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Introduction 

We live in a dynamic and demanding world where society heavily relies on fossil 
feedstocks. With the global population steadily increasing, the demand for energy 
continues to rise, but these resources are rapidly depleting. It is estimated that by 2060, 
all fossil feedstocks will be exhausted if current consumption patterns persist. Therefore, 
exploring sustainable alternatives and innovative approaches is crucial to meet the needs 
of the society and sustain our way of life. One promising strategy to reduce our reliance 
on fossil resources is transitioning to plant-based feedstocks and harnessing the potential 
of lignin – the nature’s primary source of aromatic chemistry. However, lignin presents a 
formidable challenge as a biopolymer due to its complex structure and rigid nature.  
To unlock its potential value, it is essential to improve its utilization efficiency by breaking 
it down into lower molecular weight fragments. Lignin depolymerization can be achieved 
by various lignin-degrading enzymes, serving as promising tools. Finding novel efficient 
enzymes for this purpose is of outmost importance. The Laboratory of Wood Chemistry 
is committed to the study of lignin and lignin-degrading enzymes. Our research 
predominately focuses on metalloenzymes sourced from soil bacteria, as well as those 
derived from microorganisms thriving in extreme conditions.  

My research focuses on peroxidases, particularly on a subset known as dye-decolorizing 
peroxidases (DyPs). Although DyPs share many similarities with classic peroxidases, they 
also exhibit distinct features that set them apart. One notable aspect of DyPs is their 
demonstrated activity on lignin, representing an area of keen interest for our laboratory. 
This thesis aims to (i) explore novel enzymes with lignin-degrading activity, (ii) explain 
the complex non-Michaelis-Menten kinetics of DyPs, and (iii) investigate the relationship 
between the degree of oligomerization and catalytic activity.  



10 

Abbreviations 

ABTS 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 

APX ascorbate peroxidase 

AQ anthraquinone  

Cpd I compound I 

Cpd II compound II 

Cpd III compound III 

CcP cytochrome c peroxidase 

2,6-DMP 2,6-dimethoxyphenol 

DLS dynamic light scattering 

DyP dye-decolorizing peroxidase 

E0 total concentration of the enzyme 

G guaiacyl 

GC-MS gas chromatography-mass spectrometry 

GPC gel permeation chromatography  

h Hill coefficient 

H 4-hydroxyphenyl

HDO high degree of oligomerization

HRP horseradish peroxidase

kcat catalytic constant

kcat/KM catalytic efficiency

Ki inhibition constant

KM Michaelis constant

LCB lignocellulosic biomass

LiP lignin peroxidase

LDO low degree of oligomerization

LMW low molecular weight

LRET long-range electron transfer

MM Michaelis-Menten

MnP manganese peroxidase

Mw weight-average molecular weight

Mxg Miscanthus x giganteus

NaAc sodium acetate

RB4 Reactive Blue 4

RB5 Reactive Black 5

RB19 Reactive Blue 19

Rz Reinheitszahl

S syringyl

[S] substrate concentration

ScDyP DyP from Streptomyces coelicolor

SEC size exclusion chromatography
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ThDyP DyP from Thermobifida halotolerans 

v initial rate 

Vmax maximal velocity 
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1 Review of the literature 

1.1 Lignocellulose 

The plant cell wall contains lignocellulose, which is a network of three tightly 
interconnected biopolymers: cellulose (40‒60% in weight), hemicellulose (20‒35%), 
and lignin (15‒40%) [1–3] (Figure 1). Cellulose and hemicelluloses are carbohydrate 
macromolecules. Cellulose is a linear homopolymer composed of β-D-glucopyranose 
molecules linked together by β-1,4-glycosidic bonds, whereas hemicelluloses are 
heteropolymers that can contain different 5- and 6-carbon monosaccharide units [1, 4]. 
Cellulose and hemicelluloses serve as the primary structural components responsible for 
the mechanical strength of the cell wall and for tethering cellulose microfibers, 
respectively [5, 6]. Lignin, a phenolic biopolymer, is also an essential component of the 
cell wall of vascular plants, contributing to their mechanical support, nutrient transport, 
rigidity, hydrophobicity, and resistance to degradation [7]. Swiss botanist Augustin 
Pyramus de Candolle, the first to introduce the term “lignin”, described it as the basis of 
all woody organisms [8]. 

Chemically, lignin is the most complex constituent of lignocellulose, constructed from 
three phenylpropanoid monomeric units: 4-hydroxyphenyl (H), guaiacyl (G), syringyl (S) 
[9, 10]. These units are derived from respective monolignol precursors, namely 
p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol, which differ from each other
by the lack of or the number of methoxy-groups attached to the benzene ring [9, 11]
(Figure 2). The composition of precursors in lignin, as well as the lignin content itself,
varies depending on the plant type [11]. Gymnosperm or softwood lignin primarily
consists of coniferyl units (G-type lignin), while angiosperm or hardwood lignin comprises
both coniferyl and sinapyl units (G/S-type lignin) [10–13]. Lignin from herbaceous
plants includes the aforementioned subunits as well as p-coumaryl units (G/S/H-type

Figure 1. The biopolymers present in lignocellulose. The plant cell wall is primarily composed of 
cellulose, hemicelluloses, and lignin. Both cellulose and hemicelluloses are polysaccharides. Cellulose 

is made up of glucose molecules linked by -1,4-glycosidic bonds. Hemicelluloses can consist of various 
5- and 6-carbon monosaccharide units. An example shown here is xylan, a type of hemicellulose
primarily composed of xylose residues. Lignin is a complex phenolic polymer, consisting of different 
units linked together by ether and carbon-carbon linkages. A hypothetical model of a lignin molecule 
is shown here.
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lignin) [11, 12]. These lignin units are predominately connected by ether and carbon-carbon 
linkages: β-O-4, β-5, β-β, β-1, 5-5, and 4-O-5 bonds [13]. Interestingly, other types of 
building blocks, such as flavonoids and hydroxystilbenes, have also been identified in the 
structure of lignin [14, 15]. 

1.1.1 Degradation in nature  
Lignocellulose degradation is a fundamental aspect of the global carbon cycle. 
In nature, the biodegradation of lignocellulose is made possible by the action of various 
cooperating microorganisms which employ a rich collection of enzymes [16, 17]. Enzymes 
involved in the process of the breakdown of biomass include laccases (EC 1.10.3.2), 
carbohydrate-active enzymes (CAZymes), and various peroxidases (EC 1.11.1.x) [18, 19]. 
Several fungal organisms possess the capability to degrade wood, causing white-rot, 
brown-rot, and soft-rot (named after the appearance of rotten wood) [20–22]. Fewer 
organisms can degrade lignin compared to the number of organisms that are able to 
degrade cellulose and hemicelluloses [16, 23]. Brown-rot fungi can metabolize 
cellulose and hemicellulose but only partially degrade lignin, harnessing extracellular 
non-enzymatic hydroxyl radicals via Fenton chemistry [22, 24, 25]. White-rot fungi, 
which constitute over 90% of all known wood-rotting species, such as Trametes versicolor 
[19, 20], are the most effective wood-decay fungi. They attack all compounds found in 
woods, employing extracellular enzymes [20, 25, 26]. White-rot fungi are also the only 
species known to mineralize lignin and other wood components to CO2 and H2O, making 
them the main means for lignin depolymerization in nature [19, 27]. Soft-rot fungi are 
the least studied compared to brown-rot and white-rot fungi. They can degrade 
polysaccharides, and some species are also capable of breaking down lignin, often 
utilizing laccases in the process [21, 28, 29]. In addition to fungi, various species from 
bacterial classes Actinomycetia, α-Proteobacteria, and γ-Proteobacteria are involved in 

Figure 2. Monolignols and the structural units of lignin. Lignin biopolymer is derived from three 
main monolignols, p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol and the resulting units 
from monolignols are 4-hydroxyphenyl (H), guaiacyl (G), and syringyl (S). 
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lignocellulose and lignin degradation; these are found in soil, termite guts, and 
wood-boring insects [20, 27, 30]. Genuses Streptomyces and Rhodoccocus from 
class Actinomycetia are examples of Gram-positive bacteria harnessing lignin degradation 
abilities. For instance, Streptomyces viridosporus T7A has shown to degrade lignin as 
well as carbohydrates from grass, softwood, and hardwood [30, 31]. Rhodococcus jostii 
RHA1 can grow on wheat straw lignocellulose as a carbon source and break down lignin 
[32, 33].  

1.1.2 Lignin as a feedstock 
Lignocellulosic biomass (LCB) is an abundantly available renewable and sustainable 
material on Earth, representing a green carbon source. This characteristic renders LCB an 
attractive alternative to fossil carbon resources to produce bio-based fuels, energy, 
materials, and useful chemicals [3, 14, 34, 35]. Cellulose is already widely applied by 
the pulp and paper industries as well as biorefineries to produce cellulosic biofuel 
and bioproducts [14]. The lignin generated from these industrial activities is considered 
an undesirable by-product and is predominately used for on-site heat and power 
production, despite its potential as a feedstock [4, 14]. Annually, approximately 
1.5–1.8 billion tons of technical lignin is produced [22], with only around 2% of lignin 
leftovers being utilized for commercial products [4, 36]. With the global shift towards a 
green economy, research into the utilization, conversion, and valorization of lignin is 
increasingly being pursued. 

Lignin is not only the rate-limiting component for lignocellulose deconstruction in 
nature but also in industrial applications [3]. Lignin utilization is complicated due to 
several factors, including its complex and heterogeneous structure and close interaction 
with the carbohydrate components of the cell wall [12]. The chemical and physical 
properties of lignin are influenced by the plant tissue, its botanical source, and the 
methods (such as soda, sulfite, kraft, organosolv, hydrolysis) used for the extraction from 
LCB [1, 13]. Some of the pulping methods result in lignin with extensively modified 
structures, often involving rearrangements and modifications where ether linkages 
are cleaved and replaced by recalcitrant condensed C-C linkages. This complicates 
the depolymerization process, which is a crucial step in lignin applications [9]. 
Depolymerization can enhance the potential usage of lignin as the resulting fragments 
contain more reactive sites compared to untreated technical lignin [11]. Therefore, 
to enhance lignin utilization efficiency, it should be broken down into lower molecular 
weight fragments [37]. 

In nature, a diverse array of microbes possesses the capability to attack, convert, and 
degrade lignin [27]. Nature serves as a wellspring of inspiration for scientists and the 
natural decomposers of lignin – microorganisms and their enzymes – are extensively 
studied for the purpose of lignin depolymerization [37–39]. Most of the enzymes studied, 
such as laccases, manganese peroxidase (MnP, EC 1.11.1.13), and lignin peroxidase (LiP, 
EC 1.11.1.14), come from white-rot fungi [40–45]. In comparison to chemical processing, 
bioprocessing using microbes and enzymatic catalysis offers a cleaner and more efficient 
approach for lignin depolymerization and conversion. While bacteria are not as effective 
as fungi at degrading lignin, they exhibit greater environmental adaptability [39]. 
Compared to microbial degradation, enzymatic degradation of lignin in vitro can address 
the drawback of long culture times [46]. However, despite the promise of utilizing 
lignin-degrading or modifying enzymes for industrial applications, their use has remained 
at a relatively low technology readiness level and novel, efficient enzymes are being 
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sought for this purpose. Ongoing research on these enzymes, such as peroxidases, aims 
to assess their potential and address the challenges and barriers associated with scaling 
up to industrial levels and achieving commercial viability [36]. 

1.2 Peroxidases 

The first recorded observations of the colored products generated in reactions catalyzed 
by peroxidases date back to the early 19th century and were described by Louis Antoine 
Planche [47]. However, the German-Swiss chemist Christian Friedrich Schönbein is 
regarded as the discoverer of peroxidases. In 1863, he observed peroxidase activity while 
treating a solution of guaiacol with extracts from plant and animal tissues and hydrogen 
peroxide (known at that time as “oxygenated water”), resulting in a blue color change in 
the solution [48–50]. Nonetheless, systematic research on peroxidases commenced with 
the studies of Robert Chodat and Alexei Nikolaevich Bach in the early 20th century, who 
investigated peroxidase from horseradish (Armoracia rusticana) [51]. Research on 
peroxidases was primarily focused on horseradish peroxidase (HRP, EC 1.11.1.7) until the 
1940s. Yeast cytochrome c peroxidase (CcP, EC 1.11.1.5) was discovered in 1939, initially 
misidentified as an oxidase [52]. The discovery of most peroxidases did not occur until 
the 1970s [53–56]. 

In life, dioxygen (O2) plays a crucial role in numerous chemical reactions and biological 
processes. However, the one-electron reduction of O2 results in the production of the 
highly toxic superoxide ion (O2⦁‒) [57]. This toxic species is neutralized by a cascade of 
enzymes, beginning with superoxide dismutase, which catalyzes the disproportionation 
of superoxide radicals to O2 and H2O2 (Equation 1). Subsequently, catalases convert the 
excess peroxide generated to water and oxygen (Equation 2) to prevent cellular damage 
[58]. The concentration of peroxide is also regulated by peroxidases (peroxide reductases) 
(Equation 3), which catalyze the reduction of H2O2 to water while simultaneously 
oxidizing another substrate [59]. Undoubtedly, amongst enzymes, peroxidases are 
essential for living systems [60].  

2O2⦁‒ + 2H+ → O2 + H2O2 Equation 1 

  2H2O2 → 2H2O + O2 Equation 2 

AH2 + H2O2 → A + 2H2O Equation 3 

Heme peroxidases (EC 1.11.1) are ubiquitous H2O2-dependent enzymes found in 
plants, animal tissues, and microorganisms across all kingdoms of life [61]. These enzymes 
require protoporphyrin IX (heme) as a prosthetic group (Figure 3A). The presence of 
heme in peroxidases produces a strong absorption peak in the visible wavelength 
region around 400 nm, known as Soret band (Figure 3B). To estimate heme content, 
the Reinheitszahl (Rz) value is used, calculated as the ratio of absorbances at 
approximately 400 nm and 280 nm. With the aid of a redox cofactor, heme peroxidases 
catalyze the oxidation of various organic and inorganic compounds [61, 62]. Peroxidases 
are biotechnologically attractive enzymes, finding utility as a crucial component in clinical 
diagnostic kits and immunoassays [63, 64], biosensors [65], as reagents for organic 
synthesis, and in the treatment of waste waters [64]. 
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1.2.1 Classification 
There are four independently evolved heme peroxidase superfamilies, each with a distinct 
overall fold, active site, and catalytic functions [66, 67]: (i) the peroxidase-cyclooxygenase 
superfamily (annotated as PF03098 in the Pfam database), previously denoted as “animal 
heme-dependent peroxidases” [66, 67]; (ii) the peroxidase-peroxygenase superfamily 
(PF01328); (iii) the peroxidase-catalase superfamily (PF00141), formerly classified by 
Welinder as the “superfamily of bacterial, fungal, and plant heme peroxidases” [66, 68]; 
and (iv) the peroxidase-chlorite dismutase superfamily (Pfam Clan 0032) [69, 70]. 
Initially, this superfamily included protein families with related sequences and a common 
fold, namely dye-decolorizing peroxidases (DyPs) (PF04261), chlorite dismutases (Clds, 
PF06778), and their evolutionary intermediates [66, 70]. This superfamily was termed 
CDE (Cld-DyP-EfeB). However, revised phylogenetic analyses revealed that EfeB is a DyP 
[66]. Depending on the database, the peroxidase-chlorite dismutase superfamily 
comprises 18‒24 families [69] and is part of the larger dimeric α+β barrel structural 
superfamily (SCOPe 54909; Pfam database clade CL0032) [66, 69, 71]. The peroxidase-
catalase superfamily of heme peroxidases encompasses three classes. Class I includes 
intracellular enzymes, such as ascorbate peroxidase (APX, EC 1.11.1.11) and yeast CcP. 
Class II incorporates secretory fungal enzymes, such as MnP and LiP. Class III includes 
extracellular plant peroxidases, like HRP [68, 72]. In the literature, these peroxidases of 
the peroxidase-catalase superfamily, but also peroxidases from other superfamilies, 
are often referred to as classic peroxidases [73, 74]. Thorough investigations have been 
conducted on these classic peroxidases, significantly contributing to our understanding 
of peroxidases, their catalytic mechanisms, and kinetics, thereby providing a foundation 
for contemporary research. Classic peroxidases serve as benchmarks for many other 
peroxidases in literature. Therefore, throughout this thesis, DyPs – the peroxidases of 
interest, are differentiated from classic peroxidases. 

Figure 3. The structure of iron protoporphyrin IX (heme IX) and a typical heme peroxidase 
absorption spectrum. (A) Heme consists of an iron ion bound within a ring of four pyrrole groups, 
with two vinyl and two propionic acid side chains attached. Heme peroxidases use heme as a 
cofactor. The different edges of the heme are indicated with Greek letters, illustrating the 
nomenclature used in this thesis. (B) The absorption spectrum of HRP is characterised by an intense 
peak maximum at 403 nm, known as Soret band. The Rz value is the ratio of absorbances at  
403 nm and 280 nm. This ratio is used to indicate the heme content.  
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1.2.2 General catalytic cycle 
Peroxidases follow the catalytic cycle of Poulos-Kraut [61] (Figure 4). The substituted-
enzyme reaction, commonly referred to as a ping-pong reaction, occurs via three main 
stages: activation by peroxide and two consecutive oxidation steps. The peroxidase 
alternates between its ferrous resting state and a reactive high-valent ferryl heme 
iron species [69]. The heme molecule is oxidized by H2O2 to form compound I (Cpd I; 
[Fe4+=O Por+]•). Cpd I is two electrons deficient compared to the enzyme in its resting 
state: one electron is removed from the iron, resulting in Fe(IV), and the second one from 
the porphyrin ring, generating a porphyrin π cation radical (in HRP & APX) [75–79]. 
The existence of Cpd I allows for the binding of the reducing substrate, and Cpd I accepts 
an electron from the reductant, wherein porphyrin π cation radical is reduced to 
compound II (Cpd II; [Fe4+=O]Por). Thereafter, Cpd II is reduced, and the peroxidase 
returns to its initial oxidation state. In total, two electrons are required to reduce Cpd I 
back to the resting state [62, 80]. A direct two-electron reduction of Cpd I to the resting 
state is also possible. An updated peroxidase mechanism incorporates a water molecule 
in the heme distal side, which determines whether the enzyme can undergo a one- or 
two-electron reduction. The direct two-electron reduction back to the resting state is 
favored by the dry form of the enzyme (water molecule is absent at the distal heme 
pocket). The wet form (water molecule is present) favors a one-electron reduction, 
leading to the initial reduction of Cpd I to Cpd II. Cpd II is then further reduced to form 
the resting state of the enzyme [81]. 

The formation of Cpd I is considered the most crucial step in catalysis for heme 
peroxidases. A distal acid-base pair is essential for Cpd I formation to reposition a proton 
in the peroxide molecule [82]. Most heme peroxidases utilize a conserved His-Arg couple 
for that purpose [76]. 

Figure 4. The overall catalytic cycle of peroxidases (Publication II, Fig. 2A). Generally, heme 
peroxidases proceed via a ferric iron resting state enzyme and reactive intermediates. H2O2 binds 
to the resting state of the enzyme. The resting enzyme in ferric form is oxidized due to the reaction 
with H2O2, an H2O molecule is produced, and Cpd I generated. Subsequently, by receiving an 
electron from the reducing substrate, Cpd I is reduced to Cpd II, and with the reception of another 
electron, the enzyme returns to its resting state. In the case of DyPs, a shunt pathway is also 
possible, wherein Cpd I can directly revert to the resting state enzyme through two-electron 
reduction. 
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1.3 Dye-decolorizing peroxidases 

1.3.1 Discovery 
In 1995, Kim et al. demonstrated that a basidiomycete Bjerkandera adusta (erroneously 
described as Geotrichum candium, later as Thanatephorus cucumeris albeit both 
misidentified) could degrade a variety of dyes, including anthraquinone- (AQ)-based dye 
Reactive Blue 5 (RB5), in solid and liquid cultures [83, 84]. Since there was no activity 
when the enzyme solution was added to RB5 without H2O2, they suggested that the 
enzyme responsible for the dye degradation activity is a peroxidase [83]. In 1999, 
the same enzyme was purified from B. adusta and tested on various dyes [83, 85]. 
The enzyme was confirmed to be a peroxidase and could decolorize seven AQ and azo 
dyes as well as three model compounds of RB5 [85]. In addition to dyes, this peroxidase 
catalyzed the oxidation of phenolic compounds, such as 2,6-dimethoxyphenol (2,6-DMP) 
and guaiacol, but not a non-phenolic substrate veratryl alcohol. The spectral characteristics 
of this peroxidase were like classic peroxidases, exhibiting a Soret absorption band 
maximum at 406 nm [80, 85, 86]. However, based on its molecular weight and substrate 
specificity, the purified peroxidase was believed to be a novel peroxidase distinct from 
classic peroxidases [85]. Comparison of its primary structure with other peroxidases 
confirmed the discovery of a unique peroxidase [87], and due to its rare ability to 
decolorize AQ dyes, it was named dye-decolorizing peroxidase [73].  

Although DyPs were initially discovered in fungi in 2004, YwbN from Bacillus subtilis 
showed similarity to putative DyP peroxidases, though it was not identified as DyP at that 
time [88]. The following year, Ebihara et al. reported the existence of a peroxidase from 
a bacterium and noted its similarity to a DyP-type peroxidase [89]. Since then, several 
DyPs have been discovered, and it is known that DyPs are widely distributed across all 
domains of life, including Eukarya (protists, protozoans, fungi), Bacteria, and Archaea [90, 
91].  

1.3.2 Classification 
DyPs exhibit no homology to classic peroxidases and are phylogenetically, structurally, 
and mechanistically distinct from them [59, 80]. Consequently, in 2007, DyP-type 
peroxidases were recognized as a new family of heme peroxidases [92]. DyPs can be 
classified in various ways, and several databases exist for classification of proteins. 
As mentioned earlier, DyPs belong to the superfamily of peroxidase-chlorite dismutase 
(PFam Clan 0032) [69, 70]. According to the SCOP-extended (SCOPe) database (version 
2.08), the family of DyP-type peroxidases (d.58.4.14, SCOP ID: 4003595) belongs to the 
superfamily of dimeric α+β barrel proteins (SCOP ID: 3000089). This superfamily is part 
of the ferredoxin-like fold (SCOP ID: 2000014) and the structural class of α+β proteins 
(SCOP ID: 1000003), where the secondary structure comprises segregated α-helices and 
β-strands [71, 93]. According to the InterPro database, which classifies proteins into 
families and predicts the presence of domains and important sites, the DyP-type 
peroxidase family (InterPro: IPR006314, Pfam entry PF04261) belongs to the 
Dim_A_B_barrel superfamily (Pfam clan: CL0032) [94]. RedoxiBase (formerly PeroxiBase) 
incorporates information about oxidoreductase superfamilies, where the existence of 
DyPs as a separate (super)family is represented (Dye-decolorizing Prx). In RedoxiBase, 
based on phylogenetic analysis and structural characteristics, DyPs are divided into four 
subfamilies (types): A, B, C, and D [95, 96]. Types A, B, and C are found in bacterial species, 
whereas type D DyPs are solely present in fungi [97]. Presumably, subfamily A evolved 
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first; evolution then led to the more sophisticated C and D subfamilies or alternatively 
towards the shortened subfamily B [66]. 

Type A DyPs possess a twin arginine translocation (Tat)-dependent signal sequence, 
directing the folded protein to function outside the cytoplasmic membrane of bacteria 
[59, 98]. Substrates for the Tat pathway often include redox enzymes requiring cofactor 
insertion in the cytoplasm and multimeric proteins that need to assemble into a complex 
before export [98]. The first DyP identified as a Tat-substrate was initially recognized as 
a novel class of Tat-dependently translocated hemoprotein [99]. DyPs studied from 
subfamily A include TfuDyP from actinomycete Thermobifida fusca [100], DypA from 
R. jostii RHA1 [101], DtpAa and DtpA from Streptomyces lividans [102, 103], BsDyP from
B. subtilis [104], and CboDyP from alkaphilic cellulomonad Cellulomonas bogoriensis
[105]. DyPs from subfamilies B & C are cytoplasmic, lacking the signal sequence [106].
Type B DyPs are the shortest in length. The representatives from subfamily B include
DypB from R. jostii RHA1 [101, 107–110], DtpB from S. lividans [103], PpDyP from the soil
bacterium Pseudomonas putida [111], and VcDyP from the pathogen Vibrio cholera
[112]. DyPs from subfamily C are the least investigated ones [113]. An example of a
subfamily C representative is DrDyP from the extremely radiation-resistant bacterium
Deinococcus radiodurans [114]. In terms of structure, DyPs from subfamily D are more
similar to those from subfamily C, but they generally lack the N-terminal pro-sequence
that is typically present in subfamily C [113]. The first DyP discovered was from subfamily
D, DyP from the basidiomycota B. adusta [85]. Distinguishing between the phylogenetic
characteristics of subfamilies C and D can be challenging [115]. This has led to another
classification of DyPs, based on structure-based sequence alignments, dividing DyPs into
subfamilies I (Intermediate, previous subfamily A), P (Primary, previous subfamily B), and
V (adVanced, previous subfamilies C & D) [113]. Although the newer classification is
considered to be more accurate, the older one is still used in parallel. Throughout this
thesis, the older classification is adopted.

1.3.3 Overall structure 
Initially, the presence of β-strands in the structure of DyP was noted, highlighting the 
uniqueness of DyPs. Unlike classic peroxidases, DyPs lack a helix-rich structure and 
instead feature a β-sheet folding motif [116]. In 2005, the first complete crystal structure 
of DyP from Thermus thermophilus HB8, albeit in apo-form, was obtained [89]. DyPs are 
α+β proteins with a conserved tertiary structure comprising two similar domains. Within 
each domain, four-stranded antiparallel β-sheets form a β-barrel structure distal to the 
heme (Figure 5) [90, 117]. The β-sheet is flanked by α-helices in a ferredoxin-like fold 
(βαββαβ) [92, 117, 118]. While α-helices and β-sheets are mostly conserved, the loop 
regions connecting them vary [82]. It is believed that the N-terminal distal and C-terminal 
proximal domains evolved through ancestral gene duplication [118]. Both domains of 
DyP are involved in forming the active site of the peroxidase [117], primarily through the 
β-sheet of the proximal domain and also via the loop of the distal domain [97, 117]. 
The oligomeric state of DyPs has been investigated using various methods including gel 
filtration chromatography, analytical ultracentrifugation, blue native PAGE, and crystal 
structure analysis. These enzymes can exist as a monomer (Figure 5A), dimer (Figure 5B), 
or form multimeric assemblies, such as hexamer (Figure 5C) [85, 89, 99, 100, 104, 105, 
112, 115, 117–134]. However, the relationship between the oligomeric organization and 
catalytic activity has yet to be explored.  
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1.3.4 Catalytic cycle 
In peroxidases, three substrate binding sites are recognized: the δ-edge and γ-edge of 
the heme and surface-exposed Tyr/Trp residues [135-137]. Different substrates may 
utilize different binding sites within the same peroxidase [77]. In DyPs, heme accessibility 
occurs through funnel-shaped channel(s) from the surface of the enzyme to the heme 
(Figure 6A) [78, 82]. These channels facilitate the movement of substrates. The size and 
shape of these channels can vary, influencing substrate specificity and reactivity [138]. 
The channels in DyPs are hydrophobic [82, 89, 117, 134]. The heme pocket can easily 
accommodate compounds that are not larger than a benzene ring with small substituents 
[78]. Bulky substrates cannot directly access the heme cavity; instead, these sterically 
demanding substrates utilize surface-exposed substrate-oxidation sites (Tyr/Trp residues). 
The long-range electron transfer pathway (LRET) is used, for instance, for the oxidation 
of Reactive Blue 19 [82, 91, 112, 131, 139–142]. In the active site, DyPs feature a proximal 
conserved His residue serving as a fifth axial iron ligand of the heme (Figure 6B). 
The central iron atom of heme is coordinated to Nε2 of this His residue, similarly to classic 
peroxidases [69, 90, 92, 117]. In classic peroxidases, a strong hydrogen bond is 
established between the proximal His and the carboxylate of an adjacent, well conserved 
Asp [143, 144]. In DyPs, the proximal His forms a hydrogen bond with an acidic residue, 
creating an Fe-His-Asp/Glu triad [70, 89]. For instance, in DyP from B. adusta, Glu391 is 
hydrogen bonded to His308, thereby stabilizing Fe3+ and Fe4+ [92]. On the distal side of 
the heme, the highly conserved His, which acts as an acid-base catalyst in the formation 
of Cpd I in classic peroxidases, is absent [59, 92]. The heme-binding site of DyPs 
incorporates a collection of highly conserved residues, including a unique GXXDG motif 
[74, 100]. Initially, it was suggested that the conserved Asp, a weaker base than His, 
within the GXXDG motif takes over the role of the distal His found in classic peroxidases 
[145, 146]. Indeed, the studies with DyP from B. adusta demonstrated that the distal 
Asp171 functions similarly to the distal His in classic peroxidases [74, 92]. Arg329 in the 
C-terminus serves as the essential arginine. In other peroxidases, the essential arginine
is usually located in the N-terminus, such as Arg38 in HRP [92]. The roles of Asp and Arg
on the distal side of heme are not quite clear. A study on a B-type DyP from R. jostii RHA1
showed that Arg244 was necessary for Cpd I formation, while the distal Asp153 had

Figure 5. Different oligomeric states of DyPs. Representation of a monomeric AauDyP from 
Auricularia auricula-judae, wherein heme is indicated in orange (A), a dimeric TyrA from Shewanella 
oneidensis (B), and a hexameric BtDyP from Bacteroides thetaiotaomicron (C). PDB ID: 4AU9, 2IIZ, 
and 2GVK, respectively. 
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minimal effect on the activity of the DyP [147]. The distal Arg appears to be critical in 
type B DyPs, but not in A type DyPs [126]. Nevertheless, in BsDyP from B. subtilis, neither 
the conserved Asp nor the Arg were separately crucial for the peroxidase activity [148]. 

The catalytical cycle of DyPs closely resembles that of classic peroxidases, involving 
transitions between the enzyme in its resting state and interactive intermediates Cpd I 
and Cpd II. During these transitions, peroxide is reduced to water while another substrate 
is concurrently oxidized. To complete the catalytic cycle and return to the resting state, 
DyP requires two electrons from the reducing substrate. The first model for Cpd I 
formation in DyPs was proposed by Sugano et al. [92]. Over the years, the concept of Cpd 
I formation was further elucidated. In DyPs, a swinging mechanism can occur to accept 
the proton from H2O2 during the formation of Cpd I [149]. In DyPs, it has been shown 
that a wet heme pocket favors the one-electron reduction pathway, while a dry pocket 
favors the direct two-electron reduction of Cpd I to enzyme in its resting state [104, 109, 
121, 129, 134, 148, 150, 151].  

Several detailed studies of heme peroxidases have highlighted deviations from the 
typical peroxidase mechanism, particularly regarding the inactivation by H2O2 [72, 
152–157]. In the absence of a reducing substrate and/or with excess H2O2, Cpd I reacts 
with H2O2, leading to enzyme inactivation. Some peroxidases have protective pathways, 
such as the compound III (Cpd III) pathway or a catalase-like pathway [153, 158]. 
When excess H2O2 reacts with Cpd II, the formation of Cpd III protects the enzyme by 
delaying inactivation [159]. For instance, in HRP, approximately 500 equivalents of H2O2 
are needed to form Cpd III [160]. Notably, Cpd III is not part of the usual peroxidase cycle 
and only forms in the presence of excess peroxide [161]. In certain peroxidases, 

Figure 6. The heme along with its surrounding residues and channels in DyP. (A) In DyPs, heme 
accessibility is achieved through funnel-shaped channels that enable efficient substrate movement. 
The channels in DtpA from S. lividans (PDB ID: 6GZW) are illustrated here, using Caver 3.0.3 
(minimum probe radius 1.4 Å). (B) In the active site of DyPs, the proximal His serves as the fifth axial 
iron ligand of the heme, forming an Fe-His-Glu triad. On the distal side of the heme, Asp and Arg 
residues are present, while the conserved His residue is absent. In DyP from B. adusta (PDB ID: 
2D3Q), the distal Asp171 has been shown to function similarly to the distal His found in classic 
peroxidases. The proximal and distal sides of the heme are in the same orientation in both panels. 
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the catalase-like pathway can reduce H2O2-induced inactivation [153]. Without reductants, 
H2O2 acts both as an oxidant (forming Cpd I) and as a reductant (serving as electron 
donor). HRP, for example, can decompose excess H2O2 through dismutation, producing 
O2 [61, 153, 158, 162]. Conversely, APX does not exhibit significant catalase-like activity 
[72, 163]. Consequently, 625 molecules of H2O2 per active site are required for 
inactivation in HRP, while only 2.5 molecules of H2O2 are needed for APX [72]. However, 
even with catalase-like activity, peroxidases are not fully protected and still undergo 
inactivation by H2O2 [153].  

The reducing substrate is the main protector of peroxidase by reducing the likelihood 
that H₂O₂ will react with Cpd I. Without it, many heme peroxidases are susceptible to 
H2O2 inactivation [72, 152–157]. Arnao et al. 1990 demonstrated this protective effect 
using 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), showing that the 
peroxidase remains safeguarded as long as the ratio of [ABTS]/[H2O2] is sufficiently high. 
This ratio dictates the fate of the peroxidase, catalytic turnover, level of protection, and 
the protective pathway employed [164]. However, excessive H2O2 can still lead to 
inactivation, even when a reducing substrate is present. Once the ratio of reducing 
substrate to H2O2 drops, the enzyme becomes vulnerable to H2O2-induced inactivation 
[72]. 

1.3.5 Potential biological functions 
Kim et al. 1999 provided the initial understanding of the overall substrate preferences of 
DyPs. DyPs can oxidize AQ and azo dyes (Figure 7), and phenolic substrates (2,6-DMP and 
guaiacol) without requiring Mn2+ (unlike MnP). However, they are unable to catalyze the 
oxidation of non-phenolic veratryl alcohol (unlike LiP) [85]. Despite being named after 
their dye-decolorizing ability [83, 85, 92], not all DyPs exhibit activity on dyes [100, 113]. 
The substrate spectrum of DyPs is much broader [86, 97]. Apart from dyes, DyPs catalyze 
the oxidation of substrates such as complex phenolic and non-phenolic molecules, 
lignin-related compounds, carotenoids, aromatic sulfides, and metal ions [85, 101, 165]. 
There are also notable catalytic differences among different subclasses [166]. While DyPs 
can catalyze the oxidation of synthetic dyes and xenobiotics, these dyes are likely not 
their natural substrates. Despite two decades of extensive research, the physiological 
role and biological substrate of DyPs remains largely unknown, although several 
potential physiological roles have been proposed [91]. 

The extracellular presence of fungal DyPs suggests a possible role in nonspecific 
detoxification, degrading extracellular substances to protect against hazardous materials 
such as xenobiotics [74]. Some of peroxidases (type A DyPs, such as TfuDyP from 
T. fusca, YcdB from Escherichia coli, etc.) are secreted into the periplasmic space of
bacteria with the aid of the Tat-signal sequence [98–100, 167]. Proteins with Tat-signal
are involved in a range of cellular activities, including anaerobic metabolism, cell envelope
biogenesis, metal acquisition and detoxification, and virulence [98]. However, this function
is unlikely for intracellular DyPs, such as TyrA and BtDyP [74].

The relatively high redox potential of some DyPs allows for the oxidation of lignin 
model compounds, suggesting a potential involvement in ligninolysis in nature [168]. 
Both bacterial as well as fungal DyPs have demonstrated the ability to oxidize non-phenolic 
as well as phenolic lignin model compounds. Examples include DyP from jelly fungus 
A. auricula-judae [168], DyPB from R. jostii RHA1 [107], DyP2 (type C) from Amycolatopsis
sp. 75iv2 [119], BsDyP from B. subtilis KCTC2023 [169], TfuDyP from T. fusca [170],
and BaDyP from Bacillus amyloliquefaciens [171]. Furthermore, some DyPs, such as DyPB
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from R. jostii RHA1 [107], Dyp1B from Pseudomonas fluorescens Pf-5 [172], and TfuDyP 
have been tested on polymeric Kraft lignin and/or wheat straw lignocellulose [170]. 
Additionally, IrlacDyP from Irpex lacteus could transform the phenolic content of 
lignosulfonates [173]. 

1.3.6 Investigation of kinetics 
The study of enzyme kinetics is essential for accurately characterizing enzymes. Numerous 
excellent kinetic studies on DyPs have investigated both transient-state kinetics and 
steady-state kinetics [102, 109, 115, 121, 134]. In conventional Michaelis-Menten (MM) 
kinetics, the initial rate of an enzyme-catalyzed reaction exhibits a hyperbolic dependence 
on substrate concentration. To determine kinetic parameters, the MM equation 
(Equation 4) is used, where v represents the initial rate, E0 is the total concentration of 
the enzyme, Vmax is the maximal velocity, [S] is the substrate concentration, and KM is the 
Michaelis constant. 

𝑣

𝐸0

=
𝑉𝑚𝑎𝑥[𝑆]

𝐾𝑀 + [𝑆]
Equation 4 

Kinetic studies of DyPs have revealed that these enzymes often exhibit atypical, 
non-MM kinetic behavior, characterized by non-hyperbolic plots of velocity versus [S]. 
This behavior may include substrate inhibition by H2O2 and/or by the reducing substrate 
[104, 115, 150, 174–176], and/or positive cooperativity [102, 109, 115, 121]. However, 
the underlying mechanisms of non-conventional kinetics remain poorly understood, 
complicating the study of DyPs and limiting our understanding of their potential. 
Substrate inhibition affects approximately 20‒30% of all enzymes [177]. In some 
instances, it is considered an experimental artifact, often occurring at unnaturally 
high substrate concentrations [178]. Substrate inhibition is particularly common in 
multi-substrate enzyme reactions, where the substrate binds to an incorrect form of the 

Figure 7. An example of AQ and azo dyes. In this figure are Reactive Blue 4 and Solvent Yellow 7,  
an orange-colored azo dye. AQ dyes contain a 3-ring aromatic core structure of 9,10-anthraquinone. 
Azo dyes contain a functional group R-N=N-R’, in which R and R’ are usually aryl and substituted aryl 
groups. 
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enzyme, leading to the formation of an enzyme-substrate complex that cannot generate 
a product [179]. Under substrate inhibition, the initial rate decreases at higher substrate 
concentrations, and the empirical equation of substrate inhibition (Equation 5) can be 
used, where kcat and Ki represent the catalytic constant and inhibition constant, 
respectively.  

𝑣

𝐸0

=
𝑘𝑐𝑎𝑡[𝑆]

𝐾𝑀 + [𝑆] +
[𝑆]2

𝐾𝑖

Equation 5 

Positive cooperativity is a characteristic feature of enzymes with multiple subunits or 
several binding sites. When the initial reaction velocity v exhibits a sigmoidal dependence 
on substrate concentration [S] and includes a characteristic lag phase, it suggests the 
presence of apparent positive cooperativity. In this context, the empirical Hill equation 
(Equation 6) can be applied, where K0.5 and h represent the concentration of substrate at 
half-maximal rate and the Hill coefficient, respectively.  

𝑣

𝐸0

=
𝑘𝑐𝑎𝑡[𝑆]ℎ

𝐾0.5
ℎ + [𝑆]ℎ

Equation 6 
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2 Aims of the study 

Lignin represents a primary reservoir of aromatic compounds in nature and is often 
regarded as a sustainable alternative to fossil-derived chemicals in the chemical industry. 
Efficient utilization of lignin requires its breakdown into lower molecular weight 
fragments, a process achievable by various enzymes, such as dye-decolorizing 
peroxidases (DyPs). Despite being studied for a quarter of a century, there are still 
unknown aspects about DyPs, including the relationship between oligomerization and 
catalytic activity. It is crucial to characterize these enzymes thoroughly to understand 
their potential in biotechnological and industrial applications and to utilize them 
effectively. Moreover, besides the challenges posed by lignin, the complex nature of 
DyPs presents additional hurdles. The characterization of DyPs is hindered by their 
non-Michaelis-Menten kinetics, exhibiting substrate inhibition and positive cooperativity.  

The main aims of the thesis were as follows: 

• To explore novel enzymes for lignin depolymerization.

• To reveal the mechanisms underlying the non-conventional kinetics (substrate
inhibition and positive cooperativity) of DyPs.

• To clarify the relationships between the degree of oligomerization of DyPs and
their catalytic activity.
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3 Materials and methods 

A brief description of the methods is provided below. Further details can be found in 
Publications I‒III.  

Cloning of DyPs 

• Genes encoding DyPs were cloned into the pET15b vector, or codon-optimized
genes, pre-cloned into the pET28a expression vector, were ordered from Twist
Bioscience (Publications I‒III).

• Transformation was performed by electroporation (Publications I‒III).

Expression and purification of recombinant DyPs 

• Recombinant DyPs from Streptomyces coelicolor (ScDyP) and Thermobifida
halotolerans (ThDyP) were overexpressed in E. coli BL21 (DE3) as His6-fusion
proteins (Publications I‒III).

• DyPs were purified using nickel-affinity chromatography (Publications I‒III).

• The concentration of active enzyme was determined spectrophotometrically at
406 nm (ε406 = 100,000 M−1 cm−1) (Publications I‒III).

Enzyme assays 

• The concentration of H2O2 was determined spectrophotometrically at 240 nm
using an extinction coefficient of 39.4 M−1 cm−1 (Publications II–III).

• Reactions were initiated by adding the enzyme from its working stock to the
cuvette containing a mixture of the reducing substrate and H2O2 (Publications
I–III).

• Non-enzymatic oxidation of substrates was tested by performing the
measurements without the enzyme (Publications I–III).

• The optimal pH for the oxidation of ABTS and 2,6-DMP was determined for each
ScDyP (Publication I).

• The kinetics of ScDyPs was studied with ABTS and 2,6-DMP (Publication I).

• The dependence of ABTS oxidation by ScDyPs on temperature was determined
(Publication I).

• The stability of ScDyPs was assessed at 30 °C with ABTS (Publication I).

• ABTS, methylhydroquinone (MHQ), 2,6-dimethoxyhydroxyquinone (DMHQ),
Reactive Blue 4 (RB4), and Reactive Blue 19 (RB19) were used as reducing
substrates (Publication II).

• ABTS and MHQ were used for the kinetic characterization (Publication III).

Lignin experiments 

• Ethanol organosolv lignin from bleached chemi-thermomechanical aspen pulp
was extracted as described by Jõul et al. 2022. Ethanol organosolv lignin from
Miscanthus × giganteus (Mxg-lignin) was provided by Stefan Bauer (Publication I).

• Lignin suspension at 1 mg/mL in HEPES buffer (50 mM, pH 8.0) with added
2 mM H2O2 was treated with 10 µM of ScDyPs and incubated for 24 h, 200 rpm,
at 28 °C (Publication I).

• Gel permeation chromatography (GPC) was used to monitor changes in the
molecular weight distribution of enzymatically treated lignins (Publication I).
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• To analyze low molecular weight (LMW) compounds in Mxg- and aspen lignins
treated with ScDyPs, as well as those without enzymatic treatment, gas
chromatography-mass spectrometry (GC-MS) was used (Publication I).

Crystal structure 

• ThDyP was crystallized using sitting-drop vapor diffusion crystallization screens
(Publication II).

• X-ray diffraction data were collected at 100 K at the BL13-XALOC beamline,
equipped with a PILATUS 6M detector at the ALBA synchrotron light source
(Barcelona, Spain) (Publication II).

• The crystal structure of ThDyP was solved by molecular replacement using
MOLREP in the CCP4 program suite, utilizing the coordinates of DyP from
Thermobifida cellulosilytica (PDB ID: 4GS1) as the search model (Publication II).

• Initial model refinement was performed with REFMAC5, and iterative model
building and refinement were carried out with COOT and phenix.refine
(Publication II).

Oligmerization analysis 

• The oligomerization state of ThDyP and ScDyPB was estimated by gel filtration
chromatography (Publications II & III).

• Dynamic light scattering (DLS) analysis was used to determine the size distribution
of ScDyPB (Publication III).

Inactivation studies 
• For the time dependency of inactivation, ThDyP was pre-incubated with H2O2 or

ABTS for a selected time. After pre-incubation, the residual ABTS oxidizing
activity of ThDyP was measured using ABTS (Publication II).

• For the end-point inactivation, ThDyP was pre-incubated with H2O2 for 1 h or
ABTS for 24 h, before measuring the residual ABTS oxidizing activity (Publication
II).

• ScDyPB at pH 4.0 or at pH 7.5 was preincubated with H2O2. At selected times,
an aliquot was withdrawn, and the activity was measured.

UV-vis absorption spectra 

• The UV-vis absorption spectra of ThDyP and ScDyPB were recorded from
300 nm to 700 nm or from 250 to 700 nm, respectively (Publications II & III).

• The spectra of ThDyP were recorded in the presence of different molar
equivalents of H2O2 (Publication II).

• The spectra of ScDyPB were recorded at pH 7.5 and pH 4.0 (Publication III).
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4 Results 

Four different DyPs from two Gram-positive bacteria were studied: two type A DyPs and 
a type B DyP from a soil-dwelling bacterium S. coelicolor (ScDyP1A, ScDyP2A, and ScDyPB) 
and a type A DyP from a bacterium T. halotolerans (ThDyP). The studied DyPs were 
characterized mostly using a common peroxidase substrate, ABTS, but also other 
reducing substrates such as AQ-based dyes and phenolic hydroquinones (Publication II, 
Scheme 1). ScDyPs were also tested on organosolv lignin derived from Mxg and aspen 
(Publication I). 

4.1 General characterization of ScDyPs (Publication I) 

For the ensemble of ScDyPs, the overall biochemical characterization included 
determining the optimal pH for the oxidation of ABTS, temperature dependency, and 
thermostability. The pH optima for ScDyPs were between 3.0–4.0 for the oxidation of 
ABTS (Publication I, Fig. 2; Publication III, Fig. 1C). For ScDyPB, the optimum pH for the 
oxidation on MHQ was similar to ABTS (Publication III, Fig. 1C). The optimal pH for 
2,6-DMP was around 8.5 (data not shown). Temperature dependency and 
thermostability were assessed using ABTS as the electron donor. Oxidation reactions 
performed at 20–70 °C revealed that peroxidase activity for all DyPs decreased or started 

to decrease at 30 °C, with activity continuing to decline as the temperature increased 

further (Publication I, Fig. 3). The activity of ScDyPs at 30 °C decreased over time. In 24 h, 

ScDyP2A lost approximately half of its activity, while ScDyP1A and ScDyPB retained about 
80% of their activity. After 48 h, only ScDyP1A maintained over half of its activity 
(approximately 70%), while the other two DyPs retained around 30% of their activity 
(Publication I, Fig. 4). 

ScDyPs were studied kinetically. Steady-state kinetics measurements of ScDyPs were 
performed to determine the apparent kinetic parameters for ABTS. The kinetic curves of 
ABTS oxidation displayed characteristics of substrate inhibition by ABTS (Publication I, 
Fig. S2). Consequently, the kinetics were analyzed using the empirical equation for 
substrate inhibition (Equation 5). ScDyPB exhibited the lowest apparent KM value of 
80 μM for ABTS and the highest kcat (49 s–1), resulting in the highest catalytic efficiency 
(kcat/KM) (607 mM–1∙s–1) for ABTS oxidation. The Ki value of 0.4 mM for ScDyPB was smaller 
compared to ScDyPAs, indicating a stronger inhibitory effect by ABTS (Publication I, 
Table 3, Fig. S2). ScDyP2A and ScDyPB could catalyze the oxidation of 2,6-DMP, but they 
exhibited approximately 140- and 200-fold lower apparent kcat/KM compared to the 
oxidation of ABTS, respectively (data not shown). Additionally, the oxidation of 2,6-DMP 
also demonstrated substrate inhibition (Publication I, Fig. S3).  

4.2 In-depth kinetic characterization of DyPs (Publications II & III) 

The in-depth kinetic characterization of DyPs incorporated the investigations of biphasic 
kinetics, substrate inhibition, inactivation by H2O2 and ABTS, and apparent positive 
cooperativity of DyPs.  

4.2.1 Biphasic kinetics of ScDyPB (Publication III) 
A closer investigation of the kinetics of ScDyPB with ABTS showed that the dependency 
of the rates on H2O2 concentration adhered to typical MM kinetics (Figure 8B; Publication 
III, Fig. S2B, eq S1, Fig. 4B). Conversely, varying ABTS concentration revealed substrate 
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inhibition by ABTS, which became more prominent at lower H2O2 concentrations 
(Figure 8A; Publication III, Fig. 4A, Fig. S2A for the zoom-in of the series with low H2O2 
concentrations). Unexpectedly, the data did not conform solely to ping-pong peroxidase 
kinetics with substrate inhibition by ABTS. Neither the MM equation (Equation 4) nor the 
empirical equation of substrate inhibition (Equation 5) could adequately describe these 
kinetics. The dependence of the rates of ABTS oxidation for H2O2 on the concentration 
of ABTS revealed a drop in the rates in the ABTS concentration range of 0.1–0.2 mM 
(Figure 8A; Publication III, Fig. 4A).  

These results could be explained by the presence of biphasic kinetics. Let’s assume 
that ScDyPB exhibits activity in two distinct, kinetically separate forms: enzyme form I (EI) 
follows MM kinetics, and enzyme form II (EII) which is substrate-inhibited by ABTS. By 
adopting this assumption, this kinetic phenomenon could be elucidated by combining 
the two steady-state rate equations (Equation 7). 

𝑣𝑖
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+

+

[𝐸𝐼𝐼]
𝐸0

𝑘𝑐𝑎𝑡
𝐼𝐼 [𝐴𝐵𝑇𝑆][𝐻2𝑂2]

𝐾𝑀(𝐴𝐵𝑇𝑆)
𝐼𝐼 [𝐻2𝑂2] + 𝐾𝑀(𝐻2𝑂2)

𝐼𝐼 [𝐴𝐵𝑇𝑆] (1 +
[𝐴𝐵𝑇𝑆]
𝐾𝑖(𝐴𝐵𝑇𝑆)

) + [𝐴𝐵𝑇𝑆][𝐻2𝑂2]
Equation 7

Equation 7 successfully captured the relationship between the rate of ABTS oxidation 
by ScDyPB and the concentration of ABTS and the observed drop in ABTS oxidation rates 
after 0.1 mM ABTS (Figure 8A; Publication III, Fig. 4A). We performed a global non-linear 
regression analysis of the data in Figure 8A (Publication III, Fig. 4A) using Equation 7 and 
predicted the kinetic parameters for EI, [EI]kcat

I/[E]0, KM(ABTS)
I, and KM(H2O2)

I values of 
59 ± 3 s−1, 1.0 ± 0.12 mM, and 0.89 ± 0.06 mM, respectively (for the fit, see Publication III, 

Figure 8. Kinetics of ScDyPB with ABTS. The dependence of the initial rates of the oxidation of ABTS 
on the concentration of (A) ABTS and (B) H2O2. The solid lines in (A) and (B) represent the global 
non-linear regression of the data according to Equation 8. The concentration of the substrate held 
constant in each series is shown in the respective plot. Data are presented as average values from 
three independent experiments (n = 3). 
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Fig. S4A). While we could predict the kinetic parameters for EI, the interdependence 
among the parameters prevented us from determining the kinetic parameters for EII. 
However, by assuming that both enzyme forms share identical kinetic parameter values, 
with the distinction lying solely in the presence of substrate inhibition for form EII, 
Equation 7 could be simplified to Equation 8. Subsequently, conducting a global 
non-linear regression analysis of the same data from Figure 8A (Publication III, Fig. 4A) 
according to Equation 8 allowed us to estimate the relative proportions of enzyme forms 
I and II as 0.18 ± 0.01 and 0.82 ± 0.01, respectively. Furthermore, it enabled to predict 
the common kinetic parameters for both forms, 327 ± 28 s−1, 0.95 ± 0.09 mM, and 
0.89 ± 0.06 mM, for kcat, KM(ABTS), and KM(H2O2), respectively. The estimate of the Ki(ABTS) was 
4.12 ± 0.36 μM. 

𝑣𝑖

𝐸0

=

[𝐸𝐼]
𝐸0
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𝐾𝑀(𝐴𝐵𝑇𝑆)[𝐻2𝑂2] + 𝐾𝑀(𝐻2𝑂2)[𝐴𝐵𝑇𝑆] + [𝐴𝐵𝑇𝑆][𝐻2𝑂2]
+

+
(1 −

[𝐸𝐼]
𝐸0

) 𝑘𝑐𝑎𝑡[𝐴𝐵𝑇𝑆][𝐻2𝑂2]

𝐾𝑀(𝐴𝐵𝑇𝑆)[𝐻2𝑂2] + 𝐾𝑀(𝐻2𝑂2)[𝐴𝐵𝑇𝑆] (1 +
[𝐴𝐵𝑇𝑆]
𝐾𝑖(𝐴𝐵𝑇𝑆)

) + [𝐴𝐵𝑇𝑆][𝐻2𝑂2]
Equation 8 

4.2.2 Kinetic study of ThDyP with substrate inhibition (Publication II)  
The kinetics of ThDyP were investigated using ABTS, two hydroquinones (MHQ and 
DMHQ), and two AQ-based dyes (RB4 and RB19) (Publication II, Scheme 1). Similar to 
ScDyPs, the relationship between the initial rate of ABTS oxidation and the 
concentrations of ABTS or H2O2 was not hyperbolic (Figure 9; Publication II, Fig. 1A or 
Fig. 1B, respectively), exhibiting substrate inhibition. The substrate inhibition by ABTS 
was more pronounced at lower H2O2 concentrations (1.0–10 µM) (Figure 9A; Publication 
II, Fig. 1A). The substrate inhibition by H2O2 was intensified, as [ABTS] decreased 
(Publication II, Fig. 1B). The series of kinetic data showing substrate inhibition by ABTS or 
H2O2 could be analyzed using non-linear regression analysis according to the empirical 
equation for substrate inhibition (Equation 5). The kinetic parameters for H2O2 and ABTS 
are shown in Publication II, Table S1 and Table S2, respectively. The determined KM

app 
and Ki

app (data from Figure 9B, Publication II, Fig. 1B) were used to determine the optimal 
substrate concentration [H2O2]opt using Equation 9 and was shown to increase 
proportionally with [ABTS] (Publication II, Fig. S2). 

[𝑆]𝑜𝑝𝑡 = √𝐾𝑀
𝑎𝑝𝑝

𝐾𝑖
𝑎𝑝𝑝

Equation 9 

ThDyP showed significantly lower activity with the other tested reducing substrates 
compared to ABTS. Nevertheless, inhibition by H2O2 was observed with these substrates, 
except with DMHQ (Figure 9D, F; Publication II, Fig. 1D, F). The inhibition by the reducing 
substrate was only evident with RB4 (Figure 9E; Publication II, Fig. 1E), but not with other 
substrates (Figure 9C, E; Publication II, Fig. 1C, E).  
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4.2.3 Investigations of inactivation (Publications II & III) 
We explored the potential inactivation of ThDyP and ScDyPB by H2O2, as well as ThDyP 
inactivation by ABTS (Publications II & III). The enzyme was pre-incubated with H2O2 or 
ABTS in the absence of the other substrate, and the residual activity was tested with 
ABTS. The residual activity of ThDyP declined over the pre-incubation period; however, 
after 30 min, it stabilized at a plateau, where the final value depended on the 
concentration of H2O2 (Publication II, Fig. S3A). We observed that ThDyP was fully 
inactivated by an average of only 4.6 ± 0.9 H2O2 molecules (Publication II, Fig. 3A). 
Titration of ThDyP with H2O2 led to a decrease in the absorbance of the Soret band at 
405 nm, ultimately leading to its total disappearance (Publication II, Fig. S4). These 
observations suggest that a non-productive complex forms between Cpd I and H2O2. 
ScDyPB was irreversibly inactivated by H2O2 (Publication III, Fig. S3). The rate of 
inactivation rose with increasing concentrations of H2O2, yielding second-order rate 
constants of 4.9 ± 0.3 and 6.2 ± 0.9 M−1 s−1 for H2O2-induced inactivation of ScDyPB at pH 
4.0 and 7.5, respectively (Publication III, Fig. S3). 

ABTS-triggered inactivation was less effective. Pre-incubation with ABTS led to a 
time-dependent reduction in the residual activity of ThDyP (Publication II, Fig. S3B), and 
ThDyP was fully inactivated only when the ABTS to ThDyP ratio reached 250 (Publication 
II, Fig. 3B). ABTS oxidation in the absence of H2O2 was slow, producing a maximum of 

Figure 9. Kinetics of ThDyP. The dependence of initial rates of ThDyP-catalyzed oxidation of ABTS 
on the concentration of (A) ABTS and (B) H2O2. Panels (C) and (E) show the dependence of the initial 
rates of the oxidation of hydroquinones and anthraquinone dyes on the concentration of 
hydroquinone and anthraquinone dye, respectively, while panels (D) and (F) show the dependence 
on H2O2 concentration. The solid lines in (A) represent non-linear regression of the data. For the 
series with [H2O2] ranging from 1.0 to 10 μM, the regression follows Equation 5. For the series with 
[H2O2] of 25 μM and above (with datasets limited to a maximum [ABTS] of 2 mM), it follows 
Equation 6. The solid lines in (B) represent non-linear regression of the data according to Equation 
5. The substrate and its constant concentration in each series are indicated within the plot. Data 
represent average values from two experiments.
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approximately 10 oxidized ABTS molecules per ThDyP molecule (Publication II, Fig. S5), 
indicating that ABTS oxidation without added H2O2 and ThDyP inactivation are not 
interconnected. Nonetheless, the inactivation of ThDyP by ABTS in the absence of H2O2

implies the existence of a non-productive complex involving the resting state of ThDyP 
and ABTS. The inactivation of DyPs by H2O2 in the absence of ABTS suggests the possibility 
of Cpd I-H2O2 complex formation. 

4.2.4 Mechanism explaining substrate inhibition by both substrates 
(Publication II) 
The formation of non-productive complexes between the resting enzyme and ABTS, and 
between Cpd I and H₂O₂, was assumed to explain substrate inhibition by the reducing 
substrate and H₂O₂, respectively (Figure 10; Publication II, Fig. 2B). We exploited the 
knowledge that in enzymes exhibiting the ping-pong mechanism, substrates binding to 
the wrong form of the enzyme lead to inhibition. Additionally, we provided experimental 
supporting evidence that substrate inhibition by H2O2 or ABTS may be due to the formation 
of a non-productive complex with Cpd I or the ThDyP resting state, respectively (Publication 
II). 

We proposed a mechanism to explain inhibition of DyPs or heme-peroxidases in 
general by both substrates – reducing substrate and H2O2 (Figure 10; Publication II, 
Fig. 2B). This mechanism was solved, and the rate equation was derived using rapid 
equilibrium as well as steady-state assumptions, both resulting in equivalent equations. 
In Equation 10, E0 and [P] represent the total concentration of the enzyme and the 
concentration of one-electron-oxidized product, respectively. The kcat and equilibrium 
binding constants in Equation 10 are defined in Figure 10 (Publication II, Fig. 2B). 

𝑣

𝐸0

= −
𝑑[𝐻2𝑂2]

𝑑𝑡
= 2

𝑑[𝑃]
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=
𝑘𝑐𝑎𝑡[𝑆][𝐻2𝑂2]
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4.2.5 Structure of ThDyP (Publication II) 
The crystal structure of ThDyP was solved, aiding in clarifying the complex kinetics of 
ThDyP. Similar to other solved structures of DyPs, ThDyP adopts a ferredoxin-like fold, 
consisting of two four-stranded antiparallel β-sheets and peripheral α-helices connected 
by loop regions (Figure 11; Publication II, Fig. 4A). Each monomer of ThDyP contains three 
heme access channels. The largest of them, the propionate pocket, is depicted in the 
inset (Figure 11; Publication II, Fig. 4A). Channel modelling indicates that this access 
route is wide and open enough for ABTS to reach and directly interact with the heme. 
This corroborates that competitive binding of ABTS and H2O2 to the resting state heme 
of ThDyP may cause substrate inhibition of ThDyP by ABTS (Figure 10; Publication II, 
Fig. 2B).  

Figure 10. The kinetic mechanism explaining the substrate inhibition of heme peroxidase by both 
reducing substrate (S) and H2O2. E, E(I), and E(II), represent the enzyme in the resting state, Cpd I, 
and Cpd II, respectively. The kcat and the equilibrium dissociation constants used to derive the rate 
equations are defined within the figure. 
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4.2.6 Investigations of positive cooperativity (Publication II) 
The atypicality of ABTS oxidation kinetics was not solely limited to substrate inhibition by 
ABTS, but further complicated by apparent positive cooperativity of ABTS. Apparent 
positive cooperativity was observed only at higher H2O2 concentrations (25–1000 µM) 
and not at lower H2O2 concentrations (1.0–10 µM) (Figure 9A; Publication II, Fig. 1A). 
Additionally, it was not seen in the oxidation of other reducing substrates 
(hydroquinones and dyes). Varying H2O2 concentration did not lead to the observation 
of positive cooperativity (Figure 9B; Publication II, Fig. 1B). Kinetics displaying positive 
cooperativity was analyzed using non-linear regression analysis of the data according to 
the empirical Hill equation (Equation 6). Data points showing substrate inhibition were 
excluded from the analysis of this kinetics data. An average h value of 2.0 ± 0.1 
(Publication II, Fig. S1) was measured for the series made at different H2O2 
concentrations. The kinetic parameters for H2O2 and ABTS are shown in Publication II, 
Table S1 and Table S2, respectively. 

According to the classic understanding of cooperativity, multiple binding sites and 
subunits could explain this phenomenon. In the case of ThDyP, the catalysis of the 
oxidation of ABTS can occur directly in the heme cavity (Figure 9A; Publication II, Fig. 4A) 
or potentially at surface sites of the enzyme via LRET. Additionally, PISA analysis of the 
crystal structure model suggests that ThDyP forms a dimeric structure. The theoretical 
molecular weight of ThDyP is 45 kDa. The results of gel filtration aligned with the findings 
of PISA analysis, revealing a prominent peak with an apparent molecular weight of 
76 kDa (Publication II, Fig. S7). Therefore, dimeric structure of ThDyP could explain the 
observed cooperativity with the h value of 2. 

Figure 11. Structure of ThDyP. The structure of the ThDyP monomer (PDB ID: 8CK9). α-helices,  

-sheets, and loops are shown in cyan, purple, and tan, respectively. The heme is shown in orange-
red-blue stick representation and the iron as a magenta sphere. The inset highlights the propionate 
pocket of ThDyP, which is proposed as the main heme-access channel for reducing substrates.  
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4.2.7 Model explaining positive cooperativity together with substrate 
inhibition (Publication II) 
While classic explanations of cooperativity could not be entirely ruled out, it is 
noteworthy that apparent positive cooperativity was observed exclusively with ABTS 
(Figure 9A; Publication II, Fig. 1A). In comparison to other tested reducing substrates, 
ABTS is a one-electron donor, while hydroquinones and dyes are two-electron donors. 
It is important to note that the reduction of Cpd I back to the resting state enzyme 
requires two electrons, and DyPs can also utilize the shunt pathway. In this pathway,  
Cpd II is bypassed, allowing Cpd I to revert directly to the resting state enzyme through a 
two-electron reduction (Figure 4; Publication II, Fig. 2A). However, this mechanism is only 
feasible with substrates that can donate two electrons, which excludes ABTS (Publication 
II, Scheme 1). We proposed that the apparent positive cooperativity is due to the 
formation of a productive complex involving two single-electron-donating substrates, 
like ABTS (Figure 12A; Publication II, Fig. 5). As in Figure 10, this model also assumes that 
substrate inhibition arises from the competitive binding of ABTS and H2O2 to the resting 
state heme of ThDyP (Figure 10; Publication II, Fig. 5A). This mechanism was solved, 
yielding a rate equation (Equation 11). The kcat and equilibrium constants are defined in 
Figure 12A; Publication II, Fig. 5A. 
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In equation 11, [P] denotes the concentration of the one-electron-oxidized product. 
In the series where positive cooperativity with ABTS was observed, this equation 
appropriately describes the results related to the oxidation of ABTS (Figure 11; 
Publication II, Fig. 5B). The squared term of substrate concentration in the nominator 
accounts for the ability of Equation 11 to accommodate the apparent positive 
cooperativity. Our experimental findings, which yielded an h value of 2 (Publication II, 
Fig. S1), support the notion that the oxidation of ABTS involves the simultaneous binding 
of two ABTS molecules. 



36 

Positive cooperativity was not observed with other tested reducing substrates, which 
differ from ABTS by their ability to donate two electrons. For these substrates, there is 
no requirement for the enzyme complex with two substrate molecules. The route 
indicated by the dashed arrow can be used (Figure 12A; Publication II, Fig. 5A), leading 
to a simplified Equation 12. 
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Note that in Equation 12, [P] represents the concentration of the two-electron-oxidized 
product. Equation 12 lacks the squared term of substrate concentration in the numerator 
and thus cannot account for positive cooperativity. Compatibly, no positive cooperativity 
was observed in the oxidation of two-electron-donating substrates (MHQ, DMHQ, RB4, 
and RB19) by ThDyP (Figure 9C, E; Publication II, Fig. 1C, E). 

4.2.8 Dependence of the activity on the concentration of ScDyPB (Publication III) 
Activity measurements were conducted with two substrates, ABTS and MHQ, using 
different concentrations and pH in the enzyme working stock (enzyme stock solution to 
be diluted in the cuvette) (Figure 13; Publication III, Fig. 2). In activity measurements with 
ABTS, significantly higher activities were observed when the reaction was initiated with 
enzyme stock solution prepared in sodium acetate (NaAc) at pH 4.0 compared to Tris-HCl 

Figure 12. Kinetic mechanism of ThDyP catalysis. (A) In this mechanism, Cpd II does not form, and 
Cpd I is directly reduced back to the resting state via a simultaneous two-electron transfer from the 
substrate. For single-electron donors like ABTS, this involves the formation of a Cpd I complex with 
two substrate molecules (E(I)SS) (the reduction pathway indicated by the solid arrow). In contrast, 
for two-electron donating substrates such as hydroquinones and anthraquinone dyes, the E(I)SS 
complex is not required (kred pathway indicated by the dashed arrow). The rate and equilibrium 
dissociation constants used to derive Equation 11 and Equation 12 are detailed in the panel. (B) The 
data are shown from Figure 8 (Publication II, Fig. 1A), excluding the series with [H₂O₂] ≤ 10 μM 
where positive cooperativity was not observed, for clarity. The solid lines represent the non-linear 
regression analysis of the dependence of the initial rates of ABTS oxidation on [ABTS] according to 
Equation 11.  
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pH 7.5 buffer (Figure 13A; Publication III, Fig. 2A). When varying the concentration of the 
enzyme in the working stock while keeping the concentration in the cuvette constant, 
the activity plateaued as the concentration of ScDyPB in the working stock increased. 
The apparent half-saturating concentration of ScDyPB in the pH 4.0 working stock was 
0.03 μM, approximately 13-times lower than that in the pH 7.5 working stock (Figure 
13C; Publication III, Fig. 2C). 

The higher activity observed in reactions initiated from working stocks with higher 
enzyme concentrations can be attributed to the enzyme being active as an oligomer. 
Control experiments (Publication III, Fig. S1) suggested that the equilibrium established 
between different oligomerization states is not rapidly achieved, at least not within the 
timeframe of the reaction occurring in the cuvette, and that the higher oligomeric state 
is maintained during activity measurements. These results imply that the higher 
oligomeric state is favored for the oxidation of ABTS (Figure 13C; Publication III, Fig. 2C) 
and that its formation is enhanced by lower pH (Figure 13A, C; Publication III, Fig. 2A, C). 
Unlike with ABTS, higher activity with MHQ was noted when the enzyme stock was 
prepared in Tris-HCl buffer at pH 7.5, suggesting that increased oligomeric forms may 
reduce MHQ oxidizing activity and that lower oligomeric forms are preferred for MHQ 
oxidation. However, no enzyme working stock concentration-dependent effect was 
observed when using MHQ as the reducing substrate (Figure 13B; Publication III, Fig. 2B). 
It is thus possible that different forms of ScDyPB may be responsible for the oxidation of 
ABTS and MHQ. 

The pH of the ScDyPB working stock had distinct effects on the oxidizing activity of 
ABTS and MHQ (Figure 13A, B; Publication III, Fig. 2A, B). In addition to pH, we investigated 
the influence of various additives in the enzyme’s working stock. Among these, only 
the addition of 1.0 M ammonium sulfate significantly affected oxidation of ABTS and 
MHQ. Specifically, ammonium sulfate led to an approximately twofold increase in ABTS 
oxidation rate, while MHQ oxidation decreased roughly fourfold (Publication III, Fig. 3). 
The contrasting effects of ammonium sulfate on the catalytic activities with ABTS and 

Figure 13. Dependence of the enzymatic activity on the concentration of ScDyPB in the cuvette 
and working stock. All reactions were performed in NaAc buffer (50 mM, pH 4.0).  (A) and (B) show 
the rates of the oxidation of ABTS and MHQ, respectively, at varying concentrations of ScDyPB in 
the cuvette. The concentration of ScDyPB in the working stock and its pH are indicated in the figure. 
Solid lines represent linear regression of the data. (C) shows the dependence of the ABTS-oxidizing 
activity of ScDyPB on its concentration in the working stock. The pH of the working stock is indicated 
in the figure. The concentration of ScDyPB in the cuvette was 15 nM. Working stocks of ScDyPB, 
with concentrations ranging from 30 nM to 5 μM, were prepared at pH 4.0 and pH 7.5. Data are 
presented as average values from three independent experiments (n = 3). 
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MHQ mirrored the opposite pH effects observed in the working stock (Figure 13A, B; 
Publication III, Fig. 2A, B), once again suggesting the involvement of different oligomeric 
forms of ScDyPB in the oxidation of ABTS and MHQ. 

4.3 Analysis of the size distribution of ScDyPB (Publication III) 

Our objective was to determine the potential oligomeric forms of ScDyPB under different 
conditions. Both size exclusion chromatography (SEC) and DLS analyses confirmed 
that ScDyPB exists as a mixture of oligomeric forms of varying sizes. SEC analysis 
showed that ScDyPB exists as a mixture of monomers (36 kDa) and trimers at pH 7.5, 
along with a notably larger molecular species likely corresponding to aggregates 
(Figure 14A).  

DLS analysis indicated that the oligomeric composition of ScDyPB is complex, existing 
as a diverse blend of particles ranging in size from 9 nm to over 4 μm. The core 
dimensions of a ScDyPB monomer (PDB ID: 4GU7) are 6 x 5 x 4 nm. The majority of 
ScDyPB was observed as oligomers with an average size of approximately 10 nm 
(Figure 14C; Publication III, Fig. 5C, Table 1). Additionally, DLS analysis confirmed that 
the presence of ammonium sulfate led to an increase in the average size of ScDyPB 
oligomers (Figure 14C; Publication III, Fig. 5C, Table 1). The size of ScDyPB oligomers was 
highest at pH 7.5 in the presence of ammonium sulfate, followed by pH 4.0 and pH 7.5 
without ammonium sulfate (Figure 14B, C; Publication III, Fig. 5B, C, Table 1). However, 
while DLS provided estimates of average sizes of different oligomeric forms 
(approximately 10 nm) under various conditions, it was not possible to precisely identify 
the exact oligomeric states of ScDyPB.  

Figure 14. Analysis of the size distribution of ScDyPB. (A) Gel filtration chromatogram of ScDyPB 
at pH 7.5. Black squares indicate the elution volumes of standard proteins: ferritin (440 kDa), 
aldolase (158 kDa), conalbumin (75 kDa), and ovalbumin (44 kDa). The red line represents the linear 
regression of the mobility of these standard proteins used for calibration, and the red square marks 
the expected elution volume of the ScDyPB monomer. (B, C) DLS analysis of ScDyPB at pH 4.0, at  
pH 7.5, and at pH 7.5 supplemented with 1.0 M ammonium sulfate, as indicated in the plots, based 
on intensity (B) and volume (C). Each trace represents the average of at least four consecutive 
scans. 
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4.4 ScDyPs acting on organosolv lignin (Publication I) 

The ligninolytic activities of three ScDyPs were assessed using two different organosolv 
lignins sourced from perennial grass Mxg and aspen (Populus tremula). The lignins were 
incubated with ScDyPs for 24 h, then centrifuged, and the resulting pellets were analyzed 
with GPC to determine the molecular weight distributions of both enzymatically treated 
and untreated lignins. Additionally, the supernatants from the lignin treatments were 
analyzed using GC-MS to identify the most prominent LMW compounds. 

Given that enzymatic treatment with ScDyPs showed no discernible effect at acidic 
pH, a range of pH conditions, from acidic to alkaline, was tested. The enzymes exhibited 
the highest activity on lignin within the pH range of 7.5 to 8.5, with optimal activity 
observed around pH 8.5 (data not shown). GPC results of ScDyP-treated lignins 
highlighted differences among the subfamilies of DyPs on Mxg and aspen lignin 
(Figure 15; Publication I, Table 4, Fig. 5). Treatment with ScDyPs from subfamily A had 
no significant impact on the molecular weight distribution of Mxg-lignin; however, 
these DyPs were effective at depolymerizing aspen lignin, with ScDyP2A showing 
the highest activity and resulting in approximately a 20% reduction in the weight-average 
molecular weight (Mw). In contrast, ScDyP1A was less efficient. Treatment with ScDyPB 
did not affect the Mw of aspen lignin but did increase the polymerization of Mxg-lignin 
by up to 19%. 

Based on the GC-MS results, the soluble LMW fraction of Mxg-lignin predominately 
consisted of H-units, with fewer G-units, and a minor presence of S-units. In contrast, 
aspen lignin was predominately composed of S-units, with fewer G-units, and a minimal 
proportion of H-units (as determined by the integrated peak area). When comparing the 
supernatants of enzymatically treated lignin with those of untreated lignin, treatment 
with all ScDyPs produced similar effects. The enzymatic treatment reduced the amount 

Figure 15. GPC analysis of lignin. (A) GPC chromatogram of Mxg-lignin and (B) aspen organosolv 
lignin treated with ScDyP1A (black), ScDyP2A (red), and ScDyPB (blue). 1 mg/mL of lignin in HEPES 
buffer (50 mM, pH 8.0) was treated with 10 µM of ScDyPs, 2 mM H2O2 for 24 h, at 28 °C. The 
reaction mixtures and controls were centrifuged, lyophilized, dissolved in tetrahydrofuran, and 
analyzed using GPC.  
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of LMW compounds in the supernatants of both organosolv lignins (Publication I, Table 5). 
Notably, ScDyPB had the most significant impact on monolignols. After the treatment 
with ScDyPB, 91‒98% of the peak area disappeared or was undetected altogether in the 
Mxg-lignin supernatant. Overall, ScDyPs can be considered lignin-active enzymes capable 
of remodeling organosolv lignin. 
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5 Discussion 

5.1 The non-conventional kinetics of DyPs 

Even a quarter-century after their discovery, DyPs continue to captivate researchers, 
offering numerous opportunities for further investigation. The challenge in understanding 
DyPs lies in elucidating the molecular mechanisms responsible for their non-MM kinetics. 
Several studies, including Publications I–III, demonstrate that the kinetics of DyPs can be 
complex. This complexity is exemplified by substrate inhibition by H2O2 (Publications  
I–III), substrate inhibition by the reducing substrate (Publications II and III), and apparent 
positive cooperativity (Publication II). In publications II–III, we aimed to understand the 
molecular mechanisms behind the substrate inhibition, apparent positive cooperativity, 
and the observed apparent biphasic kinetics.  

5.1.1 Substrate inhibition 
The in-depth kinetics of ABTS oxidation by ThDyP presents a complex example of atypical 
DyP kinetics, demonstrating both substrate inhibition and positive cooperativity. 
Substrate inhibition refers to the reduction in enzymatic activity due to an excess of 
substrate, which occurs after the maximum turnover rate has been reached. For enzymes 
that follow ping-pong kinetics, substrate inhibition occurs when the substrate binds to 
the wrong form of the enzyme. In the case of heme peroxidases, the wrong form for the 
reducing substrate is the resting state, while for H2O2, it is Cpd I (or Cpd II). In ThDyP,  
the initial rates of oxidation of ABTS exhibited substrate inhibition by both ABTS and H2O2 
(Figure 9; Publication II, Fig. 1A and Fig. 1B, respectively). Substrate inhibition by ABTS 
was also observed in ScDyPs (Publication I, Table 3, Figure 8A; Publication III, Fig. 4A). 
Inactivation of ThDyP by H2O2 indicates that it binds to Cpd I (Publication II, Fig. 3A).  
Our findings suggest that ABTS and H2O2 compete for Cpd I. Therefore, the substrate 
inhibition by H2O2 results from the formation of a non-productive complex between Cpd 
I and H2O2 (Publication II and III). We propose that the wide heme access channel allows 
direct contact with the heme. In that case, ABTS binds to the resting state of the enzyme 
and competes with H2O2 for binding to the resting state, leading to substrate inhibition 
(Publication II). Substrate inhibition by one substrate became more pronounced at lower 
concentrations of the other substrate: inhibition by ABTS at lower H2O2 concentrations 
(Figure 9A; Publication II, Fig. 1A) (Figure 8A; Publication III, Fig. 4A, Fig. S2A) and by H2O2 
at lower ABTS concentrations (Figure 9B; Publication II, Fig. 1B). This is another 
characteristic kinetic feature of enzymes that exhibit a ping-pong mechanism.  

It has been shown that ABTS can protect the enzyme from H2O2 inactivation only when 
the ratio of ABTS to H2O2 remains high [164]. In the case of ThDyP, inactivation requires 
approximately 4.6 ± 0.9 molecules of H2O2 (Publication II, Fig. 3A). To our knowledge,  
the presence of the Cpd III pathway or catalase-like activity has not been demonstrated 
in DyPs, including ScDyPs and ThDyP (Publications I–III). Therefore, DyPs lack this form of 
enzyme protection. As a result, the stoichiometry of inactivation in DyPs is more 
comparable to that of enzymes that also do not exhibit catalase activity [72]. 
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5.1.2 Positive cooperativity 
The classic explanation of cooperativity involves multiple active sites or is associated with 
multimeric enzymes. It is a phenomenon in which the binding of a substrate to one active 
site of a protein affects the binding affinity and/or turnover of subsequent substrate 
molecule at the other active site (cooperation between binding sites). In cytochrome 
P450, it has been shown that the reason behind cooperativity is the simultaneous binding 
of multiple substrates [180]. A measure of the degree or extent of cooperativity in 
enzyme-substrate binding is represented by h value. If h = 1, there is no cooperativity; 
however, if h > 1, it indicates positive cooperativity. Furthermore, when the h = 2,  
a maximum of two active sites or subunits are involved. In the case of ThDyP, an average 
h value of 2.0 ± 0.1 was observed (Publication II, Fig. S1). The structure of ThDyP is dimeric 
(Publication II). Therefore, the classic explanations of positive cooperativity remain valid, 
the dimeric structure, along with the presence of multiple binding sites and the possible 
binding of ABTS to these sites, provide a plausible explanation for the observed positive 
cooperativity. However, we proposed an alternative mechanism. No one has yet 
demonstrated the existence of allosteric inhibitors and activators for DyPs, which are 
typically associated with conventional cooperative enzymes. Additionally, positive 
cooperativity was not observed with two-electron-donating substrates. Therefore, we 
suggested an explanation for the apparent cooperativity: the kinetic mechanism assumes 
that Cpd II is not formed and two ABTS molecules must bind to Cpd I simultaneously.  
The apparent positive cooperativity arises from the formation of a productive complex 
involving two one-electron-donating substrates (Figure 12; Publication II, Fig. 5).  
In Equation 11, the squared term of ABTS concentration in the nominator accounts for 
the apparent positive cooperativity and defines the h value of 2. 

5.1.3 Biphasic kinetics 
The oxidation of ABTS by ScDyPB is particularly interesting, as it exhibits biphasic kinetics. 
Biphasic kinetics have been attributed to the presence of multiple enzyme binding  
sites with distinct KM and Vmax values [181], or, as observed in versatile peroxidase,  
to the existence of both low- and high-efficiency catalytic sites [182]. Unfortunately,  
the mechanisms mentioned above could not account for the kinetics of ABTS oxidation 
by ScDyPB, specifically small “kink” in the initial rates versus [ABTS] curves observed 
around the ABTS concentrations of 0.1–0.2 mM (Figure 8A; Publication III, Fig. 4A).  
We proposed that ScDyPB exists in two kinetically distinct, independent enzyme forms. 
The simplest kinetic model that could describe the observed “kink”, was the combination 
of classic ping-pong kinetics (form I) and ping-pong kinetics with substrate inhibition by 
ABTS (form II). It was represented as a sum of two steady-state rate equations.  
By assuming that the two enzyme forms differ only by the presence of substrate 
inhibition by ABTS in form II, we were able to estimate the relative abundance of each 
enzyme form using global non-linear regression analysis according to Equation 8 
(Publication III). The non-substrate-inhibited form (0.18 ± 0.01) had much lower 
abundance compared to the inhibited form (0.82 ± 0.01). Biphasic kinetics were also 
observed at pH 4.0 as well as at pH 7.5, which suggests that ScDyPB exists in two enzyme 
forms at different pH values.  
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5.2 Oligomeric states of DyPs  

Type A DyPs have been reported to exist as monomers and dimers [99, 100, 104, 121, 
126, 183], but also as tetramers and octamers [121]. In our research, we demonstrated 
that the most probable oligomeric state of ThDyP (a type A DyP), based on crystal 
structure and SEC analysis, is a dimer (Publication II). Although the impact of the 
oligomeric form of ThDyP on its catalytic activity was not examined, the heme is not 
situated at the oligomerization interface, and its accessibility is not hindered by 
oligomerization. Crystal interface analysis using PISA, which predicts the native 
oligomeric state of the enzyme, suggests that ScDyP1A (PDB ID: 4GRC) and ScDyP2A (PDB 
ID: 4GT2) also exist as dimers, however, the presence of other oligomeric forms remains 
to be determined.  

Type B DyPs have been found to form assemblies ranging from monomers to hexamers 
[108, 112, 117, 118, 120, 127, 128, 133, 134]. According to PISA analysis, ScDyPB (PDB 
ID: 4GU7) exists as a hexamer (a trimer of dimers). Although DLS analysis was unable to 
determine the exact oligomeric state of ScDyPB (Publication III), it confirmed SEC results 
indicating that ScDyPB exists as a mixture of different oligomeric forms. SEC analysis 
revealed that ScDyPB has a molecular weight corresponding to something between a 
dimer and a trimer (91 kDa), with a portion also corresponding to a larger molecular 
weight (450 kDa). This finding aligns with a recent study by Lučić et al. 2024, which used 
analytical ultracentrifugation and cryo-EM to show that DtpB, a homologous DyP, 
primarily exists as a hexamer, but dimers and dodecamers are also present [184].  
In Publication III, this larger form was thought to be an aggregate; however, it cannot be 
excluded that the larger molecular weight may correspond to a dodecamer. This suggests 
that ScDyPB may exist as both a dimer (theoretical size: 73 kDa) and a dodecamer 
(theoretical size: 436 kDa). As there is no gene for an encapsulin protein encoded in  
S. lividans as well as in S. coelicolor, these results illustrate that no encapsulin is required 
to form such high oligomeric assembly, as was previously suggested [108].  

Additionally, we demonstrated that the average size of ScDyPB was affected by pH 
and the presence of ammonium sulfate (Figure 14; Publication III, Fig. 5, Table 1). 
According to DLS analysis, the presence of ammonium sulfate increased the average size 
of ScDyPB (Publication III, Table 1), indicating that hydrophobic interactions may 
contribute to the formation of oligomers. Changes in the protein’s net charge (e.g., 
induced by changes in pH) can cause electrostatic repulsion and disrupt hydrogen 
bonding. The average size of ScDyPB also varied with pH, with a higher average size 
observed at pH 4.0, suggesting that lower pH favors higher oligomeric states. This finding 
contradicts the results of gel filtration for an A-type DyP from B. subtilis BsDyP, which 
existed in similar oligomeric forms at both neutral and pH 4.0 [123]. 

5.2.1 Relationships between catalytic activity and degree of oligomerization 
of ScDyPB 
Although the existence of DyPs in different oligomeric forms is well reported, a very little 
is known about the relationships between the degree of oligomerization and catalytic 
activity. The activity of ScDyPB depended on the concentration of the enzyme working 
stock used for starting the reaction and the substrate used for the activity measurement 
(Figure 13; Publication III, Fig. 2). When higher activity is observed using a higher enzyme 
stock concentration, it suggests that the enzyme is active as an oligomer as the formation 
of higher oligomeric forms is favored. This was seen only with ABTS, the higher working 

https://pubmed.ncbi.nlm.nih.gov/?term=Lu%C4%8Di%C4%87+M&cauthor_id=38864770
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stock concentration did not result in increased MHQ oxidizing activity. The presence of  
1 M ammonium sulfate in the working stock increased the ABTS oxidizing activity but 
decreased the MHQ oxidizing activity (Publication III, Fig. 3). Furthermore, the activity of 
ScDyPB depended on the pH of the enzyme working stock, and the effects were 
differential depending on the substrate used. The ABTS oxidizing activity was higher 
when the enzyme was prepared in a working stock at pH 4.0 compared to pH 7.5  
(Figure 12; Publication III, Fig. 2A). Conversely, the opposite trend was observed with 
MHQ, where higher activity was seen when the enzyme was from the working stock 
prepared at pH 7.5 (Figure 12; Publication III, Fig. 2B). As mentioned previously, DLS 
analysis indicates that the lower pH and the presence of ammonium sulfate promote a 
higher oligomeric state of DyP (Figure 14; Publication III, Fig. 5, Table 1). Therefore, 
higher oligomeric forms appear to favor ABTS oxidation, which is promoted by the lower 
pH of the working stock, whereas lower oligomeric forms favor MHQ oxidation. These 
results suggest that different oligomeric forms may play distinct roles in the catalysis of 
ABTS and MHQ oxidation. The findings from these activity measurements (Figure 13, 
Figure 14; Publication III, Fig. 2, Fig. 3), along with the analysis of size distribution of 
ScDyPB, allowed us to propose a model involving different oligomeric forms. 

Our model (Figure 16; Publication III, Fig. 6B) is based on four key assumptions:  
(i) ScDyPB exists in two enzyme forms: one with a high degree of 

oligomerization (HDO) and another with a low degree of oligomerization 
(LDO).  

(ii) ABTS can be oxidized via LRET at the surface binding site, whereas the 
oxidation of MHQ requires direct contact with Cpd I. 

(iii) ABTS causes substrate inhibition by competing with H2O2 for binding to the 
heme resting state, thereby hindering the formation of Cpd I. 

(iv) Both ABTS and MHQ can directly access the heme and Cpd I only in the LDO 
form. H2O2 can access the heme in both LDO and HDO forms of ScDyPB.  

 
 

 
 



45 

ScDyPB has a channel leading to the heme that is accessible to reducing substrates in 
the LDO form. The proposed model assumed that this access is obstructed in the HDO 
form. Although oxidation of ABTS can occur in the HDO form, the oxidation of MHQ is 
only possible in the LDO form and is suppressed in the HDO form. Non-productive binding 
of ABTS to the enzyme’s resting state, leading to substrate inhibition by ABTS, occurs only 
in the LDO form. Consequently, the oxidizing activity of ABTS increases as substrate 
inhibition is relieved in the HDO form. In this model, HDO and LDO forms would 
correspond to enzyme forms I and II in Equation 7, respectively. However, since the heme 
access channel is blocked in the HDO form, the oxidizing activity of MHQ decreases. It is 
important to note that potential substrate inhibition by MHQ and the direct oxidation of 
ABTS (without using LRET) were not considered in this model for simplicity, as they do 
not influence the overall outcome. Although consistent with our results, this mechanism 
would require further studies. 

 

Figure 16. The schematic representation of mechanism for the oxidation of ABTS and MHQ by 
ScDyPB, as proposed in Publication III. ScDyPB exists as an equilibrium of two kinetically different, 
LDO and HDO forms. For the sake of simplicity, the LDO and HDO forms are represented as 
monomers and dimers, respectively. 
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 A recent study by Lučić et al. 2024 on the oligomeric states of DyPs from S. lividans 
and their impact on substrate oxidation provides some insights. S. lividans is highly 
similar to S. coelicolor, with the type B DyP, DtpB, sharing 94% similarity to ScDyPB. DtpB 
exists as a mixture of hexamer, dimer, and dodecamer. In DtpB, the access channels to 
and from the heme are accessible in different oligomeric states, including the 
dodecamer. However, it was proposed that the low activity of DtpB with synthetic dyes 
may partly be attributed to their inability to pass through the access channels in the 
hexamer, preventing them from approaching the heme, as well as to the absence of a 
LRET pathway [184]. If the HDO form corresponds to a hexamer, the heme is still 
accessible, as the heme is not positioned at the oligomerization interface (Publications II 
& III). However, if the heme is accessible to the reducing substrate in the dodecamer of 
ScDyPB, then the HDO form cannot correspond to a dodecamer. Further studies on the 
catalytic activity of DyPs with varying degrees of oligomerization are needed to 
determine whether our proposed model is true. 

5.3 Activity on organosolv lignin 

S. coelicolor is a Gram-positive bacterium known for utilizing laccases for lignin 
degradation [2]. We hypothesized that an ensemble of DyPs might also be necessary for 
lignin degradation. To test this hypothesis, we characterized three ScDyPs and assessed 
their effects on lignin. Our results demonstrated that ScDyPs were active on lignin. 
ScDyPAs were capable of depolymerizing lignin derived from aspen biomass, while the 
opposite effect was observed with ScDyPB. The treatment of Mxg biomass-derived lignin 
with ScDyPB led to lignin polymerization (Figure 15; Publication I, Fig. 5). This outcome is 
not uncommon due to the involvement of reactive radical species [185].  

ScDyPB, which exhibited the highest activity in oxidizing ABTS, had the greatest impact 
on monolignols, significantly reducing the amount of these LMW compounds in the 
supernatant of Mxg-lignin. Only 2–9% of the peak area was retained after treatment or, 
in some cases, was even rendered undetectable. Most likely, as the soluble LMW 
compounds are oxidized and the generated radicals combine with insoluble lignin, these 
compounds remain in the pellet fraction after centrifugation. These results suggest that 
ScDyPs could be an effective tool for removing LMW phenolic compounds. While GC-MS 
analysis did not determine the complete content of monolignols, it provided a potential 
explanation for the results of size distribution analysis. Since Mxg-lignin contains more 
H-units than aspen lignin, it seems that a higher number of H-units enhances 
(re)polymerization by increasing crosslinking potential. In summary, DyPs from S. coelicolor 
can be considered lignin-active enzymes capable of remodeling organosolv lignin.  
Even if their application on lignin may not be highly effective, DyPs could replace classic 
peroxidases for other applications, such as dye degradation or even immunoassays [186].  

https://pubmed.ncbi.nlm.nih.gov/?term=Lu%C4%8Di%C4%87+M&cauthor_id=38864770
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Conclusions 

This thesis contributes to the understanding of DyPs by studying A- and B-type DyPs from 
the Gram-positive bacteria S. coelicolor and T. halotolerans, providing novel insights into 
the relationship between the oligomeric state and kinetic properties, as well as the 
mechanisms underlying the non-conventional kinetics of these enzymes and their 
activity on lignin.  
 
The main conclusions are as follows:  

• Non-productive complexes with H2O2 and reducing substrate are responsible for 
substrate inhibition. 

• Productive complex with two single-electron donating substrate molecules may 
be responsible for apparent positive cooperativity observed with ThDyP.  

• ScDyPB exists as a mixture of enzyme forms with different degrees of 
oligomerization and different kinetic properties. 

• ScDyPs can modify organosolv lignin; ScDyPB can polymerize grassy biomass-
derived lignin and ScDyPAs can depolymerize hardwood-derived lignin.  
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Abstract 

Characterization of bacterial dye-decolorizing peroxidases 

Lignocellulosic biomass is widely distributed in nature and serves as a renewable carbon 
source. It consists of three biopolymers: cellulose, hemicellulose, and lignin. Cellulose is 
extensively utilized in the wood and paper industries, as well as in biorefineries. During 
these industrial processes, lignin is generated as a by-product and is typically burned for 
energy production. To date, the potential of polyphenolic lignin as a starting material for 
the chemical industry has been recognized. However, the utilization of lignin is 
complicated by its complex and heterogeneous structure. In nature, lignin is broken 
down by various fungi and bacteria that use a rich collection of enzymes. These same 
enzymes could be harnessed in industrial processes to break down lignin into smaller 
fragments, facilitating its further use. Dye-decolorizing peroxidases (DyPs) continue to 
attract research interest due to their ability to degrade lignin. In my research, I studied 
four different bacterial dye-decolorizing peroxidases (DyPs): three DyPs from the soil 
bacterium Streptomyces coelicolor (ScDyP1A, ScDyP2A, ScDyPB) and one from the 
bacterium Thermobifida halotolerans (ThDyP). 

DyPs are heme-dependent enzymes that catalyze the oxidation of various substrates 
using hydrogen peroxide. These enzymes operate via a ping-pong mechanism, 
alternating between the resting state and the reactive intermediate states known as 
compound I (Cpd I) and compound II (Cpd II). Enzyme kinetics is crucial for characterizing 
and understanding the potential of enzymes. While enzymes are typically described using 
Michaelis-Menten kinetics, the kinetics of DyPs is often more complex and exhibits 
substrate inhibition as well as apparent positive cooperativity. One of the aims of my 
doctoral thesis was to investigate molecular mechanisms underlying the unusual kinetics 
of DyPs. 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) was used as the 
main model substrate, along with dyes and hydroquinones. Oxidation of ABTS was 
substrate inhibited by ABTS in the case of both ThDyP and ScDyPB, whereas substrate 
inhibition by H2O2 was observed only in the case of ThDyP. The irreversible inactivation 
of DyPs upon incubation with H2O2 in the absence of a reducing substrate suggests that 
a non-productive complex forms between H2O2 and Cpd I. A non-productive complex also 
forms between ABTS and the resting state ThDyP. We concluded that non-productive 
complexes between ABTS and the resting state of the enzyme, as well as between H2O2 
and Cpd I / Cpd II, are responsible for the substrate inhibition. The kinetics of ThDyP was 
further complicated by the presence of apparent positive cooperativity. This 
cooperativity was observed with a substrate capable of donating only one electron 
(ABTS), but not with substrates that can donate two electrons (such as hydroquinones 
and dyes). We proposed a hypothesis that the positive cooperativity arises from the need 
for ThDyP to bind two ABTS molecules simultaneously. We solved the crystal structure 
of ThDyP (PDB: 8CK9), which, along with gel filtration chromatography results, indicates 
that ThDyP exists as a dimer in its native form. Therefore, the usual cooperative 
mechanisms involving the true “cooperation” between two subunits cannot be excluded. 

DyPs can exist as monomers as well as larger oligomers. However, very little is known 
about the relationships between the degree of oligomerization and catalytic activity of 
DyPs. To investigate whether such a connection exists, we conducted a comprehensive 
kinetic and size distribution analysis of ScDyPB, using ABTS and methylhydroquinone 
(MHQ) as reducing substrates. For both substrates, there was an unusual activity 
dependence of enzyme reactions on the concentration and pH of the enzyme working 
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stock used to initiate the reactions. In addition, the effects on enzyme activity were 
opposite depending on the substrate (ABTS or MHQ). For example, lowering the pH of 
the enzyme working stock from 7.5 to 4.0 resulted in an increase in ABTS oxidation 
activity, while the oxidation activity of MHQ decreased. We proposed that the oxidation 
of these substrates involves different mechanisms. MHQ is oxidized in direct contact with 
heme, while the oxidation of ABTS can also occur on the protein surface through the 
electron transfer pathway between the protein surface and heme. The dependency of 
the rate of the oxidation of ABTS on its concentration was best described by a model in 
which ScDyPB exists as two kinetically distinct enzyme forms. Both forms operate via the 
ping-pong mechanism, but one is substrate-inhibited by ABTS, while the other is not. Gel 
filtration chromatography and dynamic light scattering revealed that ScDyPB exists as a 
mixture of molecules of different sizes. We proposed a simplified model in which ScDyPB 
exists as an equilibrium mixture of low and high oligomerization forms with different 
kinetic properties. Moreover, the equilibrium of these two forms is influenced by the 
concentration of the enzyme in solution and the pH. This work paves the way for a better 
understanding of the role of oligomerization in DyPs.  

DyPs are of particular interest to our research group due to their ability to act on lignin. 
We tested ScDyPs on organosolv lignins derived from both hardwood and herbaceous 
biomass. The lignin was dissolved and incubated overnight with ScDyPs, after which we 
analyzed the size distribution and molecular weight changes of the lignins using gel 
permeation chromatography. Our results showed that ScDyPB treatment led to the 
polymerization of lignin from herbaceous plants, while treatment of hardwood lignin 
with ScDyPAs resulted in a decrease in molecular weight. Additionally, we examined the 
soluble fractions of lignin from these same treatments using gas chromatography-mass 
spectrometry. We observed a reduction in the amount of soluble monolignols in the 
lignin supernatant following ScDyP treatment. These findings demonstrate that ScDyPs 
are effective in utilizing lignin as a substrate. 
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Lühikokkuvõte 

Bakteriaalsete värvi pleegitavate peroksüdaaside 
iseloomustamine 

Lignotselluloosne biomass on looduses laialdaselt levinud taastuv süsinikuallikas, mis 
koosneb kolmest biopolümeerist: tselluloosist, hemitselluloosist ja ligniinist. Tselluloosi 
kasutatakse puidu- ja paberitööstuses ning biorafineerimistehastes. Nende 
tööstusprotsesside käigus tekib kõrvalproduktina ligniin, mis enamasti põletatakse 
energia tootmiseks. Polüfenoolne ligniin on keemiatööstuse jaoks (alg)materjalina 
väärtuslik allikas, kuid selle kasutamist raskendab tema keeruline ja heterogeenne 
struktuur. Looduses lagundavad ligniini mitmed seened ning bakterid, kasutades selleks 
erinevate ensüümide abi. Neid samu ensüüme saaks rakendada tööstuslikes 
protsessides, et ligniin teha väiksemateks fragmentideks ja hõlbustada sellega ligniini 
edasist kasutamist. Värvi pleegitavad peroksüdaasid (DyP-d) on jäänud teadlaste 
huviorbiiti just tänu oma võimele lagundada ligniini. Oma doktoritöös uurisin nelja 
erinevat bakteriaalset DyP peroksüdaasi: kolm DyP-d mullabakterist Streptomyces 
coelicolor (ScDyP1A, ScDyP2A, ScDyPB) ja üks bakterist Thermobifida halotolerans 
(ThDyP).  

DyP-d on heem-sõltuvad ensüümid, mis katalüüsivad mitmete erinevate substraatide 
oksüdatsiooni, kasutades selleks vesinikperoksiidi. Need ensüümid töötavad ping-pong 
mehhanismi alusel, kus DyP hüpleb edasi-tagasi puhkeoleku ja reaktiivsete vaheolekute, 
ühend I (Cpd I) ja ühend II (Cpd II), vahel. Nende ensüümide iseloomustamiseks ning 
nende potentsiaali mõistmiseks kasutatakse ensüümkineetikat. Kui tavapäraselt saab 
ensüüme kirjeldada Michaelis-Menteni kineetika abil, siis DyP-de kineetika teeb 
keeruliseks nii tihti esinev substraatinhibitsioon kui ka näiline positiivne kooperatiivsus. 
Minu doktoritöö üheks eesmärgiks oli välja selgitada, millised molekulaarsed 
mehhanismid tingivad DyP-de ebahariliku kineetika. Põhilise mudelsubstraadina 
kasutasime ühendit 2,2’-asiino-bis(3-etüülbensotiasoliin-6-sulfoonhape) (ABTS), kuid ka 
värve ja hüdrokinoone. Nii ThDyP kui ka ScDyPB puhul inhibeeris ABTS iseenda 
oksüdeerimist, H2O2 põhjustas substraatinhibitsiooni ainult ThDyP puhul. DyP-de 
pöördumatu inaktiveerumine inkubeerimisel H2O2-ga redutseeriva substraadi 
puudumisel viitas sellele, et ThDyP ja ScDyPB puhul moodustub H2O2 ja Cpd I vahel mitte-
produktiivne kompleks. Samuti tekib mitte-produktiivne kompleks ABTS-i ja puhkeolekus 
ThDyP vahel. Kokkuvõttes järeldasime, et substraatinhibitsiooni põhjustavad mitte-
produktiivsed kompleksid ABTS-i ja ensüümi puhkeoleku vahel ning H2O2 ja Cpd I / Cpd II 
vahel. ThDyP kineetika tegi veel keerukamaks näiline positiivne kooperatiivsus. 
Kooperatiivsus esines substraadi puhul, mis on võimeline loovutama vaid ühe elektroni 
(ABTS), kuid mitte nende substraatidega, mis saavad loovutada kaks elektroni 
(hüdrokinoonid ja värvid). Pakkusime välja hüpoteesi, mille kohaselt on positiivse 
kooperatiivsuse põhjuseks ThDyP vajadus seostada samaaegselt kaks ABTS-i molekuli. 
Lahendasime ThDyP kristallstruktuuri (PDB: 8CK9). Kristallstruktuuri ning ka 
geelfiltratsiooni põhjal esineb ThDyP natiivsel kujul dimeerina, seega ei ole välistatud ka 
tavapärased, kahe subühiku koostööl põhinevad kooperatiivsuse mehhanismid. 

DyP-d võivad esineda nii monomeeridena kui ka suuremate oligomeeridena. 
Varasemalt puudusid uuringud DyP-de oligomerisatsiooni ja katalüütilise aktiivsuse 
seose kohta. Selleks et välja selgitada, kas selline seos esineb, viisime läbi põhjalikuma 
ScDyPB kineetilise kui ka suuruse jaotuse analüüsi. Redutseerivate substraatidena 



64 

kasutasime ABTS-i ja metüülhüdrokinooni (MHQ). Mõlema substraadi puhul sõltus 
aktiivsus reaktsioonide käivitamiseks kasutatud ensüümi vahelahjenduse 
kontsentratsioonist ning pH-st. Lisaks oli mõju ensüümreaktsioonide aktiivsusele 
vastupidised, sõltuvalt kasutatud substraadist (ABTS või MHQ). Näiteks põhjustas 
ensüümi vahelahjenduse pH alandamine 7,5-lt 4,0-le aktiivsuse suurenemist ABTS-i 
oksüdatsioonil, samas kui MHQ oksüdeerimise aktiivsus hoopis langes. Saadud tulemuste 
põhjal pakkusime välja, et nende substraatide oksüdatsioonil kasutatakse erinevaid 
mehhanisme. MHQ oksüdeeritakse vahetus kontaktis heemiga, kuid ABTS-i 
oksüdeerimine on võimalik ka valgu pinnal, kasutades elektronide ülekande ahelat valgu 
pinna ja heemi vahel. Kiiruse sõltuvus ABTS-i kontsentratsioonist oli kõige paremini 
kirjeldatav mudeliga, mille kohaselt ScDyPB esineb kahe kineetiliselt erineva 
ensüümivormina. Mõlemad vormid töötavad ping-pong mehhanismi alusel, kuid üks 
neist on ABTS-i poolt substraatinhibeeritud, teine mitte. Geelfiltratsioonkromatograafia 
ning dünaamilise valguse hajumise abil selgitasime välja, et ScDyPB esineb eri suurusega 
molekulide seguna. Pakkusime välja lihtsustatud mudeli, milles ScDyPB esineb madala ja 
kõrge oligomerisatsiooniastmega vormide tasakaalulise seguna, millel on erinevad 
kineetilised omadused. Saadud tulemustega on tehtud esimesed sammud, et DyP-de 
oligomerisatsiooni rolli paremini mõista.   

DyP-d on meie uurimisrühma jaoks huvipakkuvateks ensüümideks nende aktiivsuse 
tõttu ligniinil. Katsetasime ScDyP-sid lehtpuu ning rohttaime biomassidest pärit 
organosolv-ligniinidel. Lahustatud ligniini inkubeerisime üle öö ScDyP-de juuresolekul. 
Ligniinide molekulmassi jaotust ja ensüümtöötluse mõju sellele analüüsisime 
geelpermetatsioonkromatograafiaga. Nendest tulemustest lähtus, et ScDyPB töötluse 
tulemusena rohttaime ligniin polümeriseerub. Vastupidist efekti nägime lehtpuu ligniini 
töötlemisel ScDyPA-dega, mille tulemusel ligniini molekulmass vähenes. Samast 
töötlusest pärit ligniini lahustuvat fraktsiooni analüüsisime gaasikromatograafia-
massispektromeetriaga. Nägime, et ScDyP-de toimel väheneb monolignoolide hulk 
ligniini lahustuvas fraktsioonis. Tehtud katsed näitasid, et ScDyP-d on võimelised 
kasutama ligniini substraadina.  
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Appendix 1  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Publication I 
Pupart, H.; Jõul, P.; Bramanis, M. I.; Lukk, T. Characterization of the Ensemble of Lignin 
Remodeling DyP-Type Peroxidases from Streptomyces coelicolor A3(2). Energies 2023, 
16, 1557. https://doi.org/10.3390/en16031557. 
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Appendix 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Publication II 
Pupart, H.; Lukk, T.; Väljamäe, P. Dye-decolorizing peroxidase of Thermobifida 
halotolerance displays complex kinetics with both substrate inhibition and apparent 
positive cooperativity. Arch Biochem Biophys 2024, 754, 109931. 
https://doi.org/10.1016/j.abb.2024.109931. 
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Appendix 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Publication III 
Pupart, H.*; Vastšjonok, D.*; Lukk, T. and Väljamäe, P. Dye-Decolorizing Peroxidase 
of Streptomyces coelicolor (ScDyPB) Exists as a Dynamic Mixture of Kinetically Different 
Oligomers. ACS Omega 2024, 9, 3866‒3876. https://doi.org/10.1021/acsomega.3c07963. 
*These authors contributed equally. 
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�5 �jbnb]b]]ke�bêgg�V. *	��	���	����
����
	Q��	��%o�\�l̂lfp���u$��$!"�Hz!"y!%�y'���+�$(%T%S)
��	,�$X%�%S*��I���	
$�%(��P��+�+�
�U	��
�
��+
�5	
	�6���*�

��	�����

����Q�5�
%�p�mnpsg]_btgbfp~gb̂̀]jmbfp��u�$��$ z�%� #'-�6���$�%SX��
�
�	5�$�%S�
���	��$G%S.��	$V%SV	
�	$X%S-����$X%(�6
����	��+��������������
�Z�	�������������Q�������	Z��+�
�U	��
�(���
�5�jlml̂̀ajb_ke]k]kc̀_g
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