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Abstract

Heme peroxidases are found in all domains of life and typically catalyze the one- and two-
electron oxidation of various organic or inorganic substrates. Four heme peroxidase superfamilies
arose independently in evolution, and are therefore highly diverse regarding their secondary
structure, active site architecture as well as catalytic activities. The redox cofactor is either a heme b
or a posttranslationally modified heme that is coordinated by either a histidine or cysteine residue.
The peroxidase-cyclooxygenase superfamily, which is composed of seven families, is unique in
possessing a posttranslationally modified heme group. The heme can be covalently bound to the
protein via one or two ester linkages between the 1-methyl and 5-methyl substituents of the
prophyrin ring and adjacent acidic residues (aspartate and/or glutamate). The best-studied
representatives of this superfamily are the mammalian peroxidases (family 1, e.g. myeloperoxidase
or lactoperoxidase). However, recent phylogenetic analyses revealed that also ancestral
peroxidases from prokaryotes and early eukaryotes (i.e. from Family 6) could possibly contain

these posttranslational modifications.

In this thesis, occurrence and biosynthesis of these heme modifications in ancestral
peroxidases from Family 6 were investigated. Two model enzymes were selected, namely a heme
peroxidase with two covalent ester bonds from the cyanobacterium Lyngbya sp. PCC 8106
(LspPOX) and a peroxidase from the social amoeba Dictyostelium discoideum (DdPoxA) with one
covalent ester bond. Studies on LspPOX demonstrate that both ester linkages have a drastic impact
on the biophysical and biochemical properties of this heme enzyme. Compared to heme b proteins,
the UV-vis maxima of the Soret bands are red-shifted, the standard reduction potential of the
Fe(III) /Fe(II) couple is more positive and the thermal stability is increased. While the oxidation of
the ferric enzyme by hydrogen peroxide is not affected by this posttranslational modification, the
halogenation reaction rates increase significantly upon formation of the ester linkages. By mutating

the relevant acidic amino acids, we were able to investigate the impact of each single ester bond.

Studies on DdPoxA showed that one ester linkage is sufficient to maintain a high thermal
stability, but the oxidation capacity of Compound I is drastically decreased. Contrary to LspPOX,
DdPoxA can oxidize bromide only at a very low rate. This work also includes the first X-ray
structure of a peroxidase from family 6 (DdPoxA) and we elucidate the antibacterial role of DdPoxA

in the life cycle of the social amoeba D. discoideum.
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Zusammenfassung

Ham-Peroxidasen sind in allen Doménen den Lebens vertreten und katalysieren die Ein- oder
Zweielektronen-Oxidation verschiedener organischer oder inorganischer Substrate. Vier
Superfamilien von Ham-Peroxidasen haben sich evolutiondr unabhdngig voneinander entwickelt.
Diese unterscheiden sich in ihrer Sekundarstruktur, ihrem aktiven Zentrum und ihrer katalytischen
Aktivitat. Als Redox-Kofaktor fungiert entweder Him b oder ein posttranslational modifiziertes
Ham, das durch ein Histidin oder Cystein koordiniert wird. In der Peroxidase-Cyclooxygenase
Superfamilie (bestehend aus sieben Familien) kann die Him Gruppe durch eine posttranslationale
Modifikation kovalent an das Protein gebunden werden. Dabei werden eine oder zwei
Esterbindungen zwischen der 1-Methyl und der 5-Methyl-Seitenkette des Porphyrinrings und
benachbarten Aminosaureresten (Aspartat und/oder Glutamat) ausgebildet. Die am besten
untersuchten Vertreter der Peroxidase-Cyclooxygenase Superfamilie sind die Saugetierperoxidasen
(Familie 1, z.B. Myelo-peroxidase oder Lactoperoxidase). Jedoch zeigen phylogenetische Analysen,
dass auch in Vertretern aus Prokaryoten und frithen Eukaryoten aus Familie 6 diese post-

translationalen Modifikationen vorkommen konnten.

In dieser Arbeit werden die strukturelle und funktionale Rolle dieser Him-Modifikationen in
zwei Modell-Peroxidasen aus Familie 6 untersucht, niamlich die Peroxidase aus dem
Cyanobakterium Lyngbya sp. PCC 8106 mit zwei Ham-Protein Esterbindungen (LspPOX) und jene
aus Dictyostelium discoideum mit einer kovalenten Bindung (DdPoxA). Untersuchungen an LspPOX
zeigen, dass die beiden kovalenten Esterbindungen grofien Einfluss auf die biophysikalischen und
biochemischen Eigenschaften dieses Himenzyms haben. Im Vergleich zu Ham b Proteinen sind die
UV-vis Maxima bathochrom verschoben, das Reduktionspotential des Redoxpaares Fe(IIl)/Fe(II) ist
positiver und die Thermostabilit erhoht. Wahrend die Oxidation des Ferri-Enzyms durch H,0, zu
Compound I nicht durch diese posttranslationale Modifikation beeinflusst wird, sind die Halogenid-
oxidationsraten signifikant hoher. Durch Mutationen an den relevanten Aminosduren konnte der

Einfluss der einzelnen Esterbindungen ermittelt werden.

Die Studien an DdPoxA zeigten, dass durch eine Esterbindung zwar noch eine hohe
Thermostabilitit gegeben ist, jedoch die Oxidationskapazitdt von Compound I drastisch vermindert
ist. Im Gegensatz zu LspPOX kann DdPoxA Bromid nur mit sehr niedriger Rate oxidieren. Diese
Arbeit inkludiert auferdem die erste Rontgenstruktur einer Peroxidase aus Familie 6 und die gibt

Hinweise auf die antibakterielle Rolle von DdPoxA im Lebenszyklus der Amébe D. discoideum.



Introduction

Heme peroxidases - an overview

Four heme peroxidase superfamilies evolved independently during evolution, differing in their
overall fold, their active site architecture and in the catalyzed reactions. They are widely distributed
among all kingdoms of life and catalyze the H,0;-mediated oxidation of various one- or two-
electron donors. These donors can be aromatic (e.g. tyrosine, urate, coniferyl or sinapyl alcohol etc.)
or aliphatic (e.g. ascorbic acid) molecules, cations (e.g. Mn?+*), anions (e.g. halides or thiocyanate) or
even other proteins (e.g. cytochrome c¢). In addition to these peroxidase activities, catalase,
cyclooxygenase, chlorite dismutase and peroxygenase activities of heme peroxidases have been

reported.12

The cofactor in all these peroxidases is either heme b (Figure 1) or a modified heme. This iron-
containing porphyrin macrocycle occurs in thousands of proteins and fulfills an enormous amount
of different reactions. Prominent examples are electron transport (cytochromes), carriage or
storage of dioxygen (hemoglobin or myoglobin), dismutation of hydrogen peroxide (catalases),
detoxification reactions (cytochrome P450s), hormone biosynthesis (cytochrome P450s, thyroid
peroxidase), cell wall biosynthesis (plant peroxidases) or innate immunity (myeloperoxidase or

lactoperoxidase).z3

Phylogeny of the peroxidase-cyclooxygenase superfamily

The peroxidase-cyclooxygenase superfamily (Pfam accession number PF03098) is divided into
seven families (Figure 2). Family 1 comprises the vertebrate peroxidases that have been under
investigation for more than 40 years.* In mammals, homodimeric myeloperoxidase (MPO) as well
as monomeric lactoperoxidase (LPO) and eosinophil peroxidase (EPO) have been shown to be an
essential part of host defense in the innate immunity of vertebrates.> By releasing highly reactive
and oxidizing reaction products like hypohalous acids, they comprise the front line defense against
invading pathogens. Dimeric membrane-anchored thyroid peroxidase (TPO) catalyzes the synthesis

of the thyroid hormones triiodothyronine (T3) and thyroxine (T4).6



Figure 1: Structure of heme b. Porphyrin substituents 1, 3, 5, and 8: methyl groups; porphyrin substituents 2 and
4: vinyl groups, porphyrin substituents 6 and 7: propionate groups. A, B, C and D: four pyrrol rings linked by
methine bridges. Figure was constructed with IsisDraw 2.3.

The first representative of Family 2 was detected in Drosophila in 1984.7 In this publication the
name peroxidasin was first coined. Family 2 members are homotrimeric multidomain heme
peroxidases found in invertebrates and vertebrates. Recently they have attracted attention due to
their important role in extracellular matrix consolidation in mammals.8-1! These multidomain
peroxidases are secreted and comprised of leucine-rich domains, immunoglobulin domains and a C-
terminal von Willebrand factor C domain in addition to the catalytic heme peroxidase domain. It
has been proposed that their physiological role is providing hypobromous acid for the formation of

specific collagen IV crosslinks in the extracellular matrix of mammals.%12

Family 3 contains heme peroxidases designated as peroxinectins with cell adhesion
function(s) and putative function in innate immunity of invertebrates (Figure 2).13 Peroxinectins
are fusion proteins of a heme peroxidase domain with an integrin-binding motif. No comprehensive

biochemical and physiological studies on peroxinectins are available so far.

Family 4 of the peroxidase-cyclooxygenase superfamily is comprised of bacterial, fungal, plant
and animal cyclooxygenases and especially the bacterial members are still at the level of putative
protein sequences.2 A few representatives from the animal phyla were cloned and analysed. In
mammals, cyclooxygenases (COX-1 and COX-2), also known as prostaglandin-endoperoxide
synthases (PTGS), are responsible for the formation of prostanoids, including thromboxanes and

prostaglandins.
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Figure 2: Reconstructed phylogenetic tree of the peroxidase-cyclooxygenase superfamily.2 Family 1 comprises
the mammalian peroxidases, while the two enzymes LspPOX (heme peroxidase from the cyanobacterium
Lyngbya sp. PCC 8106) and DdPoxA (peroxidase A from Dictyostelium discoideum), which are investigated in this
thesis, belong to Family 6 (peroxidockerins). EPO, eosinophil peroxidase; MPO, myeloperoxidase; LPO,
lactoperoxidase, TPO, thyroid peroxidase.

The ancestral clade of short bacterial peroxicins of Family 5 is supposed to contain the oldest
representatives of this superfamily.2 From them, proteobacterial and actinobacterial peroxicins
and, finally, long bacterial peroxicins evolved that in addition to the catalytic peroxidase contain
additional domains like calcium-binding or hemolysin-type motifs. No biochemical and

physiological data about Family 5 proteins are known.

Two enzymes from Family 6, the peroxidockerins, are investigated in this work (see below).
Family 6 representatives are at the evolutionary basis of the peroxinectins, peroxidasins and
chordata peroxidases like MPO or LPO. Descendants of variable length emerged in eubacteria as
well as Amoebozoa, Heterolobosea and Chromalveolata.?2 This suggests that peroxidockerins were

widely distributed among the early eukaryotic world.

Family 7 contains two-domain dual oxidases (DUOX), which were segregated from Family 6 at
the level of primitive eukaryotes. The multidomain oxidases have retained an extracellular
peroxidase domain of unknown function at the N-terminus followed by a transmembrane calcium-

binding domain and a cytosolic flavodomain with homology to NADPH oxidase (NOX). In humans,



two members, hDUOX1 and hDUOX2 are found. The function of dual oxidases is superoxide and/or
hydrogen peroxide generation, however the role and interaction of the two catalytic flavo- and

heme-domain is still not clear.14

In five out of the seven families of the peroxidase-cyclooxygenase superfamily, representatives
with a modified and covalently bound heme in their active site have been found, namely members
of Family 1, 2, 3, 5 and 6.12 The most prominent examples containing these posttranslational
modifications are the vertebrate peroxidases including MPO, LPO, TPO, EPO and peroxidasin
1.121516 However, recent phylogenetic analyses revealed that the acidic amino acids that are
responsible for covalent heme attachment can also be found in bacterial and early eukaryotic

members of the peroxidase-cyclooxygenase superfamily.217.18

Heme to protein ester bonds

Upon several described forms of covalent heme attachment3, this work focuses on ester bonds
between conserved acidic amino acids, i.e. aspartate and glutamate, and the 1-methyl and 5-methyl
groups of the heme porphyrin ring. This posttranslational modification is found exclusively in the
peroxidase-cyclooxygenase superfamily and is the most striking structural feature of the
mammalian peroxidases.! Prominent examples are the mammalian MPO, LPO, EPO and TPO, which
have been studied with respect to their structure, function and their role in physiology. MPO, LPO
and EPO have been shown to play important roles in innate immunity, while TPO contributes in
hormone biosynthesis.619-21 The mammalian MPO is unique in having a third covalent link (a
sulfonium ion bond) that is formed between a sulfur atom of a methionine and the Cg atom of the 2-

vinyl group of the heme porphyrin ring. 2223

The impact of these heme modifications has been postulated previously2627, but detailed
investigations were diminished by the fact that these enzymes could not be produced
recombinantly or purified from natural sources in satisfying amounts. Further, the production of
mutants was hindered by the fact that these proteins could not be expressed in a simple bacterial

expression host but in insect or mammalian cell culture.



Figure 3: Overall and active site structures of monomeric caprine lactoperoxidase24 (A) and dimeric human
myeloperoxidase25 (B) including the covalent heme to protein linkages (LPO: D109 and E258, MPO: D94, E242
and M243), distal residues and proximal histidine, asparagine and arginine.

Formation and consequences of heme to protein ester bonds

Formation of the covalent ester linkages has been shown to occur autocatalytically and
posttranslationally, starting from hydrogen peroxide-mediated formation of Compound 1.28 Figure 4
shows a detailed reaction mechanism that was recently postulated by Ortiz de Montellano,
including the following steps: formation of Compound I by the non-covalently linked holoprotein.
Compound I oxidizes an adjacent carboxylic acid to the carboxylate radical, thereby reducing the
heme to Compound II. The side chain radical performs hydrogen abstraction from the adjacent
heme methyl group, yielding in a methylene radical and regeneration of the carboxylic acid anion.
Subsequently, the unpaired electron is transferred from the methylene to the iron center, leading to

a ferric heme and a methylene cation that traps the carboxylate anion, thereby forming the covalent

ester linkage.2?



As a consequence of the ester bond formation, the porphyrin ring becomes distorted causing a
bow-shaped out-of-plane structure, as has been shown by X-ray crystallography as well as by
resonance Raman spectroscopy.253031 This effect is much more pronounced in MPO due to the
presence of the third (electron withdrawing) sulfonium ion linkage. As a consequence of distortion
and electronic effects, the spectroscopic, redox and catalytic properties of vertebrate peroxidases
(e.g. LPO and MPO) and heme b peroxidases (e.g. horseradish peroxidase) are significantly
different.2223 Closely related to those distinct biochemical and biophysical properties are the

physiological roles of these oxido-reductases.22:26.32

HooC COOoH HOOC COOH

Figure 4: The postulated reaction mechanism for the formation of heme to protein ester bond follows a H202-
mediated free radical mechanism starting with formation of Compound I.29



Spectral features

The absorption spectrum of a heme protein is caused by electron transitions within the
porphyrin as well as between the porphyrin, the iron and its ligands. Heme peroxidases containing
unmodified heme b, such as HRP, typically exhibit Soret bands between 400 and 408 nm (Figure 5).
Upon covalent attachment of the heme to the protein matrix, the spectral features change
drastically. The formation of the two ester bonds causes a distortion of the heme and is sufficient to
result in a significant red-shift of the Soret peak to 410 - 413 nm as was shown for LPO, EPO or a
truncated peroxidasin 1 (HsPxd1l con4).111222 Due to the additional MPO-typical sulfonium ion
linkage the Soret peak is further red-shifted to 430 nm (Figure 5).33 Mutants of MPO having Met243
is replaced by other amino acids (thus forming only two ester bonds) exhibit spectral properties
similar to LPO or EPO0.152234 This clearly demonstrates that the additional covalent link in MPO is

responsible for its unique spectral properties.
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Figure 5: Spectral features of myeloperoxidase (MPO, blue), lactoperoxidase (LPO, green), eosinophil peroxidase

(EPO, red), truncated human peroxidasin 1 (hsPxd01 con4, grey) and horseradish peroxidase (HRP, black). The
wavelength region between 450 and 750 nm is multiplied by a factor of 5.



Standard reduction potential

Additionally, the covalent heme linkages greatly influence the redox properties of the
mentioned heme peroxidases. Enzymes containing unmodified heme b, such as HRP, exhibit a
standard reduction potential (E°") of the redox couple Fe(IIl)/Fe(II) around -300 mV (Table 1).35
Lactoperoxidase, EPO and truncated human peroxidasin 1 show slightly more positive standard
reduction potentials (-176 mV, -126 mV and -128 mV, respectively) (Table 1).123¢6 However, MPO is
unique in having a positive Fe(Ill)/Fe(II) reduction potential of +5 mV similar to globins. This
positive standard reduction potential of MPO is very likely due to the positive charge of the sulfur
atom participating in the sulfonium ion linkage, which acts as an electron withdrawing group and

decreases the electron density at the heme iron.3”

Only very little is known about the reduction potentials of the redox couples
Compound I/Compound Il and Compound II/Fe(1lI) (Table 1). There is only a small difference in
the reduction potentials of Compound II/Fe(IIl) among the investigated peroxidases. But compared
to heme b peroxidases such as HRP, the reduction potential of Compound I/Compound Il is
significantly higher in MPO and LPO (Table 1). Furthermore, this standard reduction potential is
higher in MPO (1.35 V)38 than in LPO (1.14 V).39 This again underlines the role of the sulfonium ion
linkage in further increasing the electron deficiency of the porphyrin n-cation radical of
Compound I. Various substrates can act as one-electron donors for Compound I, but the reduction
potential of the Compound II/Fe(Ill) couple is usually less positive. As a consequence, in most
peroxidases reduction of Compound II to the ferric enzyme is the rate-limiting step.40.41
Table 1: Standard reduction potentials of all relevant redox couples of myeloperoxidase (MPO), lactoperoxidase

(LPO), eosinophil peroxidase (EPO), truncated human peroxidasin 1 (HsPxd1 con4) and horseradish peroxidase
(HRP). Cpd I, Compound I; Cpd II, Compound II, n.d. not determined.

E°’ (mV) MPO LPO EPO HsPxd1 con4 HRP
Fe(III)/Fe(II) +5(37) -176 (36) -126 (36) -128 (12) -306 (35)
Cpd I/Fe(III) 1160 (42) 1090 (43) 1100 (42) n.d. 883 (44)
CpdI/Cpd Il 1350 (45) 1140 (43) n.d. n.d. 898 (44)

Cpd I1/Fe(IIN) 970 (45) 1040 (43) n.d. n.d. 869 (44)




Catalysis

Peroxidases are able to catalyze halogenation as well as peroxidase reactions. Both reaction
cycles start with the same initial redox reaction, namely the oxidation of the ferric resting state to

the so-called Compound I mediated by hydrogen peroxide (Reaction 1).22:46

[Fe(III) (Por)] + H20, — [Fe(IV) = O(Por)*+] + H,0 (Reaction 1)
(ferri) (Compound I)

Compound I is two oxidizing equivalents above the resting ferric state. In Family 1 peroxidases
Compound I is an oxoiron(IV) species with a porphyrin m-cation radical.#¢6 The rate of Compound I
formation is in the same order of magnitude for various investigated peroxidases from the four
superfamilies (1 - 5 x 107 M-15-1)1246-49, regardless whether the heme is covalently attached to the
protein or not (Table 2). Hence, posttranslational modification of the prosthetic heme group has no

impact on Compound I formation.22

By contrast, the presence of covalent heme to protein linkages has a strong impact on the
oxidation capacity of Compound I. During the halogenation cycle of a peroxidase, Compound I is
reduced directly to the ferric resting state by two-electron donors such as halides (iodide, bromide,
chloride) or the (pseudo-)halide thiocyanate, thereby forming (pseudo-)hypohalous acids

(Reaction 2).22

[Fe(IV) = O(Por)**] + X- + H* = [Fe(III) (Por)] + HOX (Reaction 2)
(Compound I) (ferri)

In general, the capability of peroxidases to oxidize (pseudo-)halides follows the hierarchy:
SCN- > I- > Br- > Cl-. This order is based on the differences in the standard reduction potentials for
the redox couples HXO/X-, H,0 at pH 7.0: 1.27 V (Cl-), 1.13 V (Br-), 0.78 V (I-) and 0.56 V (SCN-).50
Therefore, all peroxidases, regardless whether the heme group is covalently bound or not, can
oxidize iodide and thiocyanate.*¢ However, for the formation of HOBr or even HOCI, Compound I

has to be a stronger oxidant. For LPO and EPO it was shown that the ester linkages increase the



standard reduction potential of the Compound I/Fe(lll) couple in comparison to heme b
peroxidases (Table 1).4243 Only MPO is able to oxidize chloride at reasonable rates (2.5 x 104 M-1s1)
due to the extraordinary high redox potential of the redox couple Compound I/Fe(IIl) of 1.16 V
(Table 2).48 The electron withdrawing effect of the vinyl-sulfonium ion linkage decreases the
electron density at the heme group in Compound I, thereby enhancing the electron transfer from

chloride to the electron deficient heme.42

EPO is able to oxidize chloride to a very low extent (3.1 x 103 M-1s1), but bromide (1.9
x 107 M-1s-1), iodide and thiocyanate (~ 108 M-1s-1) at very high rates.5>! LPO shows no reaction with
chloride, but is able to oxidize bromide at reasonable rates (4.1 x 104 M-1s1), further it is an
excellent oxidizer of iodide and thiocyanate (> 108 M-1s-1 for both reactions) (Table 2).4° Compound
[ of a truncated version of human peroxidasin 1 (HsPxd 1 con4) has recently been investigated
intensively and shows a high reaction rate with bromide (5.6 x 106 M-1s-1) as well as a reasonable

rate with iodide and thiocyanate (> 107 M-1s-1 for both reactions).12

During the peroxidase cycle, Compound I is reduced back to the ferric resting state by a two
step reaction via a oxoiron(IV) species called Compound I (Reactions 3 and 4). In these one-
electron reactions, the peroxidase substrates (AH;) are oxidized to their corresponding radicals

("AH).22.26

[Fe(IV) = O(Por)*+] + AH; — [Fe(IV) - OH(Por)] + *AH (Reaction 3)
(Compound I) (Compound II)

[Fe(IV) - OH(Por)] + AH, — [Fe(III) (Por)] + *AH + H;0 (Reaction 4)
(Compound II) (ferri)

Various substrates can act as one-electron donors for the above described reactions, including
physiological substrates such as tyrosine, ascorbate or serotonine. As mentioned before, the
reduction of Compound II is the rate limiting step, since it shows a lower reaction rate than

reduction of Compound [.52-55

10



Table 2: Apparent second-order rate constants for the reactions of myeloperoxidase (MPO), lactoperoxidase
(LPO), eosinophil peroxidase (EPO), truncated peroxidasin 1 (HsPxd1 con4) and horseradish peroxidase (HRP)
at pH 7.0 in their ferric, Compound I and Compound II state. Cpd I, Compound I; Cpd II, Compound II; ferri, ferric
resting state; n.d., not determined.

Reaction/Substrate MPO LPO EPO HsPxd1 con4 HRP

x10* (M1s1)  x10*(M1s1) x104(M1s1)  x10*(M1s1) x10*(M1s1)

Ferri > Cpd 1 (47) (49) (51) (12) (56)
H,0; 1400 1100 4300 1800 1700
Cpd I - ferri (48) (49) (51) (12) (56)
chloride 2.5 - 0.31 - -
bromide 110 4.1 1900 560 -
iodide 720 12000 9300 1680 130
thiocyanate 960 20000 10000 1830 -
CpdI—>CpdIl (55) (40) (54) (53)
tyrosine 77 11 35 n.d. 5
Cpd II - ferri
tyrosine 1.57 1 2.7 n.d. 0.1

Physiological relevance

It has been shown that (pseudo-) halides act as physiological substrates for various
investigated vertebrate peroxidases. The resulting reaction products - (pseudo-) hypohalous acids -
can act as strong oxidizers in innate host defense or have important roles in biosynthetic

pathways.>

The vertebrate peroxidases MPO, LPO and EPO have crucial functions in the innate immune
system. Myeloperoxidase is located in granules of neutrophils which are released upon
phagocytosis of a pathogen. The hydrogen peroxide is derived from dismutated superoxide
generated by NADPH oxidase. Subsequently, MPO oxidizes chloride into the anti-bacterial, highly
reactive hypochlorous acid.5” Lactoperoxidase in found in various human exocrine secretions such
as tears, milk or saliva, where it contributes to the defense against invading microorganisms.58

Eosinophil peroxidase is secreted by eosinophil cells and plays a role in defense against parasites.59

In constrast, TPO is involved in hormone biosynthesis, where it is catalyzes the iodination of
tyrosine residues, resulting in the formation of the hormones triiodothyronine and thyroxine in the

thyroid gland.¢® The recently discovered and investigated peroxidasin 1 contributes to the

11



formation of the extracellular matrix by formation of a sulfilimine link between the sulfur of a
distinct methionine and the nitrogen of a hydroxylysine in collagen IV. This reaction is dependent
on bromide, which is oxidized to hypobromous acid by peroxidasin and subsequently mediates the

formation of the sulfilimine bond.812

Representatives of Family 6

In many cases, members of the peroxidase-cyclooxygenase superfamily are multidomain
proteins with one heme binding domain with a mainly a-helical fold. Usually, Family 6 proteins are
composed of a transmembrane domain, a sequence motif characteristic for planctomycete
extracellular proteins, two dockerin type I repeats and a peroxidase domain. Most probably, the
multidomain structure of these metalloenzymes has evolved from gene transfers between different
species or endosymbiotic events.! In this work, two representatives of Family 6 are investigated,

which are - in contrast to other enzymes of this Family - composed of only a peroxidase domain.

The first part of this work deals with the heme peroxidase LspPOX from the cyanobacterium
Lyngbya sp. PCC 8106 (LspPOX). This oxidoreductase has been investigated previously, revealing
that the active site is completely conserved compared to LPO, including the covalently bound,
modified heme. This posttranslational modification leads to a substantial halogenation activity
concerning the oxidation of bromide. Further it has been shown that the formation of the covalent
linkages is an autocatalytic process that can be triggered by the incubation with hydrogen peroxide.
The formation of the linkages drastically increases the halogenation activity as well as the stability

of LspP0X.17.18

In the second part of this thesis, the heme peroxidase from the social amoeba Dictyostelium
discoideum (DdPoxA) is studied. This second representative of Family 6 family attracted our
attention since D. discoideum is a professional phagocyte, showing striking parallels to MPO-
secreting neutrophils in the mammalian immune defense. Further, sequence alignments revealed
that DdPoxA shows high sequence similarity to the vertebrate heme peroxidases, but - in contrast
to LspPOX and the Family 1 members - it shows only one acidic amino acid (Glu236) that could
possibly form a covalent ester bond to the heme group.z The similarity on a cellular basis combined
with the finding that both cell types express a closely related peroxidase makes DdPoxA an

interesting research target for elucidating the cellular evolution of phagocytosis.
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Aims of the thesis

Recent phylogenetic analysis of the peroxidase-cyclooxygenase superfamily revealed the
presence of prokaryotic and early eukaryotic heme peroxidases with homology to the mammalian
counterparts. The aim of this thesis is to characterize a bacterial and a eukaryotic model heme
peroxidase from Family 6 of the peroxidase-cyclooxygenase superfamily. Comprehensive
biochemical and biophysical studies will provide the basis for (i) elucidation of structure-function

relationships and (ii) comparison with the well investigated mammalian counterparts.

In detail this work focuses on heme peroxidases from the cyanobacterium Lyngbya sp. PCC
8106 (LspPOX) and from the social amoeba Dictyostelium discoideum (DdPoxA). In order to gain a
better understanding of the underlying structure-function relationships of these two

oxidoreductases, the project plan includes the following methods and experiments:

* Development of expression platforms and purification protocols for both peroxidases, yielding

L)

in sufficient amounts of functional recombinant proteins with high heme occupancy

X/
°e

Design, expression and characterization of LspPOX mutants with disrupted ester bonds by

exchanging of the respective aspartic and glutamic acids

X/
°

Investigation of the posttranslational heme to protein ester linkages of both enzymes including
UV-vis, electronic circular dichroism and electron paramagnetic resonance spectroscopy,
spectroelectrochemistry, mass spectrometry, differential scanning calorimetry and multi-angle

light scattering

%* Multimixing stopped-flow spectroscopy in order to investigate spectral properties and kinetics
of interconversion of the redox intermediates ferric state, Compound I and Compound II as
well as of low-spin complexes. Elucidation of apparent bimolecular rate constants of

Compound I reduction by chloride, bromide, iodide and thiocyanate

X/
°e

Comparison of biochemical and biophysical differences and similarities between LspPOX,
DdPoxA and the mammalian counterparts myeloperoxidase (MPO), lactoperoxidase (LPO),

eosinophil peroxidase (EPO) and peroxidasin 1 (HsPxd1)

17



Solving the X-ray crystal structure of both LspPOX and DdPoxA in collaboration with the group
of Prof. Djinovic-Carugo (MFPL, University of Vienna)

Investigation of the in vivo role and putative substrates of DdPoxA by performing experiments
in D. discoideum cell culture in collaboration with the group of Prof. Thierry Soldati (University

of Geneva, Switzerland)
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intermediates of a peroxidase was analyzed.

enzyme reactivity.

\_

(Background: The impact of autocatalytically formed covalent heme to protein bonds on formation and reactivity of redox

Results: Posttranslational modification significantly changes the reactivity of the ferric protein and of compounds I and II.
Conclusion: Upon covalent attachment, the capacity of compound I to oxidize one- and two-electron donors is enhanced.
Significance: First direct evidence about the relation between H,O,-triggered covalent heme to protein bond formation and

J

The most striking feature of mammalian peroxidases, includ-
ing myeloperoxidase and lactoperoxidase (LPO) is the existence
of covalent bonds between the prosthetic group and the protein,
which has a strong impact on their (electronic) structure and
biophysical and chemical properties. Recently, a novel bacterial
heme peroxidase with high structural and functional similarities
to LPO was described. Being released from Escherichia coli, it
contains mainly heme b, which can be autocatalytically modi-
fied and covalently bound to the protein by incubation with
hydrogen peroxide. In the present study, we investigated the
reactivity of these two forms in their ferric, compound I and
compound II state in a multi-mixing stopped-flow study. Upon
heme modification, the reactions between the ferric proteins
with cyanide or H,0, were accelerated. Moreover, apparent
bimolecular rate constants of the reaction of compound I with
iodide, thiocyanate, bromide, and tyrosine increased signifi-
cantly and became similar to LPO. Kinetic data are discussed
and compared with known structure-function relationships of
the mammalian peroxidases LPO and myeloperoxidase.

The most striking feature of the mammalian peroxidases
myeloperoxidase (MPO),? eosinophil peroxidase (EPO), lac-
toperoxidase (LPO), and thyroid peroxidase is the existence of
two covalent ester bonds between the prosthetic group and the
protein in the functional, mature enzyme (1). Myeloperoxidase
is unique in having an additional vinyl-sulfonium bond (see Fig.
1) (1, 2). These posttranslational modifications (PTMs) cause a
distortion of the porphyrin ring from planarity, which is more

* This work was supported by Austrian Science Fund Projects P20664 and
P25270 and the Doctoral Program BioToP-Biomolecular Technology of
Proteins (FWF W1224).

"To whom correspondence may be addressed: Tel.: 43-1-47654-6077; Fax:
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3 The abbreviations used are: MPO, myeloperoxidase; LspPOX, peroxidase
from Lyngbya sp. PCC 8106; LspPOX (H,0,), peroxidase from Lyngbya sp.
PCC 8106 incubated with hydrogen peroxide; LPO, lactoperoxidase; EPO,
eosinophil peroxidase; X, halide; PTM, posttranslational modification.
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pronounced in MPO (3-5) than in LPO (6). In MPO, the heme
ring features a bow-shaped structure with less symmetry and a
considerable out-of-plane location of the high-spin iron ion
(3-5). Formation of these covalent heme to protein bonds has
been proposed to occur autocatalytically (7-9) and has a deep
impact on the biochemical and biophysical properties of these
mammalian peroxidases (2, 10, 11). This includes significant
modulation of the redox chemistry of these proteins, which
provides the thermodynamic basis for the effective two-elec-
tron oxidation of halides, including bromide and chloride (11).
The resulting reaction products, i.e. hypohalous acids, contrib-
ute to the antimicrobial role of MPO, EPO, and LPO in the
innate immune system.

Analysis of the peroxidase-cyclooxygenase superfamily (12)
suggested the occurrence of enzymatic domains with structural
similarity to the vertebrate peroxidases (i.e. subfamily 1 includ-
ing MPO, LPO, EPO, and thyroid peroxidase) in five of seven
subfamilies. Interestingly, two new prokaryotic heme peroxi-
dase subfamilies were found (12). Recently, the first bacterial
representative of this subfamily was successfully produced in
E. coli and biochemically characterized (13). The recombinant
peroxidase from the cyanobacterium Lyngbya sp. PCC 8106
(LspPOX) was shown to have high similarities to mammalian
LPO (see Fig. 1), including heme to protein linkages, redox and
spectral properties as well as halogenation activity (13).

It was reported that the recombinant protein purified from
E. coliwas a mixture of two species with ~80% containing heme
b (see Fig. 1B) and ~20% having the prosthetic group covalently
bound to the protein via two ester linkages similar to LPO (Fig.
1D) (13). Most interestingly, this ratio shifted significantly
when the recombinant protein was incubated with hydrogen
peroxide. In this case, the majority (>70%) of the protein mol-
ecules showed covalently bound hemes. This strongly suggests
autocatalytic formation of these covalent bonds triggered by
hydrogen peroxide and resembles characteristics of mamma-
lian peroxidases that also show intrinsic inhomogeneity regard-
ing the heme to protein bonds. For example, the x-ray structure
of human MPO purified from leukocytes clearly shows the side
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Catalytic Role of the Heme to Protein Linkages

FIGURE 1. Structures of active sites and prosthetic groups of HRP, LPO, and MPO. The structure of active site of HRP (A) and (unmodified) heme b (B) is
shown. The structure of the active site of bovine LPO (C) and its modified prosthetic group (ester linkages between Asp-109 and the carbon of the 5-methyl
group of pyrrole ring Cas well as between Glu-258 and the carbon of the methyl group of pyrrole ring A) (D) are shown. Shown are active site structure of human
MPO (E) and its modified prosthetic group (two ester linkages similar to that in LPO and an additional sulfonium ion linkage between the sulfur atom of Met-243
and the B-carbon of the vinyl group of pyrrole ring A) (F). Figures were constructed using the coordinates deposited in the Protein Data Bank codes: 1ATJ (HRP),
2GJ1 (LPO), and 3F9P (MPO). Please note that covalent heme to protein bonds in LspPOX (H,0,) correspond to that in LPO (D).

chain of Glu-242 (which is responsible for an ester bond link-
age) in two distinct conformations (5). Moreover, both native
and recombinantly produced LPO (7, 8) and EPO (9) contain
heme b, which can be modified and covalently linked by exter-
nal addition of 1015 times molar excess of H,O,.

A closer analysis of the effect of this posttranslational modi-
fication (PTM) in LPO, EPO, and MPO was so far hampered by
the fact that the proteins could only be produced recombi-
nantly in small amounts (or even failed in production) either in

SASBMB

NOVEMBER 7,2014+VOLUME 289-NUMBER 45

insect cell lines or animal cell factories. Moreover, the produced
proteins often showed unsatisfactory heme occupancy. Now,
for the first time, the cyanobacterial protein (LspPOX) with
high similarity to LPO enables to directly monitor the impact of
this PTM on the formation and reactivity of redox intermedi-
ates of a heme enzyme by a comprehensive multi-mixing
stopped-flow study. LspPOX can easily and in relatively high
amounts be produced in E. coli and has almost 100% heme
occupancy (13). Moreover, upon incubation with hydrogen
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peroxide, it is posttranslationally modified (LspPOX (H,O,))
and forms heme to protein linkages to an extent that is similar
to native mammalian peroxidases (13). This prompted us to
investigate all relevant individual reaction steps of the haloge-
nation and peroxidase cycle. For both ferric LspPOX and Lsp-
POX (H,0,), we analyzed cyanide binding (Reaction 1) as well
as the reaction with hydrogen peroxide forming compound I
(i.e. oxoiron(IV) porphyrin m-cation radical) (Reaction 2). We
investigated compound I reduction by the two-electron donors
(X7) bromide, iodide, and thiocyanate to the corresponding
(hypo)halous acids (Reaction 3) as well as all reactions involved
in the peroxidase cycle, including compound I (Reaction 4) and
compound II (ie. oxoiron(IV)) reduction by one-electron
donors (AH,), thereby releasing radical species ('AH) (Reaction
5). Furthermore, we monitored whether compound I reacts
with H,O, (Reaction 6), which is observed with MPO (14, 15).
We report the kinetics of Reactions 1—6 of both LspPOX and
LspPOX (H,0,) and demonstrate the significant impact of this
PTM on the individual reaction steps. The reported apparent
bimolecular rate constants are compared with those known
from the mammalian counterparts and discussed with respect
to the known structures of MPO (3-5) and LPO (6).

[Fe(Ill)(Por)] + HCNS
[Fe(lll(Por)] — CN~
REACTION 1
[Fe(llh(Por)] + HOOH—
[Fe(IlV) = O(Por)**] + H,0
REACTION 2
[Fe(lV) = O(Por)**]+ X~ + H'—
[Fe(ll)(Por)]+HOX
REACTION 3
[Fe(IlV) = O(Por)**] + AH,—
[Fe(IV) — OH(Por)] + *AH
REACTION 4
[Fe(lV) — OH(Por)] + AH,—
[Fe(lll)(Por)] + *AH + H,0
REACTION 5
[Fe(lV) = O(Por)* " ] + H,0,=
[Fe(IV) — OH(Por)] + O,°~ + H"
REACTION 6

EXPERIMENTAL PROCEDURES

Materials—Cloning, expression and purification of LspPOX
were described in detail previously (13). LspPOX had a purity
index (A4;5/Ag0) of ~0.7. The ferric high-spin LspPOX and
LspPOX pretreated with 15 times molar excess of hydrogen
peroxide, i.e. LspPOX (H,0,), had a molar extinction coeffi-
cient at Soret maximum of €,,,,,,, = 94,670 M ' cm™ ' (13).
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Hydrogen peroxide obtained as 30% solution was purchased
from Sigma-Aldrich. Hydrogen peroxide was diluted with H,O,
and its concentration was determined at 240 nm using the
extinction coefficient 39.4 M~ ' cm ™! (16). H, O, stock solutions
were prepared freshly before the experiments. Cyanide, bro-
mide, tyrosine, and all other chemicals were also purchased
from Sigma-Aldrich at the highest grade available.

Stopped-flow Spectroscopy—Reactions of LspPOX or Lsp-
POX (H,0,) with cyanide or H,O, were measured in the con-
ventional stopped-flow mode by following the decrease of
absorbance at 412 nm (Soret maximum of ferric LspPOX) or
413 nm (Soret maximum of LspPOX (H,0,)) or at 431/432 nm
(Soret bands of cyanide complex of LspPOX and LspPOX
(H,0,)). In a typical experiment, one syringe contained 4 um
LspPOX or LspPOX (H,0,), and the second syringe contained
at least 10 times molar excess of cyanide or hydrogen peroxide.
All reactions were performed in 100 mMm phosphate buffer, pH
7.0, at 25 °C. Three determinations were performed for each
ligand or oxidant concentration. The mean of the pseudo-first-
order rate constants, k.., was used in the calculation of the
second-order rate constants obtained from the slope of a plot of
K,ps versus ligand or oxidant concentration.

Because of the inherent instability of compound I of LspPOX
and LspPOX (H,0,), the sequential stopped-flow (multi-mix-
ing) technique was used for determination of rates of the reac-
tion of compound I with one- and two-electron donors. Similar
to bovine LPO, LspPOX (H,0O,) compound I could be formed
with equimolar concentrations of H,O,, whereas full com-
pound I of LspPOX could only be generated with 6.7 times
molar excess of H,O,. In a typical experiment, 4 um of LspPOX
(H,O,) or LspPOX were premixed with 4 um or 26.8 um H,O,
in the aging loop. After 100 ms, the formed compound I was
mixed with increasing concentrations of various electron
donors. Direct compound I reduction to the ferric state by
halides was followed by monitoring of the absorbance change at
412 nm for LspPOX and at 413 nm for LspPOX (H,0O,). For-
mation and reduction of compound II by tyrosine was investi-
gated by following the biphasic reaction (at 432 nm) of com-
pound I to compound II and further to the ferric state for both
LspPOX and LspPOX (H,O,). All measurements were done in
100 mm phosphate buffer, pH 7.0, at 25 °C with a minimum of
three repeats.

All spectral experiments were carried out with the stopped-
flow apparatus SX.18 MV and Pi-star-180 from Applied Photo-
physics in either conventional or sequential mode. The optical
quartz cell with a path length of 10 mm had a volume of 20 ul.
The fastest time for mixing two solutions and recording the
first data point was 1 ms. All reactions were followed both at
single wavelengths as well as by using a diode array detector.
Polychromatic data were analyzed with Pro-Kineticist soft-
ware from Applied Photophysics. The program simultane-
ously fits the kinetic traces at all wavelengths to the proposed
reaction mechanism and simulates the spectra of all reac-
tants, products, and intermediate species as well as their
time-dependent distribution on the reaction coordinates.
Monochromatic data were analyzed and fitted with Pro-Data
Viewer software (Applied Photophysics) to calculate time-
dependent rate constants.
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FIGURE 2. Reaction of ferric LspPOX with cyanide. A, spectral transition of
the reaction of 2 um LspPOX with 100 um cyanide or 10 mm cyanide (final
concentrations) measured in the conventional mixing stopped-flow mode.
The first spectrum shows the ferric protein in its high-spin state (red). The
second spectrum was recorded 1 ms after mixing with 100 um cyanide, and
subsequent spectra were measured at 3 ms, 6 ms, 80 ms, and 2 s. The last
two spectra were recorded after mixing with 10 mm cyanide at 4 ms and 100
ms, showing the complete formation of the low-spin cyanide complex (black).
Arrows indicate changes of absorbance with time. Final conditions were as
follows: 100 mm phosphate buffer, pH 7, 25 °C. B, typical time trace at 431 nm and
double-exponential fit (1 um LspPOX and 50 um cyanide). C and D, Dependence
Of Kops(1) (red) and k.4 ) Values (green) from cyanide concentration. Final enzyme
concentration was 1 um LspPOX in 100 mm phosphate buffer, pH 7, 25 °C.

RESULTS

Cyanide Binding—Fig. 2A shows the spectral changes upon
addition of 100 uM or 10 mM cyanide to 2 uM recombinant
peroxidase from the cyanobacterium Lyngbya sp. PCC 8106
(LspPOX). Following Reaction 1, the ferric protein purified
from E. coli was converted from the high-spin (S = 5/2) iron
state to the low-spin (S = 1/2) state, thereby shifting the Soret
peak from 412 nm to 431 nm with a clear isosbestic point at 421
nm. Concomitantly, in the visible range a new peak at 547 nm
appeared. As depicted in Fig. 2B, the time traces were markedly
biphasic with a rapid first phase and a dominating slower sec-
ond phase. The corresponding pseudo-first-order rate con-

SASBMB

NOVEMBER 7,2014+VOLUME 289-NUMBER 45

Catalytic Role of the Heme to Protein Linkages

stants, K.y and Kp,¢2), could be obtained from double-expo-
nential fits. From the corresponding plots of k_, ; versus cyanide
concentration (k,, = k,,, [CN-] + k_g) (Fig. 2, Cand D), appar-
ent second-order rate constants of (2.13 = 0.06) X 10°m~ 's™*
(K, = koglk,, = 9.2 um) and (6.0 = 0.37) X 10* M~ s~ (K, =
35 uM) could be obtained (25 °C).

Interestingly, when LspPOX was incubated with 15 times
stoichiometric excess of hydrogen peroxide for 1 h at room
temperature (in the following designated as LspPOX (H,O,)),
the kinetics of cyanide binding changed. Ferric LspPOX (H,O,)
exhibits a Soret maximum at 413 nm and two additional peaks
at 502 nm and 638 nm. Recently, spectral differences between
LspPOX and LspPOX (H,0,) could be assigned by mass spec-
trometry to differences in the extent of heme to protein link-
ages, ranging from only 20% in the recombinant protein puri-
fied from E. coli to >70% in LspPOX (H,0O,). Cyanide binding
in the latter (low-spin complex with maxima at 432 nm and 547
nm and an isosbestic point at 423 nm) was also biphasic but
now with a dominating fast phase (being responsible for ~85%
of the absorbance change at 432 nm) followed by a second
slower phase. The corresponding pseudo-first-order rate con-
stants, K.y and k), could be obtained from double-expo-
nential fits and allowed the calculation of the apparent second-
order rate constants to be (2.06 = 0.02) X 10°m 's™ ! (K, =
7.9 um) (Fig. 3C) and (4.6 = 0.26) X 10* M~ 's™ ' (K, = 22.1 um)
(Fig. 3D), respectively, at pH 7.0 and 25 °C (Table 1).

In both, LspPOX and LspPOX (H,0O,), cyanide binding was
biphasic with a fast reaction followed a slower one. Both pro-
teins exhibited almost identical rate constants for these two
phases, suggesting that the slow reaction reflects cyanide bind-
ing to the heme b protein, whereas the fast reaction reflects
cyanide binding to the protein modified by PTM. This is under-
lined by the fact that in LspPOX, the slower binding phase dom-
inated, whereas in LspPOX (H,O,), the fast reaction was
responsible for the large part of absorbance change. Moreover, the
apparent bimolecular rate constant as well as the dissociation con-
stant of the fast cyanide binding phase in the bacterial peroxidase
are comparable with those of MPO (1.3 X 10° M~ ' s7 ', K, =
4.3 M) (17)and LPO (1.3 X 10°m s~ 1, K, = 23.8 ) (18) at pH
7.0 and 25 °C.

Compound I Formation—Based on these significant differ-
ences in cyanide binding between LspPOX and LspPOX
(H,0,), we further investigated the redox reactions between
the respective high-spin ferric proteins and hydrogen peroxide
(Reaction 2). With LspPOX, 6.7 times molar excess of H,O, was
necessary to obtain maximum hypochromicity at the Soret
maximum (412 nm). An additional prominent peak of LspPOX
compound I was observed at 663 nm (black spectrum in bold-
face in Fig. 4A). Similar to cyanide binding, the kinetics of com-
pound I formation showed a pronounced biphasicity with a
rapid single exponential phase (k) responsible for ~15%
absorbance change at 412 nm followed by a slower single expo-
nential phase (k,},4()) responsible for ~85% absorbance change
at the Soret maximum.

Compound I of LspPOX (H,O,) was characterized by a 45%
decrease of absorbance at the Soret band (Fig. 54). Already
equimolar H,O, was sufficient to reach the full hypochromicity
at the Soret maximum (413 nm), very similar to EPO (20) and
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FIGURE 3. Reaction of ferric LspPOX (H,0,) with cyanide. A, spectral tran-
sition of the reaction of 2 um LspPOX (H,0,) with 100 um cyanide or 10 mm
cyanide (final concentrations) measured in the conventional mixing stopped-
flow mode. The first spectrum shows the ferric protein in its high-spin state
(red). The second spectrum was recorded 1 ms after mixing with 100 um cya-
nide, and subsequent spectra were measured at 3 ms, 6 ms, 80 ms, and 2 s.
The last three spectra were recorded after mixing with 10 mm cyanide at 4 ms,
15 ms, and 100 ms showing the complete formation of the low-spin cyanide
complex (black). Arrows indicate changes of absorbance with time. Final con-
ditions were as follows: 100 mm phosphate buffer, pH 7, 25 °C. B, typical time
trace at 432 nm and double-exponential fit (1 um LspPOX (H,0,) and 50 um
cyanide). C and D, dependence of k) (red) and ko) values (green) from
cyanide concentration. The association rate constant was calculated from the
slope, the dissociation rate constant from the intercept. Final enzyme concen-
tration was 1 um LspPOX (H,0,) in 100 mm phosphate buffer, pH 7, 25 °C.

LPO (21). Upon compound I formation, absorbance at 502 and
638 nm was lost, and a new peak at 663 nm appeared (black
spectrum in Fig. 54). Compound I formation of LspPOX
(H,0O,) was still biphasic but now showed a dominating rapid
exponential decrease at 413 nm (K, (;), responsible for ~85%
absorbance change), followed by a slower decrease (k) at
the Soret maximum (Fig. 5B).

Upon calculation of the apparent bimolecular rate constant
of the initial rapid phase (i.e. k() values) of compound I for-
mation (Figs. 4E and 5E), similar apparent bimolecular rate
constants could be obtained for both metalloproteins, namely
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TABLE 1

Apparent second-order rate constants for the reactions of LspPOX and
LspPOX (H,0,) in their ferric, compound | and compound Il state

In biphasic reactions, the amplitude of each phase is given in parentheses. Data are

presented in comparison with MPO and LPO. For details, see “Experimental Pro-
cedures.” C-I, compound I; C-II, compound II; nat. enzyme, ferric resting state.

E°" Fe(llFe(Ill) (my)  LSPPOX  LspPOX (H,0o) ~ MPO LPO
-184 (13) -145 (13) +5(11) -176 (25)

Reaction/Substrate x10*M's)  x10* M) x10f (m'sT) x 10t (M's™)

nat. enzyme <> complex a7 (18)
cyanide
Kobs(1) 213 (15%) 206 (85%) 130 130
Fobs) 6.0 (85%) 4.6 (15%)

nat. enzyme — C-I (14, 15) (21,24)
H,0,
kobs(1) 5200 (15%) 4400 (85%) 1400 1100
kobs(2) 168 (85%) 157 (15%)

C-I — nat. enzyme (22) 21)
chloride no reaction no reaction 2i5 no reaction
bromide 4.1 18 110 4.1
iodide 53 4200 720 12000
thiocyanate 53 2000 960 20000

C-1-C-lI
H,0, no reaction no reaction 4.4 (14,15) no reaction
tyrosine 32 62 77 (23) 11(24)

C-II — nat. enzyme
tyrosine 55 11 1.57 (23) 1(24)

(5.2 = 0.24) X 10" M~ ' s for LspPOX and (4.4 = 0.15) X
10" M~ ' s ! for LspPOX (H,O,). Moreover, the apparent second-
order rate constants calculated from the k() values (Figs. 4F
and 5F) were almost identical, i.e. (1.7 = 0.07) X 10°Mm s *
and (1.6 £ 0.17) X 10°M ™~ s~ !, respectively. Together with the
correlation between absorbance changes and k., values of the
fast and slower phase in the respective proteins (see above),
these data nicely reflect that (i) in LspPOX (H,O,) compound I
formation is ~30 times faster compared with LspPOX and that
(ii) ~85% of LspPOX (H,O,) contains covalently bound heme,
which reflects the mass spectrometric findings reported
recently (13). The bimolecular rate constant of LspPOX (H,O,)
is faster compared with MPO (14, 15) and LPO (21) (Table 1).

Besides the discrepancy in the apparent bimolecular rate
constants between the heme b protein and the posttransla-
tionally modified peroxidase, the corresponding plots also
showed differences in y axis intercepts (compare Figs. 4E and
5E with Figs. 4F and 5F), which might reflect differences in (i)
H,O, binding (e.g. faster dissociation from the initial com-
plex between the protein and the peroxide in the modified
peroxidase) and/or in (ii) reactivity and stability of the
resulting compound I. As will be shown below, compound I
of LspPOX(H,0,) is a stronger oxidant of bromide com-
pared with that of LspPOX. The increased reactivity is also
reflected by a more positive reduction potential of the
Fe(III)/Fe(II) couple of LspPOX (H,O,) (13).

With both proteins, compound I was not stable. In case of
LspPOX (H,O,), compound I decayed (Fig. 5C) directly to an
intermediate with spectral features very similar to those of an
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FIGURE 4. Reaction of ferric LspPOX with hydrogen peroxide. A, spectral
transition upon mixing of 2 um ferric LspPOX with 13.4 um hydrogen peroxide
(6.7 times excess of H,0,). The red spectrum indicates the ferric enzyme at the
beginning of the reaction. The first spectrum was measured 5 ms after mixing,
and subsequent spectra were measured at 15 ms, 26 ms, 38 ms, 58 ms, 100 ms
(i.e. compound | formation, black spectra) and 1.1s,2.55,4.35,6.2s,and 10 s
(decay of compound |, gray spectra). Arrows show the direction of absorbance
changes with time. Final conditions were as follows: 100 mm phosphate
buffer, pH 7, 25 °C. The inset to A depicts the spectral transition in the visible
range. The spectrum of compound | is highlighted in black (100 ms after
mixing). Arrows indicate absorbance changes with time. Shown is a typical
time trace with double-exponential fit (red) of the reaction of ferric LspPOX
with 6.7 times excess of H,0, followed at 412 nm for the first 300 ms (B) and
typical time trace with single-exponential fit (b/ue) of the decay of compound
Ifollowed at 432 nm for 10 s (C). Conditions were as described in A. D, pseudo-
first-order rate constants k. (blue) of the decay of compound | plotted
against hydrogen peroxide concentration. E and F, pseudo-first-order rate
constants Koy, (red) and k¢ (green) of the biphasic compound | formation
(monitored at 412 nm) plotted against hydrogen peroxide concentration.
Final enzyme concentration was 2 um in 100 mm phosphate buffer, pH 7,
25°C.

oxoiron(IV) species (Fig. 54, light gray spectra) with maxima at
432, 538, and 564 nm (rate of decay of ~3 s~ ). After adding a
6.7 times molar excess of H,O, to LspPOX, it took at least 100
ms to reach full hypochromicity at the Soret absorbance, but
the resulting compound I also decayed (Fig. 4C) to an interme-
diate with spectral features identical to those of LspPOX
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FIGURE 5. Reaction of ferric LspPOX (H,0,) with hydrogen peroxide. A,
spectral transition upon mixing of 2 um ferric LspPOX (H,0,) with 2 um hydro-
gen peroxide. The red spectrum indicates the ferricenzyme. The first spectrum
was measured 5 ms after mixing, and subsequent spectra were measured at
10 ms, 15 ms, 20 ms, 26 ms, 38 ms, 58 ms, 140 ms (i.e. compound | formation,
black spectra) and 1.72's,3.9 s, 6.5 s, and 10 s (i.e. compound | decay, gray
spectra). Arrows show the direction of absorbance changes with time. Final
conditions were 100 mm phosphate buffer, pH 7, 25 °C. The inset to A shows
the spectral transition in the visible range. The spectrum of compound I is
highlighted in black (140 ms after mixing). Arrows indicate absorbance
changes with time. Shown is a typical time trace with double-exponential fit
(red) of the reaction of ferric LspPOX (H,0,) with equimolar H,O, followed at
413 nm for the first 300 ms (B) and typical time trace with single-exponential
fit (blue) of the decay of compound | followed at 432 nm for 10 s (C). Condi-
tions were as described in A. D, pseudo-first-order rate constants k., (blue) of
the decay of compound | plotted against hydrogen peroxide concentration. E
and F, pseudo-first-order rate constants K, (red) and k-, (green) of the
biphasic compound | formation (monitored at 413 nm) plotted against
hydrogen peroxide concentration. Final enzyme concentration was 2 um in
100 mm phosphate buffer, pH 7, 25 °C.

(H,O,) (Fig. 4A, gray spectra). In both cases, formation of this
species with compound II-like spectral properties did not
depend on the concentration of hydrogen peroxide (Figs. 4D
and 5D). Formation of an oxoiron(IV) protein radical species in
the absence of exogenous electron donors has also been dem-
onstrated with LPO and EPO (19). Only in MPO, compound I
can be reduced with hydrogen peroxide to compound II with a
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bimolecular rate-constant of 4.4 X 10* M~ ' s~ ! according to
Reaction 6 (Table 1) (14, 15). Oxidation of H,O, to superoxide
by compound I is typical for myeloperoxidase (14, 15), but nei-
ther LspPOX (H,O,) nor EPO (20) or LPO (21) can catalyze this
reaction.

Reaction of Compound I with Two-electron Donors—Next, we
studied the effect of the posttranslational modification on the
reactivity of compound I with halides and thiocyanate accor-
ding to Reaction 3. In detail, we premixed LspPOX with 6.7
times excess H,0, and LspPOX (H,O,) with equimolar H,O,
in the aging loop for 100 ms to get a maximum of compound I.
For both species, this guaranteed a minimum decay of com-
pound L. With chloride (up to 100 mm) as electron donor, no
reaction occurred, and compound I of both proteins decayed to
the oxoiron(IV) species described above.

Upon mixing compound I of LspPOX with bromide, forma-
tion of this compound II-like species was suppressed to some
extent and the absorbance at the Soret maximum (412 nm)
increased, indicating the occurrence of a direct transition of
compound I back to ferric LspPOX (Fig. 6A4). The higher the
bromide concentration, the more negligible was the decay of
compound I to the oxoiron(IV) species (shoulder at 432 nm).
Fig. 6B depicts typical time traces at 412 and 432 nm for the
reaction with 50 um bromide. The observed initial steady-state
phase is consistent with the presence of excess of hydrogen
peroxide that had to be used for compound I formation of Lsp-
POX. Ferric enzyme produced by reaction of compound I with
bromide was immediately reoxidized by excess of H,O, to com-
pound I, which could react again with bromide or decay to the
oxoiron(IV) species. The higher the bromide concentration,
the faster H,O, was consumed and the shorter was this initial
steady-state phase. The increase of absorbance at 412 nm (after
this initial phase) could be fitted with a double-exponential
function (Fig. 6B). The slope of the plot of pseudo-first-order
rate constant, k) against bromide concentration gave an
apparent bimolecular rate constant of (4.1 + 0.3) X 10* M~ 's™!
at pH 7.0 and 25 °C (Fig. 6C). With iodide and thiocyanate,
similar time traces were observed, and apparent bimolecular rate
constants could be calculated to be (5.3 *+ 0.32) X 10° M s !
(iodide) and (5.3 + 0.57) X 10* M~ 's™* (thiocyanate), respectively
(Fig. 6, D and E). The y intercepts of the plots (2.0 —4.4 s~ ') might
reflect the instability and decay of compound I as described above.

By contrast, with LspPOX (H,O,) an almost direct transition
of compound I (built with equimolar H,O,) to ferric LspPOX
(H,O,) was observed (Fig. 7A). Typical time traces at 413 nm
still showed a double-exponential character (Fig. 7B) with the
first fast phase of the reaction being strongly dependent on the
halide concentration (Fig. 7C), whereas the second slower part
being independent of the halide concentration and reflecting
the formation of the oxoiron(IV) species. In Fig. 7C, the appar-
ent second-order rate constant was calculated from the slope of
the linear plot of pseudo-first-order rate constant, K,y
against bromide concentration to be (1.8 * 0.05) X
10° M~ ' s7, which is about four times faster compared with
LspPOX and LPO (21) but slower compared with MPO (22)
(Table 1). With iodide and thiocyanate similar spectral transi-
tions were obtained. The impact of the instability of compound
I was significantly smaller due to the higher reactivity with both
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FIGURE 6. Reaction of LspPOX compound | with (pseudo-)halides. A, spec-
tral transition after addition of 50 um bromide to LspPOX compound I (2 um)
in the sequential mixing stopped-flow mode. Compound | was preformed
with 6.7 times excess of H,0, (red) as described under “Experimental Proce-
dures.” After a 100-ms delay, the first spectrum was recorded at 2 ms, and sub-
sequent spectra were recorded at 101 ms, 251 ms, 406 ms, 551 ms, 707 ms, 860
ms, 1.04's, 14 5,2.03 s, 3.1 5, and 5 s. The reaction was carried out in 100 mm
phosphate buffer, pH 7.0, 25 °C, with a 100-ms delay time. B, typical time traces at
412 nm and 432 nm as well as a double-exponential fit (red) of the reaction of
LspPOX compound | with 50 um bromide followed at 412 nm. Conditions were as
described in A. C, pseudo-first-order rate constants k. (red) plotted against bro-
mide concentration. Final conditions were 100 mm phosphate buffer, pH 7.0,
25°C, 1 um LspPOX and 6.7 um H,0,, with a 100-ms delay time. D, pseudo-first-
order rate constants k. (green) plotted against iodide concentration. Final con-
ditions were 100 mm phosphate buffer, pH 7.0, 25 °C, 1 um LspPOX, and 6.7 um
H,0,, with a 100-ms delay time. E, pseudo-first-order rate constants k., (blue)
plotted against thiocyanate concentration. Final conditions were 100 mm phos-
phate buffer, pH 7.0, 25°C, 1 um LspPOX and 6.7 um H,0,, with a 100-ms delay
time.

iodide and thiocyanate (Fig. 7, D and E). Inspection of the cor-
responding plots reveals a higher intercept compared with
those for LspPOX, which could reflect differences in iodide
or thiocyanate binding to compound I in these two species. In
any case, the reactions between iodide or thiocyanate and com-
pound I of LspPOX (H,O,) were extremely fast, i.e. (4.2 =
0.27) X 10" M~ * s~ ! (iodide) and (2.0 = 0.07) X 10" M~ 's*
(thiocyanate). The big differences in reaction rates between
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FIGURE 7. Reaction of LspPOX (H,0,) compound | with (pseudo-)halides.
A, spectral transition after addition of 10 um bromide to LspPOX (H,0,) com-
pound | (2 um) in the sequential mixing stopped-flow mode. Compound | was
preformed with equimolar H,0, as described under “Experimental Proce-
dures.” After a 100-ms delay, the first spectrum was recorded at 2 ms, and
subsequent spectra were recorded at 37 ms, 123 ms, 212 ms, 347 ms, 609 ms,
1.77 s, and 5 s. The reaction was carried out in 100 mm phosphate buffer, pH
7.0,25 °C, with a 100-ms delay time. B, typical biphasic time trace and double-
exponential fit (red) of the reaction of LspPOX (H,0,) compound | with 10 um
bromide followed at 413 nm. Conditions were as described in A. C, pseudo-
first-order rate constants k., (red) plotted against bromide concentration.
Final conditions were 100 mm phosphate buffer, pH 7.0, 25 °C, T um LspPOX
(H,0,), T um H,0,, with a 100-ms delay time. D, pseudo-first-order rate con-
stants k., (green) plotted against iodide concentration. Final conditions were
100 mm phosphate buffer, pH 7.0, 25 °C, 0.6 um LspPOX (H,0,), 1 um H,0,,
with a 100-ms delay time. E, pseudo-first-order rate constants k., (blue) plot-
ted against thiocyanate concentration. Final conditions were 100 mm phos-
phate buffer, pH 7.0, 25 °C, 0.6 um LspPOX (H,0,), 1T um H,0,, with a 100-ms
delay time.

LspPOX and LspPOX (H,O,) are obvious, i.e. 80 times (iodide)
or 345 times (thiocyanate) higher rates in LspPOX (H,O,)
(Table 1). Iodide and thiocyanate oxidation by LspPOX (H,O,)
is faster than with MPO compound I (22) but slower compared
with the LPO intermediate (21).

Reactions between Compound 1 and Compound II and
Tyrosine—Finally, we analyzed compound I (Reaction 4) and
compound II reduction (Reaction 5) of both proteins by tyro-
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FIGURE 8. Reduction of LspPOX compound | and compound Il by tyrosine.
A, spectral changes upon addition of 50 um tyrosine to 2 um compound | in
the sequential mixing stopped-flow mode. Compound | was formed with
ferric LspPOX and 6.7 times excess of H,O, (red). After a 100-ms delay, the first
spectrum was recorded at 5 ms, and subsequent spectra were recorded at
100 ms, 298 ms, 900 ms, 2.4 s (compound lI-like, black labeled) and 3.25,3.5s,
3.95s,and 10 s. The inset to Fig. 8A shows the spectral transition in the visible
range. Final reaction conditions were 100 mm phosphate buffer, pH 7.0, 25 °C,
with a delay time of 100 ms. B, typical time traces at 432 nm, the maximum
absorbance of compound Il and 412 nm, the maximum absorbance of ferric
LspPOX. Conditions were as described in A. C, multiphasic time trace at 432
nm with both single-exponential fits, (i) the initial phase of compound Il for-
mation (red) and (ii) the last phase of compound Il reduction (green). Final
conditions were 100 mm phosphate buffer, pH 7.0, 25 °C, 1 um LspPOX and 6.7
M H,0,, 100-ms delay time, 50 um tyrosine. D and E, pseudo-first-order rate
constants for LspPOX compound | reduction (red) at 432 nm (D) and (in green
at 432 nm) compound Il reduction (E) both plotted against tyrosine concen-
trations. Conditions were as described in C.

sine. Upon addition of tyrosine to LspPOX compound I (Fig.
8A, red line), compound II (black line) was formed, and after a
distinct steady-state phase (caused by excess of hydrogen per-
oxide in the system), compound II was converted to the ferric
protein. The length of this steady-state phase depended on the
tyrosine concentration. The corresponding time traces at 412
and 432 nm (i.e. Soret maximum of compound II) are shown in
Fig. 8B. From the time traces at 432 nm, pseudo-first-order rate
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constants of compound II formation and reduction were
obtained by fitting the respected phases by single-exponential
equations (Fig. 8C). Apparent second-order rate constants were
calculated from the corresponding linear plots (Fig. 8, D and E)
tobe (3.2 = 0.17) X 10° M~ ' s~ ! (compound I reduction) and
(5.5 +0.27) X 10* M~ ' s (compound II reduction) (Table 1).

Upon addition of tyrosine to LspPOX (H,0O,) compound I
(red line), sequential formation of compound II (black line) and
its reduction was observed (Fig. 94). Transition of compound I
to compound II showed a defined isosbestic point at 413 nm,
whereas the transition of compound II to ferric LspPOX (H,O,)
exhibited an isosbestic point at 425 nm. Fig. 9B shows a typical
biphasic time trace observed at 432 nm, which was obtained
when LspPOX (H,O,) compound I was mixed with the one-
electron donor tyrosine. After initial formation of compound
II (Soret maximum at 432 nm), the reaction continues and
ferric LspPOX (H,O,) was formed (decrease at 432 nm and
increase at 413 nm). Both parts of the time trace could be
fitted with a single-exponential function (Fig. 9C), and the
apparent second-order rate constants were determined to be
(6.2 = 0.15) X 10° M ' s ! for compound I reduction and
(1.1 £0.07) X 10° M 's~ ! for compound Il reduction (Fig. 9,
D and E). Both rate constants are similar or even higher than
those reported for MPO (23) or LPO (Table 1) (24).

DISCUSSION

Heme proteins conduct a myriad of different biological func-
tions, including oxygen transport, storage and reduction, elec-
tron transfer, and redox catalysis. Thus, it is challenging to
investigate and understand the role of (posttranslational) mod-
ifications of the prosthetic group and/or of its protein environ-
ment in fine-tuning of biophysical and biochemical features of
these oxidoreductases. In the majority of heme peroxidase fam-
ilies unmodified heme b (e.g. in horseradish peroxidase (HRP)
(Fig. 1A)) is found at the active site (Fig. 1B). So far, prominent
exceptions included vertebrate (including human) peroxidases
that constitute the cornerstone of the innate immune system.
These halogenating enzymes (e.g. LPO, EPO, and MPO) have
modified 1- and 5-methyl groups on pyrrole rings A and C of
the heme group, allowing formation of ester linkages with the
carboxyl groups of conserved glutamate and aspartate residues
(1, 2, 6). Myeloperoxidase is unique in having a third covalent
bond, which connects the 3-carbon of the vinyl group on pyr-
role ring A with the sulfur atom of methionine 243, giving rise
to a sulfonium ion linkage (Fig. 1, E and F) (3-5).

Recently, we demonstrated for the first time the occurrence
of bacterial peroxidases that are highly homologous to LPO in
many respects (13). The prosthetic group of the protein from
Lyngbya sp. is covalently bound via ester bonds between a con-
served aspartate (Asp-100) and/or a glutamate residue (Glu-
229) similar to LPO (Fig. 1, C and D) (13). It was interesting to
see that the recombinant protein produced by E. coli contained
mainly unmodified heme b. An external addition of 15 times
molar excess of H,O, to the recombinant peroxidase was suffi-
cient to promote the posttranslational modification. It is rea-
sonable to assume that the native protein synthesized by
Lyngbya sp. PCC 8106 corresponds to LspPOX (H,O,). The
cyanobacterium Lyngbya sp. accommodates an oxygenic
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FIGURE 9. Reduction of LspPOX (H,0,) compound | and compound Il by
tyrosine. A, spectral changes upon addition of 10 um tyrosine to 2 um com-
pound | in the sequential mixing stopped-flow mode. Compound | was
formed with ferric LspPOX (H,0,) and equimolar H,O, (red). With a delay time
of 100 ms, the first spectrum was recorded at 5 ms, and subsequent spectra
were recorded at 100 ms, 216 ms, 450 ms, 900 ms (compound II-like, black
labeled) and 1.3 5, 1.6 5, 1.9 5, 2.7 5, and 10 s. The inset to Fig. 9A shows the
spectral transition in the visible range. Final reaction conditions were 100 mm
phosphate buffer, pH 7.0, 25 °C, with a delay time of 100 ms. B, typical time
traces at 432 nm, the maximum absorbance of compound Il and 413 nm, the
maximum absorbance of ferric LspPOX (H,0,). Conditions were as described
in A. C, biphasic time trace at 432 nm with both single-exponential fits, (i) for
the initial phase of compound Il formation (red) and (ii) the second phase of
compound Il reduction (green). Final conditions were 100 mm phosphate
buffer, pH 7.0, 25 °C, 1 um LspPOX (H,0,), and equimolar H,0,, 100-ms delay
time, 10 um tyrosine. D and E, pseudo-first-order rate constants for LspPOX
(H,0,) compound | reduction (red) at 432 nm (D) and (in green at 432 nm)
compound Il reduction (E) both plotted against tyrosine concentrations. Con-
ditions were as described in C.

Tyrosine (uM)

photosynthetic together with a respiratory electron trans-
port chain within a single prokaryotic (non-compartmental-
ized) cell, thereby performing oxygen activation and gener-
ation of hydrogen peroxide at high rates.

Most likely via H,O,-mediated oxidation and compound I
formation, the nearby located carboxyl side chains of Asp-100
and Glu-229 were oxidatively attacked, finally leading to ester
bond formation as described for its mammalian counterparts
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(7-9). Thereby, most likely the symmetry of the heme group as
well as its planarity were lowered as was evident by distinct
changes ofthe UV-visible electronicabsorption, circular dichro-
ism, and electronic paramagnetic resonance spectra as
described recently (13). It was interesting to see that during this
autocatalytic process the spectral properties of the ferric and
ferrous forms of the bacterial peroxidase became very similar to
LPO. Moreover, the standard reduction potential (E°’) of the
Fe(III)/Fe(II) couple (— 145 mV) became similar to that of LPO
(=176 mV) (25) and EPO (—126 mV) (25). This result com-
pares with reported E°' values of —190 mV and —306 mV for
the heme b proteins cytochrome ¢ peroxidase and horseradish
peroxidase (26). It reflects the impact of heme to protein ester
bonds on heme distortion by promoting the out of plane dis-
placement of the heme iron in mammalian peroxidases (6, 25,
26) and most probably also in ferric LspPOX (H,O,).

The possibility to monitor the peroxide driven transition
from a predominantly heme b in LspPOX to mainly modified
and covalently linked heme in LspPOX (H,O,) motivated us to
study the impact of this PTM on the kinetics of the formation
and reaction of all relevant redox intermediates of the haloge-
nation and peroxidase cycles. For the mammalian counterparts
(e.g. MPO or LPO), this could not be followed so far (despite the
presence of comparable inhomogeneities regarding the cova-
lent heme to protein bonds both in MPO or LPO).

Upon incubation of recombinant ferric LspPOX with hydro-
gen peroxide both cyanide binding and H,O,-mediated oxida-
tion to compound I was accelerated, and the K, value for cya-
nide was decreased. It has to be mentioned that in regard to the
rate of compound I formation, there are no obvious differences
between peroxidases with and without covalently linked heme.
The k,,,, values of this bimolecular reaction in mammalian per-
oxidases as well as plant-type peroxidases (such as horseradish
peroxidase) are within (1.1 — 5.6) X 10" M~ *s™'atpH 7.0 (1, 2).
This result clearly suggests that upon transition from LspPOX
to LspPOX (H,O,), changes of both (i) the structure of the
distal heme cavity as well as of (ii) the access channel to the
active site occurred. Both cyanide and hydrogen peroxide bind-
ing to the ferric state need the distal (catalytic) histidine to act as
proton acceptor before the resulting anions bind to the ferric
heme. Additionally, in heme peroxidases the distal histidine is
involved in hydrogen bonding of the resulting cyanide com-
plexes as well as of higher oxidation states such as compound II
(1, 4). Modification of the prosthetic group and formation of
covalent bonds with the protein will have an impact on these
interactions. Moreover, because the substrate channel opens
into the heme cavity close to the 6-meso bridge between pyrrole
rings A and D (Fig. 1), these PTMs will also affect the accessi-
bility of ligands and substrates. This result has been demon-
strated for MPO variants, where the exchange of this glutamate
residue (i.e. Glu-242) significantly reduced the rate of cyanide
binding and compound I formation, most likely because the
flexible side chain blocked the entrance to the heme cavity (27,
28). A similar scenario supposedly accounts for the lower reac-
tivity in LspPOX with mainly unmodified glutamate.

Compound I of LspPOX (H,O,) could be formed with
equimolar concentration of hydrogen peroxide. This fact as
well as the spectral features of the resulting intermediate are
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very similar to LPO compound I (1, 24). In the absence of exog-
enous electron donors, the protein moiety of the bacterial pro-
tein is oxidized resulting in an oxoiron(IV) intermediate with a
compound II-like spectrum. This effect is also observed with
LPO and reflects the similar redox properties of the two
enzymes (13, 19, 25).

The oxidation capacity of compound I of LspPOX was signif-
icantly increased upon PTM. Similar to LPO, chloride could not
act as electron donor in LspPOX (H,O,). Chloride oxidation is
known from MPO and closely related to the existence of its
electron-withdrawing sulfonium ion linkage and its strongly
distorted and asymmetric heme group (3-5, 29), which results
in the extraordinary positive reduction potential of its Fe(III)/
Fe(II) couple (Table 1) (11, 27). By contrast, bromide acts as
two-electron donor of compound I of LspPOX (H,0O,) and the
calculated apparent bimolecular rate constant was even higher
compared with LPO compound I, which nicely reflects the
recently published steady-state bromination data (13) but also
the slightly more positive reduction potential of the Fe(III)/
Fe(Il) couple of LspPOX (H,O,). Although not directly
involved in the catalytic cycle, the hierarchy of reduction poten-
tials of the Fe(III)/Fe(II) couple often reflects the hierarchy of
the reduction potential (E°") of the compound I/Fe(III) couple.
Based on this, the hierarchy of E°' (compound I/Fe(IIl)) is sug-
gested to be MPO > EPO > LspPOX (H,O,) > LPO (11, 13).

An interesting observation was also the drastic increase of
apparent bimolecular rate constants of the reactions of com-
pound I with iodide and thiocyanate after PTM. This cannot be
related with the increase of the oxidation capacity of the bacte-
rial peroxidase as oxidation of these two-electron donors is not
challenging thermodynamically (30). As already discussed
above, probably in LspPOX, the negatively charged and flexible
glutamate impedes the accessibility of these (bigger) anionic
electron donors. Upon PTM and covalent bond formation, the
negative charge disappears and additionally (most likely) the
accessibility to the active site is increased (27-29).

Finally, we could demonstrate that the PTM also modulated
the peroxidase cycle of this novel bacterial peroxidase (Reac-
tions 2, 4, and 5). Both relevant redox intermediates, namely
compound I and compound II, exhibited increased oxidation
rates of tyrosine after the autocatalytic transformation (Table
1). Importantly, the observed UV-visible spectral features of
compound II are also similar to LPO and significantly different
to heme b peroxidases. With tyrosine (E°" = 0.93 V (31)) as
model substrate, it was demonstrated that the apparent bimo-
lecular rate constants of both compound I reduction (Reaction
4) and compound II reduction (Reaction 5) of LspPOX (H,0O,)
were about two times higher compared with LspPOX (Table 1).
Both compound I and compound II of LspPOX (H,O,) are
stronger oxidants compared with the corresponding redox
intermediates of lactoperoxidase (Table 1) and horseradish per-
oxidase (32). In both horseradish peroxidase and mammalian
peroxidases, the oxidation of aromatic electron donors has
been proposed to take place in the vicinity of the 6-mesocarbon
and pyrrole ring D (compare Fig. 1, B, D, and F) (1, 32). Based on
the sequence homology of the bacterial protein with LPO (13),
it is reasonable to assume that the oxidation site of tyrosine in
LspPOX (H,O,) is very similar. This, together with the hierar-
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chy of the reduction potential of the Fe(IlI)/Fe(II) couples of
these peroxidases (11, 13, 25, 32), suggests that the E°’ values of
the couples compound I/compound II as well as compound
I1/Fe(I1I) follow the hierachy LspPOX (H,O,) > LPO > HRP. It
demonstrates that the bacterial peroxidase is an efficient cata-
lyst of both two- and one-electron oxidation reactions. These
properties together with its high conformational and thermal
stability (13) render this novel class of heme proteins very inter-
esting for application as catalyst in biotechnology.

Summing up, for the first time a recombinant heme peroxi-
dase allowed monitoring of the effect of hydrogen peroxide-
driven formation of covalent heme to protein bonds on its bio-
chemical and biophysical properties. Distinct changes in
spectral and redox properties during this structural transition
were observed (13). This posttranslational modification alters
the architecture of the heme cavity thereby improving the bind-
ing of cyanide and H,O,. Upon covalent bond formation, the
reduction potentials of the relevant redox intermediates and
their reactivity toward one- and two-electron donors are
increased. Additionally, the accessibility to the (pseudo-)halide
binding and oxidation site seems to be increased.

It has to be mentioned that the physiological role of these
bacterial heme peroxidases is completely unknown so far. Lsp-
POX is the first studied representative of a novel peroxidase
family, which can be regarded as phylogenetic origin in the
evolution of the vertebrate peroxidases, including LPO and
MPO (13). By sharing structural, biophysical and catalytic
properties, one might speculate whether these bacterial pro-
teins also share similar biological roles, i.e. unspecific defense
reactions by production of halogenating and antimicrobial
products such as hypohalous acids.
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ABSTRACT: The existence of covalent heme to protein  ueme attachwest _ Spectral properties
bonds is the most striking structural feature of mammalian N
peroxidases, including myeloperoxidase and lactoperoxidase o | '

(LPO). These autocatalytic posttranslational modifications BN
(PTMs) were shown to strongly influence the biophysical
and biochemical properties of these oxidoreductases. Recently,
we reported the occurrence of stable LPO-like counterparts /\
with two heme to protein ester linkages in bacteria. This study / N\ LspPOX active site Br-+ W0,
focuses on the model wild-type peroxidase from the
cyanobacterium Lyngbya sp. PCC 8106 (LspPOX) and the
mutants D109A, E238A, and D109A/E238A that could be recombinantly produced as apoproteins in Escherichia coli, fully
reconstituted to the respective heme b proteins, and posttranslationally modified by hydrogen peroxide. This for the first time
allows not only a direct comparison of the catalytic properties of the heme b and PTM forms but also a study of the impact of
D109 and E238 on PTM and catalysis, including Compound I formation and the two-electron reduction of Compound I by
bromide, iodide, and thiocyanate. It is demonstrated that both heme to protein ester bonds can form independently and that
elimination of E238, in contrast to exchange of D109, does not cause significant structural rearrangements or changes in the
catalytic properties neither in heme b nor in the PTM form. The obtained findings are discussed with respect to published
structural and functional data of human peroxidases.

~-

/
Stability /

our heme peroxidase superfamilies arose independently participate in innate immunity (MPO, EPO, and LPO) and
during evolution, which differ in overall fold, active site thyroid hormone biosynthesis (TPO).>”*
architecture, and enzymatic activity.'" The redox cofactor is Importantly, formation of the heme to protein bonds in
either heme b or modified heme that is coordinated by either vertebrate peroxidases was shown to occur autocatalytically
cysteine or histidine. Posttranslational modification (PTM) of proceeding via a free radical mechanism that includes H,O,-
the heme cofactor leading to covalent heme to protein bonds is mediated formation of Compound I as proposed by Ortiz de

found exclusively in members of the peroxidase-cyclooxygenase
superfamily (Pfam accession number PF03098).” Its members
are widely distributed among all domains of life. In at least five
of the seven main families, the heme is covalently linked via one
or two ester linkages formed by conserved glutamate and
aspartate residues and the heme 1- and 5-methyl substituents.’
Only in one representative [ie., myeloperoxidase (MPO)] of
family 1 is a third covalent bond formed between a Met and the
2-vinyl substituent of the heme.”* Generally, family 1 (ie,
chordata) peroxidases are the best studied representatives of
this superfamily with respect to structural and functional

Montellano.” Compound I formed by the noncovalently bound
heme—protein complex oxidizes a nearby carboxylic acid to the
carboxylate radical, concomitantly reducing the heme center to
the Compound II state. Finally, the side-chain radical abstracts
a hydrogen atom from the nearby heme methyl group, yielding
a methylene radical and regenerating the carboxylic acid anion.
Intramolecular transfer of the unpaired electron from the
methylene to the iron leads to regeneration of the ferric state
and a methylene cation that traps the carboxylate anion and

characterization and their role in physiology. Besides MPO, Received: July S, 2017
eosinophil peroxidase (EPO), lactoperoxidase (LPO), and Revised:  July 31, 2017
thyroid peroxidase (TPO) are well-known and were shown to Published: August 1, 2017
ACS Publications  © 2017 American Chemical Society 4525 DOI: 10.1021/acs.biochem.7b00632
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forms the ester bond.” As a consequence of these PTMs, the
heme is distorted causing a bowing of the structure as is
demonstrated by X-ray crystallography and resonance Raman
spectroscopy.”* The effect is much more pronounced in MPO
than in LPO.>*'°"'* As a result of this distortion and the
MPO-specific electronic effects of the vinyl sulfonium linkage,
the spectroscopic and redox properties of vertebrate perox-
idases (e.g, LPO and MPO) and heme b peroxidases (e.g.,
horseradish peroxidase) differ substantially.>'*"*

Vertebrate peroxidases, like heme peroxidases from all four
superfamilies, catalyze the one-electron oxidation of diverse
organic substrates.””~"” However, they have an additional and
physiologically important function, namely the two-electron
oxidation of halides and thiocyanate. Thereby, they follow the
halogenation cycle that includes Compound I [i.e., oxoiron(IV)
porphyryl radical, **Por-Fe(IV)=0] formation (reaction 1)
and the direct two-electron reduction of Compound I to the
ferric state by halides or thiocyanate (reaction 2).*'® The
produced hypohalous acids (HOX) or hypothiocyanite are
responsible for the antimicrobial role of MPO, EPO, and LPO
in the mammalian innate immune system or thyroid hormone
biosynthesis by TPO.”™* Importantly, the PTMs were shown to
significantly modulate the oxidation capacity of these
peroxidases. For example, because of the vinyl—sulfonium
bond, MPO is the only human enzyme that is able to oxidize
chloride to hypochlorite at reasonable rates.”>'*'”

Por-Fe(Il) + H-O—0—H S **Por-Fe(IV)=0 + H,0
(1)

**Por-Fe(IV)=0 + X~ + H" 5 Por-Fe(Ill) + HOX
2

Phylogenetic analysis of the peroxidase-cyclooxygenase
superfamily revealed that peroxidases homologous to mamma-
lian counterparts are also found in bacteria and early
eukaryotes,”” which poses a question about the origin of
oxidant-based innate immunity. Recently, we have published
biochemical studies of the first bacterial representative of the
peroxidase-cyclooxygenase superfamily, namely a heme perox-
idase from the cyanobacterium Lyngbya sp. PCC 8106
(LspPOX).>**" Its sequence is highly homologous with that
of LPO and the presence of all relevant heme cavity residues,
including D109 and E238. The corresponding residues in LPO
(but also EPO, TPO, and MPO) have been shown to be
responsible for the two heme to protein ester bonds.'”
Furthermore, we could demonstrate that recombinant LspPOX
isolated from Escherichia coli has a mixture of heme b and
covalently bound heme and that addition of hydrogen peroxide
increased the fraction of posttranslationally modified en-
zyme. 2021

In this work, we aimed to study (i) the catalytic differences
between heme b LspPOX and the posttranslationally modified
(PTM) protein and (ii) the role of D109 and E238 in both the
autocatalytic process and catalysis. Four proteins (wild-type,
single mutants D109A and E238A, and double mutant D109A/
E238A) were produced as apo forms, loaded with heme b, and,
finally, incubated with a 15-fold molar excess of H,0, for
autocatalytic posttranslational modification. The corresponding
heme b and PTM versions of those proteins were studied, and
their spectral and redox properties, thermal stability, and ligand
binding (reaction 3) and the two individual reaction steps of
the halogenation cycle, ie., Compound I formation and
reduction (reactions 1 and 2), were compared.
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Por-Fe(Ill) + HCN & Por-Fe(IlI)-CN™ + H* 3)

B MATERIALS AND METHODS

Materials. Chemicals and enzymes were purchased from the
following sources. The pET-52b(+) vector was from Novagen,
and the competent E. coli BL21 Star (DE3) cells were from
Thermo Fisher Scientific. For site-directed mutagenesis, the
QuikChange Lightning Site-directed Mutagenesis Kit (Agilent)
was used. The chelating Sepharose Fast Flow column was from
Amersham Biosciences, Centripreps-30 were from Amicon,
whereas protease inhibitor tablets (SIGMAFAST Protease
Inhibitor Cocktail Tablets EDTA-free), hydrogen peroxide (as
a 30% solution), and PD-10 columns were purchased from
Sigma-Aldrich. Membrane filters (hydrophilic 0.45 um
membrane filter) were from Merck Millipore. All other
chemicals were purchased from Sigma-Aldrich at the highest
available grade.

Cloning, Site-Directed Mutagenesis, and Expression.
The preparation of the LspPOX gene from the Lyngbya sp.
strain was described previously.”””" A hexahistidine tag (Hisg
tag) was fused at the N-terminus of the LspPOX gene and a
Strep tag at the C-terminus. The pET-52b(+) plasmid
containing the LspPOX gene was used for expression with
the T7 expression system (Novagen). Mutants of LspPOX
were produced using site-directed mutagenesis, and the
designed primers (Table S1) were purchased from Sigma-
Aldrich. For the introduction of point mutations, the
polymerase chain reaction-based site-directed mutagenesis kit
(Agilent Technologies) with two complementary primers with
the specific mutation in the middle of their sequence was used.
Chemically competent E. coli BL21 Star (DE3) cells were
transformed with the mutated, purified plasmids by heat shock
transformation for expression screening and final protein
production.

Next, 12 mL of LB,,,, medium [10 g/L peptone, 5 g/L yeast
extract, and S g/L NaCl (pH 7.0), supplemented with S mg/L
ampicillin] was inoculated with the transformed E. coli BL21
Star (DE3) cells, incubated overnight at 37 °C and 180 rpm,
and used as the inoculum for 1 L of M9ZB,,, medium (20 g/L
peptone, 10 g/L yeast extract, S g/L NaCl, and 1 g/L NH,Cl,
supplemented with 6 g/L Na,HPO,-7H,0, 3 g/L KH,PO,, 1
g/L glucose, 25 mg/L MgSO,-7H,0, and 5 mg/L ampicillin).
The cultures were grown in two 2 L Erlenmeyer flasks at 37 °C
and 180 rpm, until the optical density at 600 nm (Agq) reached
a value of 0.6—0.8. Protein expression was induced using
isopropyl f3-p-1-thiogalactopyranoside (final concentration of
0.5 mM). The cells were grown for 4 h at 20 °C and 180 rpm.
The cultures were harvested by centrifugation at 2700g and 4
°C for 15 min. The cell pellet was frozen at —80 °C.

Purification of Apoproteins and Reconstitution with
Heme. Using the N-terminal His4 tag, the protein was purified
by metal chelate affinity chromatography. The cell pellet of 1 L
of E. coli culture was thawed and resuspended in 20 mL of lysis
buffer [SO mM Tris-HCl (pH 8.0) containing 2 mM Na,EDTA,
0.1% Triton X-100, 1 mM phenylmethanesulfonyl fluoride, and
a protease inhibitor cocktail tablet]. The cell suspension was
cooled on ice during lysis by ultrasonication (50% pulse, three
times for 40 s) and then centrifuged at 45000g and 4 °C for 25
min. The pellet was discarded, and the remaining supernatant
containing apo-LspPOX was filtered through a hydrophilic 0.45
um membrane filter (Merck Millipore) and used for metal
chelate affinity chromatography. After the addition of 0.5 M
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NaCl and 20 mM imidazole (final concentration), the solution
was loaded on a chelating Sepharose gel column (1.6 cm X 12
cm) charged with Ni** (5 mg/mL) and equilibrated with 67
mM phosphate buffer (pH 7.2) containing 0.5 M NaCl and 20
mM imidazole. The column was washed with equilibration
buffer, and bound proteins were eluted with 90 mL of a
gradient of 20 to 250 mM imidazole in equilibration buffer.
Fractions showing a pure band on sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS—PAGE) were col-
lected. The protein was concentrated by ultrafiltration (Amicon
CentriPrep-30) with a weight cutoff of 30 kDa, desalted with
PD-10 columns, and stored in 10 mM phosphate buffer (pH
7.0) at —80 °C.

The purified apoprotein was mixed with an equimolar
amount of hemin chloride and incubated for approximately 10
min at room temperature in SO mM phosphate buffer (pH 7.0).
For the production of the respective PTM form with covalently
linked heme, the protein solution was incubated with a 15-fold
stoichiometric excess of hydrogen peroxide for 1 h at room
temperature. The protein was desalted with PD-10 columns,
concentrated by ultrafiltration (Amicon CentriPrep-30), and
stored in 10 mM phosphate buffer (pH 7.0) at —80 °C.

Mass Spectrometry. To detect the fraction of protein
containing covalently bound heme, intact protein mass
spectrometry analyses were conducted. Therefore, 3 ug of
wild-type LspPOX or mutants in 10 mM phosphate buffer (pH
7.0) was analyzed using a Dionex Ultimate 3000 system directly
linked to a QTOF instrument (maXis 4G ETD, Bruker)
equipped with the standard electrospray ionization (ESI)
source in positive ion mode. Mass spectrometric scans were
recorded in a range from m/z 400 to 3800. The instrument was
calibrated using an ESI calibration mixture (Agilent). For
separation of the proteins, a Thermo ProSwift RP-4H analytical
separation column (250 mm X 0.200 mm) was used. A gradient
from 80% solvent A and 20% solvent B [solvent A being 0.05%
trifluoroacetic acid (TFA) and solvent B being 80.00%
acetonitrile (ACN), 19.95% H,0, and 0.05% TFA] to 65% B
over 20 min was applied, followed by a 15 min gradient from 65
to 95% B, at a flow rate of 8 yL/min and 70 °C. The obtained
data were processed using Data Analysis 4.0 (Bruker), and the
spectrum was deconvoluted by MaxEnt (maximum entropy
method, low mass of 40000, high mass of 200000, instrument
resolving power of 10000).

Differential Scanning Calorimetry. Differential scanning
calorimetry (DSC) measurements were taken on a VP-DSC
microcalorimeter (MicroCal) controlled by the VP-viewer
program and equipped with a 137 uL cell and an autosampler
for 96-well plates. Studies were performed with 10 4M protein
in 100 mM buffer (pH 7.0). Samples were analyzed using a
programmed heating scan rate of 60 °C/h and a 4.1 bar cell
pressure in a temperature range of 20—100 °C. Data analysis
was performed with the MicroCal Origin 7 software. Raw DSC
data were baseline-corrected with buffer and normalized for
protein concentration. Individual endotherms were fitted by a
non-two-state transition model.

Spectroelectrochemistry. Standard reduction potential
E° of the Fe(lll)/Fe(Il) couple of the heme proteins was
measured using a homemade OTTLE (optically transparent
thin layer spectroelectrochemical) cell in a three-electrode
configuration, consisting of a gold mini-grid working electrode
(Buckbee-Mears), a homemade Ag/AgCl/KCl,, microrefer-
ence electrode, separated from the working solution by a Vycor
set, and a platinum wire as counter electrode. The reference
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electrode was calibrated against a saturated calomel electrode
(AgCl) before each set of measurements. All potentials are
referenced to the standard hydrogen electrode. Potentials were
applied using an Amel model 2053 potentiostat/galvanostat.
Ultraviolet—visible (UV—vis) spectra were recorded using a
Varian Cary CS0 spectrophotometer. Spectroelectrochemical
titrations were performed using samples containing 10 uM
wild-type LspPOX or mutants in 100 mM phosphate buffer and
100 mM NaCl at pH 7.0 and 25 °C. As redox mediators, 100
#M methyl viologen and 2 yM lumiflavin 3-acetate, methylene
blue, phenazine methosulfate, and indigo disulfonate were used.

UV-Vis and ECD Spectroscopy. UV—vis spectra of wild-
type and mutant LspPOX in both the heme b and PTM form
were recorded using a Hitachi U-3900 spectrophotometer from
200 to 800 nm at 25 °C in S0 mM phosphate buffer (pH 7.0).
The molar extinction coefficient of wild-type LspPOX has been
determined previously by the method of Bradford and was
94670 M~ em™.*° It was used for all calculations of protein
concentrations of LspPOX and its mutants.

Electronic circular dichroism (ECD) measurements were
conducted using a Chirascan device (Applied Photophysics,
Leatherhead, U.K.). UV—vis and ECD spectra were measured
simultaneously. The machine was flushed with nitrogen at a
flow rate of S L/min before and throughout the measurements.
In the far-UV region (180—260 nm), the path length was 1
mm, using a bandwidth of 3 nm at a constant temperature of 25
°C, and the scan time was 10 s per point. The concentration of
LspPOX and its mutants was 0.25 mg/mL in 10 mM phosphate
buffer (pH 7.0). In the near-UV and visible region (250—470
nm), the instrument parameters were as follows: path length of
10 mm, spectral bandwidth of 1 nm, temperature of 25 °C, and
scan time of 10 s per point. Concentrations for measurements
in the near-UV and visible range were 5 mg/mL.

Temperature-dependent single-wavelength ECD measure-
ments were conducted in a temperature range of 25—95 °C at a
heating rate of 60 °C/h and a wavelength of 408 nm, revealing
the unfolding of the heme cavity. The instrument setup was the
same as that for near-UV and visible ECD measurements, and
unfolding curves were fitted with a sigmoid regression curve to
yield the midterm temperature (T,,) of unfolding of the heme
cavity.

Stopped-Flow Spectroscopy. Pre-steady state kinetic
measurements were performed to study the reaction inter-
mediates of wild-type and mutant proteins in both the heme b
and PTM forms. The experiments were performed with a
stopped-flow apparatus (model SX-18MV and Pi-star-180,
Applied Photophysics) equipped in the conventional mode or
sequential mode. An optical quartz cell with a path length of 10
mm and a volume of 20 uL was used. The fastest time for
mixing two solutions and recording the first data point was 1.0
ms. All measurements were performed at 25 °C. A minimum of
three replicates was performed for each measurement. The
spectra were followed with the diode array detector, and the
single-wavelength time traces were obtained using a mono-
chromator (both from Applied Photophysics). Cyanide binding
and reaction with hydrogen peroxide were performed in the
conventional stopped-flow mode by measuring the decrease in
absorbance at 412 nm. One syringe contained a 4 yM protein
solution in S0 mM phosphate buffer (pH 7.0), and the second
syringe contained cyanide or hydrogen peroxide solutions at
varying concentrations. The pseudo-first-order rate constants,
k,,, were used to calculate the second-order rate constants
using the slope of the plotted k,,, values versus cyanide
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concentration to calculate kg, k. and Kp values. Apparent
bimolecular rate constants of Compound I formation were
calculated by plotting the obtained k,, values against hydrogen
peroxide concentration.

Sequential, multimixing stopped-flow spectroscopy was
performed to monitor the reduction of Compound I using
the (pseudo) halides CI~, Br~, I", and SCN™. Halide oxidation
was followed by measuring the absorbance change at 412 nm.
In detail, an 8 uM protein solution was premixed with varying
hydrogen peroxide concentrations in the aging loop for varying
time spans (see Table S2). Finally, Compound I was allowed to
react with varying concentrations of electron donors. The
measured time traces were fitted to obtain the corresponding
pseudo-first-order rate constants, k,, which were further used
to calculate the apparent bimolecular rate constants from the
slope of the plot of k, versus (pseudo)halide concentration.

B RESULTS

Production of Apoproteins, Heme b Proteins, and
PTMs of the Prosthetic Group. Wild-type peroxidase from
the cyanobacterium Lyngbya sp. PCC 8106 (LspPOX) and the
three mutants were successfully produced with an N-terminal
Hiss tag as apoproteins. The respective supernatants of the
lysed E. coli cells were purified by affinity chromatography, and
the purity of the four proteins was proven by SDS—PAGE and
Western blotting, using an anti-His, tag antibody. After
optimization of the expression conditions, a yield of ~10
mg/L of E. coli culture could be obtained for all four proteins.
Spectral investigation demonstrated the complete absence of
heme in these samples. Aliquots of these apoproteins were
stored at —80 °C in 10 mM phosphate buffer (pH 7.0) until
they were used for further investigation. Next, the apoproteins
were reconstituted by stepwise addition of protein to a hemin
chloride solution to yield a final 1:1 stoichiometry. Spectral
monitoring of this reconstitution procedure clearly showed
monophasic transitions with isosbestic points (Figure 1). The
typical hemin spectra [maxima at 385 nm (shoulder at 360 nm)
and 611 nm (red spectrum in Figure 1)] were converted to
heme b spectra with Soret maxima at 411 nm (wild-type
LspPOX and variant E238A) or at 404 nm (variants D109A
and D109A/E238A). The resulting purity numbers (RZ, Agoee/
Asgo) of approximately 0.85—0.90 indicated 90—95% heme
occupancy. Mass spectrometric analysis confirmed the purity
and homogeneity of the proteins (Figure 2) with molar masses
of 60662 Da (wild-type), 60616 Da (D109A), 60602 Da
(E238A), and 60560 Da (D109A/E238A). Note that during
sample preparation for MS analysis (noncovalently bound)
heme b is lost (see Materials and Methods).

Importantly, upon incubation of the heme b proteins with
H,0, at a 15-fold stoichiometric excess, the prosthetic heme
group (612 Da) was modified and covalently linked with the
protein, i.e., generation of the PTM form. Figure 2
demonstrates that 66—70% of wild-type LspPOX and mutants
D109A and E238A showed additional MS peaks at 61272 Da
(wild-type), 61229 Da (D109A), and 61216 Da (E238A),
reflecting the presence of covalently bound heme. These data
clearly suggest that both aspartate 109 and glutamate 238 can
participate in ester bond formation even in the absence of the
second acidic amino acid (Figure 2A—C). In the double
mutant, heme b cannot be posttranslationally modified (Figure
2D).

The effect of the PTMs on the overall secondary and tertiary
structure of the wild-type and mutant proteins is negligible. The
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Figure 1. Conversion of apoproteins to the heme b forms followed by
UV—vis spectroscopy. Purified apoproteins (wild-type, WT) and
mutants D109A, E238A, and D109A/E238A were stepwise added to
hemin chloride (red spectrum) at room temperature in S0 mM
phosphate buffer (pH 7.0). Spectra were recorded when no further
spectral changes occurred (typically S min after each step). The final
heme b spectra (90—95% heme occupancy) are shown in bold black.

heme b and posttranslationally modified versions of all four
proteins exhibited almost identical CD spectra in the far-UV
(185—250 nm) and near-UV (250—350 nm) regions (Figure
3A,B). Deconvolution of the spectra revealed the presence of
approximately 30% o-helices, 25% f-sheets, 19% f-turns, and
26% random coil structure. However, in the visible region, both
the wild-type protein and variant E238A showed significant
differences between the heme b and PTM forms. Incubation
with H,O, increased the ellipticity of the respective minima.
Additionally, the Soret minima slightly shifted to higher
wavelengths (wild-type, from 409 to 411 nm; D109A, from
408 to 409 nm; E2384, from 410 to 412 nm). These findings
clearly reflect rearrangements in the heme cavity caused by
PTM. The ellipticity of the Soret region of double mutant
D109A/E238A was small and did not change upon incubation
of the protein with hydrogen peroxide.

Covalent bond formation was also reflected by changes in the
UV—vis spectra. Upon incubation with H,O,, the Soret bands
of wild-type LspPOX and mutant E238A slightly narrowed and
the maxima shifted from 411 to 412 nm. In addition, the Q-
band at 545 nm and the CT1 band at 642 nm became more
pronounced (Figure 4). It is important to note that the spectra
of the heme b versions of D109A and D109A/E238A varied
depending of the sample age and storage conditions. Freshly
prepared heme b samples exhibited Soret maxima at 404 nm,
whereas frozen and defrosted proteins showed maxima of ~410
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Figure 2. Mass spectrometry analysis of (A) wild-type LspPOX and mutants (B) D109A, (C) E2384A, and (D) D109A/E238A in both the heme b
and PTM forms. For intact protein analysis, 3 yg of the protein sample in 10 mM phosphate buffer (pH 7.0) was directly injected into the liquid
chromatography—mass spectrometry system and analyzed by a QT OF instrument equipped with the standard ESI source in positive ion mode. The
PTM versions were obtained by incubation of the heme b proteins with a 15-fold stoichiometric excess of H,O, at room temperature for 1 h.

nm despite the fact that 100% heme b was still present in the
active site.

Incubation with H,0O, significantly narrowed the Soret band
of D109A and shifted the Soret maximum to 411 nm (67%
covalently bound heme), whereas no spectral changes in the
double mutant were evident (100% heme b) (Figure 4).

Impact of PTM on the Thermal Stability of Wild-Type
and Mutant Proteins. Next, we analyzed the thermal stability
of wild-type LspPOX and the three mutants in the heme b and
PTM states by both differential scanning calorimetry (DSC)
and ECD spectroscopy in the Soret region at 408 nm (Figure
5). DSC thermograms of the wild-type apoprotein showed an
endotherm with a midterm transition at 55.4 °C, whereas the
presence of heme b significantly stabilized the overall fold (T},
= 74.4 °C). Establishment of covalent ester bonds further
stabilized the protein (T}, = 80.4 °C). It was interesting to see
that the thermal stabilities of the three variants in the heme b
states were higher than those of the wild-type protein. The
thermal stabilities of both DI09A and the double mutant
remained unchanged after incubation with H,0, (T}, values of
79.7 and 77.4 °C, respectively), whereas the T, shifted from
752 to 78.6 °C in the case of E238A (Figure SA). In the
temperature-dependent CD studies, we focused on unfolding of

the heme cavity only and thus monitored the loss of heme
Soret ellipticity at 408 nm (Figure SB). The respective T,
values for the heme b and PTM states were determined to be
73.5 and 75.6 °C (wild-type LspPOX), 75.6 and 75.9 °C
(D109A), and 72.2 and 75.0 °C (E238A), respectively. Double
mutant D109A/E238A showed one distinct T,, value of 76.2
°C in the absence and presence of hydrogen peroxide.
Impact of PTMs on Cyanide Binding and Low-Spin
Complex Formation. Furthermore, we were interested in the
impact of the heme to protein bonds on the kinetics of cyanide
binding and the stability of the resulting low-spin complex.
Cyanide binding can easily be followed by UV—vis stopped-
flow spectroscopy, because binding of the ligand converts the
high-spin Fe(III) state (S = °/,) into the low-spin Fe(III) state
(S="'/,) (reaction 3). When cyanide bound to wild-type heme
b LspPOX, the Soret maximum was shifted from 411 to 429 nm
in a monophasic reaction with a clear isosbestic point at 418
nm (Figure 6A). Concomitantly, in the visible region, the bands
at 502 and 647 nm disappeared and the typical low-spin peak at
548 nm arose. The single exponentially fitted pseudo-first-order
rate constant (k) values were plotted against the cyanide
concentration to yield apparent second-order rate constants
(k,y) of 3.0 X 10* M~ s™! (Table 1). The dissociation constant
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Figure 3. Electronic circular dichroism spectra of wild-type LspPOX
and mutants D109A, E238A, and D109A/E238A in both the heme b
and PTM forms. (A) Electronic circular dichroism (ECD) spectra of
heme b and PTM forms of wild-type LspPOX and mutants in the far-
UV region from 185 to 260 nm. The protein concentration was 0.25
mg/mL in 10 mM phosphate buffer (pH 7.0) at 25 °C (path length of
1 mm). (B) Electronic circular dichroism spectra of heme b and PTM
forms of wild-type LspPOX and mutants in the near-UV and visible
(250—450 nm) regions. The protein concentration was 0.5 mg/mL in
10 mM phosphate buffer (pH 7.0) at 25 °C (path length of 10 mm).
The PTM versions were obtained by incubation of the heme b
proteins with a 1S5-fold stoichiometric excess of H,0, at room
temperature for 1 h.

(Kp = kog/k,,) was calculated to be 96 uM, with kg
corresponding to the intercept (inset of Figure 6A). Upon
autocatalytic PTM mediated by H,O,, the high-spin (413 nm)
to low-spin (429 nm) conversion with added cyanide became
faster and biphasic with two distinct values for the pseudo-first-
order rate constants responsible for ~70% (k) and ~30%
(kobsz) Of the absorbance decrease (Figure 6B). Plotted against
the concentration of cyanide, k., and kg, reveal two apparent
second-order rate constants of 1.2 X 10° M~' s™* (k,,,) and 2.7
x 10* M™' s7' (k,,), respectively. The corresponding
dissociation constants (Kp) were found to be 25.7 uM (Kp,)
and 112 uM (Kp,). The biphasic kinetics of cyanide binding
reflects the heterogeneity of PTM as determined by mass
spectrometry (see above). Hence, k,,; and Kp, are associated
with the PTM form of the protein, whereas k,,, and Kp, are
related to the heme b species. Formation of the heme to
protein bonds significantly increased the binding rate of cyanide
and stabilized the resulting complex. This is also supported by
similar apparent k,, rates reported for lactoperoxidase and
myeloperoxidase (i.e, ~1.3 X 10® M~! 71).!%*>*

Exchange of aspartate 109 by alanine decelerates binding of
cyanide to the heme b protein (5.0 X 10> M s7') and
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destabilizes the resulting complex (Kp, = 780 uM) (Figure 6C).
As for the wild-type protein, incubation with H,0, induced
heterogeneity and biphasic cyanide binding (Figure 6D) with
rates of 3.7 X 10° M~ s7! (k,,;) and 6.6 X 10° M~' s (k,,,)
as well as 129 uM (Kp,;) and 424 uM (Kp,). By contrast,
incubation of the E238A mutant with hydrogen peroxide had
no impact on the monophasic kinetics of cyanide binding or on
the stability of the resulting complex (Figure 6E,F). Both the
heme b protein and the PTM version showed a monophasic
binding behavior with rates of 6.7 X 10° M~ s (Kp, = 4.8 uM)
and 7.0 X 10° M™' s7! (Kp = 7.1 uM), respectively (Table 1).
Binding of cyanide to double mutant D109A/E238A revealed
minor spectral changes that did not depend on cyanide
concentration (Figure S1A), thus hindering the calculation of
the apparent second-order rate constant (k,,) or the
dissociation constant (Kp) for D109A/E238A.

Impact of PTM on Compound | Formation and
Reduction. Next, we studied the impact of the heme
modifications on the formation of Compound I. The
peroxidase cycle is induced by the two-electron oxidation of
the ferric enzyme to the Compound I state mediated by
hydrogen peroxide (reaction 1). In most heme peroxidases,
including LspPOX, an oxoiron(IV) porphyrin z-cation radical
that exhibits hypochromicity in the Soret band region is
formed. Figure 7A shows the monophasic reaction of wild-type
heme b LspPOX with hydrogen peroxide leading to ~45%
hypochromicity and formation of peaks at 602 and 663 nm. A
2-fold stoichiometric excess of H,O, was necessary to obtain
full hypochromicity (Table S2). The apparent bimolecular rate
constant, k,,,,, was calculated to be 2.6 X 10° M™" s™" (Table 1).
Induction of PTM by preincubation with H,O, induced
heterogeneity and rendered Compound I formation biphasic
with k.1 (~70% of the absorbance decrease) and k,,, (~30%
of the absorbance decrease) being 6.0 X 10" and 2.5 X 10° M™!
s7!, respectively (Figure 7B).

Panels C and D of Figure 7 show the kinetics of Compound I
formation of heme b D109A and the PTM version of this
mutant. In the heme b protein, a 2-fold excess of H,O, was
necessary to achieve full hypochromicity (k,,, = 1.4 X 10 M™
s™') in a monophasic reaction. In the PTM version of the
mutant, equimolar addition of hydrogen peroxide already led to
a full absorbance decrease at 411 nm in a biphasic transition
with k,,; and k,,, being 3.2 X 10" and 1.4 X 10° M~" 57,
respectively. Similar to cyanide binding, preincubation of the
E238A mutant with hydrogen peroxide had no impact on the
oxidation of the respective ferric proteins by H,0,. For both
the heme b and the PTM protein, Compound I formation was
monophasic with very similar calculated apparent bimolecular
rate constants of 2.0 X 107 and 2.5 X 10" M™" 57!, respectively
(Table 1). Double mutant D109A/E238A showed only low
hypochromicity (11%) upon Compound I formation; never-
theless, the spectral changes depended on hydrogen peroxide
concentration (Figure SIB). An apparent rate constant of 9.3 X
10° M~! s7! could be calculated. However, the kinetics did not
change upon pretreatment with hydrogen peroxide (kapp =10
x 107 M~ s7!) (Table 1).

Finally, we investigated the reaction of Compound I with the
two-electron donors (X~) bromide, iodide, and the pseudoha-
lide thiocyanate (reaction 2), because those represent the
physiological substrates of the mammalian counterparts of
LspPOX. When the halides (X~) are mixed with preformed
Compound I in the sequential-mixing stopped-flow mode, the
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spectra of heme b and PTM forms of wild-type LspPOX and its mutants. Conditions: 3 #M heme protein in 100 mM phosphate buffer (pH 7.0) at
25 °C. The PTM versions were obtained by incubation of the heme b proteins with a 15-fold stoichiometric excess of H,0, at room temperature for
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Figure S. Thermal stability of wild-type LspPOX and mutants D109A, E238A, and D109A/E238A in both the heme b and PTM forms. (A)
Normalized differential scanning calorimetric (DSC) thermograms of wild-type LspPOX and its mutants after baseline correction. Measurements
were performed with S M protein in 100 mM phosphate buffer (pH 7.0) in the range of 35—95 °C using a heating rate of 1 °C/min. Vertical
dashed lines have been inserted for presentation of respective melting temperatures of wild-type LspPOX in the apo form (55.4 °C), heme b form
(744 °C), and PTM form (80.4 °C). (B) Temperature-mediated unfolding of LspPOX and its mutants monitored by circular dichroism at a
constant wavelength of 408 nm (Soret minimum) in a temperature range of 35—85 °C. The protein concentration was 0.5 mg/mL, and
measurements were taken with a heating rate of 1 °C/min. Vertical dashed lines represent T,, values of wild-type heme b (73.5 °C) and PTM
LspPOX (75.6 °C) reflecting unfolding of the heme cavity. The PTM versions were obtained by incubation of the heme b proteins with a 15-fold
stoichiometric excess of H,O, at room temperature for 1 h.

corresponding hypohalous acids (HOX and ~OX) and the

ferric protein are formed.
Chloride was unable to reduce Compound I of all four

investigated proteins. Figure 8A shows the monophasic reaction
between wild-type heme b LspPOX Compound I and bromide.
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The reaction catalyzed by the heme b protein was relatively
slow (2.0 X 10> M~ s7') but significantly accelerated upon
induction of PTM, resulting in a biphasic Compound I
reduction reaction with a k,,,; of 1.3 X 10° M! 57!
Kyppa of 1.3 X 10> M™' s7! (Figure 8B). Similarly, iodide and

and a
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Figure 6. Reaction of ferric wild-type LspPOX and mutants D109A and E238A in both the heme b and PTM forms with cyanide. All stopped-flow
measurements were performed in SO mM phosphate buffer (pH 7.0) at 25 °C. (A and B) Spectral transition during reaction of 2 M wild-type heme
b and PTM LspPOX with 500 M cyanide measured in conventional stopped-flow mode. The first bold black spectrum shows the ferric protein in
its high-spin state with absorbance maxima at 412 nm (heme b) and 413 nm (PTM). The following spectra show the formation of the low-spin
complex with an absorbance maximum at 429 nm. Arrows indicate directions of spectral transitions upon cyanide binding. Inset 1 shows the typical
time trace at 412 nm upon reaction of 1 yM protein with 100 M cyanide with a single-exponential fit for the heme b version and a double-
exponential fit for the PTM form. Inset 2 shows the linear dependence of k,,, on cyanide concentration. The apparent association rate constants
(k,y) were obtained from the slope, and the apparent dissociation rate constant (k) was calculated from the intercept. (C and D) Spectral transition
during reaction of 2 M heme b and PTM forms of D109A with 400 yM cyanide. Conditions and data presentation as in panels A and B. Inset 1
shows a typical time trace at 412 nm upon reaction of 1 M protein with 400 M cyanide (single-exponential fit for heme b D109A and double-
exponential fit for PTM D109A). (E and F) Spectral changes upon reaction of 2 M heme b and PTM E238A with 100 M cyanide. Conditions and
data presentation as in panels A and B. Inset 1 shows a typical time trace at 412 nm upon reaction of 1 4M protein with 100 4M cyanide (single-
exponential fit for both forms). The PTM versions were obtained by incubation of the heme b proteins with a 15-fold stoichiometric excess of H,0,

at room temperature for 1 h.

thiocyanate oxidation by wild-type heme b LspPOX Com-
pound I was monophasic (1.4 X 10* and 1.9 X 10* M™" 57,
respectively) but became biphasic and dramatically faster upon
formation of the heme to protein bonds (4.2 X 107 and 2.8 X
10° M 7!, respectively, for iodide and 2.5 X 107 and 4.2 X
10° M™" 57, respectively, for thiocyanate) (not shown) (Table

).
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The heme b D109A mutant Compound I was a very poor
oxidizer of bromide (40 M™' s') (Figure 8C). However,
establishment of the covalent ester bond of E238 with the heme
increased the reduction rate of Compound I by a factor of
13500 (kypp1 of 5.4 x 10° M™' 57" and k,,, of 1.1 x 10° M~
s™") (Figure 8D). Heme b D109A Compound I oxidized iodide
and thiocyanate in monophasic reactions with apparent rate
constants of 3.2 X 10%> and 3.0 X 10° M™' s7/, respectively,
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Table 1. Apparent Second-Order Rate Constants (X10* M ™' s™") of Heme b and PTM Wild-Type LspPOX and Mutants D109A,
E238A, and D109A/E238A for Cyanide Binding and Compound I (Cpd I) Formation and Reduction®

WT WT (PTM) DIO9A  DIO9A (PTM)  E238A  E238A (PTM) DIO9A/E238A D109A/E238A (PTM)
E° [Fe(Il)/Fe(I1)] (mV) —158 + 10 nd” —145 + 10 nd” —198 + 10  —209 + 10 227 + 10 —212 + 10

Cyanide Binding

Kont - 121 - 37 67 70 nd® nd®

ko (s71) - 311 - 48 32 49 nd® nd®

Kp, (uM) - 25.7 - 129 48 7.1 nd® nd”

Kom 3 2.7 0.5 0.66 - - - -

ko (s71) 2.9 3 3.9 2.8 - - - -

Kp, (M) 96.3 1119 780 424 - - - -
Cpd I Formation

kpp1 - 6000 - 3200 2000 2520 930 1020

kypp 260 245 142 143 - - - -
Cpd I Reduction

chloride - - - - - - - -

bromide

kppt - 126 - 54 1.1 2.1 nd® nd®

kopp 0.02 L16 0.04 0.11 - - nd” nd"

iodide

kopo - 4190 - 1540 1110 2860 nd” nd”

kopp 0.14 28.5 0.32 3 - s3 nd” nd"

thiocyanate

kopp1 - 2450 - 816 570 1185 nd” nd"

k 1.86 41.6 03 132 - 7.9 nd” nd”

app2

“Additionally, the standard reduction potential of the Fe(III)/Fe(II) couple is given. ®Not determined.

whereas after PTM, the rates of both iodide and thiocyanate
oxidation were significantly enhanced (1.5 X 10” and 3.0 X 10*
M~ 57!, respectively, for iodide and 8.2 X 10° and 1.3 X 10*
M 577, respectively, for thiocyanate) (not shown).

As already seen in the studies of cyanide binding and
Compound I formation, conversion of the heme b form of
E238A to the PTM version had no impact on catalysis. In both
cases, bromide oxidation was monophasic and occurred at
similar rates (k,,, values of 1.1 X 10* and 2.1 x 10* M~! s7%,
respectively) (Figure 8D,E). This applies also for iodide (1.1 X
10" and 2.9 X 10" M™' 57!, respectively) and thiocyanate
oxidation (5.7 X 10° and 1.2 X 10" M™" 57}, respectively) (not
shown).

Double mutant D109A/E238A shows no halogenation
reactions at all. Preformed Compound I of D109A/E238A
showed no spectral changes upon being mixed with halides
(Figure S1C).

Impact of PTM on the Standard Reduction Potential
of the Fe(lll)/Fe(ll) Couple. Finally, spectroelectrochemical
studies of the heme b and PTM forms of wild-type LspPOX
and the mutants were performed to elucidate the standard
reduction potential (E°’) of the Fe(Ill)/Fe(Il) couple (Table
1). The E° values of the heme b forms were calculated to be
—0.158 + 0.005 V (wild-type), —0.145 + 0.010 V (D109A),
and —0.198 + 0.011 V (E238A). Unfortunately, because of the
presence of two protein species in solution [which reflects the
heterogeneity induced by PTM (see above)], we were not able
to calculate reliable E°’ values for the PTM forms of both the
wild-type protein and mutant D109A. In the case of mutant
E238A, formation of the covalent bond between the modified
heme and D109 had no impact on the standard reduction
potential of the Fe(IIl)/Fe(1I) couple (PTM form, —0.209 +
0.010 V). Likewise, incubation with H,0, did not significantly
alter the E° value of the double mutant (heme b, —0.227 +
0.010 V; PTM form, —0.212 + 0.010 V).
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B DISCUSSION

Reconstructing the phylogenetic relationships of the main
evolutionary lines of the mammalian peroxidases lactoperox-
idase and myeloperoxidase revealed the presence of novel
bacterial families within the peroxidase-cyclooxygenase super-
family.” By studying the peroxidase from the cyanobacterium
Lyngbya sp. PCC 8106, we could demonstrate that this enzyme
exhibits a high thermal stability, shows LPO-like spectral
features, and possesses a high bromination activity.”" Most
importantly, both sequence alignment and biochemical analysis
suggested that the recombinant protein purified from E. coli
exhibits two heme to protein ester linkages like all vertebrate
peroxidases investigated so far."” Detailed mass spectrometric
analysis demonstrated that both D109 and E238 are involved in
those ester bonds."”> Furthermore, it could be demonstrated
that the recombinant peroxidase isolated from E. coli cell
cultures is heterogeneous with respect to the establishment of
covalent heme to protein bonds and that incubation with
hydrogen peroxide could increase the fraction with fully
established linkages.”’ This supports the hypothesis that these
posttranslational modifications occur autocatalytically and need
H,0,-mediated Compound I formation for induction of the
subsequent free radical mechanisms’ as demonstrated for
LPO,”*** EPO,”® human peroxidasin 1,27 and engineered
horseradish peroxiclase.29 Moreover, we could demonstrate that
the posttranslationally modified peroxidase exhibited a bromide
oxidation rate higher than that of the protein isolated from E.
coli without subsequent incubation with H,0,.”" These findings
raised the question about the functional role of these heme
modifications. From studies of mammalian enzymes, it was
concluded that these linkages contribute to heme distortion,""?
more positive reduction potentials of relevant redox inter-
mediates,'”"**** higher oxidation capacity,'* and/or protec-
tion of heme from produced hypohalous acid.**** Whereas the

DOI: 10.1021/acs.biochem.7b00632
Biochemistry 2017, 56, 4525—4538


http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00632/suppl_file/bi7b00632_si_001.pdf
http://dx.doi.org/10.1021/acs.biochem.7b00632

Biochemistry

0.10

Kops ()

0.08
0 20 40

H,0, (1M)

Absorbance (412 nm)

Absorbance

60

Absorbance

0.08 - 0.78

038 Time (s)

602 663

520
Wavelength (nm)

620

720

30
0.08 60

40

Kops (5

20
0.07

0 25
H,0, (:M)

Absorbance (412 nm)

Absorbance

50

Absorbance

115
Time (s)

663
0

175

520 620
Wavelength (nm)

720

0.20 ~

0.16 -

Absorbance (412 nm)

0.12 A

Absorbance

Absorbance

E238A

0.00

320

420

520
Wavelength (nm)

620

720

024 - B 13 0.09 1200 100
— 80
. <, 800
020 4 v E 008 = 0
- S & 40
A % 400 "
0.16 - / E 0.07 0
£ 0 5 10 1520 25
2 H,0, (1M)
012 - 0.06
0.05
0.08 -0.02 038 0.78
6 Time (s)
502
0.04 1 ! 602 663
== 0
WT (PTM)
0.00 T T T Y
320 420 520 620 720
Wavelength (nm)
0.24 -
D 1500 160
411 2 0.09 oo 120
0.20 - 1 H <
g 5 “
g & 500 ©
0.16 1 Z 008 0
z 0 10 20 30 40 50
0.12 4 < H,0, (\M)
0.07
0.08 -0.05 0.55 115 175
Time (s)
502
0.04 4 1l 602 663
D109A (PTM)
0.00 T T T .
320 420 520 620 720
Wavelength (nm)
0.24 4 1000
F 413 0.08 50
Voo 5
0.20 A 3 2 500
§ 0.07 < 5
0.16 - i o
2 006 0 25 50
0.12 b H,0, (M)
0.05
0.08 - -0.01 0.07 0.15 023
Time (s)
502
0.04 - 602 663
E238A (PTM
0.00 T T T

320 420 520 720

Wavelength (nm)

620

Figure 7. Reaction of ferric wild-type LspPOX and mutants D109A and E238A in both the heme b and PTM forms with hydrogen peroxide. All
measurements were performed in SO mM phosphate buffer (pH 7.0) at 25 °C. (A and B) Spectral changes upon reaction of 2 uM wild-type (WT)
heme b and PTM LspPOX with 4 yM H,0, measured in conventional stopped-flow mode. The first spectra (bold black) represent the ferric
proteins in the resting state. The following spectra represent the formation of Compound I following a typical decrease in the absorbance in the
Soret region. Inset 1 shows a typical time trace at 412 nm upon reaction of 1 yuM enzyme with 2 uM H,0,. Inset 2 shows the linear dependence of

kyps on H,O, concentration. The apparent bimolecular rate constants (k,

pp.

) were obtained from the slope of the regression line. (C and D) Spectral

changes upon reaction of 2 yM heme b and PTM forms of D109A with 4 uM H,0,. Conditions and data presentation as in panels A and B. Inset 1
shows a typical time trace at 412 nm upon reaction of 1 M mutant with 2 uM H,0,. (E and F) Spectral changes upon reaction of 1 4M heme b and
PTM forms of E238A with 2 uM H,0,. Conditions and data presentation as in panels A and B. Inset 1 shows a typical time trace at 412 nm upon

reaction of 1 yM mutant with 4 uM H,0,.

unique role of the electron-withdrawing sulfonium ion link
exclusively found in MPO (besides the two ester bonds) in
catalysis has been demonstrated in numerous publica-
tions,” 7' 11417719 the individual contribution of the ester
bonds between conserved aspartate and glutamate residues on
structure and catalysis remained mainly unclear.

In this work, LspPOX served as a model peroxidase that
shows an ~30% overall amino acid identity and almost 100%
identity regarding active site residues with LPO (Figure 9) and
can easily be produced in E. coli and thus genetically
engineered. For the first time, the pure heme b version and
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the PTM version could be studied in a comparative way. As
demonstrated by CD spectroscopy in the near- and far-UV
regions, neither the PTM nor the exchange of D109 or E238
caused rearrangement of the secondary or tertiary structure, but
both UV—vis and CD in the visible region clearly showed
differences in the active site architecture of the studied variants
that were reflected by differences in the catalytic properties.
The autocatalytic conversion of heme b to the modified
heme and formation of the ester bonds are relatively slow and
need a slight excess of hydrogen peroxide. However, a >20-fold
stoichiometric excess of H,0, led to bleaching of heme b
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B) Spectral transition after adding SO yM bromide to 2 yM wild-type heme b and PTM LspPOX in the sequential stopped-flow mode. All
measurements were performed in 50 mM phosphate buffer (pH 7.0) at 25 °C. Compound I was preformed using 4 M hydrogen peroxide and a
400 ms delay time for heme b LspPOX and a 300 ms delay time for the PTM form. Inset 1 shows a typical time trace at 412 nm of 1 #M Compound
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k

app

values were obtained from the slope of the linear regression. (C and D) Spectral transition after adding SO #M bromide to 2 yM heme b and

PTM forms of D109A. Compound I was preformed using 4 #M hydrogen peroxide and a 500 ms delay time for heme b D109A and 2 uM H,0, and
a 300 ms delay time for the PTM form. Inset 1 shows a typical time trace at 412 nm of 1 M Compound I with 400 M bromide. (E and F) Spectral
transition after adding SO #M bromide to 2 M heme b and PTM forms of E238A. Compound I was preformed using 2 4#M hydrogen peroxide and
a 100 ms delay time for heme b and PTM E238A. Inset 1 shows a typical time trace at 412 nm of 1 uM Compound I with 100 M bromide.

without the establishment of covalent bonds. Because the PTM
involves Compound I formation, which is also very fast in wild-
type heme b LspPOX (this work), it is reasonable to assume
that the following radical process that involves oxidation of the
carboxylic groups is the rate-limiting step. During our stopped-
flow studies of the Compound I formation of the heme b
proteins, we saw no indication of Compound II formation that
should be an intermediate during the postulated autocatalytic
radical process (see above).

In the wild-type protein, formation of the heme to protein
bonds increased the rates for cyanide binding and Compound I
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formation by factors of 40 and 23, respectively. For both
reactions, the position of the distal histidine (H110) is crucial
as it acts as a proton acceptor for both HCN and H,O, and
supports the heterolytic cleavage of hydrogen peroxide. Because
it is the neighboring amino acid of D109, which is covalently
bound to the heme after PTM, it is reasonable to assume that
this structural rearrangement optimizes the position of H110
for catalysis (Figure 9). This is also reflected by the affinity of
cyanide for the PTM protein that is significantly higher than
that of the heme b version. The determined apparent rate
constants for cyanide binding and Compound I formation of
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B LspPOX homology model

=_<D111

D

Figure 9. Active site structures of lactoperoxidase and LspPOX.
Comparison of active site structures of lactoperoxidase (LPO, yellow)
and a homology model of wild-type LspPOX (pale green). (A) Active
site structure of bovine LPO (Protein Data Bank entry Swv3) showing
the split conformation of Glu258, partially linked to the heme group.
The Ca®* ion is colored green. (B) Homology model of LspPOX
without covalent heme to protein bonds. This model was built with
the online module Protein Model Portal (PMP) provided on the
expasy hompage (http://www.expasy.org/). (C) Overlay of the bovine
LPO and LspPOX homology model, revealing the conservation of the
entire active site. (D) View into the substrate channel of bovine LPO,
showing how the partially unbound Glu258 sticks out into the
substrate access channel.

the mature bacterial peroxidase are very similar to the rates
reported for MPO,* LPO,*® and EPO,” suggesting similar
active site architectures and modifications induced by PTM.
Moreover, the structural rearrangement by bond formation
between D109 and the prosthetic group should also impact the
nearby Ca**-binding site because the ligand D111 is part of the
most characteristic amino acid motif of this superfamily, namely
-X104-G105-Q106-X107-X108-D109-H110-D111-X112-, with
Q106 being also fully conserved and involved in halide binding
(Figure 9A—C)."®*® As a consequence of PTM, the T,, values
of the wild-type protein and the E238A variant are increased by
6 and 3.4 °C, respectively.

Besides the increase in the rates of formation of the cyanide
complex and of Compound I formation, oxidation of halides
and thiocyanate was significantly enhanced when the wild-type
heme b protein was posttranslationally modified. In contrast to
chloride, bromide can react with Compound I by donating two
electrons, thereby forming the ferric enzyme and releasing
hypobromous acid. The reaction is slow with the heme b
protein but enhanced by a factor of 6300 due to PTM.
Additionally, iodide and thiocyanate oxidation became
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significantly faster by 3—4 orders of magnitude after incubation
of the bacterial enzyme with H,0,.

Halide and thiocyanate binding occurs at the distal heme site
and involves a pronounced hydrogen bonding network that
includes Q106, H110, and R235. The latter is part of the
second conserved distal site motif that also includes E238
involved in ester bond formation (-X234-R235-X236-X237-
E238-X239) (Figure 9). These findings clearly demonstrate
that formation of the heme to protein ester bonds optimizes
binding and oxidation of Br~, I", and SCN™ at the distal heme
cavity.

Furthermore, our data clearly demonstrate that elimination
of E238 has almost no impact on the structural rearrangement
that occurs during PTM. Comparison of the heme b and PTM
forms of mutant E238A showed very similar E° values of the
Fe(IIl)/Fe(I1) couple as well as similar kinetics of inter-
conversion of redox intermediates, including cyanide binding,
Compound I formation, and Compound I reduction. More-
over, the absolute values of the obtained apparent rate
constants were very similar to those for the mature (PTM)
wild-type protein. This was also reflected by almost identical
spectral features of the wild-type protein and mutant E238A.
Elimination of glutamate 238 still allowed formation of the
ester linkage between D109 and the modified heme as
determined by mass spectrometry. However, formation of
this bond apparently did not change the structure of the heme
or the distal protein environment of E238A, clearly suggesting
that the carboxylate group of D109 is already placed in the
vicinity of the S-methyl substituent in heme b E238A. The
autocatalytic free radical PTM mechanism includes formation
of a carboxylate radical by Compound I followed by the transfer
of hydrogen from the methyl substituent to the carboxylate
radical, which needs the proximity of the involved reaction
partners. As already outlined above, in contrast to E238A, the
wild-type protein experienced a pronounced structural
rearrangement during PTM most probably because of the
subsequent formation of two ester bonds between D109 and
E238 with the S- and 1-methyl substituents of the prosthetic
group. In the E238A mutant, the degree of conformational
freedom at position 238 is increased, which apparently already
allows the occupancy of the identical conformation of D109 in
the heme b and PTM form, whereas this is not the possible in
the wild-type protein.

Interestingly, the X-ray structures of both native mature
leukocyte MPO* or recombinant proMPO? and bovine LPO*’
show always 100% ester bond formation involving the
respective conserved aspartic acid, whereas the electron density
of the glutamate residue is always split (Figure 9A,D). This
heterogeneity of native mammalian peroxidases purified from
natural sources (neutrophils or milk) is not reflected by spectral
properties or (biphasic) kinetics,*>*® suggesting that (i) there is
no difference in the overall heme cavity architecture between
the protein fractions with unmodified glutamate or glutamate
involved in the second ester bond formation and (ii) the
heterogeneity seen in the PTM version of wild-type LspPOX
most probably derives from conformational changes around
aspartate 109.

In contrast to E238A, mutant D109A showed significant
structural differences in the heme cavity between the heme b
form and the PTM version. Mass spectrometry demonstrated
that ~67% of the E238 residues became involved in ester bond
formation during posttranslational modification of this mutant.
Incubation of heme b DI09A with hydrogen peroxide
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significantly improved and accelerated cyanide binding as well
as Compound I formation and reduction, reaching wild-type-
like apparent rate constants. Because of the absence of D109
and the increased flexibility around position 109, the prosthetic
group seems to be incorporated incorrectly immediately after
reconstitution of the apoprotein with hemin, which was also
reflected by a Soret maximum at 404 nm in the beginning that
slowly changed to 411 nm with increasing sample age, thus
underlining the massive structural rearrangement. As deter-
mined by mass spectrometry, the 404 and 411 nm species still
contained 100% heme b that could be converted to the PTM
version by H,0,. In this process, the E238 to heme bond was
formed that, finally, seemed to rearrange the prosthetic group
into a wild-type-like conformation. Because E238 is located
close to the substrate entrance channel (Figure 9D), it seems to
impede to some extent the access of ligands and substrate to
the active site. Upon PTM, the conformational flexibility is lost,
which is also reflected by significantly increased rates of ligand
binding as well as iodide and thiocyanate oxidation rates.
Similar conclusions were also drawn for the respective
myeloperoxidase mutants.*"**

In summary, the LPO-like bacterial peroxidase from Lyngbya
sp. PCC 8106 was shown to be a perfect model peroxidase for
studying the consequences of PTMs that are typical for the
whole peroxidase-cyclooxygenase superfamily. The bacterial
protein is unglycosylated and can easily be produced in E. coli
as the apoprotein, 100% reconstituted to the heme b form, and
autocatalytically and posttranslationally modified to the mature
enzyme by a slow process that needs the addition of hydrogen
peroxide. As a consequence, two heme to protein ester bonds
between conserved asparatate and glutamate residues and the
modified prosthetic group are established. We could demon-
strate that during this PTM significant structural rearrange-
ments at the distal heme cavity occurred that increased the rate
of formation and the stability of the cyanide complex as well as
significantly increased the rates for Compound I formation and
reduction by two-electron donors like bromide, iodide, and
thiocyanate. Mutational analysis showed that ester bond
formation at each site occurs independently and elimination
of E238 resulted in enzymatic features very similar to those of
mature (PTM) wild-type peroxidase. By contrast, mutation at
D109 significantly altered the heme b protein structure and
negatively affected the catalytic properties. However, upon
induction of PTM by H,O,, the respective D109A mutant
could be rescued and also exhibited wild-type-like catalytic
properties. Formation of those ester bonds significantly
improved bromide oxidation but did not allow the production
of hypochlorous acid. The latter reaction is catalyzed by only
myeloperoxidase (member of family 1 of the peroxidase-
cyclooxygenase superfamily) that forms a unique electron-
withdrawing sulfonium ion bond between a conserved
methionine and the 2-vinyl substituent of heme in addition
to the two heme to protein ester bonds.
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SUPPLEMENTAL MATERIAL

Table S1. List of primers. For construction of the double mutant D109A/E238A, two subsequent
site-directed mutagenesis steps were performed, using the primers of both single mutants.

Mutant Primer Sequence
D109A forward GTGGGGTCAGTTTATTGCGCACGACATGGATTTGACGCCG
reverse CGGCGTCAAATCCATGTCGTGCGCAATAAACTGACCCCAC
E238A forward GTGCGTGCAAATGCGCAGGTTGGCCTGACC
reverse GGTCAGGCCAACCTGCGCATTTGCACGCAC

Table S2. Conditions and delay times for pre-steady state kinetics followed by a stopped flow
spectrophotometer in the sequential mixing mode.

Mutant Excess H,0, Delay time (ms)
LspPOX 2X 400
_____ LsppOX(PTM) > .80
D109A 2X 500
DIOGA(PTM) equimolar 30
E238A equimolar 100
______ E238A(FTM) ____equmolar 10
D109A/E238A 2X 100
D109A/E238A
(PTM) 2X 100

S1
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Supplemental Figure S1. Reaction of ferric D109A/E238A with cyanide and hydrogen peroxide and reduction of D109A/E238A
Compound | with bromide. (A) Spectral transition during reaction of 2 uM D109A/E238A with 100 uM cyanide measured in conventional
stopped-flow mode. Inset: Typical time trace at 412 nm upon reaction of 2 uM protein with 50 uM cyanide (single exponential fit). (B) Spectral
changes upon reaction of 2 uM D109A/E238A with 4 uM H,O, measured in the conventional stopped-flow mode. Inset 1: Typical time trace at
412 nm upon reaction of 1 pM enzyme with 3 pM H,0.. Inset 2: Linear dependence of kqs from H,O, concentrations. The apparent bimolecular
rate constant kqp, Was obtained from the slope of the regression line. (C) Spectral transition after adding 200 uM bromide to 2 pM D109A/E238A

Compound | in the sequential stopped-flow mode.
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ABSTRACT

Oxidation of halides and thiocyanate by heme
peroxidases to antimicrobia oxidants is an
important cornerstone in the innate immune
system of mammals. Interestingly, phylo-
genetic and physiological studies suggest that
homologous peroxidases are already present
in  mycetozoan eukaryotes such as
Dictyostelium discoideum. This social amoeba
kills bacteria via phagocytosis for nutrient
acquisition at its single-cell stage and for
antibacterial defense at its multicellular
stages. Here we demonstrate that peroxidase
A from D. discoideum (DdPoxA) is a stable,
monomeric, glycosylated and secreted heme
peroxidase with homology to mammalian
peroxidases. The first crystal structure (2.5 A
resolution) of a mycetozoan peroxidase of this
superfamily shows the presence of a

posttrand ationally-modified heme with one
single covalent ester bond between the 1-
methyl heme substituent and E236. The
metalloprotein follows the halogenation cycle,
whereby Compound | oxidizes iodide and
thiocyanate at high (> 10° M* s%) and
bromide at very low rates. It is demonstrated
that DdPoxA is upregulated and likely
secreted at late multicellular development
stages of D. discoideum when migrating slugs
differentiate into fruiting bodies that contain
persistent spores on top of a cellular stalk.
Expression of DdPoOxA is shown to restrict
bacterial contamination of fruiting bodies.
Structure and function of DdPoxA are
compared to evolutionary related mammalian
peroxidases in the context of non specific
immune defense.

1
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INTRODUCTION

For more than 70 years, Dictyostelium
discoideum has been used as a mode
organism for various fundamental biological
processes such as phagocytosis, autophagy,
cell aggregation or cell communication (1, 2,
3). Asasingle cellular amoeba, D. discoideum
lives as a professional phagocyte, feeding on
bacteria. In its natural habitat, D. discoideum
is able to engulf, kill and digest
microorganisms at a rate of at least one per
minute (2). Upon starvation, it undergoes a
program of multicellular  development,
leading to differentiation into fruiting bodies
containing persistent spores (4, 5). Both the
single-celled amoebae and the multicellular
aggregates have developed antibacteria
defense  mechanisms that exhibit many
parallels to mammaian innate immune
responses including phagocytosis by many
types of white blood cells. D. discoideum as a
model system has shed light on the conserved
molecular mechanisms of phagocytosis and
the evolution of innate immune responses (2).

Sequencing and annotation of the
genome of D. discoideum (Dd) revealed the
presence of three peroxidases, namely one
representative of the peroxiredoxin family
(i.e. peroxiredoxin-4, prdx4) and two heme
peroxidases, namely DdPoxA and DdPoxB
from two different superfamilies (6, 7).
DdPoxB belongs to Class B of the family of
so-caled dye-decolorizing peroxidases (8),
whereas DdPoxA is a member of the
peroxidase-cyclooxygenase superfamily (7,
9). Most interestingly, DdPoxA shares
homology to mammalian peroxidases, which
are important players in the mammalian innate
immune response (9).

The peroxidase-cyclooxygenase super-
family has been shown to be comprised of
seven families (7, 9). Family 1 is composed of
chordata peroxidases including thyroid
peroxidase, lactoperoxidase (L PO), eosinophil
peroxidase (EPO) and myeloperoxidase
(MPO). LPO, EPO and MPO play an
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antimicrobia role by catayzing the
production of reactive oxidants, eg.
hypohalous acids or hypothiocyanate (10, 11).
LPO is secreted from mammary, sdivary, and
other mucosal glands, EPO is released by
eosinophils and MPO is secreted into the
phagolysosome of phagocytosing neutrophils
upon degranulation in order to kill engulfed
pathogens such as bacteria (12, 13, 14).
Phylogenetic analysis demonstrated that
DdPoxA belongs to Family 6 of this heme
peroxidase superfamily, shares a striking
sequence similarity to the mammalian heme
peroxidases, and has a signal peptide for
secretion (7). The substantial similarity of the
molecular mechanism(s) of phagocytosis and
bacteria killing for food acquisition in D.
discoideum and of the antimicrobial activity
of neutrophils, monocytes or macrophages
(15, 16) prompted us to investigate the
biochemistry and physiology of DdPoxA.
Here, we present the biochemical
characterization and the first crystal structure
of DdPoxA and demondtrate that the overall
structures and heme cavity architecture of
mammalian  peroxidases were aready
established very early in evolution. Similar to
Family 1 peroxidases, the heme of DdPoxA is
posttrandationally modified by an auto-
catalytic process. In contrast to the
mammalian enzymes (17, 18, 19), only one
heme protein ester bond is found, which is
formed between E236 and the 1-methyl
substituent of the porphyrin ring. The
metalloenzyme is shown to follow the
halogenation cycle and to catayze the
efficient two-electron oxidation of iodide and
thiocyanate. Nevertheless, DAPoxA is a poor
oxidizer of bromide and cannot mediate the
oxidation of chloride. The presented in-vivo
investigations include a detailed expression
pattern of DdpoxA  throughout the
development cycle of D. discoideum at the
protein level together with comparative cell
development studies on wild-type D.
discoideum and the DdpoxA knockout mutant
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(ADdpoxA). It is demonstrated that the heme
enzyme supports maintenance of sterility of
the dlug and the subsequently produced
fruiting bodies, which suggests a role in
antibacterial defense of the multicellular

aggregate.

RESULTS

Recombinant DdPoxA is a Stable,
Monomeric and  Glycosylated Heme
Peroxidase. Recombinant DdPoxA was
successfully produced with an N-termina
Hiss-tag in the Pichia pastoris BGI11
(AAOX1) dtrain. The secreted protein was
purified by a two-step ammonium sulfate
precipitation and, after resuspension, by
affinity chromatography. The yield was found
to be ~50 mg/L of P. pastoris supernatant and
the purity number (RZ, Asoret/ A2gonm) 1.1 - 1.2
indicating 90-95% heme occupancy. Figure
1A depicts the UV-vis spectrum of ferric
DdPoxA with the Soret maximum at 416 nm,
Q-bands at 541 and 576 nm, and the charge
transfer band at 644 nm (black spectrum).

The secreted glycosylated peroxidase
has three N-glycosylation sites at positions
N62, N131 and N338 as predicted by the
online tool N-Glycosite (20). Analysis of the
protein by SDS-PAGE and Western blot
showed hyperglycosylation which is typical
for recombinant protein expressed in P.
pastoris (not shown). Thus, deglycosylation
of recombinant DdPoxA by Endo Hs
glucosidase was performed, followed by SEC
purification. Deglycosylation had no impact
on the UV-vis and ECD spectral features in
thefar-UV, near-UV and visible range, clearly
suggesting that the overall and heme cavity
architecture were not affected (compare black
and grey spectra in Figures 1A-C). Between
pH 5.0 and pH 9.0 the spectra features of
DdPoxA remained unchanged (not shown).

In the homologous lactoperoxidase
(LPO) (orange spectrum in Figures 1A-C) the
Soret band is blue-shifted as is evident by the
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respective  UV-vis (412 nm) and ECD
(minimum at 406 nm) spectra, which clearly
suggests differences in the heme cavity
architecture compared to DdPoxA. It is well
known that LPO has two heme to protein ester
bonds derived from a hydrogen peroxide-
mediated posttranslational modification (21,
22). The involved acidic amino acids (D225
and E375, goat LPO numbering) are fully
conserved in  Family 1 peroxidases
(Supplemental Figure S1). Interestingly, the
sequence alignment shown in Supplemental
Figure S1 suggests that DdPoxA has only one
covaent link between the 1-methyl
substituent of the prosthetic group and E236,
because the DdPoxA residue corresponding to
D225 of LPO is anisoleucine.

Differences in  the
architecture were adso reflected by
spectroelectrochemical  investigations  of
DdPoxA at pH 7.0. Upon reduction of ferric
to ferrous DdPoxA its Soret peak shifts from
416 to 428 nm. Figure 1D shows a
representative family of spectra at different
applied potentials in the OTTLE cell. The
caculated reduction potential E* for the
Fe(ll1)/Fe(ll) couple, determined from the
corresponding Nernst plot (inset to Figure
1D), was calculated to be -0.276 + 0.010 V,
which is significantly more negative
compared to LPO (-0.176 V) (23).

Importantly, incubation of recombinant
DdPoxA with low micromolar hydrogen
peroxide altered neither its UV-vis and ECD
spectral features nor the standard reduction
potential (not shown). This suggests that the
autocatalytic posttrangational modification of
the heme group (24) was already established
during recombinant protein production in the
methylotrophic yeast. By contrast, for other
members of this heme peroxidase superfamily
addition of excess H,O, was necessary to
complete the posttranslational modification,
which was reflected by changes in spectral
and redox properties (25, 26, 27, 28).

active  site
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Next, we probed the presence of the
proposed covalent heme to protein ester bond
in  deglycosylated DdPoxA by mass
spectrometry (Figure 2A). The resulting
chromatogram shows four maor peaks,
whereby peak 1 (60583.7 Da) was assigned to
DdPoxA with three N-acetyl-D-glucosamines
(GIcNAcs) and a covaently bound heme.
Peaks 2 and 3 in the chromatogram (60745.7
Da and 60906.9 Da) represent DdPoxA
carrying one and two additional hexoses (162
Da each). Peptide mapping revealed that these
hexoses derive from single O-glycosylations
on positions T133 and T142, which were not
cleaved during deglycosylation (data not
shown). The minor peak 4 (60196 Da) was
assigned to a degradation product lacking four
histidines from the N-terminal Hiss-tag. Most
importantly, no peak could be assigned to
protein without covalently bound heme.

The presence of a covaently bound
heme in DdPoxA was further confirmed by
SDS-PAGE and visuaization of the blotted
proteins by enhanced chemiluminescence.
Note that unbound heme is lost during SDS-
PAGE and Western blotting. Figure 2B
compares LPO, DdPoxA and horseradish
peroxidase (HRP). The latter carries non-
covalently bound heme b at the active site. It
is clearly demonstrated that both LPO and
DdPoxA but not HRP exhibited chemi-
luminescence at the respective protein bands,
demonstrating covalent heme attachment.

Further, we probed the oligomeric state
of deglycosylated DdPoxA by SEC-MALS.
Figure 2C depicts a sharp peak at a retention
time a 20.3 min in the corresponding
chromatogram. By using MALS an average
molar mass of 63.4 kDawas calculated, which
is similar to the theoretica mass (60.7 kDa)
and suggests the presence of a monomer.

Finally, we investigated the thermal
stability of DdPoxA using differentia
scanning calorimetry and  temperature-
dependent ECD experiments (Figure 3). In the
DSC experiment, ferric glycosylated DdPoxA
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showed two independent unfolding events
with T, values of 71.1 °C and 80.4 °C,
respectively, at pH 7.0 (Figure 3A). The
thermal stability rapidly decreases at alkaline
pH, whereas stability is retained in the acidic
region until pH 5.0 (Figure 3B).

Complementary temperature-dependent
ECD measurements of glycosylated DdPoxA
at pH 7.0 showed a mid-point transition of 62
°C in the far-UV a 208 nm reflecting
unfolding of the secondary structure (Figure
3C). The overadl secondary structure of
deglycosylated DdPoxA and LPO were
dightly less stable (T, = 59.6 °C). In the
visible region a 408 nm, glycosylated
DdPoxA showed a T, vaue of 743 °C
suggesting that the second endotherm in the
DSC thermogram reflects unfolding of the
heme cavity (Figure 3D). The corresponding
Tm values of deglycosylated DdPoxA and
LPO were found to be at 68.3 and 75.1 °C,
respectively.

DdPoxA Displays High Structural
Similarity to Mammalian Peroxidases but
Unusual Posttranglational Heme
Modification. Crystal structures  of
deglycosylated DdPoxA (space group P 3; 2
1) comprises two DdPoxA molecules per
asymmetric unit (RMSD vaue between the
two chains: 0.54 A - calculated over 508 C,
atoms, pdb accesson code 6ERC). The
structure was solved to 2.5 A resolution by
molecular replacement using the balbes
webserver (29). Figure 4A shows the overall
largely o-helical structural organization of
DdPoxA. Only three small antiparald f-
strands (residues F43-P46, residues Al41-
E143, residues Y160-N164) are present. The
protein is comprised of 21 o-helices of
varying length. The centra core of the
molecule consists of five long a-helices (H2,
H6, H7, H8 and H13) with a covaently
attached heme group. A very sSimilar
architecture is found in LPO (core helices are
H2, H5, H6, H8, H12) (RMSD value between
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the chain A of DdPoxA and goat LPO (pdb
code 2R5L) is 1.61 A calculated over 444 C,
atoms, z-score is 13.4) (22). The conserved
distal residues Q97 and H101 are found in
helix 2, while the proximal H325 belongs to
helix 8 and the proxima N403 and R406 are
part of helix 13. Alike in LPO, the core
helices form triangles (H6, H7, H8 in
DdPoxA and H5, H6, H8 in LPO), whereby
the heme group is located between helix 2 and
8 (22).

The heme environment of DdPoxA
shows a striking sequence similarity to LPO
(Supplemental Figure S1). The important
catalytic residues on the distal heme site
(H101, Q97, R233) are fully conserved,
including E236 that forms an ester bond with
the 1-methyl substituent of the heme
porphyrin ring (Figure 4B and Supplemental
Figure S2). However, DdPoxA lacks the
covalent ester bond that is formed between the
heme and the distal aspartate in LPO, since
the corresponding residue in DdPoxA is an
isoleucine. The position of the dista Ca®*
binding site is conserved; however, different
residues are involved in binding of theion. In
LPO, the Ca®* binding site consists of the
residues D, D, S, Y and F, while in DdPoxA
the ion is coordinated by N102, G167, Y 169,
D171 and N173. The proxima triad H325,
N403 and R406 is fully conserved between
the two enzymes (Figures 4C and 4D).

The polypeptide chain of DdPoxA
contains eight cysteines, six of which are
involved in disulfide bridges (C120-C128,
C146-C159 and C277-C505) (Figure 4A). In
comparison, LPO has 15 cysteine residues,
forming seven intramolecular disulfide
bridges. None of the disulfide bridges are
conserved between DdPoxA and LPO.
DdPoxA contains three N-glycosylation sites
(N62, N131, N338) which are all occupied by
complex sugar moieties in the recombinant
protein. However, in the crystal structure,
only one GIcNAc is left on each N-
glycosylation site due to the deglycosylation
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procedure (see aso mass spectrometric
analysis). In comparison, LPO shows four N-
glycosylation sites, and none of them is
conserved between the two proteins.

Approximate  bottlenecks of the
substrate channel were determined by tunnel
calculations using CAVER 3.0. The most
important channels of both, DdPoxA and goat
LPO, are given by throughput-values of 0.75
and 0.79, respectively (throughput-values
range from O to 1; the higher the value, the
greater the probability that the tunne is
functionaly relevant). The bottleneck radii
1.19 A (DdPoxA) and 1.22 A (LPO) are very
similar, but their length differs significantly
with 8.61 A (DdPoxA) compared to 4.85 A
(LPO) (Figure 4E).

DdPoxA Compound | is an Efficient
Oxidant of lodide and Thiocyanate. Finally,
we probed the accessibility and binding
kinetics of cyanide to the heme cavity of ferric
DdPoxA. Upon cyanide binding, the high-spin
(S = 5/2) ferric protein is converted into the
low-spin (S = 1/2) thereby shifting the Soret
maximum from 416 nm to 425 nm with a
clear isosbestic point at 420 nm. In the visible
range, a typical low-spin peak at 541 nm
arose, while the peaks at 576 nm and 644 nm
disappeared (Figure 5A). Plotting the single
exponentially fitted pseudo-first order rate
constants (ko) Versus cyanide concentration
yielded an apparent second-order dissociation
rate constant (ko) of 3.3 x 10° M™*st (Kp =
Koit/kon = 3.7 M), which was approximately
five-fold lower than for MPO (ko = 1.6 x 10°
M?1st Ko = 1.9 pM) and LPO (ko = 1.3 x
10° M st Kp = 23 uM) (17, 30, 31, 32). At
pH 5.0 cyanide binding to ferric DdPoxA
decreased (kon = 8.9 x 10°* M™* st and Kp =
koff/kon =10.1 HM)

Next, we tested the reaction of ferric
DdPoxA with H,0,. Formation of Compound
| was characterized by a decrease of the Soret
maximum and a shift to 412 nm, and the
formation of typical peaksin the visible range
at 604 nm and 660 nm, while the peak at 541
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nm vanished (Figure 5B). Full
hypochromicity of the Soret peak (46%) was
obtained using a 2.5-fold stoichiometric
excess of HyO,. The reaction showed a
biphasic behavior with the fast reaction being
responsible for ~85% of absorbance change at
412 nm. The apparent bimolecular rate
constant was calculated to be 3.2 x 10° M™*s™,
which is approximately 5-times slower
compared to MPO and LPO (Kgpp = 1.1 - 1.4 x
10° M s%) (29). Similar to cyanide binding,
the rate of Compound | formation decreased
at pH 5.0 (Kapp = 5.9 x 10° M s™).

Further, we probed the reaction of the
preformed DdPoxA Compound | with the
two-€electron donors chloride, bromide, iodide
and the pseudohaide thiocyanate (X).
Chloride was unable to reduce Compound |
while bromide is a very poor electron donor
with kg, being 15 M s (pH 7.0) and 13 M™
st (pH 5.0) (Figure 5C). However, oxidation
of iodide and thiocyanate by DdPoxA
Compound | is extremely efficient (kqpp > 10°
Mt st a pH 7.0). Similar values have been
reported for LPO, whereas MPO shows a 10-
fold lower oxidation capacity for iodide and
thiocyanate (kapp ~ 10" M™ s) (30). At pH
5.0, oxidation of thiocyanate is also extremely
fast (kep > 10° M™ s%), whereas iodide
oxidation at pH 5.0 is drastically impaired
(7.4x 10°Mts?h.

DdPoxA is Expressed at Multicellular
Stages and Supports Fruiting Body Sterility.
One remarkable characteristic of D.
discoideum is its ability to shift from single-
cells to a multi-cellular stage in response to
starvation. Starting from cell aggregation
towards a cAMP signa, a multicelular
aggregate is formed containing up to 100,000
cells. Subsequently, a migrating slug is
formed that later culminates into a fruiting
body, which comprises a spore containing
structure, the sorus, on top of a cellular stalk
(5). Since the proteome and the morphology
of the cels sdignificantly change upon
development, it is crucial to know the
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expression pattern of the investigated protein
throughout the developmental cycle. Figure
6A shows a simplified scheme of the
development cycle of D. discoideum.
Formerly published open source RNAseq data
(33, 34) on the D. discoideum laboratory
strain  AX4 indicated that expression of
DdPoxA was upregulated at |ate devel opment
stages, starting approximately from 12 hours
after initiation of starvation (Figure 6B). To
confirm these findings, we let D. discoideum
wild-type AX2 and ADdpoxA cells undergo
the development cycle and detected the
expression of DdPoxA by Western blotting
with a polyclonal antibody against the
recombinantly produced DdPoxA (Figure
6C). The bands at approximately 60 kDa
confirmed the RNAseq data and clearly
showed that the expression of DdPoxA was
upregulated at late development stages,
approximately 14 h after the initiation of
starvation (left panel). A GFP-tagged version
of DdPOXA serves as positive control (right
panel). The negative control ADdpoxA
showed no expression at all (right panel).

As outlined above, anaysis of the
polypeptide sequence suggested the existence
of a signal peptide for secretion into the
extracellular space. Fluorescence microscopy
of a D. discoideum population expressing a
GFP-tagged version of DdPoxA indicated that
the tagged peroxidase co-localizes with the
ER marker PDI (arrows Figure 6D). The
additiona juxtanuclear localization
(arrowheads Figure 6D) is typical of the Golgi
apparatus and/or the recycling endosomes (35,
36), suggesting that DdPoxA is most probably
present in the secretory pathway.

Since DdPoxA expresson was not
detected in the vegetative phagocytosing
amoebae, the initial hypothesis of its MPO-
like function had to be revised. Subsequently
we focused on elucidating the putative roles
of this peroxidase at the late development
stages. We investigated the effects of the
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ADdpoxA knockout on the development cycle
of D. discoideum in comparison to the wild-
type AX2 and the AnoxABC knockout strains.
It has been shown in previous studies that the
knockout of the three nox genes (each
encoding a homolog of gp91™"™, the catalytic
subunit of NADPH oxidases (NOX)) leads to
a deficiency in immune defense at the slug
and sorus stages (37, 38). NOXs are crucid
enzymes producing reactive oxygen species
during phagocytosis or pathogen attack (37).
In contrast to DdPoxA, the NOXs are not
secreted but membrane bound. RNAseq
detection has shown that NoxB and NoxC are
also upregulated during cell development,
while NoxA is predominantly expressed in the
amoeboid stage (33, 34). To eucidate the
impact of DdPoxA and the NOX enzymes
during development, a defined concentration
of D. discoideum cells (1 x 10°/ mL) was
plated on non-nutrient agar plates to induce
starvation. Time-dependent morphological
changes were documented wusing a
stereoscope. Comparison of the ADdpoxA to
the AX2 wild-type and the AnoxABC mutant
did not show any differences concerning cell
development, indicating that DdPoxA was not
essential for this process (Supplemental
Figure S3). Further, we demonstrated that
there was no significant difference in the
amount of produced fruiting bodies or spores
between the three investigated variants
(Figure 7A-B).

Finally, we probed the effect of the
ADdpoxA knockout on the sterility of the sori
in comparison to the AX2 wild-type and the
ANOXABC knockout mutant. For this, we
cultivated D. discoideum cells on a lawn of
Klebsiella aerogenes as a food source. After
consumption of the bacteria, D. discoideum
cells started the multicellular life cycle and
formed fruiting bodies. Subsequently, we
analyzed the sori of those fruiting bodies for
the presence of live bacteria by plating them
on fresh agar plates (Figure 7C). After
investigating a significant number of sori (N >
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125 for each mutant), we demonstrated that
both ADdpoxA as well as AnoxABC, showed a
higher percentage of contaminated sori than
the AX2 wild-type strain (43% and 52%,
respectively, compared to 15% for the wild-
type). Further, we quantified the number of
remaining bacteria in the sori. This was
accomplished by resuspending a defined
number of sori in Soerensen medium and
plating the suspension on fresh selective agar
plates. We found that sori from ADdpoxA and
ANoOXABC strains contained twice as many
contaminating bacteria as the wild-type AX2
(Figure 7D). Hence, it was clearly shown that
both mutants have significant deficiencies in
keeping the slug and the sori sterile upon cell
development.

DISCUSSION

Phylogenetic reconstruction of the main
evolutionary lines of the mammalian heme
peroxidases such as lactoperoxidase or
myeloperoxidase revealed the presence of
novel bacterial and early eukaryotic
representatives within  Family 6 of the
peroxidase-cyclooxygenase superfamily (7,
9). Thiswork presents the first comprehensive
biochemical study of an antibacteria
peroxidase expressed in an organism that
branched from the evolution tree close to the
emergence of multicellularity and metazoans.
We focused on DdPoxA because D.
discoideum is a social amoeba that can switch
from a single-cell to a multi-cellular lifestyle
under conditions of starvation. Moreover,
DdPoxA is a typica representative for all
related heme peroxidases from the whole
genus Dictyostelium that already counts more
than 80 distinct species (NCBI Taxonomy
Database).

At the single cell stage, D. discoideum
feeds on bacteria ingested by phagocytosis, a
process that closely resembles bacterial killing
within  the neutrophil  phagosome of
vertebrates. In the absence of a food source,
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starting from single cell streams that
chemotax towards a CcAMP signa, a
multicellular migrating slug is formed that,
finaly, differentiates in fruiting bodies
containing persistent spores (5). At these late
development stages DdPoxA is shown to be
upregulated (Figure 7C). These findings are
supported by published RNAseq data on a
dightly different D. discoideum laboratory
strain (AX4) (33, 34).

Knockout of the DdpoxA gene had no
observable impact on cell development, cell
communication and aggregation, formation of
the stalk or the fruiting body. However, we
showed that knockout of DdPoxA
significantly  increased the  bacterid
contamination of the sori in comparison to the
wild-type strain. Thisimpact is very similar to
the one already reported for a D. discoideum
mutant lacking functional NOX (38, 39).
These findings suggest that DdPoxA exhibits
antibacterial activity that depends on H,O,
derived from dismutation of superoxide
released by the NADPH oxidase(s).

Antibacterial activity requires DdPoxA
secretion at the slug and fruiting body state as
well as production of oxidants. A respective
signal peptide translocates the nascent
polypeptide chain to the endoplasmatic
reticulum (ER). In the ER core glycosylation
occurs, the heme group is inserted and, most
probably, posttrandationally modified as
recently demonstrated for human promyelo-
peroxidase (40). Localization of GFP-tagged
DdPoxA in the ER, the Golgi apparatus and
recycling endosomes clearly underlines that
the likely glycosylated peroxidase follows the
secretory pathway.

Similar to secreted mammalian
peroxidases involved in antimicrobia activity
(31, 41) DdPoxA exhibits a high thermal
stability (T, > 70 °C) in the pH range 5.0-7.0
which guarantees conformationa stability
under harsh conditions such as the one
encountered in the soil environment of the
amoeba.
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Mammalian peroxidases and DdPoxA
share a similar overall fold. The arrangement
of the 21 a-helices and especidly of the core
helices, which provide the heme binding
ligands and catalytic residues, are fully
conserved. Nevertheless the number and
localization of the disulfide bridges and the N-
glycosylation sites, the nature of ligands of
the distal Ca’*-binding site as well as the
length of the substrate channel are different
between DdPoxA and mammalian
peroxidases such as LPO.

As dready demonstrated for chordata
(Family 1) peroxidases (18), peroxidasin 1
(hsPxd01, Family 2) (29) and a bacteria
enzyme (Family 6) (27, 28), the prosthetic
group of DdPoxA is posttrandationally
modified by an auto-catalytic radica
mechanism that depends on hydrogen
peroxide. However, DdPoxA is unique in
having only one covaent ester bond between
the hydroxymethyl group on pyrrole ring A
and E236, whereas al other representatives
studied so far have an additional ester bond
between a conserved aspartate residue and the
hydroxymethyl group of pyrrolering C. In the
case of DdPoxA this acidic amino acid is
replaced by 1100. All other amino acids of
structural and functional relevance at the
heme cavity are fully conserved in DdPoxA,
including the proximal (H325-N403-R406)
and distal (Q97-H101-R233) triads. However,
due to the lack of the second ester bond at
pyrrole ring C the stretch Q97-H101 should
be less constrained compared to LPO.

As a consequence the spectral and redox
properties of DdPoxA are different from
Family 1 proteins. The standard reduction
potential of the Fe(lll)/Fe(ll) couple of
DdPoxA is significantly more negative than
that of LPO. Within the peroxidase-
cyclooxygenase superfamily there is a clear
correlation between the number of covalent
ester bonds and E°’ [Fe(111)/Fe(11)] values with
E°’ (one ester bond, e.g. DdPoxA: -0.276 V) <
E® (two ester bonds, eg. LPO: -0.183 V;
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EPO: -0.176 V; LspPOX: -0.158 V; hsPxd01,
-0.128 V) < E°(two ester bonds, one
sulfonium ion linkage, MPO: +0.005 V) (27,
28, 43, 44, 45).

Closely related with the redox
properties of these peroxidases is their
capacity to oxidize halides by the redox
intermediate  Compound 1. Whereas the
kinetics of the two-electron oxidation of the
ferric peroxidases to Compound | by
hydrogen peroxide istypicaly very fast (3.2 x
10° M s in case of DdPoxA) and does not
depend on the posttranslational modification
of the prosthetic group (21, 30), the
thermodynamics of the two-electron reduction
of Compound | by halides and thiocyanate
strongly depends on the presence of heme to
protein bonds. Only MPO is able to oxidize
chloride [E°’(HOCI/CI", H,0O) = 1.28 V at pH
7.0] at reasonable rates (46, 47). Bromide
oxidation [E®’(HOBr/Br, H,O) = 1.13 V at
pH 7.0] has been demonstrated for EPO (48),
LspPOX (27) and hsPxd01 (28). Oxidation of
iodide [E*’ (HOI/I', H,0O) = 0.78 V at pH 7.0]
and thiocyanate [E®’(HOSCN/SCN’, H,0) =
0.56 V at pH 7.0] (46) is thermodynamically
less chalenging and thus typicaly is
performed at high rates by Compound | of all
peroxidases of this superfamily. This applies
also to DdPoxA that is unable to produce
hypochlorous and hypobromous acid but
oxidizes iodide and thiocyanate extremely
efficiently (> 10 M™*sY).

This poses the question about the
relation of this enzymatic activity and the role
of DdPoxA in bacteria killing at the slug and
fruiting body stage. It has been demonstrated
by Klebanoff already in 1967 (49) that human
myeloperoxidase, iodide, and H,O, have a
bactericidal effect on E. coli and that this
effect corresponded to the iodination of the
bacteria. Hypothiocyanous acid (HOSCN) is
well known to be a potent antimicrobid
species, being formed by LPO in human
secretory mucosa, including the oral cavity,
arway and adimentary tract, thereby
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regulating the resident and transient flora as
part of innate immunity (50). HOSCN is a
weaker, more selective oxidant than HOCI or
HOBFr that reacts at biologically relevant rates
with cysteine and/or selenocysteine residues
of proteins and peptides and thus is
responsible for arresting the spread of
pathogens (51). Thus the high rate of
oxidation of iodide and thiocyanate by
DdPoxA suggests a comparable antibacterial
function in D. discoideum as described for
mammalian peroxidases like LPO. Both
thiocyanate and iodide are known to be found
in the soil. Thiocyanate, for example, is
known to be both secreted and utilized by
various soil organisms as nitrogen source
(52), whereras iodide is reported as the most
prevalent form of iodine in soil and rivers
(53).

Summing up, in this report we present
the first structural and  functional
characterization of a heme peroxidase with
one heme to protein ester bond. Its high
efficiency in HyO,-dependent iodide and
thiocyanate oxidation and its expression at
multi-cellular lifestyle of D. discoideum
together with its antibacterial activity, suggest
that this secreted and highly stable
glycoprotein acts in the first line defense of
the fruiting bodies containing spores against
bacteria

EXPERIMENTAL PROCEDURES

Materials and Reagents. Chemicals and
enzymes were purchased from following
sources. the synthetic gene coding for
DdPoxA and the expression vector were
ordered from ATUM  (Menlo Park,
Cdifornia). Restriction enzymes and Endo Hs
glucosidase were from New England Biolabs.
Zeocin was purchased from Fisher Scientific.
Pichia pastoris strain (BG11l with deleted
AOX1 ORF) was purchased from bisy e.U.
(Hofstétten, Austria). Chelating Sepharose
Fast Flow column was from Amersham
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Biosciences; size excluson chromatography
(SEC) column (HiLoad 16/600 Superdex 200
pg, prep grade) was purchased from GE
Headlthcare.  Centripreps-30 were  from
Amicon, PD10 desdlting columns from
Sigma-Aldrich and Whatman filter papers
from GE Healthcare. Polyclonal antibodies
against the recombinant DdPOxA raised in
rabbits and purified by Protein A Sepharose
chromatography were ordered from Seramun
Diagnostica GmbH (Heidesee, Germany). All
other chemicas were purchased from
Sigma-Aldrich at highest available grade.
Cloning, Expression, and Purification.
The gene coding for DdPoxA (Uniprot
accession code Q6TMK4) was synthesized
with an additional N-terminal hexa-histidine
tag (Hisstag) and codon optimized for
expression in Pichia pastorisat DNA 2.0. The
signal peptide prediction server SignaP 4.1
(54) was used to identify the secretion signal,
which was subsequently removed. The gene
was cloned into the pJ912 shuttle vector
carrying a zeocin resistance and the alpha
factor from Saccharomyces cerevisiae as
signal sequence for secretion into the
extracellular space. The plasmid was
transferred into electrocompetent E. coli Top
10 cels for amplification. The purified
plasmid was linearized using the restriction
enzyme Swal and transformed into the P.

pastoris BG1l expression strain by
electroporation (BioRad Electroporator with
VWR cuvettes, option “Fungi Sc2”).

Transformants were selected on YPD plates
(10 g/L yeast extract, 20 g/L peptone, 10 g/L
glucose, 15 ¢g/L agar) supplemented with
zeocin (100 mg/L). The transformed P.
pastoris BG11 cells were initialy cultivated
in YP medium supplemented with 1%
glycerol at 28 °C and 180 rpm overnight.
Subsequently, 10 mL aliquots of these
precultures were further used to inoculate 200
mL of fresh YP-glycerol  medium
supplemented with biotin solution (fina
concentration 4 mg/L) in baffled shaken flasks
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and incubated at 28 °C and 180 rpm. After
complete glycerol consumption (~24 hours),
protein expression was induced by adding
methanol to 0.5% fina concentration.
Expression proceeded for further 24 hours at
25 °C and 180 rpm. Subsequently, methanol
was added to 1% final concentration. Hemin
solution (10 uM fina concentration, pH 9 -
10) was added shortly after addition of
methanol and incubation was continued. After
24 hours, methanol was added once more to
1% final concentration. Four hours after last
addition of methanol, the supernatant was
separated from the cells by centrifugation
(3000 % g, 10 min, 4 °C). The supernatant was
stored at -30 °C until further purification.
Recombinant DdPoxA was purified
from the P. pastoris cell supernatant by metal
chelate affinity chromatography using the N-
terminal  Hisg-tag. First, proteins were
precipitated using ammonium sulfate in two
steps. In the first step, 170 g/L ammonium
sulfate (31% saturation) was added stepwise
a 4 °C to the cell supernatant. Subsequent
centrifugation (45000 x g, 20 min, 4 °C) led
to precipitation of host proteins. In the second
step, 343 g/lL ammonium sulfate (82% final
saturation) was added stepwise at 4 °C to the
remaining supernatant and the recombinant
protein was precipitated by centrifugation
(45000 % g, 20 min, 4 °C). The pellet was
dissolved in binding buffer (67 mM phosphate
buffer supplemented with 20 mM imidazole
and 0.5 M NaCl, pH 7.2, 50 mL/L of P.
pastoris cell culture) for subsequent
purification by metal chelate affinity
chromatography. The column was loaded with
Ni?* ions and equilibrated with three column
volumes of binding buffer. The protein
solution was loaded on the column, followed
by extensive washing (six column volumes)
with binding buffer. A linear gradient from 20
- 250 mM imidazole was used for elution and
1.5 mL fractions were collected. The fractions
were investigated by SDS-PAGE and UV-vis
spectroscopy and the purest fractions were
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concentrated (Amicon centrifugal filters, 30
kDa cutoff), desated using PD10 columns
and stored in 10 mM phosphate buffer, pH
7.0, at -80 °C.

UV-vis and Electronic Circular
Dichroism Spectroscopy. UV-vis spectra
were recorded using a Hitachi U-3900
spectrophotometer from 200 - 800 nm at 25
°C in 10 mM phosphate buffer, pH 7.0. The
molar extinction coefficient of DdPoxA has
been determined by the method of Bradford
and shows a value of 84,950 M cm™ at 416
nm (55). It was used for al calculations of
protein concentrations of DdPoxA.

Electronic Circular Dichroism (ECD)
measurements were performed with Chirascan
(Applied  Photophysics) that  alowed
simultaneous measurement of UV-vis and
ECD gspectra at defined temperature using a
Peltier temperature control unit. The machine
was flushed with nitrogen with a flow rate of
5 L/min before and throughout the
measurements. For probing the overal
secondary structure composition in the far-Uv
region (180 - 260 nm), the path length of the
cuvette was 1 mm, bandwidth 3 nm and scan
time 10 s per point. Concentration of DdPoxA
was 0.5 mg/mL in 10 mM phosphate buffer,
pH 7.0. For unfolding studies changes in the
elipticity at 208 nm were followed between
25 - 95 °C (1 °C increase per min). To obtain
information about tertiary structure and heme
insertion the ECD spectrum at 25 °C was
recorded in the near-UV and visible region
(250 - 470 nm) with the path length and
spectral bandwidth set to 10 mm and 1 nm,
respectively. For studying unfolding of the
heme cavity the dlipticity was monitored at
the Soret minimum at 408 nm between 25 and
95 °C (1 °C increase per min).

Size-exclusion chromatography
combined with multi-angle light scattering.
Protein purity and the oligomeric state of the
recombinantly  produced DdPoxA was
determined by size-exclusion chromatography
(SEC) combined with multi-angle light
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scattering (MALS). Measurements were
performed on an LC20 prominence HPLC
system equipped with the refractive index
detector RID-10A, the photodiode array
detector SPD-M20A (al from Shimadzu) and
a MALS Heleos Dawn8+ plus QELS detector
(Wyatt Technology). The column (Superdex
200 10/300 GL, GE Hedthcare) was
equilibrated with Dulbecco PBS plus 200 mM
NaCl, pH 7.2, as running buffer. Experiments
were carried out at a flow rate of 0.75 mL/min
a 25 °C and anayzed using the ASTRA 6
software (Wyatt Technology). Accuracy of
molar mass determination was verified by
measuring a sample containing bovine serum
albumin. The protein (25 ug per analysis) was
centrifuged (17 000 % g, 10 min, 20 °C) and
filtered (0.1 um Ultrafree-MC filter from
Merck Millipore) before applying to the
column.

Spectroelectrochemistry. The standard
reduction potential E’ of the Fe(lll)/Fe(ll)
couple of the heme protein was measured
using a homemade OTTLE cell (optically
transparent thin layer spectroelectrochemical
cell) in a three-electrode configuration. The
setup was composed of a gold mini-grid
working electrode (Buckbee-Mears), an
Ag/AQCI/KClsy micro-reference  electrode,
separated from the working solution by a
Vycor set, and a platinum wire as counter-
electrode. The reference electrode was
calibrated against a saturated calomel
electrode (Hg.Cl,) before each set of
measurements. The potentials were applied
using a potentiostat/galvanostat (Amel model
2053). UV-vis spectra were recorded using a
Varian Cary C50 spectrophotometer, flushed
with Argon. The obtained potentials were
referenced to the standard hydrogen electrode.
Spectroelectrochemical titrations were carried
out using samples containing 10 uM DdPoxA
in 100 mM phosphate buffer, pH 7.0, and 100
mM NaCl, at 25 °C. 100 uM methyl viologen
and 2 uM lumiflavin 3-acetate, methylene
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blue, phenazine methosulfate, and indigo
disulfonate were used as redox mediators.

Differential Scanning Calorimetry.
Differential  scanning calorimetry (DSC)
measurements were conducted using a VP-
DSC microcaorimeter (MicroCal) controlled
by the VP-viewer program and equipped with
a 137 L cell and an autosampler for 96 well
plates. Samples were measured with a
concentration of 10 uM in 50 mM phosphate
buffer, pH 7.0. The heating scan rate was 60
°C/h and the cell pressure was constant at 4.1
bar, the temperature range was programmed
from 20 - 100 °C. Data anaysis was
performed using the MicroCal Origin7
software. Raw DSC data were baseline-
corrected with buffer and normalized for the
applied protein concentration. The resulting
endotherms were fitted by a non two-state
transition model.

SDS-PAGE and Enhanced
Chemilumi-nescence (ECL). Protein
separation by SDS-PAGE was carried out
using Mini Protean TGX Gels (Bio-Rad) in
Tris-Glycin-SDS running buffer (Bio-Rad) at
250 V. The gels were stained with Coomassie
Brilliant Blue staining solution with Precision
Plus Protein (All blue) as prestained ladder
(Bio-Rad). The iBlot Dry Blotting System
(Invitrogen) with nitrocellulose membranes
was used for immobilizing proteins on
nitrocellulose membranes (iBlot Gel Transfer
Stacks, Nitrocellulose mini).  Enhanced
chemilumi-nescence was performed using the
Bio-Rad ChemiDoc XRS+ Imaging System.
The blotted membrane was incubated with
Clarity Western ECL Substrate, applying an
exposure time between 1 and 20 s (depending
on sample concentration). Note that non-
covaently bound heme is lost during gel
electrophoresis. The ECL detection reagent
relies on the hydrogen peroxide-mediated
oxidation of luminol to the light-emitting 3-
aminophthalate in the presence of a catalyst
like heme.
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Mass spectrometry. Prior to mass
spectrometric analysis (MS), deglycosylation
of purified DdPoxA was conducted using the
glucosidase Endo Hf overnight at 37 °C and
180 rpm. Deglycosylated protein was further
purified by size excluson chromatography
(SEC) on a HiLoad 16/600 Superdex 200 pg
(prep grade) column, equilibrated with 50 mM
phosphate buffer, pH 7.0. The eluted protein
solution was concentrated and stored at -80
°C.

To detect the mass of the deglycosylated
protein, intact protein mass spectrometry
analysis was performed. In detail, 2.5 pg of
deglycosylated DdPoxA were analyzed using
a Dionex Ultimate 3000 system directly
linked to a QTOF instrument (maXis 4G
ETD, Bruker) equipped with the standard ESI
source in the positive ion mode. Data were
recorded within a range from 400 - 3800 m/z.
The instrument was calibrated using the ESI
calibration mixture (Agilent). For protein
separation, a Thermo ProSwift™ RP-4H
analytical separation column (250 * 0.200
mm) was used. A gradient from 80% solvent
A and 20% solvent B (Solvent A: 0.05%
trifluoroacetic acid (TFA), B: 80.00%
acetonitrile, 19.95% H,0O and 0.05% TFA) to
65% B in 20 min was applied, followed by a
15 min gradient from 65% to 95% B, at aflow
rate of 8 pL/min and at 65 °C. The obtained
data was processed using Data Analysis 4.0
(Bruker) and the obtained spectrum was
deconvoluted by MaxEnt (Maximum Entropy
Method, low mass. 40000, high mass:
200000, instrument resolving power 100000).

Crystallization, X-ray data collection,
structure determination and refinement.
Crystallization experiments were performed
using the sitting drop vapor diffusion method
in SWISSCI MRC three-well crystalization
plates (Molecular Dimensions, Newmarket,
UK). Crystalization drops were set using a
mosquito crystallization robot (TTP Labtech,
GB). The reservoir was filled with 40 pL
precipitant solution. In the sample weélls,
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raios of 100:150 nL, 150:150 nL, and
200:150 nL protein to precipitant were
dispensed. Protein concentration was 10
mg/mL in 10 mM phosphate buffer, pH 7.0.
Commercially  available  crystalization
screens were used for initia screening.
Crystallization plates were stored in a
Formulatrix RI-1000 imaging device at 22 °C.
Successful hits were obtained using the
JCSG-plus™ from Molecular Dimensions,
Initial screening conditions were optimized
for growth of larger crystals, yielding final
conditions as follows. 0.2 M BIS-TRIS, pH
5.5, 0.2 M M@SOy4, 23.2% PEG 3350.

The crystal was soaked with mother
liquor supplemented with 20% 2-methyl-2,4-
pentanediol (MPD), harvested using a cryo-
loop, and flash-vitrified in liquid nitrogen.
Datasets were collected at beam-line D29
(56) of European Synchrotron Radiation
Facility (ESRF, Grenoble, France) at 100 K
using aDECTRIS PILATUS 6M detector.

The dataset was processed with XDS
and symmetry equivalent reflections merged
with XDSCONV (57). Intensities were not
converted to amplitudes. Initidly the high-
resolution cutoff was 2.31 A (CC1/2=0.23)
(58). The phase problem was solved by
molecular replacement using balbes (29). The
model was further improved by iterative
cycles of manual model building using COOT
(59) and maximum likelihood refinement
using PHENIX-Refine (60). PHENIX-Refine
converted intensities into amplitudes using the
French and Wilson algorithm (61). The final
high-resolution  cutoff was based on
performing paired refinement using the
PDB_REDO webserver (62). Final stages of
refinement included Trandation Liberation
Screw (TLS) parameters, isotropic B-factor
model, automated addition of hydrogens and
water molecules, optimization of X-ray/ADP
weight, and optimization of X-
ray/stereochemistry weight. The model was
validated with MolProbity (63). Figures were
prepared with PyMOL Molecular Graphics
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System (Version 1.3, Schrodinger, LLC).
Atomic coordinates have been deposited in
the Protein Data Bank under accession code
6ERC. OMIT maps were calculated by
removing the heme followed by refinement in
phenix.refine (59). FEM maps were cal culated
using the feature-enhanced map tool in
PHENIX (59).

RMSD values and Z-scores were
calculated using the PDBe Fold v2.59 server
with a lowest acceptable match of 70% (64).
CAVER (65) was used to detect putative
substrate channels of DdPoxA and goat LPO
(pdb-code: 2R5L). For calculation of the
characteristics of the channels, the heme iron
was set as a starting point for both proteins.
Channels were calculated with the following
settings: minimum probe radius: 0.9 A; shell
depth: 4A; shel radius. 3A; clustering
threshold: 3.5; number of approximating
balls: 12; input atoms: 20 amino acids.

Stopped-flow Spectroscopy. Pre-steady-
state kinetic experiments were performed to
study the relevant redox intermediates of
DdPoxA. The experiments were carried out
with a stopped-flow apparatus (model SX-
18MV and Pi-star-180, Applied Photophysics)
in the conventional or sequential mode. The
optica quartz cell with a path length of 10
mm had a volume of 20 pl. The dead time of
both stopped-flow machines was 1.0 ms. The
spectra were followed with the photodiode
array detector, and the single wavelength time
traces were recorded using a photomultiplier
detector  (Applied  Photophysics). All
measurements were performed at 25 °C in
triplicates.

Binding of cyanide and reaction with
hydrogen peroxide were performed in the
conventional stopped-flow mode. The first
syringe contained 2 - 4 uM protein solution in
50 mM phosphate buffer, pH 7.0, the second
syringe contained cyanide or hydrogen
peroxide solutions in varying concentrations.
Rates of cyanide binding and Compound |
formation were obtained by single or double
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exponential fitting of the time traces at 412
nm. Pseudo-first-order rate constants, Kops,
were used to caculate the apparent
bimoleculat binding constant (k.n) by plotting
kops Vvalues versus cyanide concentration.
From the x-intercept of this plot kg, the
dissociation rate constant, was estimated,
enabling calculation of the dissociation
constant Kp = Kof/Kon.

For determination of Compound |
formation, the obtained pseudo-first-order rate
constants (kops) Were used to calculate the
apparent bimolecular rate constant (Kapp) from
the slope of the plot of kys values versus
hydrogen peroxide concentration. Multi-
mixing, sequential stopped-flow spectroscopy
was performed to monitor the reduction of
DdPoxA Compound | using the two-electron
donors CI°, Br, I' and SCN. A solution
containing 4 - 8 UM DdPoxA was premixed
with a 2.5 molar excess of hydrogen peroxide
in the aging loop for 400 ms to form
Compound I.

Dictyostelium discoideum and
Klebsiella aerogenes cell culture. The D.
discoideum laboratory strain AX2 and the
mutant strains ADdpoxA and AnoxABC (38)
were cultivated axenically in 10 cm Petri
dishesin HL5c medium (5 g/L peptone, 5 g/L
thiotone E peptone, 10 g/L glucose, 5 g/L
yeast extract, 0.35 g/L Na,HPO,* 7H,0, 0.35
o/L KH,PO, 0.05 g dihydrostreptomycin-
sulfate, pH 6.5) supple-mented with 50 U/mL
penicillin  and 50 mg/mL streptomycin
(Pen/Strep) at 22 °C. The exponentialy
growing cells were harvested at about 80%
confluence for experiments. To obtain higher
cell numbers, D. discoideum was transferred
into shaking flasks with HL5¢c medium (plus
Pen/Strep) at 22 °C, and cells were harvested
with a maximal density of 5 x 10°/mL. The
avirulent laboratory wild-type strain of K.
aerogenes was cultured overnight in LB
medium (10 g/L peptone, 5 g/L yeast extract,
5 g/L NaCl, pH 7.0) without antibiotics at 37
°C and 180 rpm.
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Expression of DdPoxA during cell
development. D. discoideum cells were grown
in shaking culture in HL5c medium (+
Pen/Strep), harvested by centrifugation (1600
rpm, 4 °C, 4 min) and washed three times by
resuspending the pellet in 0.5 volume of cold,
sterile development buffer (5 mM Na,HPO,, 5
mM KH;PO4, 1 mM CaCl,, 2 mM MgCly).
For each required time point, 2 x 10° cells
were resuspended in 2 mL cold development
buffer and one aliquot was frozen as time
point zero. For each time point, one 10 cm
Petri dish was prepared with three Whatman
#3 filter papers and one Whatman #50 on top.
The filter papers were soaked with 5 mL
development buffer, remaining air bubbles
were removed with a sterile spreader and any
excess liquid was aspirated. The cel
suspensions were slowly distributed over the
filter. Cells were incubated a 22 °C in a
humid box. For cell harvesting, the #50 filter
paper was placed in aFalcon tube, 20 mL cold
development buffer was added and mixed to
remove cells from the filter. The cdll
suspension was centrifuged (1600 rpm, 4 °C,
4 min) and frozen (66). Subsequently, D.
discoideum cells were thawed by immediately
adding 400 pL lysis buffer to the pellet. Cells
lysis was carried out by sonication (micro tip,
3 x 20 sec per sample, 50% duty cycle) and
cell debris was centrifuged (13000 rpm, 4 °C,
15 min). Protein concentration was
determined by Nanodrop using the formula
for DNA contaminated protein samples:
c(mg/mL) = 1.55 x (Azg) — 0.76 X (Ae0).
Samples were diluted to a concentration of 10
mg/mL in hot SDS-PAGE sample buffer for
gel electrophoresis. Protein separation by
SDS-PAGE was caried out using 8%
acrylamide gels a 150 V. The separated
proteins were blotted on nitrocellulose
membranes (120 V, 4 °C, 90 min), and stained
with Ponceau S to verify that the total amount
of protein is constant in al samples. After
washing the membrane with PBST, the
blotted proteins were blocked with Blotting-
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Grade Blocker (BioRad) and detected with an
anti-DdPoxA as primary antibody and an anti-
rabbit antibody conjugated to HRP as
secondary antibody. As a positive control, the
blot was stripped and incubated again with
anti-Actin antibody as primary antibody and
anti-mouse conjugated with HRP as
secondary antibody. Band development was
carried out with the Clarity Western ECL
Substrate (BioRad).

Comparative development of D.
discoideum. D. discoideum wild-type (AX2),
ADdPoxA and AnoxABC were grown in
HL5c medium (+ Pen/Strep) to a maximal cell
density of 5 x 10°mL. Cells were centrifuged
(1600 rpm, 4 °C, 4 min) and washed three
times with Soerensen medium (2 g/L
KH2PO,, 0.29 g/L NaHPO,, pH 6.0). Drops
of D. discoideum cells with a known
concentration (1 x 10%mL) were plated on
Soerensen agar plates (2 g/L KH,PO,4, 0.29
gL NaHPO, pH 6.0, 15 ¢g/L agar) and
incubated at 22 °C in a humid box. Pictures
were taken with a stereoscope at desired time
points during development.

Investigation of fruiting body sterility.
0.2 mL overnight culture of K. aerogenes in
LB medium was mixed with 8 x 10* D.
discoideum cells. The cell mixture was plated
on SM/2 agar plates (5 g/L glucose, 5 g/L
bacto peptone, 0.5 g/L yeast extract, 1 g/L
MgSO, x 7H,O, 1 g/L NaHPO4, 2.2 g/L
KH,PO4, 15 ¢g/L agar) and incubated 3 - 4
days at 22 °C upside down in a humid box,
until D. discoideum cells have formed fruiting
bodies. To investigate the contamination of
individual fruiting bodies, single sori were
picked up carefully with sterile pipette tips
and transferred to a new SM/2 agar plate. The
plates were incubated over night at 37 °C (a
temperature that fully restricts D. discoideum
growth) to grow residual K. aerogenes cells
and the number of contaminated fruiting
bodies was counted. To quantify the number
of residua bacteria, 25 fruiting bodies were
taken up with sterile pipette tips and dissolved
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in 500 pL Soerensen medium. 50 pL of the
suspension were plated on new SM/2 agar
plates. The plates were incubated at 37 °C
overnight to grow K. aerogenes cells and the
number of bacterial colonies was counted.
The experiment was carried out in biological
triplicate.

Determination of number of spores
and fruiting bodies. 10 fruiting bodies of
each, D. discoideum wild-type (AX2) and the
mutants ADdpoxA and AnoxABC, were
randomly picked and resuspended in 100 pL
Soerensen medium. The number of spores in
the solution was determined using a
hemocytometer. Number of produced fruiting
bodies was determined by counting fruiting
bodies in the comparative development
experiment (see above).

Cloning, Expression, and localization
of DdPoxA-GFP. The poxA CDS was PCR-
amplified with forward primer poxA-FL-F
(tttagatctasaaATGCGATTAAATTTAATAT
CGTTTTTTAT AATATTACQ), which
contains a Bglll site, and reverse primer
poxA-FL-R
(tttactagt TTTTCTAAAAACATTTGGTTGA
ACATAACCAATAT), which contains a Spel
site, from cDNA generated from D.
discoideum cells undergoing development.
The PCR product was cloned into pJET1.2
using the CloneJET PCR Cloning Kit
(ThermoFisher) and sequenced. The poxA-
containing fragment was excised by
sequential digestion with Spel and Bglll, gel-
extracted, and ligated into pDM 323 (67), also
cut with Spel and Bglll, upstream of gfp to
create a poxA-gfp fusion. Amoeba stage D.
discoideum cells were transfected with the
resulting plasmid and selected with 5Sug/ml
(G418. PoxA-GFP expressing cells were
seeded on glass coverdips and fixed in
ultracold methanol (68). After blocking with
PBS/0.3% gelatin, cells were stained with
rabbit anti-GFP (MBL), a cocktall of four
mouse monoclonal antibodies recognizing
protein disulphide isomerase (PDI) (69), rat
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anti-rabbit antibody labelled with AlexaFluor microscope slides with ProLong Gold antifade
488 (ThermoFisher), and rat anti-mouse reagent (ThermoFisher). Images were taken
antibody labelled with AlexFluor 594 with a Axio Imager Zlm (Zeiss) and
(ThermoFisher). Nuclel were stained with processed using Imagel.

DAPI, and coverdips were mounted on
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Secreted heme peroxidase from Dictyostelium discoideum

TABLES

Table 1. Data collection and refinement statistics.

DdPoxA (6ERC)
Data collection
Wavelength (nm) 1.072
Resolution range (A) 48.67 -2.5(2.589 - 2.5)?
Space group P3,21
Unit cell (A) 128.253, 128.253, 146.015, 90, 90, 120
Total reflections 485020 (46671)
Unique reflections 48501 (4813)
Multiplicity 10.0 (9.7)
Completeness (%) 99.90 (99.98)
Mean I/sigma(l) 7.64 (0.60)
Wilson B-factor (A2 55.76
Refinement
R-merge (%) 0.3149 (4.14)
R-meas (%) 0.3319 (4.372)
R-pim (%) 0.1043 (1.395)
CCl/2 0.995 (0.298)
cc* 0.999 (0.678)
Reflections used in refinement 48462 (4812)
Reflections used for R-free 1189 (113)
R-work 0.2311 (0.3814)
R-free 0.2594 (0.3385)
CC (work) 0.954 (0.527)
CC (free) 0.928 (0.440)
No. of non-hydrogen atoms 8586
No. of atoms macromolecules 8240
No. of atoms ligands 182
No. of atoms solvent 164
Protein residues 1022
RMS (bonds) (A) 0.005
RMS (angles) (°) 0.8
Ramachandran favored (%) 96.37
Ramachandran allowed (%) 3.63
Ramachandran outliers (%) 0
Rotamer outliers (%) 0.11
Clashscore 151
Average B-factor (A?) 64.84
Macromolecules (A2) 65.41
Ligands (A2 54.96
Solvent (A?) 47.02
Number of TLS groups 2

#Vauesin parentheses represent the highest resolution shell.
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Figure 1. UV-vis, ECD spectra and reduction potential of DdPoxA. (A) UV-vis spectra of purified DdPoxA and
LPO were recorded using 5 pM protein in 50 mM phosphate buffer at pH 7.0. The wavelength range from 480 - 750
nm is expanded by a factor of five for better visibility. (B) Electronic circular dichroism spectra of DdPoxA in the
far-UV region from 185 - 250 nm at 25 °C. Concentration of DdPoxA was 0.5 mg/mL in 10 mM phosphate buffer,
pH 7.0. The path length was 1 mm, with a bandwidth of 3 nm, using a scan time of 10 sec per point. (C) Electronic
circular dichroism spectra of 10 pM DdPoxA and LPO in 50 mM phosphate buffer, pH 7.0 in the visible region from
300 - 470 nm at 25 °C. The path length was 10 mm, the spectral bandwidth was 1 nm, and the scan time was 10 s per
point. (D) Electronic absorption spectra of DdPoxA at different applied potentials, whereby black line represent fully
oxidized (A, M& at 416 nm) and red line shows fully reduced form (A, ,M* at 428 nm). Arrow indicates the
transition from oxidized to reduced form. Titration was performed with 10 pM protein in 100 mM potassium
phosphate buffer pH 7.0 containing 100 mM NaCl at 25 °C. Inset: Corresponding Nernst plot, whereby X represents

(A428anaX - A428nm)/ (A410anaX - A410nm)'
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Figure 2. Evidence of covalently bound heme and analysis of oligomeric state. (A) For intact mass spectrometry,
2.5 pg DdPoxA in 10 mM phosphate buffer pH 7.0, was directly injected to the LC-MS system and analysed by a
QTOF instrument equipped with the standard ESI source in the positive ion mode. Asterisks represent nonspecific
adducts caused by TFA. (B) SDS-PAGE (left panel) and detection of covalently bound heme by ECL (right panel) of
0.3 pg of deglycosylated DdPoxA (lane 1), lactoperoxidase (lane 2) and horseradish peroxidase (lane 3). (C)
Presentation of MALS analysis showing refractive index (RI, black line) detection. The orange line shows the
distribution of molar masses in the analysed protein solution.
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Figure 3. Investigation of thermal and conformational stability of DdPoxA. Normalized DSC thermograms
of DdPoxA at pH 7.0 (A) and pH 4.0 — 8.0 (B) after baseline correction. Measurements were performed with 5
uM protein in 100 mM phosphate buffer, using a heat rate of 60 °C/h. The obtained thermograms are shown as
bold black lines and the corresponding fitted non-two state transition peaks are depicted as thin grey lines.
Vertical lines have been inserted for presentation of respective melting temperatures at pH 7.0. (C) Temperature-
mediated unfolding of DdPoxA was monitored by electronic circular dichroism at 208 nm, following the
melting of a-helical structures in 100 mM phosphate buffer, pH 7.0. (D) Temperature-mediated unfolding of
DdPoxA monitored by electronic circular dichroism at 412 nm in 100 mM phosphate buffer, pH 7.0, showing
the unfolding of the heme cavity.
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Figure 4. Structural investigation of DdPoxA. (A) Crystal structure of recombinant DdPoxA (in teal, pdb accession code
6ERC). Chain A of the asymmetric unit was used for preparation of figures. The three disulfide bridges are depicted in yellow. The
three N-glycosylation sites with one attached GICNAc are shown in pink, the distal Ca2*ion is highlighted in green. (B) Close-up
of the active site and the Ca2* binding site of DdPoxA including a a 2.5 A resolution FEM map contoured at 1 o (grey). (C)
Overlay of the secondary structures of DdPoxA (teal) and goat LPO (yellow, pdb accession code 2R5L). (D) Active site overlay of
DdPoxA (teal) and goat LPO (yellow). (E) Accessibility of substrate channels of LPO (yellow) and DdPoxA (teal) with the highest
calculated probabilities. Substrate channels are depicted in violetzDistances and bottlenecks were calculated with CAVER 3.0.
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Figure 5. Reaction of ferric DdPoxA with cyanide and H,0,, and reaction of Compound | with bromide. (A)
Spectral transition upon binding of 500 uM cyanide to 2 uM DdPoxA, measured in conventional stopped-flow mode.
The first spectrum shows the ferric protein in its high-spin state (absorbance maximum at 416 nm), the second
spectrum was recorded after 5 ms of mixing and the following spectra show the formation of the DdPoxA-cyanide
low-spin complex (absorbance maximum at 425 nm). Arrows indicate directions of spectral changes. All
measurements were performed in 50 mM phosphate buffer pH 7.0 at 25 °C. Inset 1: Typical time trace at 412 nm
upon reaction of 1 uM protein with 7.5 pM cyanide (single exponentially fitted). Inset 2: Linear dependence of kg,
from cyanide concentrations. The apparent association rate constant k,, was obtained from the slope and the apparent
dissociation rate constant Kk was calculated from the intercept. The dissociation constant Ky is determined by the
ratio of Kq/k,,. (B) Spectral changes during reaction of 2 uM DdPoxA with 5 uM H,O, measured in the conventional
stopped-flow mode. The first spectrum shows the ferric protein, the second spectrum was recorded 1 ms after mixing
and the subsequent spectra display the transition to Compound I. Inset 1: Typical time trace at a wavelength of 412
nm upon reaction of 0.5 uM DdPoxA with 2 uM H,0,, fitted as a double exponential function. Inset 2: Linear
dependence of Kk, from H,0, concentrations. The apparent bimolecular rate constant k,,, obtained from the slopes of
the regression lines. (C) Spectral transition upon adding 5 mM bromide to 2 uM DdPoxA Compound | in the
sequential stopped-flow mode. Compound | was preformed using 5 UM hydrogen peroxide. After a delay time of 400
ms, the first spectrum was recorded 4.9 s after mixing. Subsequent spectra show the reduction of Compound I. Inset
1: Typical time trace at 412 nm of 0.5 uM Compound | with 5 mM bromide (single exponential fit). Inset 2: Linear
dependence of the pseudo first order constant k,,, from bromide concentrations.
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Figure 6. Expression pattern of DdPoxA in D. discoideum. (A) Schematic time course of D. discoideum
development upon starvation in a time range of 24 hours. (B) Open source RNAseq detection of DdPoxA throughout
the development cycle of D. dicsoideum AX4 wild-type, whereby RPKM represent reads per million mapped reads.
Data extracted using dictyExpress. (C) Ponceau S staining and Western blot of D. discoideum wild-type (AX2) and
ADdpoxA cell lysates at different time points of development (0-24 hours after start of starvation). Ponceau S staining
and Western blot detected by anti-Actin indicate loading of equal protein concentration. Anti-DdPoxA staining shows
expression profile of DdPoxA upon cell development. (D) Fluorescence microscopy analysis of DdPoxA localization.
A heterogeneous population of D. discoideum expressing a GFP-tagged version of DdPoxA was fixed and stained
with antibodies against GFP (green) and PDI (red), a marker for the endoplasmic reticulum. Nuclei were stained with
DAPI (blue). Scale bars represent 10 um. In the upper panel, green arrows mark cells expressing PoxA-GFP, and the
box delineates the area magnified in the lower panel, in which white arrows indicate co-localization in the ER and
white arrowheads indicate a Golgi-like staining pattern.
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Figure 7. Influence of DdPoxA on fruiting body sterility of D. discoideum. Comparison of D. discoideum wild-
type (AX2), ADdpoxA and AnoxABC mutants regarding production of spores (A) and fruiting bodies (B). Numbers in
the graph (A) refer to the average number of spores in one fruiting body. Significance of data was analysed by using
a t-test with a p-value cutoff of 0.05. P-values are indicated as follows: n.s., not significant ( p > 0.05); *, p < 0.05;
*¥* p < 0.01; *¥** p < 0.001. Numbers in graph (B) are counted fruiting bodies from drops of developed D.
discoideum cells with an initial cell density of 1 x 10° cells per drop. Both experiments were carried out in biological
triplicates. (C) Contamination of fruiting bodies from D. discoideum wild-type (AX2), ADdpoxA and AnoxABC. Cells
were grown on a lawn of K. aerogenes, cell development started upon consumption of edible bacteria. N = 125
examined fruiting bodies for AX2 and ADdpoxA and 150 fruiting bodies for AnoxABC in at least five biological
replicates. (D) Number of CFUs of K. aerogenes in fruiting body suspensions from D. discoideum wild-type (AX2),
ADdpoxA and AnoxABC. The experiment was carried out in biological triplicates.
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Supplemental Figure S1. Structural alignment of DdPoxA in comparison to mammalian peroxidases.
Total sequence alignment of DdPoxA with goat LPO, human EPO and human MPO. Secondary structure
elements of DdPoxA are highlighted in grey (a-helices) and orange (B-strands). The native signal sequence
of DdPoxA is depicted in blue. Important distal residues are shown in yellow, the conserved glutamate
forming the heme to protein bond is highlighted in green. The distal isoleucin of DdPoxA is depicted in
pink. The conserved proximal triad is shown in red. Fully conserved residues are marked with an asterisk,
a colon indicates residues with strongly similar properties, and a period shows residues with weakly similar

properties.

—————————————————————————— MLVCLHLQVFLASVALFEV--AASDTIAQAASTTTISDAVSKVKTQVNKAFLDSRTRLKTALSS
—————————————————————————— MHLLPALAGVLATLVLAQPCEGTDPASPGAVETSVLRDCIAEAKLLVDAAYNWTQKSIKQRLRS
MGVPFFSSLRCMVDLGPCWAGGLTAEMKLLLALAGLLAILATPQPSEGAAPAVLGEVDTSLVLSSMEEAKQLVDKAYKERRESIKQRLRS

SFF---IIFTILVSISNSQEFRSYTGE
EAPTTRQLSEYFKHAKGRTRTAIRNGQVWEESLKRLRRD-————-— T-TLTNVTDPSLELTALSWEVGCGAPVPLVTCDEQSPYRTITGD
GSASPMDLLSYFKQPVAATRTVVRAADYMHVALGLLEEKLQPQRSGPFNVTDVL-TEPQLRLLSQASGCALRDQAERCS--DKYRTITGR
GSASPMELLSYFKQPVAATRTAVRAADYLHVALDLLERKLRSLWRRPFNVTDVL-TPAQLNVLSKSSGCAYQDVGVTCPEQDKYRTITGM

* I3 sk KKk

S1 H1 H2
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Supplemental Figure S2. OMIT map of DdPoxA active site structure. OMIT map (A) of the active site structure
of DdPoxA. The 2.5 A resolution mF,-DF, maps contoured at +/-3 o positive (green) and negative (red) and 2mF -

DF, maximum-likelihood omit map contoured at 1 ¢ (grey) are shown. Maps were calculated for a refined model
with the heme atoms omitted.
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AX?2 ADdPoxA AnoxABC

7h

12 h

18 h

Supplemental Figure S3. Comparative cell development. Representative images of D. discoideum wild-type
(AX2), ADdpoxA and AnoxABC mutants throughout the development cycle (7, 12, 18 and 24 h after start of
starvation) recorded using a stereomicroscope. Cell density in all images is 1 x 106 cells per drop.
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Conclusion

In contrast to former studies that mainly focused on human or vertebrate peroxidases, this
thesis aimed on investigating two ancestral, non-mammalian representatives of the peroxidase-
cyclooxygenase superfamily. Phylogenetic reconstruction of this superfamily provided the basis of
the project by revealing the presence of bacterial and ancient eukaryotic peroxidases with
homology to mammalian counterparts.! This work focused on the LspPOX from the cyanobacterium
Lyngbya sp. PCC 8106 and DdPoxA from the social amoeba Dictyostelium discoideum. While LspPOX
has already been studied earlier23, DdPoxA is a novel subject of research. Both of these heme
enzymes belong to Family 6 (i.e. peroxidockerins) of the peroxidase-cyclooxygenase superfamily*
and share a high sequence similarity with the mammalian peroxidases, especially lactoperoxidase
(47% amino acid similarity for LspPOX and 58% for DdPoxA). However, a detailed investigation of
the structure-function relationships in the active site of vertebrate peroxidases such as MPO, LPO,
EPO (Family 1) or peroxidasin 1 (Family 2) has been hampered by the fact that their recombinant
production was limited to mammalian or insect cell cultures with small yields. In contrast, LspPOX
and DdPoxA can be produced recombinantly in satisfying amounts in E. coli and P. pastoris and
therefore allowed for a comprehensive biochemical and biophysical characterization as well as the

production of site-directed mutants and X-ray crystallization experiments.

Wild-type LspPOX has been described in previous publications.23 However, the impact of each
covalent heme to protein bond has not been studied in detail. Hence, three mutants of LspPOX were
produced and investigated, having the acidic amino acids (Glu and Asp) in the active site exchanged
by alanine (D109A, E238A and the double mutant D109A/E238A). We demonstrated that this
enzyme is a perfect model peroxidase for the mammalian counterparts with almost 100% amino
acid identity to LPO regarding the catalytic residues in the active site. For the first time, we were
able to produce heme-free apo-proteins of the wild-type and the mutants that could be
reconstituted with hemin to the corresponding heme b holoprotein. The autocatalytic formation of
the heme to protein bonds was facilitated by incubating the holoenzymes with hydrogen peroxide.
Thus we were able to study the consequences of the posttranslationally modified heme that is

characteristic for several members of the peroxidase-cyclooxygenase superfamily.

In addition, recent sequencing of the genome of D. discoideum combined with phylogenetic
reconstructions revealed the presence of a homologous heme peroxidase in D. discoideum
(DdPoxA).45 Also DdPoxA shows homology to the vertebrate peroxidases, even though their last

common ancestor lived approximately one billion years ago.6 It also exhibits a high sequence
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similarity to the prokaryotic LspPOX (55% amino acid sequence similarity). The fully sequenced
genome and the enormous knowledge about D. discoideum as a cell culture emphasized our idea to
investigate this enzyme also in vivo. Hence, the two selected model proteins were investigated in a
comprehensive biophysical and biochemical study and the results are discussed with respect to the

well-investigated mammalian peroxidases with a primary focus on catalysis and structural features.

X-ray structures have been solved from mammalian MPO and LPO to different resolutions and
in combination with various ligands.” While the crystal structure of human MPO was solved
already in 199519, the only structures available from LPO derive from other vertebrates (e.g. goat,
bovine, buffalo). The presence of covalent heme to protein ester bonds has been proven by these X-
ray structures, nevertheless no structural data of active site mutants of these metalloenzymes is
available. Although we did not solve the X-ray crystal structure of LspPOX or the mutants, we
demonstrated by mass spectrometry that the covalent heme attachments at each site (Asp or Glu)
can be formed individually and independently from each other. Further, the introduced mutations
do not affect the overall secondary structure of the polypeptide chain, but have a severe impact on

the architecture of the heme cavity.!!

In case of DdPoxA, chemiluminscent detection and mass spectrometry provided first evidence
that the heme is covalently attached to the protein matrix.!2 However, sequence alignments with
the mammalian counterparts revealed that there is only one acidic amino acid (Glu236) in the
active site that could possibly form a heme to protein ester bond. The second acidic amino acid in
DdPoxA that forms a covalent ester linkage in MPO or LPO (Asp) is replaced by an isoleucine.
Finally, the X-ray crystal structure of DdPoxA was solved to a resolution of 2.5 A and for the first
time allowed for structural analysis of a non-vertebrate peroxidase from the peroxidase-
cyclooxygenase superfamily (pdb accession code 6ERC). The overall, mainly a-helical secondary
structure and especially the architecture of the five core helices is conserved between DdPoxA and
the homologous goat LPO (pdb accession code 2R5L).13 However, neither the glycosylation sites not
the disulfide bridges are conserved between the two enzymes. Zooming into the active site of
DdPoxA confirmed the presence of one covalent ester linkage between the conserved Glu236 and
the 1-methyl substituent of the heme group, which is established to full extent. This completeness
has not been observed in any other homologous peroxidase yet. In fact, a recently published crystal
structure of bovine LPO revealed that the bond between the distal glutamate and the heme group is

only partially formed!3, whereas the aspartate linkage is formed entirely. These findings underline
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the importance of the DdPoxA crystal structure for understanding the structure-function

relationships and distinctions of the peroxidase-cyclooxygenase superfamily.

It has been reported previously that the presence of covalent heme to protein ester linkages
has a severe impact on the planarity of the heme group. The covalent bonds lead to a distortion of
the heme causing a bow-shaped structure of the porphyrin ring. Subsequently this bending leads to
a decreased electron density at the heme iron, thereby increasing the reduction potential of the iron
center.1416 We probed the redox properties of the Fe(Ill)/Fe(lI) couples of LspPOX as well as
DdPoxA spectroelectrochemically using an OTTLE cell. However, determination of reliable values
for wild-type LspPOX and the D109A mutant was not possible due to the fact that two different
species were present in the samples. Most probably this heterogeneity derived from the presence of
molecules with bound heme group as well as non-covalently linked heme b species. Nevertheless,
we could see a trend in the values, whereby the deletion of the ester linkages significantly
decreased the standard reduction potential of the Fe(III)/Fe(II) couples, ranging from E° = -158 mV
(wild-type LspPOX) to E° = -227 mV (double mutant D109A/E238A).1t The standard reduction
potential of the Fe(lll)/Fe(II) couple of DdPoxA was found to be rather low compared to the
mammalian peroxidases (E° = - 0.276 V).12 These values confirm the hierarchy that has been
proposed for the mammalian peroxidases, whereby the standard reduction potential increases with
the number of covalent heme to protein ester bonds. The hierarchy was reported as follows: MPO:
+5 mV (three covalent linkages) > wild-type LspPOX: -158 mV > LPO: -176 mV > human peroxidasin
1:-128 mV > EPO: -126 mV (two covalent linkages each) > DdPoxA: -276 mV (one covalent linkage)

> horseradish peroxidase: -306 mV (non-covalently linked heme b).17-20

According to these differences in the standard reduction potentials, also the catalytic
properties of peroxidases change upon formation of the covalent heme to protein bonds. Formation
of Compound I seems to be not affected by these posttranslational modifications and shows a rate
of approximately 1 - 5 x 107 M1 s1 for all investigated peroxidases of the peroxidase-
cyclooxygenase superfamily. Similar values were also found for LspPOX as well as DdPoxA. The
halogenation reaction, however, is greatly dependent on the presence of heme to protein bonds as a
high reduction potential is needed to oxidize halides like bromide or chloride. This has been shown
in detail for LspPOX, where the halogenation activity is drastically altered by the active site
mutations described above. Exchange of E238 to alanine resulted in enzymatic features similar to
the wild-type enzyme, while the mutant D109A exhibited significantly reduced reaction rates for all

investigated oxidation reactions. Nevertheless, upon formation of the covalent bond of the
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remaining acidic amino acid (Glu) by incubation with H,0;, the D109A mutant exhibited wild-type-
like features, including a very efficient oxidation of bromide to hypobromous acid. The double
mutant D109A/E238A showed no reactivity at all, except a neglectable spectral change upon

formation of the Compound I.11

Investigation of the redox intermediates of DdPoxA revealed that DdPoxA Compound I is also
not able to oxidize chloride, and bromide only to a very small extent. Nevertheless it exhibits
extraordinary high reaction rates with iodide and the pseudohalide thiocyanate (> 108 M-1 s-1),
suggesting these one-electron donors as the in vivo substrates!2 and HOI and HOSCN as primary
oxidation products. Both of these (pseudo-)halides are found in steady-state equilibria in soil, the
natural habitat of D. discoideum. Thiocyanate (SCN-) is secreted and utilized by many organisms as a
nitrogen source, and it has been shown to be a suitable substrate for the vertebrate peroxidases
LPO, EPO and MPO. The oxidation product - HOSCN - is a more selective and less reactive molecule
than other hypohalous acids, such as HOCl or HOBr.2! lodide on the other hand is the most
prevalent form of iodine-species in soil and river water, being in a constant balance with iodine and
iodate.22 The bactericidal effect of ionination of bacteria such as E. coli has been described already

in 1967.23

However, MPO is still the only known peroxidase which is able to oxidize chloride to
hypochlorous acid due to its extraordinarily high reduction potential of the Fe(Ill)/Fe(Il)
couple.1424 Hypobromous acid is known to be produced by the mammalian peroxidases MPO, LPO,
EPO and peroxidasin 1.161925 On the other hand, iodide and the pseudohalide thiocyanate have a
rather low reduction potential and can therefore be oxidized even be peroxidases with very low

reduction potential (e.g. HRP).20.26

Apart from analyzing the recombinant DdPoxA, we also aimed at elucidating the
physiological role of the peroxidase in D. discoideum. Initially we suggested a function of DdPoxA in
phagocytosis, analogous to myeloperoxidase in neutrophil leukocytes, where engulfed pathogens
are killed by producing highly oxidizing hypochlorous acid.2?” However, contrary to this theory,
DdPoxA is not expressed in vegetative cells but is upregulated only in later stages of cell
development.1?2 Therefore, the hypothesis of a MPO-like function of DdPoxA during phagocytosis
had to be revised as phagocytosis is (nearly) exclusively found in the amoeboid, single celled stage
of D. discoideum.22 We demonstrated that a GFP-tagged version of DdPoxA in D. discoideum is
present in the endoplasmatic reticulum, suggesting that it passes the secretion pathway and very

likely is secreted into the extracellular space. The prediction of a signal peptide in the DdPoxA
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sequence further supports our theory that DdPoxA is secreted by the multicellular aggregates of D.
discoideum as an antibacterial agent. Investigations on the cell development cycle of wild-type D.
discoideum and the ADdpoxA knockout mutant revealed that the knockout mutant is neither
impaired in cell development, nor in production of spores or fruiting bodies. Hence, expression of
the peroxidase has no observable impact on the cellular development. Nevertheless the ADdpoxA
knockout mutant shows significantly higher numbers of contaminated fruiting bodies, suggesting a

decreased antibacterial - or at least bacteriostatic - effect in absence of the peroxidase.12

Summing up, two representatives of a yet insufficiently studied family within the peroxidase-
cyclooxygenase superfamily were investigated in this thesis. For both enzymes, we could provide
evidence for covalent heme to protein ester linkages formed by acidic amino acids on the distal
heme site and methyl substituents of the porphyrin ring. The same covalent attachment of the
prosthetic group is also found in the well-investigated mammalian peroxidases and is crucial for
their catalytic activity, especially for the oxidation of halides or pseudohalides to their
corresponding (pseudo-)hypohalous acids.1924 The presence of homologous heme peroxidases in
prokaryotes like cyanobacteria (LspPOX) and ancient eukaryotes such as D. discoideum (DdPoxA)
demonstrates that immune defense mechanisms driven by reactive oxygen species are not an
invention of the innate immunity of mammals, but seem to be evolutionary old processes that could

possibly be found as well in other ancient organisms.
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ABSTRACT

Four heme peroxidase superfamilies (peroxidase-catalase, peroxidase-cyclooxygenase, peroxidase-chlo-
rite dismutase and peroxidase-peroxygenase superfamily) arose independently during evolution, which
differ in overall fold, active site architecture and enzymatic activities. The redox cofactor is heme b or
posttranslationally modified heme that is ligated by either histidine or cysteine. Heme peroxidases are
found in all kingdoms of life and typically catalyze the one- and two-electron oxidation of a myriad of
organic and inorganic substrates. In addition to this peroxidatic activity distinct (sub)families show pro-
nounced catalase, cyclooxygenase, chlorite dismutase or peroxygenase activities. Here we describe the
phylogeny of these four superfamilies and present the most important sequence signatures and active
site architectures. The classification of families is described as well as important turning points in evolu-
tion. We show that at least three heme peroxidase superfamilies have ancient prokaryotic roots with sev-
eral alternative ways of divergent evolution. In later evolutionary steps, they almost always produced
highly evolved and specialized clades of peroxidases in eukaryotic kingdoms with a significant portion

of such genes involved in coding various fusion proteins with novel physiological functions.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

Introduction

Heme peroxidases use heme b or posttranslationally modified
heme as redox cofactor to catalyze the hydrogen peroxide-medi-
ated one- and two-electron oxidation of a myriad of molecules
including aromatic molecules (e.g., coniferyl alcohol or tyrosine),
cations (e.g., Mn?"), anions (e.g., ascorbate or halides) or even pro-
teins (e.g., cytochrome c). During turnover H,0, is reduced to water
and one-electron donors (AH,) are oxidized to the respective radi-
cals ("tAH) (Reaction 1) whereas two-electron donors like halides
(X7) are oxidized to the corresponding hypohalous acids (HOX)

Abbreviations: APx, ascorbate peroxidase; CcP, cytochrome c peroxidase; Cld,
chlorite dismutase; DyP, dye-decolorizing peroxidase; EPO, eosinophil peroxidase;
HGT, horizontal gene transfer; HRP, horseradish peroxidase; KatG, catalase-
peroxidase; LDS, linoleate diol synthase; LPO, lactoperoxidase; LspPOX, Lyngbya
peroxidase; ML, maximum likelihood method; MnP, manganese peroxidase; MPO,
myeloperoxidase; PERCAL, calcium binding motif; PDB, Protein Data Bank; Pfam,
protein families database; SCOP, structural classification of proteins; TPO, thyroid
peroxidase; WSC, cell-wall integrity & stress response component.
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(Reaction 2). Besides these peroxidatic reactions very few heme per-
oxidases also show a reasonable catalatic reaction (Reaction 3) and
use a second hydrogen peroxide molecule as two-electron donor
thereby releasing dioxygen. One additional activity catalyzed by a
special group of heme peroxidases is the peroxygenation reaction,
i.e.,, the (selective) introduction of peroxide-derived oxygen
functionalities into organic molecules (Reaction 4).

H,0, + 2AH, — H,0 + 2:AH (Reaction 1)

H,0, + X~ +H" — H,0 + HOX (Reaction 2)

H,0, + H,0, — 2H,0 + 0, (Reaction 3)

H,0, + RH — H,0 + ROH (Reaction 4)

In the last decade - due to the application of powerful sequenc-
ing techniques - an ever increasing amount of protein sequences
(including numerous heme peroxidases) were automatically
assigned to related protein families due to typical conserved motifs
[1]. However, critical analysis shows that these annotations often
need corrections based on the knowledge of the relationship
between sequence, structure and function of the respective protein

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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family. An important aspect of sorting structural superfamilies is to
classify the numerous sequences according to their phylogenetic
relationships [2,3] and to identify turning points and evolutionary
hybrids. Moreover, interesting newly discovered evolutionary
clades frequently with yet unknown function and mostly marginal
but important sequence variations can be selected for further
structural and kinetic studies.

This review demonstrates the independent evolution of four
heme peroxidase superfamilies, namely of the (1) peroxidase-
catalase superfamily, (2) peroxidase-cyclooxygenase superfamily,
(3) peroxidase-chlorite dismutase superfamily and the (4) peroxi-
dase-peroxygenase superfamily. We present an update of their
reconstructed phylogeny and introduce their representative
sequence signatures and essential amino acids in the heme cavity.
From Fig. 1 it is obvious that each superfamily possesses a peculiar
fold of the heme peroxidase domain that evolved independently
with respect to other peroxidase superfamilies. It is further demon-
strated that these ubiquitous oxidoreductases are present in all
kingdoms of life. This strongly underlines the necessity to use
the nomenclature suggested before (e.g., in [4] and not to talk
about bacterial or plant or animal heme peroxidases as is still
widespread in the literature and some databases). The denomina-
tion of the peroxidase superfamilies should reflect the characteris-
tic enzymatic activities rather than their origin. The criteria for the
definition of a peroxidase superfamily were presented already in
[4] and here they are systematically applied on all four above listed
heme peroxidase superfamilies that are further divided in particu-
lar families and subfamilies.

Peroxidase-catalase superfamily

The peroxidase-catalase superfamily previously known as the
“superfamily of bacterial, fungal and plant heme peroxidases” [5]
is currently the most abundant peroxidase superfamily present in
various gene and protein databases. Representatives of this super-
family were detected not only in the domains of Bacteria, Archaea,
eukaryotic kingdoms of Fungi and Plantae but besides numerous
Protozoa and Chromista species also within Metazoan kingdom
[6]. In Pfam database (http://pfam.xfam.org) this universally dis-
tributed superfamily is annotated as PF00141.

Here we have selected 500 representative full-length sequences
that were used for an updated phylogenetic reconstruction based
on the maximum likelihood (ML) method. Fig. 2 shows the occur-
rence of three well separated families already defined by K. Welin-
der in 1992 as distinct structural classes Class I, II and III [5]. We
suggest to use for them the term families in analogy with all other
heme peroxidase superfamilies (see below). Novel clades repre-
senting hybrid enzymes between the previously defined classes
are well distinguishable in this reconstruction. Fig. 3 shows the
typical sequence signatures of this superfamily that includes the
distal amino acid triad Arg-Trp/Phe-His within the sequence -X-
R-XX-W/F-H-X- and the proximal triad His-Trp/Phe-Asp (these
amino acids are not neighbored in the primary sequence). The typ-
ical overall globular fold of representatives of this superfamily con-
sists of twelve o-helices and was already acquired from the
beginning. It was only slightly modified in the later steps of ongo-
ing divergent evolution. Generally, the level of structural conserva-
tion is higher than the conservation of amino acid sequences [7].

Family I was previously defined to contain intracellular bacte-
rial catalase-peroxidases [8,9], cytosolic, chloroplastic and peroxi-
somal ascorbate peroxidases [10] and mitochondrial (membrane
bound) cytochrome c peroxidases [11,12]. Catalase-peroxidases
are the only representatives of this superfamily with a high cata-
latic activity according to Reaction 3 [13] besides a peroxidatic
activity. Ascorbate and cytochrome c peroxidases are typical
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monofunctional peroxidases (i.e., cannot catalyze Reaction 3) that
follow Reaction 1 with either ascorbate or cytochrome c as one
electron donor (AH;). The main function of Family I peroxidases
seems to be scavenging of excess H,0,.

Family I is the most divergent one among the three structural
classes. It contains eukaryotic intracellular [14,15] or even peroxi-
somal [16] as well as extracellular [17] catalase-peroxidases and
also putative cytochrome c peroxidases from Choanoflagellida pre-
decessors of fungi and animals [6]. Moreover, hybrid-type A heme
peroxidases were shown to belong to Family I [7]. Their biochem-
ical properties are between those of monofunctional APxs and CcPs
[18,19], thus they represent an important turning point from
ancient bifunctional catalase-peroxidases towards monofunctional
specialization within this large superfamily (Fig. 2).

A peculiar minor descendant clade containing yet putative secr-
etable ascorbate peroxidases from Unikonts/Metazoan lineages
represents another evolutionary turning point (Fig. 2). A majority
of further evolutionary descendants of this clade were verified as
extracellular secreted proteins [6]. Among Family Il sequences well
known and intensively investigated lignin, manganese, versatile
and generic peroxidases are found. Their main function seems to
be the degradation of lignin-containing soil debris [20,21].
Recently, several novel clades with putative Family I members
were detected also in various ascomycetous fungi unable to decay
wood (Fig. 2). Thus, their physiological function and substrate
specificity remain to be elucidated. Principally, they are able to cat-
alyze Reactions 1 and 2.

The highest number of members are found in Family III that is
comprised of numerous plant secretory peroxidases like horserad-
ish peroxidase(s) (HRP) [e.g., 22] but also by a parallel abundant
clade divided into “APx-related” yet putative algal and plant perox-
idases [23] and hybrid-type B peroxidases that are present solely in
the kingdom of fungi [6,7]. Sequence analysis has shown that most
of these hybrid-type B peroxidases contain an additional C-termi-
nal WSC sugar binding domain of unknown function. Family III
peroxidases mainly follow Reaction 1. They are generally secreted
into the cell wall or the apoplastic compartment and the vacuole
and play a role in the oxidation of lignin precursors, auxin and
secondary metabolites [22].

Peroxidase-cyclooxygenase superfamily

The peroxidase-cyclooxygenase superfamily has Pfam acces-
sion PFO3098 and its members are widely distributed among all
domains of life [4]. Therefore, its (old) denomination as “animal
heme-dependent peroxidases” is misleading but still present in
some public databases. We have selected 400 representative
sequences for an updated ML phylogenetic reconstruction
(Fig. 4). The seven main families are well conserved in this update
but some of them are presented as more abundant if compared
with previous reconstructed phylogenies [24-26] that focused on
particular (sub) families.

In contrast to the peroxidase-catalase superfamily, in many
cases members of the peroxidase-cyclooxygenase superfamily
are multidomain proteins with one heme peroxidase domain of
predominantly o-helical fold with a central heme-containing core
of five a-helices. Moreover, this superfamily is unique in having
the prosthetic heme group posttranslationally modified [26,27].
The heme is covalently bound to the protein via two ester linkages
formed by conserved Asp and Glu residues (Fig. 5A). In one repre-
sentative (i.e., myeloperoxidase) a third heme to protein linkage is
formed [28]. As a consequence of these modifications the heme is
distorted and these peroxidases exhibit unique spectral and redox
properties [29]. All representatives catalyze both Reactions 1 and 2
but with most members studied so far halide oxidation seems to be
the dominating physiological enzymatic activity.
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BtLPO (pdb:3BXI)

AaeAPO (pdb: 2YOR)

Fig. 1. Structural fold typical for the peroxidase domains of each presented heme peroxidase superfamily. Representative structures with prosthetic heme group are shown
for a typical member of (A) the peroxidase-catalase superfamily, (B) the peroxidase-cyclooxygenase superfamily, (C) the peroxidase-chlorite dismutase superfamily and (D)
the peroxidase-peroxygenase superfamily. Abbreviations of presented peroxidases correspond with PeroxiBase and they are also explained in Supplem. Table 1.

Fig. 5A and B show the typical sequence signatures that allow
the correct assignment of peroxidases to this superfamily. Except
for families 4 and 7 the most typical sequence is -X-G-Q-X-X-D-
H-D-X- which includes the distal catalytic histidine that is neigh-
bored by two aspartates, the first being involved in ester bond for-
mation and the second in Ca®*-binding. The highly conserved
glutamine seems to be involved in halide binding [30] (Reaction
2). Fig. 5A shows the active site of lactoperoxidase, which is a well
studied member of family 1. Further typical distal residues include
the catalytic arginine and a conserved glutamate that is involved in
formation of the second ester bond. The typical sequence is -X-R-X-
X-E-X- (Fig. 5B). The proximal ligand of peroxidases from the perox-
idase-cyclooxygenase superfamily is a histidine hydrogen bonded
to an asparagine (except Family 4 & 7) (Fig. 5B). Additionally, the
calcium binding motif appears to be not fully conserved among
the ancestral members (Fig. 5). It is conserved in families 1-3.

The ancestral clade of short bacterial peroxicins (i.e., family 5) is
supposed to contain the oldest representatives of this superfamily
(Fig. 4), namely the short peroxicins of cyanobacteria Gloeobacter
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violaceus, Rivularia sp. and Gloeocapsa sp. which might represent
(as molecular fossils) the early evolved heme peroxidases to cope
with reactive oxygen species produced by ancient oxygenic photo-
synthesis [31]. From them, further proteobacterial and actinobac-
terial short peroxicins evolved (Fig. 4). Their closest descendant
branch of long bacterial peroxicins represents a real turning point
in the early phase of evolution within this superfamily. Possibly
through several gene duplications and subsequent fusion events
very large open reading frames (theoretically from 1600 up to
3300 amino acids) emerged in proteobacterial genomes. In such
long ORFs, not only the peroxidase domains were duplicated
(and fused) but also two different calcium binding motifs, namely
PERCAL and hemolysin-type occur repeatedly [32]. Although the
expression of such multi-domain proteins could not be verified
yet, these long fusions were probably the basis for intensive further
molecular evolution that proceeded in two quite different direc-
tions. The physiological role of Family 5 peroxidases that contains
in the current reconstruction only putative sequences is com-
pletely unknown.
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One evolutionary trend led to the emergence of the well known
animal peroxidases like myeloperoxidase (MPO), eosinophil perox-
idase (EPO), lactoperoxidase (LPO) and thyroid peroxidase (TPO)
and started with bacterial peroxidockerins (Family 6). The cyano-
bacterial LspPOX is a typical representative of early stage in this
direction and it was already investigated on protein level [26,33].

The second evolutionary direction leads towards bacterial and
animal cyclooxygenases (Family 4) (Fig. 4). Although bacterial
cyclooxygenases are still at the level of putative protein sequences,
several cyclooxygenases from the animal phyla Cnidaria, Mollusca,
Arthropoda and Chordata were already cloned and analyzed [34].
Multiple paralogs of this family have arisen from repeated gene
duplication events and are separately regulated in each organism.
A very important and peculiar branch of this family is presented by
plant alpha dioxygenases that diverged early from cyclooxygenas-
es (Fig. 4). Although they retained the conserved predominantly
o-helical fold of this superfamily [35] slight structural modifica-
tions lead to decreased peroxidase activity whereas oxygenation
of fatty acids to corresponding 2(R)-hydroperoxides is the main
physiological activity of these enzymes [36]. In the opposite direc-
tion of this family evolution, we can observe a very abundant sub-
family of fungal linoleate diol synthases (LDS) that apparently
evolved from cyclooxygenases (Fig. 4). A few ascomycetous repre-
sentatives were already purified and investigated [37,38] revealing
a fusion of N-terminal peroxidase domain with C-terminal P450
domain. By studying the corresponding deletion mutants, the
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regulation of LDS through protein kinase A mediated pathway
was detected [38].

The alternative evolutionary trend leading from long peroxicins
towards Families 3-1 occurred stepwise. First steps led over
(already above mentioned) peroxidockerins (Family 6). It is impor-
tant to note that evolutionary descendants of variable length
emerged not only in eubacteria but can be also found in genomes
of eukaryotic Amoebozoa, Heterolobosea and Chromalveolata
(Fig. 4). This fact indicates that peroxidockerins were widely dis-
tributed among the early eukaryotic world but whether there
was one or several HGTs from marine bacteria towards unicellular
ancestral eukaryotes remains to be elucidated in the future
research if more sequences of this Family 6 will be made available.

Dual oxidases (Family 7) were segregated from peroxidockerins
at the level of primitive eukaryotes as stated before ([4] and Fig. 4).
These multidomain oxidases have retained an extracellular perox-
idase domain at the N-terminus followed by a transmembrane seg-
ment appended to an EF-hand calcium-binding cytosolic region
and a cytosolic C-terminal enzymatic domain with homology to
NADPH oxidase. The peroxidase domain is significantly mutated
(proximal histidine is absent) and lost its peroxidase activity
[39]. It was shown that dual oxidases generate H,0, but the func-
tion of the modified peroxidase domain in this large multidomain
protein remains obscure [40].

In a further step peroxinectins (Family 3) evolved. They were
shown to exhibit cell adhesion function(s) and to be involved in
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Fig. 3. Typical sequence patterns including distal and proximal triad found in all representatives of the peroxidase-catalase superfamily. In addition, the active site
architectures of the Family I member, catalase-peroxidase from Burkholderia pseudomallei (BpKatG1) and the Family IIl protein horseradish peroxidase (AruPrx1c) is depicted.
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moderate similarity (75%), yellow low similarity (33%). Secondary structure elements for BpKatG1 structure are given above the alignment.

invertebrate immune response by production of hypohalous acids
according to Reaction 2 [41]. In principle, they are also fusion pro-
teins of a conserved heme peroxidase domain with an integrin-
binding motif (i.e., KGD [41]) that probably co-evolved from the
dockerin part of peroxidockerins together with the peroxidase
domain. Peroxinectins are widely spread mainly among the Eumet-
azoan phyla arthropods and nematodes with occurrence of several
paralogs in a single genome as result of frequent gene duplications.

Next evolutionary event led to division in peroxidasins (Family
2) and a sister family of Chordata peroxidases (Family 1). They
diverged in several Chordata subfamilies including the separated
subfamily of thyroid peroxidases, minor subfamilies of fish perox-
idases and three closely connected subfamilies of mammalian lac-
toperoxidases (LPO), myeloperoxidases (MPO) and eosinophil
peroxidases (EPO) (Fig. 4) that are major players in the innate
immune system by the production of antimicrobial hypohalous
acids [30]. The overall phylogenetic distribution of peroxidase
orthologs in four mammalian monophyletic clades (i.e., subfami-
lies) is in accordance with the general evolution and speciation
of these organisms with a positive selection detected at specific
amino acid sites for slight functional shifts [42] with impact on
innate immunity. Thyroid peroxidase (TPO) catalyzes the
formation of thyroid hormones in mammals [43].

In contrast, we can observe a broad and rather abundant distri-
bution of peroxidasin isozymes in various Eumetazoan phyla
(Fig. 4 and [25]). They were segregated in one minor subfamily
of (yet putative) short peroxidasins and up to five distinct

subfamilies of long (multi-domain) peroxidasins where the perox-
idase domain is fused N-terminally with domains of leucine-rich
repeats and immunoglobulin type-C whereas C-terminally with
von Willebrand factor C module. The subfamilies of long peroxida-
sins apparently evolved through many speciation events from
Urochordata to Mammals [25]. The physiological function of per-
oxidasins was comprehensively studied only recently [44]. Besides
expected (unspecific) antimicrobial activity through production of
hypohalous acids (common with other chordata peroxidases) they
play an important role in the biosynthesis of extracellular matrix.
Human peroxidasin 1 uses Reaction 2 to catalyze specifically the
essential formation of sulfilimine bonds in collagen IV thus being
involved in the biosynthesis of the extracellular matrix [45].
Cross-linked collagen IV scaffold is essential for epithelial tissue
genesis and stabilization. Systematic analysis showed that both
collagen IV crosslink formation as well as tissue-specific peroxida-
sin evolution probably arose at the point of divergence between
Metazoan phyla Porifera and Cnidaria as evolutionary innovation
for a specialized extracellular matrix-basement membrane of
animal tissues [44].

Peroxidase-chlorite dismutase superfamily
This superfamily was first constituted by Goblirsch et al. [46]

bringing together related sequences of three distinct protein fam-
ilies that share a common fold (however with low overall sequence
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identity) and may possess essential and related functions in
iron-dependent metabolism. A common heme-binding scaffold of
so-called dye-decolorizing peroxidases (DyPs) with chlorite
dismutases (Cld) and their evolutionary intermediates (i.e., defer-
rochelatase/peroxidases and Cld-like proteins) was the most
important prerequisite for defining this novel superfamily of heme
proteins (Fig. 6) [46]. Originally, this superfamily was designated
as CDE (i.e., chlorite dismutase-DyP-EfeB) superfamily [46].
Updated phylogeny demonstrates that EfeB belongs to DyPs.

Fig. 7 depicts typical sequence patterns and heme cavity archi-
tectures of DyPs and Clds. The dye-decolorizing peroxidases and
Clds show a fully conserved arginine at the distal heme site [47].
DyPs in addition have a catalytic aspartate, whereas in Cld-like
proteins both residues are missing. In all members of the peroxi-
dase-chlorite dismutase superfamily the proximal ligand is a histi-
dine, which in Clds is hydrogen bonded to a glutamate, in DyPs to
an aspartate. Another Cld-typical sequence pattern is -X-I-P-V/I-K/
R-K-X- that includes proximal residues (Fig. 7).

Although the particular families possess two different acces-
sions in Pfam, namely PF04261 (for DyP) and PF06778 (for Cld),
they are classified in a common protein clan CL0032 (SCOP
54909) that comprises up to 18 member families, but most of them
without the ability to bind the prosthetic heme group. It is impor-
tant to note that in contrast to the two previously described heme
peroxidase superfamilies, the peroxidase—chlorite dismutase fam-
ily appears to cover only a small part of a very large dimeric o/f
barrel structural superfamily (i.e., protein clan). The modification
of such a fold to acquire the ability to bind the heme group and
exploit it evolved probably only in one evolutionary event. The
whole dimeric o/B barrel structural superfamily is outside of the
scope of this issue.

DyP heme peroxidases are abundant not only in many bacterial
phyla [48] but also among fungi. Recently a partial phylogeny
focussing on 160 fungal sequences was reconstructed [20]. Further
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phylogenies comprising also Cld sequences [46,49] revealed the
extent and diversity of these peculiar heme peroxidases. Our
updated phylogenetic reconstruction covering all taxonomical
divisions is shown in Fig. 6. In principle, we can distinguish four
DyP subfamilies known from previous classification [50,51], four
Cld-like clades (i.e., subfamilies to be further resolved in the future)
and two clades of functional Clds (Fig. 6). Dye-decolorizing perox-
idases mainly follow Reaction 1 and exhibit a very broad substrate
range. Originally, they were found to degrade bulky dyes and from
these observations the denomination dye-decolorizing peroxidase
derived. Functional Clds are able to degrade chlorite efficiently to
chloride and O,, whereas Cld-like enzymes neither exhibit a perox-
idase nor a chlorite degrading activity. Moreover, Cld-like proteins
show a diminished affinity for the prosthetic group.

The ancestral clade of the whole superfamily is probably located
in DyP-subfamily A, namely among sequences from thermophilic
facultatively anaerobic bacteria of the division Firmicutes (Fig. 6).
This would suggest ancient roots of the whole superfamily as ther-
mophilic anaerobic bacilli are supposed to be of very old origin
[52]. From this ancestral DyP-A subfamily the evolution led either
to more sophisticated DyP-C and DyP-D subfamilies or in alterna-
tive direction towards shortened DyP-subfamily B and then further
to subfamilies of Clds. DyP-type C & D subfamilies cluster together
with a high bootstrap support but whereas DyP-C representatives
are known from genomes of proteobacteria, actinobacteria and
cyanobacteria, DyP-D members are only present among basidio-
mycetous and ascomycetous fungi. Thus, DyP-type D peroxidases
from the fungal subkingdom of Dikarya apparently evolved via
horizontal gene transfer (HGT) from cyanobacterial predecessors
(see Fig. 6) that belong to the DyP-type C subfamily. Blast searches
in genomes of ancestral (early diverging) fungi like Mucor circi-
nelloides (a Zygomycete that contains also genes from the peroxi-
dase-peroxygenase superfamily, see below) did not yield any
output for DyP peroxidase genes. This supports the theory of
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Fig. 5. Typical sequence pattern including distal and proximal residues found in representatives of the peroxidase-cyclooxygenase superfamily (except dual oxidases that
were shown to contain a mutated peroxidase domain without peroxidase activity [39]. (A) Distal heme side and calcium binding motif, (B) further distal motif and proximal
heme side. Color scheme: blue highest similarity (93% conservation), green moderate similarity (70%), yellow low similarity (33%). In addition the active site architectures of
bovine lactoperoxidase and mouse prostaglandin H synthase 2 are depicted. Abbreviations of sequence names are explained in Supplem. Table 1 and they correspond with
the nomenclature of PeroxiBase (http://peroxibase.toulouse.inra.fr). Secondary structure elements for BtLPO structure are given above the alignment.
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likelihood method based on the Whelan & Goldman model implemented in MEGA 5 software [66]. Bootstrap values are presented as color branches based on the ML output:
red > 90, violet > 70, blue > 50 and green > 30. Three main families [chlorite dismutases (Clds), dye-decolorizing peroxidases (DyPs) and Cld-like proteins| known from [46,49]
are highlighted on the perimeter. Important subfamilies (in some cases clades) are also shown.

HGT from autotrophic prokaryotes to heterotrophic eukaryotes.
Anyway, upcoming new genomes of early diverging fungi must
be also screened with blast in this respect. Their codon usage has
to be analyzed and compared.

Fungal DyP sequences occur not only in subfamily D but also in
subfamily B, where also several other sequences from lower
eukaryotes like Dictyostelium discoideum or Naegleria gruberi DyP-
peroxidases occur. Most of here presented protein sequences from
this subfamily stem from Proteobacteria therefore also in subfam-
ily B HGT events appeared probably several times during the evo-
lution. Even more surprising is the occurrence of DyP-type B genes
in the Trematode parasite Schistosoma mansoni. Also in this multi-
cellular flatworm DyP genes were acquired by HGT from lower
eukaryotes but their functionality must be proven experimentally.
Thus it appears that subfamily B is the most divergent one of all
four described DyP subfamilies leading to unique evolution of
DyP peroxidases within Unicont genomes. Turning points in this
superfamily’s evolution lie unequivocally in this subfamily clades
that besides several HGT events enabled also further evolution
towards chlorite-dismutase like proteins.

Among four distinct Cld-like subfamilies (Fig. 6) the clade con-
taining mainly Firmicutes representatives but also several archaeal
sequences appears to be basal for further evolution towards func-
tional chlorite dismutases. It is important to note that within
archaeal genomes only Cld-like sequences were found yet but no
sequences coding for DyPs. This underlines the hypothesis that
Clds evolved in a later phase of the diversification from DyP B
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subfamily (Fig. 6) via shortening of the gene. But as both DyPs
and Clds are present as paralogs in genomes of extant Cyanobacte-
ria, Firmicutes or Proteobacteria, Cld (or Cld-like) genes must have
been transferred in mentioned bacteria by the means of secondary
HGTs in later stages of this superfamily’s evolution. The stepwise
natural mutations in Cld-like clades finally led to two functional
clades (i.e., subfamilies) of chlorite dismutases as probably the lat-
est step of this long-term evolution. Whereas the physiological
function of numerous putative Cld-like proteins is under discus-
sion [58-60], the fully functional chlorite dismutases containing
heme b prosthetic group are segregated in two distinct clades
(6). Clade 1 is almost completely formed by proteobacterial penta-
or hexameric representatives whereas Clade 2 contains dimeric
proteobacterial as well as numerous cyanobacterial enzymes. The
N-terminus of Clade 2 proteins is truncated (Fig. 7) [49]. Some of
them were investigated recently on protein level [53-57]. The
question remains, however, whether removal of chlorite is indeed
their native physiological function as higher concentrations of
chlorite most likely occur in the environment just from anthropo-
genic actions of the last 50 years [46].

Observed conserved and variable patterns from the multiple
sequence alignment support the above formulated phylogenetic
hypothesis that Clds evolved from DyP-B peroxidases by partial
deletions and modifications within the frequently but not strin-
gently duplicated ancestral DyP-related gene. Some of the Cld-like
clades that have lost the essential functional residues may repre-
sent “death-end products” of superfamily evolution (seen also in
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Fig. 7. Typical sequence pattern including distal and proximal residues found in representatives of the peroxidase-chlorite dismutase superfamily. Chlorite dismutases
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peroxidase-cyclooxygenase superfamily [4]) or they have acquired
some new functions (e.g., in heme biosynthesis [58-60] that were
different from the ancestral peroxidase activity.

Peroxidase-peroxygenase superfamily

This heme peroxidase superfamily is unique since its members
can (besides typical peroxidatic activity) efficiently incorporate per-
oxide-derived oxygen into substrate molecules. Additionally their
proximal heme ligand is cysteine instead of histidine (Fig. 9). In
the literature several names are used for its members including
heme-thiolate peroxidases (HTPs), unspecific peroxygenases
(UPOs) or aromatic peroxygenases (APOs). For several decades
chloroperoxidase from the ascomycetous fungus Leptoxyphium
(Caldariomyces) fumago has been in the focus of research only. In
the last decade other members of this superfamily (Pfam accession
number PF01328) were found and started to be analyzed.

From the beginning of their discovery it was clear that these
oxidoreductases differ from all previously known heme peroxi-
dases and are functional hybrids between a “classical” heme per-
oxidase and a P450-monooxygenase [61]. These metalloproteins
are secreted and highly glycosylated versatile enzymes that cata-
lyze the oxidation of organic heteroatoms and inorganic halides,
one-electron oxidations (Reactions 1 and 2) but also hydroxyl-
ations (Reaction 4), epoxidations and dealkylations [62-64].
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Therefore, we suggest the denomination peroxidase-peroxygenase
superfamily. Its members show a typical fold with ten a-helices
and five very short B-sheets [61,65]. Currently, it is the smallest
known heme peroxidase superfamily but its full phylogenomic
extent still has to be discovered. This means that the particular
families cannot be clearly defined yet and the current phylogenetic
reconstruction (Fig. 8) comprises only division in main clades. A
partial phylogeny was already reconstructed for isolates of forest
floor samples [20] that focused predominantly on basidiomycetous
sequences. Here, we show an updated phylogeny based on 136
representatively selected sequences that cover all organisms with
already detected heme-thiolate peroxidase genes (Fig. 8) most of
them still putative.

Typical conserved regions of members of this superfamily show
the -X-P-C-P-X- motif which includes the proximal heme ligand
cysteine and the -X-E-G-D-X- motif that contains three ligands
involved in the binding of a cation (Fig. 9). Interestingly, the distal
side, where the enzymatic reaction occurs, shows a surprising var-
iability. In those representatives with an experimentally verified
peroxidase and peroxygenase reaction an aspartate together with
a basic amino acid is found (Fig. 9).

The ancestral clade appears to contain Mucor enzymes as repre-
sentatives of genes from early diverging fungi of the division
Zygomycota. This means that those genes were - in contrast with
some other peroxidase subfamilies (e.g., Dyp-D or -B see above) -
included in the genomes of ancestral, primitive fungi already from
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Fig. 9. Typical sequence pattern including distal and proximal residues found in representatives of the peroxidase-peroxygenase superfamily. Color scheme: blue highest
similarity (93% conservation), green moderate similarity (67%), yellow low similarity (33%). In addition the active site architectures of enzymes from Caldariomyces fumago
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alignment.

the beginning of the evolution of the fungal kingdom. The mono-
phyletic clade of Stramenopiles enzymes diverged apparently very
early in parallel with the evolution of “classical” but minor fungal
enzymes represented by CfuHalPrx from the ascomycete Caldari-
omyces fumago with known 3D structure [61] and reactivity inves-
tigated in detail [63,64]|. Putative Stramenopiles sequences
currently represent the only monophyletic clade of “non-fungal”
heme-thiolate peroxidases. Whether there are other related genes
present in further protistan genomes remains to be elucidated but
until now no such sequences were found. In contrast with early
diverging ascomycetous lineages, unspecific aromatic peroxygen-
ases like those from basidiomyceta Auricularia delicata or Coprinel-
lus radians are results of later evolutionary events from Mucor
peroxidases via repeated gene duplication and speciation events
(Fig. 8). The development of the minor clade containing mainly
sequences from various mushrooms can be considered as evolu-
tionary turning point because the properties of the typical member
- Auricularia heme-thiolate peroxidase (AaeAPO) reveal slight dif-
ferences in the heme pocket if compared to CfumagHTP [65]. The
main ascomycetous clade, as well as the mixed basidiomycetous
and ascomycetous clade and the main basidiomycetous clade con-
tain numerous representatives that are completely putative at the
moment. With the exception of the second minor Mucor clade no
sequences from phyla other than dikaryotic fungal subkingdom
are known in the four above mentioned abundant clades yet. As
most here presented sequences are only putative, the future

research shall uncover their peculiar enzymatic properties not only
for their peroxidatic activity but for oxyfunctionalization of organic
molecules in general [64]. Some of these sequences are found in
genomes of pathogenic fungi so their putative roles as secretable
enzymes in pathogenesis and host-pathogen interactions have to
be evaluated. Nevertheless, it is currently unclear how this perox-
idase-peroxygenase superfamily could have evolved from more
primitive forms. Search in various (gene and protein) databases
reveals that it shows the lowest abundance among here described
families of heme containing peroxidases.
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