal phyla cannot be ruled out
so far. We have already an evidence from the EST data-
base (Table 3) that this type of peroxidase is expressed
in the basidiomycetous forest pathogen Heterobasidion
annosum. A more detailed inspection of the genomic and
transcriptomic context of these hybrid peroxidase genes is
needed. Genes from the aquatic plant degradative fungus
Gonapodya prolifera can be found in the small Chytridi-
omycete clade. Even more surprising is the position of
another chytrid peroxidase from the amphibian pathogen
Batrachochytrium dendrobatidis. 1t is closely related to
Cryptogam Class III peroxidases and basal for all APx-
related genes. The possibility of horizontal gene transfer of
the hybrid-type B peroxidase genes into and from Chytridi-
omycota genomes is probable. However, so far only a few
genes from this ancestral (and rather rare) phylum are
available to answer this question satisfactorily.

The 6th clade of hybrid-type B peroxidases comprises
dominantly ascomycetous representatives. Few basidi-
omycetous genes are present too. Most of the genes come
from phytopathogenic Sordariomycetes and there is already
evidence of their native expression from the EST database
(Table 3) mainly in various mycelia grown in minimal
media.

The last clade of the hybrid-type B peroxidase subfam-
ily only contains ascomycetous proteins from Sordariomy-
cetes; among them are also several variants from thermo-
philic fungi. Expression of peroxidases from this clade
was already verified by several EST entries, most promi-
nently in samples induced with oxidative stress (Table 3).
The length of their overall open reading frame is at least
twice as long as compared to hybrid-type B peroxidases
described above due to the presence of a unique C-termi-
nal fusion with WSC domain(s). The latter are classified as
PF01822, i.e., a putative carbohydrate binding domain [58].
WSC domain contains up to eight conserved Cys residues
that might form several disulfide bridges [59]. It is present
only among eukaryotes, mainly in fungal exoglucanases
but also among related proteins of higher metazoans.
Genetic analysis revealed that WSC proteins are upstream
regulators of the stress-activated PKC1-MAP kinase cas-
cade [60]. Figure 8 depicts a multiple sequence alignment
of WSC domains in fused hybrid-type B (HyB) peroxidases
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Fig. 7 Details of phylogenetic
tree (Fig. 1) of hybrid-type B
peroxidases. Obtained bootstrap
values are presented for ML
method. Abbreviations of per-
oxidase names and correspond-
ing ID numbers are taken from
PeroxiBase. Those sequences
where mRNA was detected
(EST database) are labeled in
bold

r a 8
LameHyBpox1 Laccaria amethystina 11734|593AA.
LbiHyBpox Laccaria bicolor 6534[600AA.
HeyHyBpox2 Hebeloma cylindrosporum 11907|610AA.

GmarHyBpox10 Galerina marginata 11919|608AA.

CeinHyBpox1 Coprinopsis cinerea 5365[602AA. idi

AbHyBpox1 Agaricus bisporus 7607|597AA. Bas Id Iomycetes CIade
AbHyBpox2 Agaricus bisporus 7608|604AA.

GmarHyBpox3 Galerina marginata 11911]602AA. solely
MperHyBpox2 Moniliophthora perniciosa 10774|499AA.
GluxHyBpox1 Gymnopus luxurians 10644|535AA.

GluxHyBpox3 Gymnopus luxurians 10645|465AA. i
GluxHy @8 G l:ls luxurians 10850|515AA. Agarl comycetes

HyspHyBpox1 Hypoxylon sp. 11943|550AA. A
HyspHyBpox3 Hypoxylon sp. 11759|550AA. S Y rd ariom ycetes

HanHyBpox1 Heterobasidion annosum 10572|536AA. Ag a ri co mycet es
CgHyBpox2 Chaetomium globosum 5361 |406AAI. Ba sidio & Ascomycetes

‘AdelHyBpox Auricularia delicata 10672|522AA.

ScomHyBpox1 Schizophyllum commune 7938|529AA. mixed clade 2
ParcHyBpox1 Polyporus arcularius 12303|546AA. .
DsHyBpox Dichomitus squalens 10678[S47AA. Agaricomycetes

GsppHyBpox Ganoderma sp. 10698|548AA.
GprHyBpox1 Gonapodya prolifera 11620|473AA. . .
GprHyBpox2 Gonapodya profera 11708130200, Chiitrydiomycetes clade

CfioHyBpox1 Colletotrichum fioriniae 11821|536AA.

ChigHyBpox1 C i iggi 11362/538AA. A

HyspHyBpox2 Hypoxylon sp. 11757|545AA. SO rd ario mycetes

BdotHyBpox2 Botryosphaeria dothidea 11701|533AA. Dothideomycetes

Y 7146 A.

SsclHyBpox Sclerotinia sclerotiorum 6331|576AA. Leotiomycetes

ApruHyBpox1 Aplosporella prunicola 12275|534AA. Dothideomycetes

MperAPx-CcP1 Moniliophthora perniciosa 7155[428AA. Basidiomycetes

FoHyBpox1 Fusarium oxysporum 5364|530AA. H

GmoHyBpox1 Gibberella moniliformis 5362|530AA. phyto pathoge ni c (_:I ade

FpsHyBpox1 Fusarium pseudograminearum 11618[531AA. of short variants

GzHyBpox1 Gibberella zeae 5363|531AA. -

VaaHyBpox Vertcilium albo-atrum 7153|535AA. (dominantly

VdaHyBpox2 Verticillium dahliae 11366|515AA. As cO mycetes)
1 grisea L A.

GgrHyBpox1 graminis 11364| A.

BdotHyBpox1 Botryosphaeria dothidea 11700|540AA.

CfioHyBpox2 Colletotrichum fioriniae 11820[523AA. Sordariomycetes

GclHyBpox1 Grosmannia clavigera 10605|532AA.

CuniHyBpox1 Cerrena unicolor 12363|534AA.

CuniHyBpox2 Cerrena unicolor 12364[534AA. Basidiomycetes

LmaHyBpox1 Leptosphaeria maculans 11363|534AA. Dothideomycetes

PnoHyBpox1 Phaeosphaeria nodorum 5360|531AA.

MbruHyBpox1 Marssonina brunnea 11621|528AA. Leotiomycetes.

TeqHyBpox1 Trichophyton equinum 11624|740AA.

TtoHyBpox1 Trichophyton tonsurans 11365|740AA.

‘AgyHyBpox1 Arthroderma gypseum 11616|740AA.

MicaHyBpox1 Microsporum canis 7154|742AA. .

UrHyBpox1 Uncinocarpus reesii 5387|747AA. Eurotiomycetes
CimHyBpox1 Coccidioides immitis 5359|820AA.

CposHyBpox1 Coccidioides posadasii 11617|757AA.

TstHyBpox1 Talaromyces stipitatus 7831|684AA.

MvarHyBpox1 Meliniomyces variabilis 11999|999AA.

] Ascomycetes clade
MpoaHpron Magna.ponl"e poae 12451|757AA. Wlth c _term in al
HjHyBpox1 Hypocrea jecorina 5386|927AA. .
TviHyBpox1 Trichoderma virens 10612|909AA. Ws c fus ions

TaspHyBpox1 Trichoderma asperellum 11990|912AA.
TatHyBpox1 Trichoderma atroviride 10613|922AA.
EfeHyBpox Epichloe festucae 10594|902AA.
ManiHyBpox1 Metarhizium anisopliae 11124|904AA.
AalcHyBPox Acremonium alcalophilum 10717|1048AA.
VdaHyBpox1 Verticillium dahliae 10602|1021AA.
PanHyBpox1 Podospora anserina 5372|1038AA.
TmiHyBpox Togninia minima| 12858 947AA.
i i i

10136[1027AA. .
CgHyBpox1 Chaetomium globosum 5357|1053AA. Sorda rlomycetes
TterHyBpox1 Thielavia terrestris 11623|754AA.

MthHyBpox1 i i 1057AA.

StheHyBpox1 Sporotrichum thermophile 10137|1057AA.
SmaHyBpox1 Sordaria macrospora 7297|843AA.
NdisHyBpox1 Neurospora discreta 11864|835AA.

1 crassa A
NtetHyBpox1 Neurospora tetrasperma 11622|823AA.
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Table 3 Expressed sequence tags with fragments of hybrid-type B peroxidase genes

EST # Peroxidase Source Length [bp] Remark
FQ924977 BfuHyBpox2 B. fuckeliana 665 Xylan as carbon source
17584098 CtheHyBpox C. thermophilum 397 Mycelium induced with H,0,
CCOZ4053 HanHyBpox2 H. annosum 789 Culture from liquid Hagem medium
CD037344 MagHyBpox1 M. grisea 642 Subtracted mycelial library
DC977217 MagHyBpox2 M. grisea 366 Growth in nitrogen limiting conditions
G1176P141RN11.TO NcHyBpox1 N. crassa 732 Oxidative stress 1 h
G1176P11RL21.TO NcHyBpox1 N. crassa 754 Oxidative stress 1 h
G1176P141FN11.TO NcHyBpox1 N. crassa 730 Oxidative stress 1 h
BG278614.1 NcHyBpox1 N. crassa 488 Sexual cDNA library
FG363154 TviHyBpox1 T. virens 814 Non-induced mycelium

| | | Ly L |
ScWsC1 (Ascomycete) :ANAEEY— INGIFSS - - - LPSDF[g- KADSFINIOES SHENSE -@SA - KGAS YN YNHSHGYEen - - - TNPECEESTSEsENTYRrENsEEMEE: 99
SaWwsC1l (Ascomycete) : ASTMTY - YN@3IS - - - LPSDF] —NDDSSYQQ— S-KGSSY)FNMIYNHNHGIJEES - - - SDPEDSESTSESONAYEreNHSaMee: 99
ScastWSC1l (Ascomycete) :DTASTY-MN@AS - - - LPSDFf - LDNSMAMSAS SHHDK - LA - KGSS Y|V FNHGD@EEN - - - SNPUNEESTS[ESENT vieveMDOlaMele : 104
SpomWSCl  (Ascomycete) : AADMNTQYG®ML - - - - VDSSIN- EQGTIFTMLDPAF4E YNNI &G - GSDNIAIJVATRNNSIOYEES - - - - TLIAWEVSSELOTTPepeMCELMEE : 108
ScWsCc2 (Ascomycete) : ADQETY - KASMEASDIRKLCINS - YKGVIENGISIEONE - @PE- - - OAVVIMIFNETCSMEECS VAQLQELMOVDSE KR SEA S vRNEE : 107
SarWsc2  (Ascomycete) : ADQHTY - KASMESSDIOKLGI- YKGVYEORSIEENE - [§SE - - - QAVVEMFNETCeMEECTASOLORL oL DSHKECN KA B Ve TEE : 107
LatheWSC2 (Ascomycete) : TASMSQ-HG@MKEAD - LESAIE - SKGSMIMOENSHEEEQ - @D€ - - - SEVARNILGENT@YEN - ASALGGASSCDSENGNTKEAEN=vDTEE : 107
KllacWSC2 (Ascomycete) : SAQMSY-QGOMIESD- ISSSIE - SAGEMENMOESPEQEQ - @NE - - - KSVARITDENTEeED - - ASSIEARTVSDENCON NS VN vEKEE : 98
CandubWSC2 (Ascomycete) : ADS[SK- SCIOMS- - - - - SINWAESKGSMTIICRISCHE000 - [8AE - - - FRVANIKNENHepeeh - - - - - - VDPTSQSNGENYKES e 88
CanalbWSC2 (Ascomycete) : ADS)SK-HMGOE - - - - - SISYAESKCSHMUSESCHEEQD - BAR - - - IRV GNECYCGDEEEEE VDPTSQSNG@BKES et 88
CantroWSC2 (Ascomycete) : ADTRSS - G@Ns - - - - - SINWYAESKGSHTIOEISCIMEOTQ - OKE- - - MRIA GQECYCGD VDPTSKSES@VSKeDeNs=1 FMee : 94
HapolWSC2 (Ascomycete) : TSALSS-MG@IFE - - - - DI PSSYVSKGTHTORISSHESSE - @SA - - - K Y M TNENFHep(EeD - - - - EEPEESDSSNSERTSEVENseariee: 91
ScWsC3 (Ascomycete) : NADENY - EGO4SAADTQSAGIHE - LKNSMIMOIRSFLEONQ - @ PE - - - SAVVIMFNESDeeleNs VS FLTELiIKSTDENGC TKES ey Q 2121
ScWSC4 (Ascomycete) :------- SV@SE- - - - ONTATHN- DEVRNQIHOENGMESNN - @A% - - - - HOFNIVOErMENESH - - - - SEPEIOTSVCDESGTPE 98
KlulacWSC4 (Ascomycete) : AYGLEQ-DY@SE- - - - ENTG - fi - DLI THC){OREINGIESDT - BRE - - KSFDIF:MIVQ S*————DLPQVSVESSETP 92
YarlipWSC4 (Ascomycete) : SAGAAL-TY@SH- - - - ONSGESFDSVFGQIOENGARSDT - 8S[E - - - - YAFSMIT.QEOK@NESN - - - -MAPEDTTSVGSEE. cgeyps 89
AshgoWSC  (Ascomycete) : NAGVSL-TY®ER - - - - SNLGT#{- DPI FSNMMENGLEMDH - 8RS - - - NHE[J WV SEKOISS - - - - NMPERCLE! wsucc GESE :101
AsorWSC  (Ascomycete) :NAQTQVDKG®NT- - - - DSTPK - DQCSHTOENGI{SOKL LK-DNMEA ©LSEN - - OLPAISAKTDDENSN] :106
AsclWSC  (Ascomycete) : ADPTMVKEG@ZS- - - - DATPME - DOGPMT)OEINCYSQTL. - [@VK - SNML @LEeN - - OLPAQEAETTDDKSN] cﬂ :107
AsfumWSC (Ascomycete) : AAEMVS - QG@ZS- - - -DSTPIV - DOGPMT)OIENGI800L, - @MKTSNNL VIFAIT @1l - - OLPAKI SN KleA S E DS : 107
NeofiWSC (Ascomycete) : AAEMVS-EG@S- - - -DSTPMV - DOGPHMMOEINCISOOL, - MK TNNNL VIl T @LEET - - ELPAKE CNvRCCWE] :107
ChthWSC  (Ascomycete) : LMVATN-QGOMK - - - - SQGEMI - YNDT)JT|INEFDLGATKTS - Y PAGHEVARSRAEKSISeE! - - KY PPKEDLVPDEQ@NWCEGEMDLHASE : 126
ThhetWSC (Ascomycete) : TLGAPTVQG®IJK - - - - SAGN U - MVDTPE! §SI @GKDI(®- ASKGHTAAGSSGEN e Y——VYPPKEELVDDD @RYGeTEGOHAWE : 130
ThterWSC (Ascomycete) : ELGTPTVQGSINS- - - - SSGNIY- LNSTPTMNEMDGEANKVS - R PAGIFPVGGTTGENWIS@ET - - TY PPKDELVDPEHETTS[el :132
UnreWSC  (Ascomycete) : VSGIEL- EY————MNTGSNFDTVISD GASRET-@IE- - - DYAJNILOEKSEIESH - - - - AAPGDTTDLED@SDGE Gypﬁcs 99
SsclWSC  (Ascomycete) :VNGIAM EY®SE- - - - INTATH-NGNSS IMOSDGLEHDF -@TD - - - - YAIINIVOAE VSIS - - - - YAPGITTS TEDENS PePeN4sPDTEE : 100
AalcHyBpox (Ascomycete) iSEGD GVRAMEGASFANDSVMIIESEMAN - S TE- - -BDYQCTEVERFISMEEN - - SLHCERSAPLDESNASGEDDIe (S : 256
CgHyBpox1 (Ascomycete) vDEGT GARAGGAAFANMDEMINIESEMTN - &TE - - - DY ATEYERHGYEEN - - SLHSEEUEAPVEE NIV SGEDEINEFSE : 260
CtheHyBpox (Ascomycete) SUEGT - GARAIRGGAAFANDGMMIES[GMAN - €T(E - - - DY GTEYERIHSYEEN - - SLHSINSISEAPLED@NPESEDAINY(@E : 257
EfeHyBpox (Ascomycete) !smv SLRAMDGISFVNDTM#IEKAEY - (@RS - - - GTEYERIHMEEN - - SLDKINSAAAPTIGDONYPGCEEEavee : 236
MagHyBpox2 (Ascomycete) VSEGV GVRAAGATFVIDCMIMIE TOMGN - &TfE - - - GTEYERIHGYEEN - - SLHPEEGPADLADN c ENLIevee: 255
ManiHyBpox (Ascomycete) SEISEGY - GVRAAGTSFANDTMIN#EK@ADY - @KA - - - GTEY RN - - ALD TS““ ERRAUASCEDEEAYER : 249
NcHyBpoxl (Ascomycete) !EGS GVRAIGASFASDTMINIES@AAN - @TAAC GuEYA ECYCG ——SLEAPD CN DAY EE : 290
PanHyBpox1 (Ascomycete) VDEGAGGIGGASF [DEMISRE S[@AA —TE——— DL 'ECYCG ——SLHSEAPEAE DIESIAF(EE : 260
StheHyBpox (Ascomycete) VSEGT GVRAIEGATFANMDEMINAE SEMAN - @TlE - - - FDYUATE Y ERIA(eE! ——SLHPEAPVEE CEDIRIEFEE: 270
TaspHyBpox (Ascomycete) -SEIBEGD - AVRAMEGNS YANDSMISESEMDY - (@SS - - - MVY[IGTEY{€RI&qeleN - - TLA EAAPIDQ DASISFE : 271

* * * * ok *

Fig. 8 Details of multiple sequence alignment presenting conserved
motifs within the WSC domain. The WSC domain of large hybrid-
type B peroxidases is compared with that of proteins that do not pos-

together with proteins that do not contain a peroxidase
domain. A high level of conservation mainly in the region
around the eight cysteines is evident.

The physiological function of hybrid-type B peroxi-
dases remains completely unknown. There are currently
several EST sequence entries found in non-induced fungi,
in fungi induced with oxidative stress and also in fruiting
bodies of ascomycetes and basidiomycetes. Sequence anal-
ysis suggests that all hybrid-type B peroxidases are secreted
(Table 2) carrying a signal peptide of constant length. So
far there is no X-ray structure available but in silico anal-
ysis predicts intensive N- and O-glycosylation and the

@ Springer

sess a peroxidase domain. Parameters for the alignment are described
in the Sect. “Materials and methods”. Abbreviations of peroxidase
names are taken from PeroxiBase

occurrence of several disulfide bridges. Structural prediction
with I-TASSER suggests that the closest structural homolog
of ascomycetous hybrid-type B peroxidase domains is the
Class III peroxidase from Hordeum vulgare (Table 1). It is
important to note that the sequence similarity is rather low.

Conclusion
The presented phylogenetic reconstruction has demonstrated

the important role of hybrid-type heme peroxidases as turn-
ing points in the evolution of the complex and abundant
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peroxidase—catalase superfamily. This computational work
provides an excellent basis for detailed spectroscopic
and kinetic studies of these missing links and will help to
understand the gradual development of structure—function
relationships, substrate utilization and, in consequence, the
physiological function. Knowledge about structure and cata-
lytic properties will also answer the question whether these
proteins are of interest for enzyme engineering and design.
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