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Abstract 

Ancestral sequence reconstruction is an approach to resurrect extinct enzymes 
based on phylogenetic analysis of enzyme families. In this study, a dataset 
containing 14000 DyP sequences was collected and subjected to an iterative process 
of removing redundancy, realignment, building a phylogenetic tree and manual 
inspection. This resulted in a robust and representative dataset of 641 DyP 
sequences. A phylogenetic tree was constructed which confirmed the existence of 
several distinct DyP subfamilies. The DyP ancestor of a group of extant fungal 
DyPs (node 74) was resurrected as well as its alternative state: AncDyP74 and 
AncAltDyP74. The two proteins were overexpressed as SUMO-tagged enzymes 
and purified. Both DyPs were purified as soluble, heme-containing, and active 
enzymes. The peroxidase activities of the enzymes using different substrates was 
examined, confirming their activity on various dyes. The ancestral DyPs were found 
to be moderately thermostable. 
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6.1 Introduction 
Enzymes are capable of catalyzing conversions with a high degree of selectivity. 
This makes them attractive as biocatalysts for use in synthetic chemistry or other 
applications. However, enzymes often are not sufficiently stable to be used at higher 
temperatures or other non-physiological conditions and usually have a narrow 
substrate scope. This makes exploring the activity and promiscuity of ancestral 
enzymes an interesting opportunity. Ancestral enzymes are derived from modern 
enzymes by using an approach known as ancestral sequence reconstruction (ASR). 
ASR can give us hints about ancient protein functions and the underlying 
evolutionary events. The resurrection of ancient proteins in the laboratory facilitates 
the analysis of the properties of these enzymes and may confirm or disprove 
evolutionary hypotheses. The power of this technique has presented itself through 
the resurrection of truly ancient and functional proteins from the Precambrian 
period as well as in the explanation of how enzymes evolved to acquire the 
mechanisms and functions that they have today.[1] 

In biochemistry, the comparison of extant sequences in pursue of disclosing the 
determinants of enzyme function is referred to as “horizontal approach”. A vertical 
approach however takes into consideration the evolutionary history of proteins and 
provides valuable input to identify crucial amino acid differences. This approach 
takes into consideration the internal nodes of a phylogenetic tree and considers the 
chronology of mutations.[2,3] Thus, ASR is an in-silico approach to deduce the 
sequences of ancient proteins from the sequences of homologous extant proteins.[4] 
This procedure was first proposed by Pauling and Zuckerkandl in 1963 when they 
showed that modern proteins contain enough information to resurrect old protein 
sequences[5]. 

To perform ASR, a comprehensive and unbiased set of homologous sequences 
from the targeted family is collected. Depending on the sequence divergence of the 
enzyme family, different tools can aid this process based on sequence homology 
(BLAST) and Hidden-Markov Model (HMM) profiling. A multiple sequence 
alignment (MSA) is constructed and the substitution model calculated to describe 
the evolution of the dataset. The next crucial step consists in inferring the 
phylogeny. Once a robust tree is available and with the MSA and the substitution 
model, the reconstruction is performed and ancestors (sequences) at each 
divergence point (nodes in the phylogeny) can be inferred. 

For a number of enzyme families, ASR has been performed. Intriguingly, 
resurrected ancestral proteins often were found to be rather thermostable compared 
to the extant proteins. Several hypotheses have been put forward to explain this 
phenomenon. The higher thermostability may reflect the harsh conditions at which 
the ancestral proteins operated in the past. It may also be the result of a bias in the 
predicted ancestral sequences and comes close to the effects when applying the so-
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called consensus method to generate stable proteins.[6] Whatever the reason may be, 
it appears that ASR can be effective in generating robust variants of a particular 
enzyme family.[7] 

In the context of our study, it is worth noting that in recent years ASR has been 
performed on fungal peroxidases that belong to the peroxidase-catalase 
superfamily[8], which harbors the versatile peroxidases, lignin peroxidases and 
manganese peroxidases. In an attempt to resurrect extinct peroxidases from the end 
of the Carboniferous period, Ayuso-Fernandez and co-workers decided to select 
113 genes from 10 sequenced genomes and to perform ASR upon them.[1] This era 
was chosen as it was the period where the first ligninolytic enzymes (incl. 
peroxidases) must have appeared. These enzymes would originate from Polyporales 
species. The first lignin degrading peroxidase is supposedly a Mn2+ peroxidase 
(oxidizing phenolic lignin) that, according to the ASR study, would not change until 
the appearance of an exposed tryptophan (oxidizing non-phenolic lignin) to yield a 
versatile peroxidase. Later, another evolutionary event resulted in the loss of the 
Mn2+ binding site, generating the first lignin peroxidase that evolved to the extant 
form by improving catalytic efficiency. After the appearance of the exposed catalytic 
tryptophan, an increase in stability at acidic pH was seen, leading to an increase in 
the oxidizing power of these enzymes.[1,9] Recently, it was shown that the evolution 
of fungal peroxidases involved in lignin degradation paralleled the evolution of 
woody plants.[10] These ASR studies revealed details on how peroxidases of this 
particular peroxidase family have evolved to fulfill their current tasks. 

In this chapter, we describe an ASR study of the family of DyP-type peroxidases 
(DyPs). By this, we aimed at generating a robust DyP. DyPs were first discovered 
by Kim and Shoda where they identified a gene from Geotrichum candidum Dec1 that 
encodes for a novel type of peroxidase, and named it DyP.[11] DyPs have a 
characteristic feature of being able to decolorize various dyes such as 
anthraquinones and azo dyes, hence their name: Dye-decolorizing Peroxidases.[8] 
DyPs do not share sequence homology with the typical plant or animal peroxidases 
that belong to the peroxidase-catalase superfamily. DyPs form a distinct peroxidase 
family that is part of the peroxidase-chlorite dismutase superfamily.[12] DyPs are 
found in fungi[13], but are much more abundant in bacteria[14–17]. They have been 
classified into four groups: A, B, C and D. While class A, B and C DyPs are mainly 
from bacterial origin, class D DyPs are mainly found in fungi. The C-type DyPs 
cluster more closely with class D DyPs and also display similar enzyme activity 
features.[18] A few examples of bacteria that contain DyPs are Bacteroides 
thetaiotaomicron, Shewanella oneidensis[19], Anabaena sp.[20], Escherichia coli[21] and 
Thermobifida fusca[17]. In fungi, DyPs can be found in Bjerkandera adusta[22], Marasmius 
scorodonius[23] and A. auricular-judae.[24] Behrens et al., (2016) described the expression 
of fungal DyPs using a cold-shock inducible expression system from E. coli. This 
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performed on fungal peroxidases that belong to the peroxidase-catalase 
superfamily[8], which harbors the versatile peroxidases, lignin peroxidases and 
manganese peroxidases. In an attempt to resurrect extinct peroxidases from the end 
of the Carboniferous period, Ayuso-Fernandez and co-workers decided to select 
113 genes from 10 sequenced genomes and to perform ASR upon them.[1] This era 
was chosen as it was the period where the first ligninolytic enzymes (incl. 
peroxidases) must have appeared. These enzymes would originate from Polyporales 
species. The first lignin degrading peroxidase is supposedly a Mn2+ peroxidase 
(oxidizing phenolic lignin) that, according to the ASR study, would not change until 
the appearance of an exposed tryptophan (oxidizing non-phenolic lignin) to yield a 
versatile peroxidase. Later, another evolutionary event resulted in the loss of the 
Mn2+ binding site, generating the first lignin peroxidase that evolved to the extant 
form by improving catalytic efficiency. After the appearance of the exposed catalytic 
tryptophan, an increase in stability at acidic pH was seen, leading to an increase in 
the oxidizing power of these enzymes.[1,9] Recently, it was shown that the evolution 
of fungal peroxidases involved in lignin degradation paralleled the evolution of 
woody plants.[10] These ASR studies revealed details on how peroxidases of this 
particular peroxidase family have evolved to fulfill their current tasks. 

In this chapter, we describe an ASR study of the family of DyP-type peroxidases 
(DyPs). By this, we aimed at generating a robust DyP. DyPs were first discovered 
by Kim and Shoda where they identified a gene from Geotrichum candidum Dec1 that 
encodes for a novel type of peroxidase, and named it DyP.[11] DyPs have a 
characteristic feature of being able to decolorize various dyes such as 
anthraquinones and azo dyes, hence their name: Dye-decolorizing Peroxidases.[8] 
DyPs do not share sequence homology with the typical plant or animal peroxidases 
that belong to the peroxidase-catalase superfamily. DyPs form a distinct peroxidase 
family that is part of the peroxidase-chlorite dismutase superfamily.[12] DyPs are 
found in fungi[13], but are much more abundant in bacteria[14–17]. They have been 
classified into four groups: A, B, C and D. While class A, B and C DyPs are mainly 
from bacterial origin, class D DyPs are mainly found in fungi. The C-type DyPs 
cluster more closely with class D DyPs and also display similar enzyme activity 
features.[18] A few examples of bacteria that contain DyPs are Bacteroides 
thetaiotaomicron, Shewanella oneidensis[19], Anabaena sp.[20], Escherichia coli[21] and 
Thermobifida fusca[17]. In fungi, DyPs can be found in Bjerkandera adusta[22], Marasmius 
scorodonius[23] and A. auricular-judae.[24] Behrens et al., (2016) described the expression 
of fungal DyPs using a cold-shock inducible expression system from E. coli. This 
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shows how difficult it is to have fungal DyPs expressed using bacterial hosts.[25] It 
has been suggested that DyPs play a role in lignin degradation, including some of 
the bacterial representatives.[26] Qin and co-workers showed that DyP-type 
peroxidases isolated from the fungus Irpex lacteus could act on lignin model 
compounds.[27] The degradation of lignin-like compounds by DyP-type peroxidases 
has been reported on several occasions[28,29]. DyPs may also develop as industrial 
biocatalysts for other processes, such as dye degradation. In fact, one DyP has 
already been marketed for its ability to degrade the food colorant β-carotene.[30] 

In this study we performed ASR on the family of DyPs in order to resurrect the 
fungal ancestors from the family. Two ancestral DyPs, AncDyP74 and 
AncAltDyP74 could be produced using E. coli as host and purified. Both DyPs were 
found to be active as peroxidase and appear as relatively robust enzymes. 

6.2 Experimental 
6.2.1 Phylogenetic analysis and Ancestral Sequence Reconstruction 
The Interpro family IPR006314 corresponding to DyPs (≈14000 sequences) plus 
the dataset gathered by Colpa[31] were used initially. To refine and get a 
representative and robust group of sequences, the following steps were performed 
successively: (i) remove redundancy by CD-HIT (initial sequence identity cut-off 
0.9), (ii) multiple sequence alignment in MAFFT v7, (iii) inferring phylogeny by 
Neighbor Joining (NJ) method and, (iv) manual inspection. After performing this 
process five times, a dataset of 641 sequences was obtained. This was employed to 
infer the phylogeny by Maximum Likelihood (in PhyML v3.0, 100/500 bootstraps) 
and Bayesian (in Mr. Bayes 3.2.6, until convergence <0.2) inference methods. Best-
fit model parameters were obtained by the Akaike information criterion in ProtTest 
v3.4. 

Ancestral sequence reconstruction was performed using the Maximum Likelihood 
inference method in PAMLX v.4.9. Sequences were analyzed using an empirical 
amino acid substitution model (model = 2), 4 gamma categories and Jones 
substitution matrix. The posterior probability distribution of ancestral states at each 
site was analyzed at targeted nodes. Sites were considered ambiguously 
reconstructed if alternative states displayed PP >0.2. 

6.2.2 Chemicals 
All chemicals were purchased from Sigma-Aldrich unless otherwise stated. 

6.2.3 Enzyme expression and purification 

Genes for expression of AncDyP74, AncAltDyP74 and AncDyP62 were ordered 
as codon optimized genes for expression in E. coli and ordered with BsaI overhangs 
from Thermofisher Scientific as GeneArtTMStringsTM. The genes were cloned using 
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the NEB® Golden Gate assembly method into a pBAD vector resulting in 
expression of the target protein with a His-tag at the N-terminus followed by a 
SUMO fusion protein. The pBAD-Histag-SUMO-AncDyP74, AncAltDyP74 or 
AncDyP62 vector was then transformed into E. coli NEB 10β competent cells (New 
England Biolabs) and grown overnight at 37 °C on Luria Bertani (LB) plates 
supplied with 50 µg.mL-1 ampicillin. For each clone, a single colony was picked from 
the plate and used to inoculate a 5 mL preculture of LB medium supplemented with 
ampicillin at a final concentration of 50 µg.mL-1. The preculture was then used to 
inoculate 500 mL terrific broth medium in a 2 L Erlenmeyer flask. The 500 mL 
culture was supplemented with ampicillin to reach a final concentration of 50 
µg.mL-1. The 500 mL culture was grown at 37 °C until the OD reached a value of 
0.6. Arabinose was added for induction to attain a final concentration of 0.02 % 
w/v. The culture was then transferred to a working temperature of 24 °C for 18 h. 
After 18 h, the cells were harvested by centrifuging the culture at 6000 x g for 20 
minutes. The cells were then resuspended in 15 mL of buffer A (50 mM potassium 
phosphate buffer [KPi], 0.5 M NaCl, 5% [v/v] glycerol, pH 8) and then the cells 
were lysed by sonication for 10 minutes with cycles of 10 s ON and 10 s OFF at 
70% amplitude. The lysate was then centrifuged at 12,000 rpm for 30 minutes at 4 
°C and the cell-free extract filtered through a Whatman FP 30/0.45 µm CA-S 
membrane syringe filter. 

The cell-free extract was then loaded using an AKTA Pure system (Chicago, IL, 
USA) onto a 5 mL Ni-NTA prepacked column which was previously equilibrated 
using 5 column volumes (CV) of buffer A. The bound protein was then washed 
using 5 CV buffer A followed by 5 CV buffer B (50 mM potassium phosphate 
buffer [KPi], 0.5 M NaCl, 5% [v/v] glycerol, 5 mM imidazole, pH 8). The protein 
was finally eluted using buffer C (50 mM potassium phosphate buffer [KPi], 0.5 M 
NaCl, 5% [v/v] glycerol, 500 mM imidazole, pH 8) until all the protein was washed 
off the column. The protein was desalted using an Econo-Pac® 10DG Desalting 
Prepacked Gravity Flow Column (BioRad) using buffer D (50 mM potassium 
phosphate buffer [KPi], 150 mM NaCl, 5% [v/v] glycerol, pH 8). The desalted 
protein fractions were analyzed by performing SDS-PAGE followed by staining 
using InstantBlueTM Protein Stain, to assess purity and size of the purified proteins. 

6.2.4 Determination of enzyme concentration 

The enzyme concentrations of AncDyP74 and AncAltDyP74 were determined 
based on the predicted molar extinction coefficient at 280 nm using the Protparam 
tool. The extinction coefficient of AncDyP74 and AncAltDyP74 is 29.575 mM-1cm-

1. UV/vis absorbance spectra were collected using 10 µM enzyme in potassium 
phosphate buffer 50 mM, pH 7.0. 
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6.1 Introduction 
Enzymes are capable of catalyzing conversions with a high degree of selectivity. 
This makes them attractive as biocatalysts for use in synthetic chemistry or other 
applications. However, enzymes often are not sufficiently stable to be used at higher 
temperatures or other non-physiological conditions and usually have a narrow 
substrate scope. This makes exploring the activity and promiscuity of ancestral 
enzymes an interesting opportunity. Ancestral enzymes are derived from modern 
enzymes by using an approach known as ancestral sequence reconstruction (ASR). 
ASR can give us hints about ancient protein functions and the underlying 
evolutionary events. The resurrection of ancient proteins in the laboratory facilitates 
the analysis of the properties of these enzymes and may confirm or disprove 
evolutionary hypotheses. The power of this technique has presented itself through 
the resurrection of truly ancient and functional proteins from the Precambrian 
period as well as in the explanation of how enzymes evolved to acquire the 
mechanisms and functions that they have today.[1] 

In biochemistry, the comparison of extant sequences in pursue of disclosing the 
determinants of enzyme function is referred to as “horizontal approach”. A vertical 
approach however takes into consideration the evolutionary history of proteins and 
provides valuable input to identify crucial amino acid differences. This approach 
takes into consideration the internal nodes of a phylogenetic tree and considers the 
chronology of mutations.[2,3] Thus, ASR is an in-silico approach to deduce the 
sequences of ancient proteins from the sequences of homologous extant proteins.[4] 
This procedure was first proposed by Pauling and Zuckerkandl in 1963 when they 
showed that modern proteins contain enough information to resurrect old protein 
sequences[5]. 

To perform ASR, a comprehensive and unbiased set of homologous sequences 
from the targeted family is collected. Depending on the sequence divergence of the 
enzyme family, different tools can aid this process based on sequence homology 
(BLAST) and Hidden-Markov Model (HMM) profiling. A multiple sequence 
alignment (MSA) is constructed and the substitution model calculated to describe 
the evolution of the dataset. The next crucial step consists in inferring the 
phylogeny. Once a robust tree is available and with the MSA and the substitution 
model, the reconstruction is performed and ancestors (sequences) at each 
divergence point (nodes in the phylogeny) can be inferred. 

For a number of enzyme families, ASR has been performed. Intriguingly, 
resurrected ancestral proteins often were found to be rather thermostable compared 
to the extant proteins. Several hypotheses have been put forward to explain this 
phenomenon. The higher thermostability may reflect the harsh conditions at which 
the ancestral proteins operated in the past. It may also be the result of a bias in the 
predicted ancestral sequences and comes close to the effects when applying the so-
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called consensus method to generate stable proteins.[6] Whatever the reason may be, 
it appears that ASR can be effective in generating robust variants of a particular 
enzyme family.[7] 

In the context of our study, it is worth noting that in recent years ASR has been 
performed on fungal peroxidases that belong to the peroxidase-catalase 
superfamily[8], which harbors the versatile peroxidases, lignin peroxidases and 
manganese peroxidases. In an attempt to resurrect extinct peroxidases from the end 
of the Carboniferous period, Ayuso-Fernandez and co-workers decided to select 
113 genes from 10 sequenced genomes and to perform ASR upon them.[1] This era 
was chosen as it was the period where the first ligninolytic enzymes (incl. 
peroxidases) must have appeared. These enzymes would originate from Polyporales 
species. The first lignin degrading peroxidase is supposedly a Mn2+ peroxidase 
(oxidizing phenolic lignin) that, according to the ASR study, would not change until 
the appearance of an exposed tryptophan (oxidizing non-phenolic lignin) to yield a 
versatile peroxidase. Later, another evolutionary event resulted in the loss of the 
Mn2+ binding site, generating the first lignin peroxidase that evolved to the extant 
form by improving catalytic efficiency. After the appearance of the exposed catalytic 
tryptophan, an increase in stability at acidic pH was seen, leading to an increase in 
the oxidizing power of these enzymes.[1,9] Recently, it was shown that the evolution 
of fungal peroxidases involved in lignin degradation paralleled the evolution of 
woody plants.[10] These ASR studies revealed details on how peroxidases of this 
particular peroxidase family have evolved to fulfill their current tasks. 

In this chapter, we describe an ASR study of the family of DyP-type peroxidases 
(DyPs). By this, we aimed at generating a robust DyP. DyPs were first discovered 
by Kim and Shoda where they identified a gene from Geotrichum candidum Dec1 that 
encodes for a novel type of peroxidase, and named it DyP.[11] DyPs have a 
characteristic feature of being able to decolorize various dyes such as 
anthraquinones and azo dyes, hence their name: Dye-decolorizing Peroxidases.[8] 
DyPs do not share sequence homology with the typical plant or animal peroxidases 
that belong to the peroxidase-catalase superfamily. DyPs form a distinct peroxidase 
family that is part of the peroxidase-chlorite dismutase superfamily.[12] DyPs are 
found in fungi[13], but are much more abundant in bacteria[14–17]. They have been 
classified into four groups: A, B, C and D. While class A, B and C DyPs are mainly 
from bacterial origin, class D DyPs are mainly found in fungi. The C-type DyPs 
cluster more closely with class D DyPs and also display similar enzyme activity 
features.[18] A few examples of bacteria that contain DyPs are Bacteroides 
thetaiotaomicron, Shewanella oneidensis[19], Anabaena sp.[20], Escherichia coli[21] and 
Thermobifida fusca[17]. In fungi, DyPs can be found in Bjerkandera adusta[22], Marasmius 
scorodonius[23] and A. auricular-judae.[24] Behrens et al., (2016) described the expression 
of fungal DyPs using a cold-shock inducible expression system from E. coli. This 
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shows how difficult it is to have fungal DyPs expressed using bacterial hosts.[25] It 
has been suggested that DyPs play a role in lignin degradation, including some of 
the bacterial representatives.[26] Qin and co-workers showed that DyP-type 
peroxidases isolated from the fungus Irpex lacteus could act on lignin model 
compounds.[27] The degradation of lignin-like compounds by DyP-type peroxidases 
has been reported on several occasions[28,29]. DyPs may also develop as industrial 
biocatalysts for other processes, such as dye degradation. In fact, one DyP has 
already been marketed for its ability to degrade the food colorant β-carotene.[30] 

In this study we performed ASR on the family of DyPs in order to resurrect the 
fungal ancestors from the family. Two ancestral DyPs, AncDyP74 and 
AncAltDyP74 could be produced using E. coli as host and purified. Both DyPs were 
found to be active as peroxidase and appear as relatively robust enzymes. 

6.2 Experimental 
6.2.1 Phylogenetic analysis and Ancestral Sequence Reconstruction 
The Interpro family IPR006314 corresponding to DyPs (≈14000 sequences) plus 
the dataset gathered by Colpa[31] were used initially. To refine and get a 
representative and robust group of sequences, the following steps were performed 
successively: (i) remove redundancy by CD-HIT (initial sequence identity cut-off 
0.9), (ii) multiple sequence alignment in MAFFT v7, (iii) inferring phylogeny by 
Neighbor Joining (NJ) method and, (iv) manual inspection. After performing this 
process five times, a dataset of 641 sequences was obtained. This was employed to 
infer the phylogeny by Maximum Likelihood (in PhyML v3.0, 100/500 bootstraps) 
and Bayesian (in Mr. Bayes 3.2.6, until convergence <0.2) inference methods. Best-
fit model parameters were obtained by the Akaike information criterion in ProtTest 
v3.4. 

Ancestral sequence reconstruction was performed using the Maximum Likelihood 
inference method in PAMLX v.4.9. Sequences were analyzed using an empirical 
amino acid substitution model (model = 2), 4 gamma categories and Jones 
substitution matrix. The posterior probability distribution of ancestral states at each 
site was analyzed at targeted nodes. Sites were considered ambiguously 
reconstructed if alternative states displayed PP >0.2. 

6.2.2 Chemicals 
All chemicals were purchased from Sigma-Aldrich unless otherwise stated. 

6.2.3 Enzyme expression and purification 

Genes for expression of AncDyP74, AncAltDyP74 and AncDyP62 were ordered 
as codon optimized genes for expression in E. coli and ordered with BsaI overhangs 
from Thermofisher Scientific as GeneArtTMStringsTM. The genes were cloned using 
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the NEB® Golden Gate assembly method into a pBAD vector resulting in 
expression of the target protein with a His-tag at the N-terminus followed by a 
SUMO fusion protein. The pBAD-Histag-SUMO-AncDyP74, AncAltDyP74 or 
AncDyP62 vector was then transformed into E. coli NEB 10β competent cells (New 
England Biolabs) and grown overnight at 37 °C on Luria Bertani (LB) plates 
supplied with 50 µg.mL-1 ampicillin. For each clone, a single colony was picked from 
the plate and used to inoculate a 5 mL preculture of LB medium supplemented with 
ampicillin at a final concentration of 50 µg.mL-1. The preculture was then used to 
inoculate 500 mL terrific broth medium in a 2 L Erlenmeyer flask. The 500 mL 
culture was supplemented with ampicillin to reach a final concentration of 50 
µg.mL-1. The 500 mL culture was grown at 37 °C until the OD reached a value of 
0.6. Arabinose was added for induction to attain a final concentration of 0.02 % 
w/v. The culture was then transferred to a working temperature of 24 °C for 18 h. 
After 18 h, the cells were harvested by centrifuging the culture at 6000 x g for 20 
minutes. The cells were then resuspended in 15 mL of buffer A (50 mM potassium 
phosphate buffer [KPi], 0.5 M NaCl, 5% [v/v] glycerol, pH 8) and then the cells 
were lysed by sonication for 10 minutes with cycles of 10 s ON and 10 s OFF at 
70% amplitude. The lysate was then centrifuged at 12,000 rpm for 30 minutes at 4 
°C and the cell-free extract filtered through a Whatman FP 30/0.45 µm CA-S 
membrane syringe filter. 

The cell-free extract was then loaded using an AKTA Pure system (Chicago, IL, 
USA) onto a 5 mL Ni-NTA prepacked column which was previously equilibrated 
using 5 column volumes (CV) of buffer A. The bound protein was then washed 
using 5 CV buffer A followed by 5 CV buffer B (50 mM potassium phosphate 
buffer [KPi], 0.5 M NaCl, 5% [v/v] glycerol, 5 mM imidazole, pH 8). The protein 
was finally eluted using buffer C (50 mM potassium phosphate buffer [KPi], 0.5 M 
NaCl, 5% [v/v] glycerol, 500 mM imidazole, pH 8) until all the protein was washed 
off the column. The protein was desalted using an Econo-Pac® 10DG Desalting 
Prepacked Gravity Flow Column (BioRad) using buffer D (50 mM potassium 
phosphate buffer [KPi], 150 mM NaCl, 5% [v/v] glycerol, pH 8). The desalted 
protein fractions were analyzed by performing SDS-PAGE followed by staining 
using InstantBlueTM Protein Stain, to assess purity and size of the purified proteins. 

6.2.4 Determination of enzyme concentration 

The enzyme concentrations of AncDyP74 and AncAltDyP74 were determined 
based on the predicted molar extinction coefficient at 280 nm using the Protparam 
tool. The extinction coefficient of AncDyP74 and AncAltDyP74 is 29.575 mM-1cm-

1. UV/vis absorbance spectra were collected using 10 µM enzyme in potassium 
phosphate buffer 50 mM, pH 7.0. 
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6.1 Introduction 
Enzymes are capable of catalyzing conversions with a high degree of selectivity. 
This makes them attractive as biocatalysts for use in synthetic chemistry or other 
applications. However, enzymes often are not sufficiently stable to be used at higher 
temperatures or other non-physiological conditions and usually have a narrow 
substrate scope. This makes exploring the activity and promiscuity of ancestral 
enzymes an interesting opportunity. Ancestral enzymes are derived from modern 
enzymes by using an approach known as ancestral sequence reconstruction (ASR). 
ASR can give us hints about ancient protein functions and the underlying 
evolutionary events. The resurrection of ancient proteins in the laboratory facilitates 
the analysis of the properties of these enzymes and may confirm or disprove 
evolutionary hypotheses. The power of this technique has presented itself through 
the resurrection of truly ancient and functional proteins from the Precambrian 
period as well as in the explanation of how enzymes evolved to acquire the 
mechanisms and functions that they have today.[1] 

In biochemistry, the comparison of extant sequences in pursue of disclosing the 
determinants of enzyme function is referred to as “horizontal approach”. A vertical 
approach however takes into consideration the evolutionary history of proteins and 
provides valuable input to identify crucial amino acid differences. This approach 
takes into consideration the internal nodes of a phylogenetic tree and considers the 
chronology of mutations.[2,3] Thus, ASR is an in-silico approach to deduce the 
sequences of ancient proteins from the sequences of homologous extant proteins.[4] 
This procedure was first proposed by Pauling and Zuckerkandl in 1963 when they 
showed that modern proteins contain enough information to resurrect old protein 
sequences[5]. 

To perform ASR, a comprehensive and unbiased set of homologous sequences 
from the targeted family is collected. Depending on the sequence divergence of the 
enzyme family, different tools can aid this process based on sequence homology 
(BLAST) and Hidden-Markov Model (HMM) profiling. A multiple sequence 
alignment (MSA) is constructed and the substitution model calculated to describe 
the evolution of the dataset. The next crucial step consists in inferring the 
phylogeny. Once a robust tree is available and with the MSA and the substitution 
model, the reconstruction is performed and ancestors (sequences) at each 
divergence point (nodes in the phylogeny) can be inferred. 

For a number of enzyme families, ASR has been performed. Intriguingly, 
resurrected ancestral proteins often were found to be rather thermostable compared 
to the extant proteins. Several hypotheses have been put forward to explain this 
phenomenon. The higher thermostability may reflect the harsh conditions at which 
the ancestral proteins operated in the past. It may also be the result of a bias in the 
predicted ancestral sequences and comes close to the effects when applying the so-
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called consensus method to generate stable proteins.[6] Whatever the reason may be, 
it appears that ASR can be effective in generating robust variants of a particular 
enzyme family.[7] 

In the context of our study, it is worth noting that in recent years ASR has been 
performed on fungal peroxidases that belong to the peroxidase-catalase 
superfamily[8], which harbors the versatile peroxidases, lignin peroxidases and 
manganese peroxidases. In an attempt to resurrect extinct peroxidases from the end 
of the Carboniferous period, Ayuso-Fernandez and co-workers decided to select 
113 genes from 10 sequenced genomes and to perform ASR upon them.[1] This era 
was chosen as it was the period where the first ligninolytic enzymes (incl. 
peroxidases) must have appeared. These enzymes would originate from Polyporales 
species. The first lignin degrading peroxidase is supposedly a Mn2+ peroxidase 
(oxidizing phenolic lignin) that, according to the ASR study, would not change until 
the appearance of an exposed tryptophan (oxidizing non-phenolic lignin) to yield a 
versatile peroxidase. Later, another evolutionary event resulted in the loss of the 
Mn2+ binding site, generating the first lignin peroxidase that evolved to the extant 
form by improving catalytic efficiency. After the appearance of the exposed catalytic 
tryptophan, an increase in stability at acidic pH was seen, leading to an increase in 
the oxidizing power of these enzymes.[1,9] Recently, it was shown that the evolution 
of fungal peroxidases involved in lignin degradation paralleled the evolution of 
woody plants.[10] These ASR studies revealed details on how peroxidases of this 
particular peroxidase family have evolved to fulfill their current tasks. 

In this chapter, we describe an ASR study of the family of DyP-type peroxidases 
(DyPs). By this, we aimed at generating a robust DyP. DyPs were first discovered 
by Kim and Shoda where they identified a gene from Geotrichum candidum Dec1 that 
encodes for a novel type of peroxidase, and named it DyP.[11] DyPs have a 
characteristic feature of being able to decolorize various dyes such as 
anthraquinones and azo dyes, hence their name: Dye-decolorizing Peroxidases.[8] 
DyPs do not share sequence homology with the typical plant or animal peroxidases 
that belong to the peroxidase-catalase superfamily. DyPs form a distinct peroxidase 
family that is part of the peroxidase-chlorite dismutase superfamily.[12] DyPs are 
found in fungi[13], but are much more abundant in bacteria[14–17]. They have been 
classified into four groups: A, B, C and D. While class A, B and C DyPs are mainly 
from bacterial origin, class D DyPs are mainly found in fungi. The C-type DyPs 
cluster more closely with class D DyPs and also display similar enzyme activity 
features.[18] A few examples of bacteria that contain DyPs are Bacteroides 
thetaiotaomicron, Shewanella oneidensis[19], Anabaena sp.[20], Escherichia coli[21] and 
Thermobifida fusca[17]. In fungi, DyPs can be found in Bjerkandera adusta[22], Marasmius 
scorodonius[23] and A. auricular-judae.[24] Behrens et al., (2016) described the expression 
of fungal DyPs using a cold-shock inducible expression system from E. coli. This 
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6.2.5 Protein modeling 

The structural model of AncDyP74 was constructed using the Swiss-Model 
automated protein homology modeling server[32] using its protein sequence as the 
input sequence. Each of the amino acids that were ambiguously reconstructed in 
AncAltDyP74 were highlighted using red spheres in PyMOL Molecular Graphics 
System version 2.0.7. 

6.2.6 Enzyme activity measurements 

The extinction coefficient of various dyes was determined using a fixed 
concentration of the dye. Then, a spectrum scan was collected to identify the 
wavelength showing the highest absorbance of the dye. Using the known 
concentration and the absorbance, the extinction coefficient was determined. The 
activity measurements were done in citrate buffer 50 mM at pH 4.0 and using 
hydrogen peroxide to a final concentration of 100 µM in the cuvette unless 
otherwise stated. Enzyme, AncDyP74 or AncAltDyP74, was added to a final 
concentration of 50 nM to start the reaction. For Reactive Black 5 (RB5), 
AncDyP74 and AncAltDyP74 was added to a final concentration of 500 nM to start 
the reaction. The dyes were tested at varying concentrations to determine the KM 
and kcat of the enzyme with each of the various dyes. The dyes tested include: ABTS, 
Reactive Blue 19 (RB19), Reactive Blue 4 (RB4), Reactive Black 5 (RB5) and Direct 
Blue 71 (DB71). The activity in the presence of H2O2 as a substrate was determined 
using ABTS at a concentration of 100 µM in the reaction cuvette. Activity with 
ABTS was tested using 50 mM citrate buffer, pH 3.0. In order to establish the pH 
optimal for activity, kobs values were determined for AncDyP74 and AncAltDyP74 
using ABTS as substrate at various pH values, at room temperature. The pH values 
selected ranged from pH 3.0 to pH 8.0. Mn2+ was also tested as substrate by 
monitoring the Mn3+ malonate formation at 270 nm (ε270= 11.6 mM-1cm-1). The 
assay was performed using a series of dilutions of MnSO4 in 0.1 M sodium malonate 
buffer of pH 4.5 at room temperature and the reaction was started by the addition 
of 100 µM hydrogen peroxide. A control was performed without the addition of 
enzyme. 

6.2.7 Effect of changing the expression host on the activity of AncDyP74  

The pBAD-His-SUMO-AncDyP74 vector was transformed into four different 
bacterial strains: E. coli BL21 DE3, E. coli BL21 DE3*, E. coli BL21 AI and E. coli 
C41. The cells were grown in TB medium (50 mL) and once the OD reached a 
value of 0.6, expression of the AncDyP74 was induced by adding an amount 
equivalent to 0.02% w/v arabinose as a final concentration. The cells were then 
harvested and sonicated. The enzyme was purified by using a gravity-flow column 
containing 0.5 mL volume of Ni-NTA resin. The resin was washed with 5 CV buffer 
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A and 5 CV buffer B before eluting with buffer C. The purified enzyme was loaded 
onto an Econo-Pac® 10DG Desalting Prepacked Gravity Flow Column (BioRad) 
pre-equilibrated with buffer D. Then the enzyme was eluted using buffer D. 

6.2.8 Effect of temperature on enzyme activity 

The effect of temperature on the activity of AncDyP74 and AncAltDyP74 was 
determined by monitoring enzyme activities in time, while incubating the enzyme 
at a fixed temperature. The enzyme activity was measured using ABTS as a substrate 
(100 µM) in the presence of H2O2 (100 µM) and citrate buffer 50 mM at pH 3. The 
temperatures used for incubating the enzyme were 30, 40 and 50 °C and incubation 
was done in a water bath. 

6.3 Results and Discussion 
6.3.1 Sequence analysis of the DyP family 

Employing the refined dataset of 641 sequences, a phylogeny was obtained 
recovering the already reported DyPs group A, B, C and D. Interestingly, while the 
A- and B-type DyPs form distinct phylogenetic groups, the C- and D- type DyPs 
are closely related (Figure 1). In this latter group, sequences from fungi cluster 
together forming exclusively the so-called class D. 
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6.1 Introduction 
Enzymes are capable of catalyzing conversions with a high degree of selectivity. 
This makes them attractive as biocatalysts for use in synthetic chemistry or other 
applications. However, enzymes often are not sufficiently stable to be used at higher 
temperatures or other non-physiological conditions and usually have a narrow 
substrate scope. This makes exploring the activity and promiscuity of ancestral 
enzymes an interesting opportunity. Ancestral enzymes are derived from modern 
enzymes by using an approach known as ancestral sequence reconstruction (ASR). 
ASR can give us hints about ancient protein functions and the underlying 
evolutionary events. The resurrection of ancient proteins in the laboratory facilitates 
the analysis of the properties of these enzymes and may confirm or disprove 
evolutionary hypotheses. The power of this technique has presented itself through 
the resurrection of truly ancient and functional proteins from the Precambrian 
period as well as in the explanation of how enzymes evolved to acquire the 
mechanisms and functions that they have today.[1] 

In biochemistry, the comparison of extant sequences in pursue of disclosing the 
determinants of enzyme function is referred to as “horizontal approach”. A vertical 
approach however takes into consideration the evolutionary history of proteins and 
provides valuable input to identify crucial amino acid differences. This approach 
takes into consideration the internal nodes of a phylogenetic tree and considers the 
chronology of mutations.[2,3] Thus, ASR is an in-silico approach to deduce the 
sequences of ancient proteins from the sequences of homologous extant proteins.[4] 
This procedure was first proposed by Pauling and Zuckerkandl in 1963 when they 
showed that modern proteins contain enough information to resurrect old protein 
sequences[5]. 

To perform ASR, a comprehensive and unbiased set of homologous sequences 
from the targeted family is collected. Depending on the sequence divergence of the 
enzyme family, different tools can aid this process based on sequence homology 
(BLAST) and Hidden-Markov Model (HMM) profiling. A multiple sequence 
alignment (MSA) is constructed and the substitution model calculated to describe 
the evolution of the dataset. The next crucial step consists in inferring the 
phylogeny. Once a robust tree is available and with the MSA and the substitution 
model, the reconstruction is performed and ancestors (sequences) at each 
divergence point (nodes in the phylogeny) can be inferred. 

For a number of enzyme families, ASR has been performed. Intriguingly, 
resurrected ancestral proteins often were found to be rather thermostable compared 
to the extant proteins. Several hypotheses have been put forward to explain this 
phenomenon. The higher thermostability may reflect the harsh conditions at which 
the ancestral proteins operated in the past. It may also be the result of a bias in the 
predicted ancestral sequences and comes close to the effects when applying the so-
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called consensus method to generate stable proteins.[6] Whatever the reason may be, 
it appears that ASR can be effective in generating robust variants of a particular 
enzyme family.[7] 

In the context of our study, it is worth noting that in recent years ASR has been 
performed on fungal peroxidases that belong to the peroxidase-catalase 
superfamily[8], which harbors the versatile peroxidases, lignin peroxidases and 
manganese peroxidases. In an attempt to resurrect extinct peroxidases from the end 
of the Carboniferous period, Ayuso-Fernandez and co-workers decided to select 
113 genes from 10 sequenced genomes and to perform ASR upon them.[1] This era 
was chosen as it was the period where the first ligninolytic enzymes (incl. 
peroxidases) must have appeared. These enzymes would originate from Polyporales 
species. The first lignin degrading peroxidase is supposedly a Mn2+ peroxidase 
(oxidizing phenolic lignin) that, according to the ASR study, would not change until 
the appearance of an exposed tryptophan (oxidizing non-phenolic lignin) to yield a 
versatile peroxidase. Later, another evolutionary event resulted in the loss of the 
Mn2+ binding site, generating the first lignin peroxidase that evolved to the extant 
form by improving catalytic efficiency. After the appearance of the exposed catalytic 
tryptophan, an increase in stability at acidic pH was seen, leading to an increase in 
the oxidizing power of these enzymes.[1,9] Recently, it was shown that the evolution 
of fungal peroxidases involved in lignin degradation paralleled the evolution of 
woody plants.[10] These ASR studies revealed details on how peroxidases of this 
particular peroxidase family have evolved to fulfill their current tasks. 

In this chapter, we describe an ASR study of the family of DyP-type peroxidases 
(DyPs). By this, we aimed at generating a robust DyP. DyPs were first discovered 
by Kim and Shoda where they identified a gene from Geotrichum candidum Dec1 that 
encodes for a novel type of peroxidase, and named it DyP.[11] DyPs have a 
characteristic feature of being able to decolorize various dyes such as 
anthraquinones and azo dyes, hence their name: Dye-decolorizing Peroxidases.[8] 
DyPs do not share sequence homology with the typical plant or animal peroxidases 
that belong to the peroxidase-catalase superfamily. DyPs form a distinct peroxidase 
family that is part of the peroxidase-chlorite dismutase superfamily.[12] DyPs are 
found in fungi[13], but are much more abundant in bacteria[14–17]. They have been 
classified into four groups: A, B, C and D. While class A, B and C DyPs are mainly 
from bacterial origin, class D DyPs are mainly found in fungi. The C-type DyPs 
cluster more closely with class D DyPs and also display similar enzyme activity 
features.[18] A few examples of bacteria that contain DyPs are Bacteroides 
thetaiotaomicron, Shewanella oneidensis[19], Anabaena sp.[20], Escherichia coli[21] and 
Thermobifida fusca[17]. In fungi, DyPs can be found in Bjerkandera adusta[22], Marasmius 
scorodonius[23] and A. auricular-judae.[24] Behrens et al., (2016) described the expression 
of fungal DyPs using a cold-shock inducible expression system from E. coli. This 
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6.2.5 Protein modeling 

The structural model of AncDyP74 was constructed using the Swiss-Model 
automated protein homology modeling server[32] using its protein sequence as the 
input sequence. Each of the amino acids that were ambiguously reconstructed in 
AncAltDyP74 were highlighted using red spheres in PyMOL Molecular Graphics 
System version 2.0.7. 

6.2.6 Enzyme activity measurements 

The extinction coefficient of various dyes was determined using a fixed 
concentration of the dye. Then, a spectrum scan was collected to identify the 
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buffer of pH 4.5 at room temperature and the reaction was started by the addition 
of 100 µM hydrogen peroxide. A control was performed without the addition of 
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containing 0.5 mL volume of Ni-NTA resin. The resin was washed with 5 CV buffer 

Expression and characterization of a resurrected DyP-type peroxidase 

 

107 
 

A and 5 CV buffer B before eluting with buffer C. The purified enzyme was loaded 
onto an Econo-Pac® 10DG Desalting Prepacked Gravity Flow Column (BioRad) 
pre-equilibrated with buffer D. Then the enzyme was eluted using buffer D. 

6.2.8 Effect of temperature on enzyme activity 

The effect of temperature on the activity of AncDyP74 and AncAltDyP74 was 
determined by monitoring enzyme activities in time, while incubating the enzyme 
at a fixed temperature. The enzyme activity was measured using ABTS as a substrate 
(100 µM) in the presence of H2O2 (100 µM) and citrate buffer 50 mM at pH 3. The 
temperatures used for incubating the enzyme were 30, 40 and 50 °C and incubation 
was done in a water bath. 

6.3 Results and Discussion 
6.3.1 Sequence analysis of the DyP family 

Employing the refined dataset of 641 sequences, a phylogeny was obtained 
recovering the already reported DyPs group A, B, C and D. Interestingly, while the 
A- and B-type DyPs form distinct phylogenetic groups, the C- and D- type DyPs 
are closely related (Figure 1). In this latter group, sequences from fungi cluster 
together forming exclusively the so-called class D. 
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6.1 Introduction 
Enzymes are capable of catalyzing conversions with a high degree of selectivity. 
This makes them attractive as biocatalysts for use in synthetic chemistry or other 
applications. However, enzymes often are not sufficiently stable to be used at higher 
temperatures or other non-physiological conditions and usually have a narrow 
substrate scope. This makes exploring the activity and promiscuity of ancestral 
enzymes an interesting opportunity. Ancestral enzymes are derived from modern 
enzymes by using an approach known as ancestral sequence reconstruction (ASR). 
ASR can give us hints about ancient protein functions and the underlying 
evolutionary events. The resurrection of ancient proteins in the laboratory facilitates 
the analysis of the properties of these enzymes and may confirm or disprove 
evolutionary hypotheses. The power of this technique has presented itself through 
the resurrection of truly ancient and functional proteins from the Precambrian 
period as well as in the explanation of how enzymes evolved to acquire the 
mechanisms and functions that they have today.[1] 

In biochemistry, the comparison of extant sequences in pursue of disclosing the 
determinants of enzyme function is referred to as “horizontal approach”. A vertical 
approach however takes into consideration the evolutionary history of proteins and 
provides valuable input to identify crucial amino acid differences. This approach 
takes into consideration the internal nodes of a phylogenetic tree and considers the 
chronology of mutations.[2,3] Thus, ASR is an in-silico approach to deduce the 
sequences of ancient proteins from the sequences of homologous extant proteins.[4] 
This procedure was first proposed by Pauling and Zuckerkandl in 1963 when they 
showed that modern proteins contain enough information to resurrect old protein 
sequences[5]. 

To perform ASR, a comprehensive and unbiased set of homologous sequences 
from the targeted family is collected. Depending on the sequence divergence of the 
enzyme family, different tools can aid this process based on sequence homology 
(BLAST) and Hidden-Markov Model (HMM) profiling. A multiple sequence 
alignment (MSA) is constructed and the substitution model calculated to describe 
the evolution of the dataset. The next crucial step consists in inferring the 
phylogeny. Once a robust tree is available and with the MSA and the substitution 
model, the reconstruction is performed and ancestors (sequences) at each 
divergence point (nodes in the phylogeny) can be inferred. 

For a number of enzyme families, ASR has been performed. Intriguingly, 
resurrected ancestral proteins often were found to be rather thermostable compared 
to the extant proteins. Several hypotheses have been put forward to explain this 
phenomenon. The higher thermostability may reflect the harsh conditions at which 
the ancestral proteins operated in the past. It may also be the result of a bias in the 
predicted ancestral sequences and comes close to the effects when applying the so-
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called consensus method to generate stable proteins.[6] Whatever the reason may be, 
it appears that ASR can be effective in generating robust variants of a particular 
enzyme family.[7] 

In the context of our study, it is worth noting that in recent years ASR has been 
performed on fungal peroxidases that belong to the peroxidase-catalase 
superfamily[8], which harbors the versatile peroxidases, lignin peroxidases and 
manganese peroxidases. In an attempt to resurrect extinct peroxidases from the end 
of the Carboniferous period, Ayuso-Fernandez and co-workers decided to select 
113 genes from 10 sequenced genomes and to perform ASR upon them.[1] This era 
was chosen as it was the period where the first ligninolytic enzymes (incl. 
peroxidases) must have appeared. These enzymes would originate from Polyporales 
species. The first lignin degrading peroxidase is supposedly a Mn2+ peroxidase 
(oxidizing phenolic lignin) that, according to the ASR study, would not change until 
the appearance of an exposed tryptophan (oxidizing non-phenolic lignin) to yield a 
versatile peroxidase. Later, another evolutionary event resulted in the loss of the 
Mn2+ binding site, generating the first lignin peroxidase that evolved to the extant 
form by improving catalytic efficiency. After the appearance of the exposed catalytic 
tryptophan, an increase in stability at acidic pH was seen, leading to an increase in 
the oxidizing power of these enzymes.[1,9] Recently, it was shown that the evolution 
of fungal peroxidases involved in lignin degradation paralleled the evolution of 
woody plants.[10] These ASR studies revealed details on how peroxidases of this 
particular peroxidase family have evolved to fulfill their current tasks. 

In this chapter, we describe an ASR study of the family of DyP-type peroxidases 
(DyPs). By this, we aimed at generating a robust DyP. DyPs were first discovered 
by Kim and Shoda where they identified a gene from Geotrichum candidum Dec1 that 
encodes for a novel type of peroxidase, and named it DyP.[11] DyPs have a 
characteristic feature of being able to decolorize various dyes such as 
anthraquinones and azo dyes, hence their name: Dye-decolorizing Peroxidases.[8] 
DyPs do not share sequence homology with the typical plant or animal peroxidases 
that belong to the peroxidase-catalase superfamily. DyPs form a distinct peroxidase 
family that is part of the peroxidase-chlorite dismutase superfamily.[12] DyPs are 
found in fungi[13], but are much more abundant in bacteria[14–17]. They have been 
classified into four groups: A, B, C and D. While class A, B and C DyPs are mainly 
from bacterial origin, class D DyPs are mainly found in fungi. The C-type DyPs 
cluster more closely with class D DyPs and also display similar enzyme activity 
features.[18] A few examples of bacteria that contain DyPs are Bacteroides 
thetaiotaomicron, Shewanella oneidensis[19], Anabaena sp.[20], Escherichia coli[21] and 
Thermobifida fusca[17]. In fungi, DyPs can be found in Bjerkandera adusta[22], Marasmius 
scorodonius[23] and A. auricular-judae.[24] Behrens et al., (2016) described the expression 
of fungal DyPs using a cold-shock inducible expression system from E. coli. This 
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Figure 1. Phylogeny of DyPs. The phylogenetic tree shows three well defined 
groups including already characterized sequences marked with circles from: Class A 
DyPs in red (PflDyPA, EfeB, DyPA, BsDyP, TcDyP, SviDyP, TfuDyP, TceDyP, 
ScoDyP and DtpA), Class B DyPs in blue (YfeX, TyrA, BlDyP, DyPB, PflDyP2B, 
PflDyP1B, PpDyP and DyPPa), Class C DyPs in dark green (SaDyP, DyP2 and 
AnaPx) and Class D DyPs in light green (GlDyP, FtrDyP, MepDyP, Msp1, Msp2, 
PsaDyP, PoDyP, DyP, TAP, Dyp Ilacteus, EglDyp and AauDyP).   

Taxonomic distribution among the fungal DyPs tree shows distinct clades of DyPs 
from Basidiomycetes and Ascomycetes (Figure 2). Ancestral sequence 
reconstruction was performed in this group and two nodes were selected for 
experimental characterization: the ancestor (node 62) of the group named III, which 
includes well-characterized DyPs from Basidiomycetes, and the ancestor (node 74) 
of group I, which is mainly composed of uncharacterized sequences and two 
Basidiomycete DyPs, FtrDyP from Funalia troggi[33] and GlDyP from Ganoderma 
lucidum. These sequences (AncDyP62 and AncDyP74, resp.) were reconstructed 
with posterior probabilities (PP) of 0.74 and 0.80, respectively (Figure 3). 
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Figure 2. Phylogeny of fungal (Class D) DyPs. The phylogenetic tree shows 
Ascomycota (yellow) and Basidiomycota (teal) sequences. Uniprot accession codes 
and genus names are presented and sequences already characterized are marked 
with light green circles. Three clusters were identified among basidiomycetes (I-III). 
The ancestors selected for experimental characterization are marked with red boxes.  
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Enzymes are capable of catalyzing conversions with a high degree of selectivity. 
This makes them attractive as biocatalysts for use in synthetic chemistry or other 
applications. However, enzymes often are not sufficiently stable to be used at higher 
temperatures or other non-physiological conditions and usually have a narrow 
substrate scope. This makes exploring the activity and promiscuity of ancestral 
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evolutionary events. The resurrection of ancient proteins in the laboratory facilitates 
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evolutionary hypotheses. The power of this technique has presented itself through 
the resurrection of truly ancient and functional proteins from the Precambrian 
period as well as in the explanation of how enzymes evolved to acquire the 
mechanisms and functions that they have today.[1] 

In biochemistry, the comparison of extant sequences in pursue of disclosing the 
determinants of enzyme function is referred to as “horizontal approach”. A vertical 
approach however takes into consideration the evolutionary history of proteins and 
provides valuable input to identify crucial amino acid differences. This approach 
takes into consideration the internal nodes of a phylogenetic tree and considers the 
chronology of mutations.[2,3] Thus, ASR is an in-silico approach to deduce the 
sequences of ancient proteins from the sequences of homologous extant proteins.[4] 
This procedure was first proposed by Pauling and Zuckerkandl in 1963 when they 
showed that modern proteins contain enough information to resurrect old protein 
sequences[5]. 

To perform ASR, a comprehensive and unbiased set of homologous sequences 
from the targeted family is collected. Depending on the sequence divergence of the 
enzyme family, different tools can aid this process based on sequence homology 
(BLAST) and Hidden-Markov Model (HMM) profiling. A multiple sequence 
alignment (MSA) is constructed and the substitution model calculated to describe 
the evolution of the dataset. The next crucial step consists in inferring the 
phylogeny. Once a robust tree is available and with the MSA and the substitution 
model, the reconstruction is performed and ancestors (sequences) at each 
divergence point (nodes in the phylogeny) can be inferred. 

For a number of enzyme families, ASR has been performed. Intriguingly, 
resurrected ancestral proteins often were found to be rather thermostable compared 
to the extant proteins. Several hypotheses have been put forward to explain this 
phenomenon. The higher thermostability may reflect the harsh conditions at which 
the ancestral proteins operated in the past. It may also be the result of a bias in the 
predicted ancestral sequences and comes close to the effects when applying the so-
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called consensus method to generate stable proteins.[6] Whatever the reason may be, 
it appears that ASR can be effective in generating robust variants of a particular 
enzyme family.[7] 

In the context of our study, it is worth noting that in recent years ASR has been 
performed on fungal peroxidases that belong to the peroxidase-catalase 
superfamily[8], which harbors the versatile peroxidases, lignin peroxidases and 
manganese peroxidases. In an attempt to resurrect extinct peroxidases from the end 
of the Carboniferous period, Ayuso-Fernandez and co-workers decided to select 
113 genes from 10 sequenced genomes and to perform ASR upon them.[1] This era 
was chosen as it was the period where the first ligninolytic enzymes (incl. 
peroxidases) must have appeared. These enzymes would originate from Polyporales 
species. The first lignin degrading peroxidase is supposedly a Mn2+ peroxidase 
(oxidizing phenolic lignin) that, according to the ASR study, would not change until 
the appearance of an exposed tryptophan (oxidizing non-phenolic lignin) to yield a 
versatile peroxidase. Later, another evolutionary event resulted in the loss of the 
Mn2+ binding site, generating the first lignin peroxidase that evolved to the extant 
form by improving catalytic efficiency. After the appearance of the exposed catalytic 
tryptophan, an increase in stability at acidic pH was seen, leading to an increase in 
the oxidizing power of these enzymes.[1,9] Recently, it was shown that the evolution 
of fungal peroxidases involved in lignin degradation paralleled the evolution of 
woody plants.[10] These ASR studies revealed details on how peroxidases of this 
particular peroxidase family have evolved to fulfill their current tasks. 

In this chapter, we describe an ASR study of the family of DyP-type peroxidases 
(DyPs). By this, we aimed at generating a robust DyP. DyPs were first discovered 
by Kim and Shoda where they identified a gene from Geotrichum candidum Dec1 that 
encodes for a novel type of peroxidase, and named it DyP.[11] DyPs have a 
characteristic feature of being able to decolorize various dyes such as 
anthraquinones and azo dyes, hence their name: Dye-decolorizing Peroxidases.[8] 
DyPs do not share sequence homology with the typical plant or animal peroxidases 
that belong to the peroxidase-catalase superfamily. DyPs form a distinct peroxidase 
family that is part of the peroxidase-chlorite dismutase superfamily.[12] DyPs are 
found in fungi[13], but are much more abundant in bacteria[14–17]. They have been 
classified into four groups: A, B, C and D. While class A, B and C DyPs are mainly 
from bacterial origin, class D DyPs are mainly found in fungi. The C-type DyPs 
cluster more closely with class D DyPs and also display similar enzyme activity 
features.[18] A few examples of bacteria that contain DyPs are Bacteroides 
thetaiotaomicron, Shewanella oneidensis[19], Anabaena sp.[20], Escherichia coli[21] and 
Thermobifida fusca[17]. In fungi, DyPs can be found in Bjerkandera adusta[22], Marasmius 
scorodonius[23] and A. auricular-judae.[24] Behrens et al., (2016) described the expression 
of fungal DyPs using a cold-shock inducible expression system from E. coli. This 
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Figure 1. Phylogeny of DyPs. The phylogenetic tree shows three well defined 
groups including already characterized sequences marked with circles from: Class A 
DyPs in red (PflDyPA, EfeB, DyPA, BsDyP, TcDyP, SviDyP, TfuDyP, TceDyP, 
ScoDyP and DtpA), Class B DyPs in blue (YfeX, TyrA, BlDyP, DyPB, PflDyP2B, 
PflDyP1B, PpDyP and DyPPa), Class C DyPs in dark green (SaDyP, DyP2 and 
AnaPx) and Class D DyPs in light green (GlDyP, FtrDyP, MepDyP, Msp1, Msp2, 
PsaDyP, PoDyP, DyP, TAP, Dyp Ilacteus, EglDyp and AauDyP).   

Taxonomic distribution among the fungal DyPs tree shows distinct clades of DyPs 
from Basidiomycetes and Ascomycetes (Figure 2). Ancestral sequence 
reconstruction was performed in this group and two nodes were selected for 
experimental characterization: the ancestor (node 62) of the group named III, which 
includes well-characterized DyPs from Basidiomycetes, and the ancestor (node 74) 
of group I, which is mainly composed of uncharacterized sequences and two 
Basidiomycete DyPs, FtrDyP from Funalia troggi[33] and GlDyP from Ganoderma 
lucidum. These sequences (AncDyP62 and AncDyP74, resp.) were reconstructed 
with posterior probabilities (PP) of 0.74 and 0.80, respectively (Figure 3). 
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Figure 2. Phylogeny of fungal (Class D) DyPs. The phylogenetic tree shows 
Ascomycota (yellow) and Basidiomycota (teal) sequences. Uniprot accession codes 
and genus names are presented and sequences already characterized are marked 
with light green circles. Three clusters were identified among basidiomycetes (I-III). 
The ancestors selected for experimental characterization are marked with red boxes.  
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Enzymes are capable of catalyzing conversions with a high degree of selectivity. 
This makes them attractive as biocatalysts for use in synthetic chemistry or other 
applications. However, enzymes often are not sufficiently stable to be used at higher 
temperatures or other non-physiological conditions and usually have a narrow 
substrate scope. This makes exploring the activity and promiscuity of ancestral 
enzymes an interesting opportunity. Ancestral enzymes are derived from modern 
enzymes by using an approach known as ancestral sequence reconstruction (ASR). 
ASR can give us hints about ancient protein functions and the underlying 
evolutionary events. The resurrection of ancient proteins in the laboratory facilitates 
the analysis of the properties of these enzymes and may confirm or disprove 
evolutionary hypotheses. The power of this technique has presented itself through 
the resurrection of truly ancient and functional proteins from the Precambrian 
period as well as in the explanation of how enzymes evolved to acquire the 
mechanisms and functions that they have today.[1] 

In biochemistry, the comparison of extant sequences in pursue of disclosing the 
determinants of enzyme function is referred to as “horizontal approach”. A vertical 
approach however takes into consideration the evolutionary history of proteins and 
provides valuable input to identify crucial amino acid differences. This approach 
takes into consideration the internal nodes of a phylogenetic tree and considers the 
chronology of mutations.[2,3] Thus, ASR is an in-silico approach to deduce the 
sequences of ancient proteins from the sequences of homologous extant proteins.[4] 
This procedure was first proposed by Pauling and Zuckerkandl in 1963 when they 
showed that modern proteins contain enough information to resurrect old protein 
sequences[5]. 

To perform ASR, a comprehensive and unbiased set of homologous sequences 
from the targeted family is collected. Depending on the sequence divergence of the 
enzyme family, different tools can aid this process based on sequence homology 
(BLAST) and Hidden-Markov Model (HMM) profiling. A multiple sequence 
alignment (MSA) is constructed and the substitution model calculated to describe 
the evolution of the dataset. The next crucial step consists in inferring the 
phylogeny. Once a robust tree is available and with the MSA and the substitution 
model, the reconstruction is performed and ancestors (sequences) at each 
divergence point (nodes in the phylogeny) can be inferred. 

For a number of enzyme families, ASR has been performed. Intriguingly, 
resurrected ancestral proteins often were found to be rather thermostable compared 
to the extant proteins. Several hypotheses have been put forward to explain this 
phenomenon. The higher thermostability may reflect the harsh conditions at which 
the ancestral proteins operated in the past. It may also be the result of a bias in the 
predicted ancestral sequences and comes close to the effects when applying the so-
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called consensus method to generate stable proteins.[6] Whatever the reason may be, 
it appears that ASR can be effective in generating robust variants of a particular 
enzyme family.[7] 

In the context of our study, it is worth noting that in recent years ASR has been 
performed on fungal peroxidases that belong to the peroxidase-catalase 
superfamily[8], which harbors the versatile peroxidases, lignin peroxidases and 
manganese peroxidases. In an attempt to resurrect extinct peroxidases from the end 
of the Carboniferous period, Ayuso-Fernandez and co-workers decided to select 
113 genes from 10 sequenced genomes and to perform ASR upon them.[1] This era 
was chosen as it was the period where the first ligninolytic enzymes (incl. 
peroxidases) must have appeared. These enzymes would originate from Polyporales 
species. The first lignin degrading peroxidase is supposedly a Mn2+ peroxidase 
(oxidizing phenolic lignin) that, according to the ASR study, would not change until 
the appearance of an exposed tryptophan (oxidizing non-phenolic lignin) to yield a 
versatile peroxidase. Later, another evolutionary event resulted in the loss of the 
Mn2+ binding site, generating the first lignin peroxidase that evolved to the extant 
form by improving catalytic efficiency. After the appearance of the exposed catalytic 
tryptophan, an increase in stability at acidic pH was seen, leading to an increase in 
the oxidizing power of these enzymes.[1,9] Recently, it was shown that the evolution 
of fungal peroxidases involved in lignin degradation paralleled the evolution of 
woody plants.[10] These ASR studies revealed details on how peroxidases of this 
particular peroxidase family have evolved to fulfill their current tasks. 

In this chapter, we describe an ASR study of the family of DyP-type peroxidases 
(DyPs). By this, we aimed at generating a robust DyP. DyPs were first discovered 
by Kim and Shoda where they identified a gene from Geotrichum candidum Dec1 that 
encodes for a novel type of peroxidase, and named it DyP.[11] DyPs have a 
characteristic feature of being able to decolorize various dyes such as 
anthraquinones and azo dyes, hence their name: Dye-decolorizing Peroxidases.[8] 
DyPs do not share sequence homology with the typical plant or animal peroxidases 
that belong to the peroxidase-catalase superfamily. DyPs form a distinct peroxidase 
family that is part of the peroxidase-chlorite dismutase superfamily.[12] DyPs are 
found in fungi[13], but are much more abundant in bacteria[14–17]. They have been 
classified into four groups: A, B, C and D. While class A, B and C DyPs are mainly 
from bacterial origin, class D DyPs are mainly found in fungi. The C-type DyPs 
cluster more closely with class D DyPs and also display similar enzyme activity 
features.[18] A few examples of bacteria that contain DyPs are Bacteroides 
thetaiotaomicron, Shewanella oneidensis[19], Anabaena sp.[20], Escherichia coli[21] and 
Thermobifida fusca[17]. In fungi, DyPs can be found in Bjerkandera adusta[22], Marasmius 
scorodonius[23] and A. auricular-judae.[24] Behrens et al., (2016) described the expression 
of fungal DyPs using a cold-shock inducible expression system from E. coli. This 
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A) 

B) 

Figure 3. Accuracy of the reconstruction. Graphs show the posterior probabilities 
(PP) per site in the reconstruction for A) AncDyP62 and B) AncDyP74.  

Expression of soluble and active AncDyP62 was found to be troublesome, 
preventing a biochemical characterization of this enzyme. In contrast, AncDyP74 
could be obtained as recombinant enzyme (vide infra). Hence, the AncDyP74 
sequence was analyzed in some more detail. A BLAST search was done using the 
ancestral AncDyP74 as the input sequence. The search was set such that the 
sequence would be compared to only the PDB database. Three sequences with the 
highest similarity were used for a multiple sequence alignment (Figure 4). The 
AncDyP74 sequence displays around 70% sequence identity to these extant close 
homologs in the Class D dataset. The AncDyP74 shares 61 % sequence identity 
with the DyP peroxidase from Pleurotus ostreatus and 50% identity with the DyP 
peroxidase from Bjerkandra adusta and the DyP from Auricularia auricular-judae.  
Differences in the sequence are roughly equally spread over the sequence. 

The reconstructed AncDyP74 sequence contains 80 sites that were ambiguously 
reconstructed (PP>0.2) among the 511 amino acids sequence. Therefore a sequence 
addressing all these ambiguous sites was also selected for experimental 
characterization: AncAltDyP74. In the multiple sequence alignment it can be seen 
that the residues that vary between AncDyP74 and AncAltDyP74 are often in 
regions that show also moderate homology with extant DyPs (Figure 4). A 
homology model showing the residues that are different between AncDyP74 and 
AncAltDyP74 can be seen in figure 5. Out of the 80 different residues, most of 
them are on the surface of the structural model (65). 
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Figure 4. A multiple sequence alignment of the two DyP74 variants and three fungal 
DyPs for which the crystal structure has been elucidated. The GxxDG DyP-specific 
sequence motif and the heme-iron coordinating histidine are indicated with a box 
and an arrow, respectively.  
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called consensus method to generate stable proteins.[6] Whatever the reason may be, 
it appears that ASR can be effective in generating robust variants of a particular 
enzyme family.[7] 

In the context of our study, it is worth noting that in recent years ASR has been 
performed on fungal peroxidases that belong to the peroxidase-catalase 
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manganese peroxidases. In an attempt to resurrect extinct peroxidases from the end 
of the Carboniferous period, Ayuso-Fernandez and co-workers decided to select 
113 genes from 10 sequenced genomes and to perform ASR upon them.[1] This era 
was chosen as it was the period where the first ligninolytic enzymes (incl. 
peroxidases) must have appeared. These enzymes would originate from Polyporales 
species. The first lignin degrading peroxidase is supposedly a Mn2+ peroxidase 
(oxidizing phenolic lignin) that, according to the ASR study, would not change until 
the appearance of an exposed tryptophan (oxidizing non-phenolic lignin) to yield a 
versatile peroxidase. Later, another evolutionary event resulted in the loss of the 
Mn2+ binding site, generating the first lignin peroxidase that evolved to the extant 
form by improving catalytic efficiency. After the appearance of the exposed catalytic 
tryptophan, an increase in stability at acidic pH was seen, leading to an increase in 
the oxidizing power of these enzymes.[1,9] Recently, it was shown that the evolution 
of fungal peroxidases involved in lignin degradation paralleled the evolution of 
woody plants.[10] These ASR studies revealed details on how peroxidases of this 
particular peroxidase family have evolved to fulfill their current tasks. 

In this chapter, we describe an ASR study of the family of DyP-type peroxidases 
(DyPs). By this, we aimed at generating a robust DyP. DyPs were first discovered 
by Kim and Shoda where they identified a gene from Geotrichum candidum Dec1 that 
encodes for a novel type of peroxidase, and named it DyP.[11] DyPs have a 
characteristic feature of being able to decolorize various dyes such as 
anthraquinones and azo dyes, hence their name: Dye-decolorizing Peroxidases.[8] 
DyPs do not share sequence homology with the typical plant or animal peroxidases 
that belong to the peroxidase-catalase superfamily. DyPs form a distinct peroxidase 
family that is part of the peroxidase-chlorite dismutase superfamily.[12] DyPs are 
found in fungi[13], but are much more abundant in bacteria[14–17]. They have been 
classified into four groups: A, B, C and D. While class A, B and C DyPs are mainly 
from bacterial origin, class D DyPs are mainly found in fungi. The C-type DyPs 
cluster more closely with class D DyPs and also display similar enzyme activity 
features.[18] A few examples of bacteria that contain DyPs are Bacteroides 
thetaiotaomicron, Shewanella oneidensis[19], Anabaena sp.[20], Escherichia coli[21] and 
Thermobifida fusca[17]. In fungi, DyPs can be found in Bjerkandera adusta[22], Marasmius 
scorodonius[23] and A. auricular-judae.[24] Behrens et al., (2016) described the expression 
of fungal DyPs using a cold-shock inducible expression system from E. coli. This 
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A) 

B) 

Figure 3. Accuracy of the reconstruction. Graphs show the posterior probabilities 
(PP) per site in the reconstruction for A) AncDyP62 and B) AncDyP74.  

Expression of soluble and active AncDyP62 was found to be troublesome, 
preventing a biochemical characterization of this enzyme. In contrast, AncDyP74 
could be obtained as recombinant enzyme (vide infra). Hence, the AncDyP74 
sequence was analyzed in some more detail. A BLAST search was done using the 
ancestral AncDyP74 as the input sequence. The search was set such that the 
sequence would be compared to only the PDB database. Three sequences with the 
highest similarity were used for a multiple sequence alignment (Figure 4). The 
AncDyP74 sequence displays around 70% sequence identity to these extant close 
homologs in the Class D dataset. The AncDyP74 shares 61 % sequence identity 
with the DyP peroxidase from Pleurotus ostreatus and 50% identity with the DyP 
peroxidase from Bjerkandra adusta and the DyP from Auricularia auricular-judae.  
Differences in the sequence are roughly equally spread over the sequence. 

The reconstructed AncDyP74 sequence contains 80 sites that were ambiguously 
reconstructed (PP>0.2) among the 511 amino acids sequence. Therefore a sequence 
addressing all these ambiguous sites was also selected for experimental 
characterization: AncAltDyP74. In the multiple sequence alignment it can be seen 
that the residues that vary between AncDyP74 and AncAltDyP74 are often in 
regions that show also moderate homology with extant DyPs (Figure 4). A 
homology model showing the residues that are different between AncDyP74 and 
AncAltDyP74 can be seen in figure 5. Out of the 80 different residues, most of 
them are on the surface of the structural model (65). 
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Figure 4. A multiple sequence alignment of the two DyP74 variants and three fungal 
DyPs for which the crystal structure has been elucidated. The GxxDG DyP-specific 
sequence motif and the heme-iron coordinating histidine are indicated with a box 
and an arrow, respectively.  
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6.1 Introduction 
Enzymes are capable of catalyzing conversions with a high degree of selectivity. 
This makes them attractive as biocatalysts for use in synthetic chemistry or other 
applications. However, enzymes often are not sufficiently stable to be used at higher 
temperatures or other non-physiological conditions and usually have a narrow 
substrate scope. This makes exploring the activity and promiscuity of ancestral 
enzymes an interesting opportunity. Ancestral enzymes are derived from modern 
enzymes by using an approach known as ancestral sequence reconstruction (ASR). 
ASR can give us hints about ancient protein functions and the underlying 
evolutionary events. The resurrection of ancient proteins in the laboratory facilitates 
the analysis of the properties of these enzymes and may confirm or disprove 
evolutionary hypotheses. The power of this technique has presented itself through 
the resurrection of truly ancient and functional proteins from the Precambrian 
period as well as in the explanation of how enzymes evolved to acquire the 
mechanisms and functions that they have today.[1] 

In biochemistry, the comparison of extant sequences in pursue of disclosing the 
determinants of enzyme function is referred to as “horizontal approach”. A vertical 
approach however takes into consideration the evolutionary history of proteins and 
provides valuable input to identify crucial amino acid differences. This approach 
takes into consideration the internal nodes of a phylogenetic tree and considers the 
chronology of mutations.[2,3] Thus, ASR is an in-silico approach to deduce the 
sequences of ancient proteins from the sequences of homologous extant proteins.[4] 
This procedure was first proposed by Pauling and Zuckerkandl in 1963 when they 
showed that modern proteins contain enough information to resurrect old protein 
sequences[5]. 

To perform ASR, a comprehensive and unbiased set of homologous sequences 
from the targeted family is collected. Depending on the sequence divergence of the 
enzyme family, different tools can aid this process based on sequence homology 
(BLAST) and Hidden-Markov Model (HMM) profiling. A multiple sequence 
alignment (MSA) is constructed and the substitution model calculated to describe 
the evolution of the dataset. The next crucial step consists in inferring the 
phylogeny. Once a robust tree is available and with the MSA and the substitution 
model, the reconstruction is performed and ancestors (sequences) at each 
divergence point (nodes in the phylogeny) can be inferred. 

For a number of enzyme families, ASR has been performed. Intriguingly, 
resurrected ancestral proteins often were found to be rather thermostable compared 
to the extant proteins. Several hypotheses have been put forward to explain this 
phenomenon. The higher thermostability may reflect the harsh conditions at which 
the ancestral proteins operated in the past. It may also be the result of a bias in the 
predicted ancestral sequences and comes close to the effects when applying the so-
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called consensus method to generate stable proteins.[6] Whatever the reason may be, 
it appears that ASR can be effective in generating robust variants of a particular 
enzyme family.[7] 

In the context of our study, it is worth noting that in recent years ASR has been 
performed on fungal peroxidases that belong to the peroxidase-catalase 
superfamily[8], which harbors the versatile peroxidases, lignin peroxidases and 
manganese peroxidases. In an attempt to resurrect extinct peroxidases from the end 
of the Carboniferous period, Ayuso-Fernandez and co-workers decided to select 
113 genes from 10 sequenced genomes and to perform ASR upon them.[1] This era 
was chosen as it was the period where the first ligninolytic enzymes (incl. 
peroxidases) must have appeared. These enzymes would originate from Polyporales 
species. The first lignin degrading peroxidase is supposedly a Mn2+ peroxidase 
(oxidizing phenolic lignin) that, according to the ASR study, would not change until 
the appearance of an exposed tryptophan (oxidizing non-phenolic lignin) to yield a 
versatile peroxidase. Later, another evolutionary event resulted in the loss of the 
Mn2+ binding site, generating the first lignin peroxidase that evolved to the extant 
form by improving catalytic efficiency. After the appearance of the exposed catalytic 
tryptophan, an increase in stability at acidic pH was seen, leading to an increase in 
the oxidizing power of these enzymes.[1,9] Recently, it was shown that the evolution 
of fungal peroxidases involved in lignin degradation paralleled the evolution of 
woody plants.[10] These ASR studies revealed details on how peroxidases of this 
particular peroxidase family have evolved to fulfill their current tasks. 

In this chapter, we describe an ASR study of the family of DyP-type peroxidases 
(DyPs). By this, we aimed at generating a robust DyP. DyPs were first discovered 
by Kim and Shoda where they identified a gene from Geotrichum candidum Dec1 that 
encodes for a novel type of peroxidase, and named it DyP.[11] DyPs have a 
characteristic feature of being able to decolorize various dyes such as 
anthraquinones and azo dyes, hence their name: Dye-decolorizing Peroxidases.[8] 
DyPs do not share sequence homology with the typical plant or animal peroxidases 
that belong to the peroxidase-catalase superfamily. DyPs form a distinct peroxidase 
family that is part of the peroxidase-chlorite dismutase superfamily.[12] DyPs are 
found in fungi[13], but are much more abundant in bacteria[14–17]. They have been 
classified into four groups: A, B, C and D. While class A, B and C DyPs are mainly 
from bacterial origin, class D DyPs are mainly found in fungi. The C-type DyPs 
cluster more closely with class D DyPs and also display similar enzyme activity 
features.[18] A few examples of bacteria that contain DyPs are Bacteroides 
thetaiotaomicron, Shewanella oneidensis[19], Anabaena sp.[20], Escherichia coli[21] and 
Thermobifida fusca[17]. In fungi, DyPs can be found in Bjerkandera adusta[22], Marasmius 
scorodonius[23] and A. auricular-judae.[24] Behrens et al., (2016) described the expression 
of fungal DyPs using a cold-shock inducible expression system from E. coli. This 
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Figure 5. A homology model of AncDyP74. Residues that vary between the two 
DyP74 variants (AncDyP74 and AncAltDyP74) are indicated by red spheres. 

6.3.2 Enzyme purification and characterization 

The expression of the ancestral DyP at node 62 (AncDyP62) was attempted but 
unfortunately failed. No protein could be expressed. This may be due to a wrongly 
predicted protein sequence or special requirements for the production of this fungal 
protein which are not met in Escherichia coli. Gratifyingly, expression of AncDyP74 
and AncAltDyP74 resulted in large amounts of soluble red-brownish proteins as 
could be expected for heme-containing proteins. Purified AncDyP74 could be 
obtained with a yield of 142 mg per liter of culture broth whereas AncAltDyp74 
was produced at a slightly lower level (100 mg.L-1). The Reinheitzahl (Rz) (A407/A280) 
values for AncDyP74 and AncAltDyP74 were 0.31 and 0.37, respectively, which is 
somewhat lower than the usual values reported for DyP peroxidases. Upon SDS-
PAGE the enzymes showed bands at 69 kDa corresponding to the predicted size 
of SUMO-fused AncDyP74 (68,992 kDa) and of AncAltDyP74 (68,735 Da). 

The UV/Vis absorbance spectra of AncDyP74 and AncAltDyP74 were virtually 
identical and showed a Soret band at 430 nm (Figure 6 shows the spectrum of 
AncDyP74). The position of the Soret band is at a relative high wavelength when 
compared to the wavelength at which the Soret band is usually found (i.e. 410 nm). 
Interestingly, the addition of hydrogen peroxide or sodium dithionite (1.0 mM) had 
no significant effect on the positioning and intensity of the absorbance band. This 
may indicate that both proteins exist mostly in an uncommon redox state, for 
example in a compound II state (see Scheme 1). The absorbance band seems to 
have a shoulder at around 410 nm which may suggest that a small portion of the 
enzyme is in the normal resting state. 
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Previously, it was found that a high expression level of TfuDyP resulted in protein 
not containing heme but rather the iron deficient heme precursor protoporphyrin 
IX. The expression of TfuDyP was tested in several E. coli strains in an attempt to 
help improve the activity of the already highly expressed enzyme.[34] To mimic this 
approach and the effect on the heme bound to AncDyP74, we decided to test the 
expression of AncDyP74 in alternative host cells: E. coli BL21 DE3, E. coli BL21 
DE3*, E. coli BL21 AI and E. coli C41. SDS-PAGE showed that only E. coli BL21 
AI was successful in expressing soluble AncDyP74. Yet, the expressed protein 
exhibited identical spectral properties with a Soret band at 430 nm.  

Resting peroxidase (Fe3+ state) + H2O2 → Compound I + H2O 

Compound I + AH2 → Compound II + AH• 

Compound II + AH2 → Resting peroxidase (Fe3+ state) + AH• + H2O 

Overall reaction: 

2AH2 + H2O2 → 2H2O + 2AH• 

Scheme 1: The two one-electron reduction mechanism for peroxidases.[12]  
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Figure 6. The absorbance spectrum of AncDyP74 in 50 mM potassium phosphate, 
pH 7.0. 

6.3.3 Enzyme kinetics 

The activity of the two ancestral DyPs, AncDyP74 and AncAltDyP74, was tested 
using ABTS, RB19, RB4, RB5, and DB71 as substrates using hydrogen peroxide as 
cosubstrate. All these dyes were found to be converted, showing that the 

Chapter VI 

102 
 

6.1 Introduction 
Enzymes are capable of catalyzing conversions with a high degree of selectivity. 
This makes them attractive as biocatalysts for use in synthetic chemistry or other 
applications. However, enzymes often are not sufficiently stable to be used at higher 
temperatures or other non-physiological conditions and usually have a narrow 
substrate scope. This makes exploring the activity and promiscuity of ancestral 
enzymes an interesting opportunity. Ancestral enzymes are derived from modern 
enzymes by using an approach known as ancestral sequence reconstruction (ASR). 
ASR can give us hints about ancient protein functions and the underlying 
evolutionary events. The resurrection of ancient proteins in the laboratory facilitates 
the analysis of the properties of these enzymes and may confirm or disprove 
evolutionary hypotheses. The power of this technique has presented itself through 
the resurrection of truly ancient and functional proteins from the Precambrian 
period as well as in the explanation of how enzymes evolved to acquire the 
mechanisms and functions that they have today.[1] 

In biochemistry, the comparison of extant sequences in pursue of disclosing the 
determinants of enzyme function is referred to as “horizontal approach”. A vertical 
approach however takes into consideration the evolutionary history of proteins and 
provides valuable input to identify crucial amino acid differences. This approach 
takes into consideration the internal nodes of a phylogenetic tree and considers the 
chronology of mutations.[2,3] Thus, ASR is an in-silico approach to deduce the 
sequences of ancient proteins from the sequences of homologous extant proteins.[4] 
This procedure was first proposed by Pauling and Zuckerkandl in 1963 when they 
showed that modern proteins contain enough information to resurrect old protein 
sequences[5]. 

To perform ASR, a comprehensive and unbiased set of homologous sequences 
from the targeted family is collected. Depending on the sequence divergence of the 
enzyme family, different tools can aid this process based on sequence homology 
(BLAST) and Hidden-Markov Model (HMM) profiling. A multiple sequence 
alignment (MSA) is constructed and the substitution model calculated to describe 
the evolution of the dataset. The next crucial step consists in inferring the 
phylogeny. Once a robust tree is available and with the MSA and the substitution 
model, the reconstruction is performed and ancestors (sequences) at each 
divergence point (nodes in the phylogeny) can be inferred. 

For a number of enzyme families, ASR has been performed. Intriguingly, 
resurrected ancestral proteins often were found to be rather thermostable compared 
to the extant proteins. Several hypotheses have been put forward to explain this 
phenomenon. The higher thermostability may reflect the harsh conditions at which 
the ancestral proteins operated in the past. It may also be the result of a bias in the 
predicted ancestral sequences and comes close to the effects when applying the so-
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called consensus method to generate stable proteins.[6] Whatever the reason may be, 
it appears that ASR can be effective in generating robust variants of a particular 
enzyme family.[7] 

In the context of our study, it is worth noting that in recent years ASR has been 
performed on fungal peroxidases that belong to the peroxidase-catalase 
superfamily[8], which harbors the versatile peroxidases, lignin peroxidases and 
manganese peroxidases. In an attempt to resurrect extinct peroxidases from the end 
of the Carboniferous period, Ayuso-Fernandez and co-workers decided to select 
113 genes from 10 sequenced genomes and to perform ASR upon them.[1] This era 
was chosen as it was the period where the first ligninolytic enzymes (incl. 
peroxidases) must have appeared. These enzymes would originate from Polyporales 
species. The first lignin degrading peroxidase is supposedly a Mn2+ peroxidase 
(oxidizing phenolic lignin) that, according to the ASR study, would not change until 
the appearance of an exposed tryptophan (oxidizing non-phenolic lignin) to yield a 
versatile peroxidase. Later, another evolutionary event resulted in the loss of the 
Mn2+ binding site, generating the first lignin peroxidase that evolved to the extant 
form by improving catalytic efficiency. After the appearance of the exposed catalytic 
tryptophan, an increase in stability at acidic pH was seen, leading to an increase in 
the oxidizing power of these enzymes.[1,9] Recently, it was shown that the evolution 
of fungal peroxidases involved in lignin degradation paralleled the evolution of 
woody plants.[10] These ASR studies revealed details on how peroxidases of this 
particular peroxidase family have evolved to fulfill their current tasks. 

In this chapter, we describe an ASR study of the family of DyP-type peroxidases 
(DyPs). By this, we aimed at generating a robust DyP. DyPs were first discovered 
by Kim and Shoda where they identified a gene from Geotrichum candidum Dec1 that 
encodes for a novel type of peroxidase, and named it DyP.[11] DyPs have a 
characteristic feature of being able to decolorize various dyes such as 
anthraquinones and azo dyes, hence their name: Dye-decolorizing Peroxidases.[8] 
DyPs do not share sequence homology with the typical plant or animal peroxidases 
that belong to the peroxidase-catalase superfamily. DyPs form a distinct peroxidase 
family that is part of the peroxidase-chlorite dismutase superfamily.[12] DyPs are 
found in fungi[13], but are much more abundant in bacteria[14–17]. They have been 
classified into four groups: A, B, C and D. While class A, B and C DyPs are mainly 
from bacterial origin, class D DyPs are mainly found in fungi. The C-type DyPs 
cluster more closely with class D DyPs and also display similar enzyme activity 
features.[18] A few examples of bacteria that contain DyPs are Bacteroides 
thetaiotaomicron, Shewanella oneidensis[19], Anabaena sp.[20], Escherichia coli[21] and 
Thermobifida fusca[17]. In fungi, DyPs can be found in Bjerkandera adusta[22], Marasmius 
scorodonius[23] and A. auricular-judae.[24] Behrens et al., (2016) described the expression 
of fungal DyPs using a cold-shock inducible expression system from E. coli. This 
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Figure 5. A homology model of AncDyP74. Residues that vary between the two 
DyP74 variants (AncDyP74 and AncAltDyP74) are indicated by red spheres. 

6.3.2 Enzyme purification and characterization 

The expression of the ancestral DyP at node 62 (AncDyP62) was attempted but 
unfortunately failed. No protein could be expressed. This may be due to a wrongly 
predicted protein sequence or special requirements for the production of this fungal 
protein which are not met in Escherichia coli. Gratifyingly, expression of AncDyP74 
and AncAltDyP74 resulted in large amounts of soluble red-brownish proteins as 
could be expected for heme-containing proteins. Purified AncDyP74 could be 
obtained with a yield of 142 mg per liter of culture broth whereas AncAltDyp74 
was produced at a slightly lower level (100 mg.L-1). The Reinheitzahl (Rz) (A407/A280) 
values for AncDyP74 and AncAltDyP74 were 0.31 and 0.37, respectively, which is 
somewhat lower than the usual values reported for DyP peroxidases. Upon SDS-
PAGE the enzymes showed bands at 69 kDa corresponding to the predicted size 
of SUMO-fused AncDyP74 (68,992 kDa) and of AncAltDyP74 (68,735 Da). 

The UV/Vis absorbance spectra of AncDyP74 and AncAltDyP74 were virtually 
identical and showed a Soret band at 430 nm (Figure 6 shows the spectrum of 
AncDyP74). The position of the Soret band is at a relative high wavelength when 
compared to the wavelength at which the Soret band is usually found (i.e. 410 nm). 
Interestingly, the addition of hydrogen peroxide or sodium dithionite (1.0 mM) had 
no significant effect on the positioning and intensity of the absorbance band. This 
may indicate that both proteins exist mostly in an uncommon redox state, for 
example in a compound II state (see Scheme 1). The absorbance band seems to 
have a shoulder at around 410 nm which may suggest that a small portion of the 
enzyme is in the normal resting state. 
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Previously, it was found that a high expression level of TfuDyP resulted in protein 
not containing heme but rather the iron deficient heme precursor protoporphyrin 
IX. The expression of TfuDyP was tested in several E. coli strains in an attempt to 
help improve the activity of the already highly expressed enzyme.[34] To mimic this 
approach and the effect on the heme bound to AncDyP74, we decided to test the 
expression of AncDyP74 in alternative host cells: E. coli BL21 DE3, E. coli BL21 
DE3*, E. coli BL21 AI and E. coli C41. SDS-PAGE showed that only E. coli BL21 
AI was successful in expressing soluble AncDyP74. Yet, the expressed protein 
exhibited identical spectral properties with a Soret band at 430 nm.  

Resting peroxidase (Fe3+ state) + H2O2 → Compound I + H2O 

Compound I + AH2 → Compound II + AH• 

Compound II + AH2 → Resting peroxidase (Fe3+ state) + AH• + H2O 

Overall reaction: 

2AH2 + H2O2 → 2H2O + 2AH• 

Scheme 1: The two one-electron reduction mechanism for peroxidases.[12]  
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Figure 6. The absorbance spectrum of AncDyP74 in 50 mM potassium phosphate, 
pH 7.0. 

6.3.3 Enzyme kinetics 

The activity of the two ancestral DyPs, AncDyP74 and AncAltDyP74, was tested 
using ABTS, RB19, RB4, RB5, and DB71 as substrates using hydrogen peroxide as 
cosubstrate. All these dyes were found to be converted, showing that the 
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6.1 Introduction 
Enzymes are capable of catalyzing conversions with a high degree of selectivity. 
This makes them attractive as biocatalysts for use in synthetic chemistry or other 
applications. However, enzymes often are not sufficiently stable to be used at higher 
temperatures or other non-physiological conditions and usually have a narrow 
substrate scope. This makes exploring the activity and promiscuity of ancestral 
enzymes an interesting opportunity. Ancestral enzymes are derived from modern 
enzymes by using an approach known as ancestral sequence reconstruction (ASR). 
ASR can give us hints about ancient protein functions and the underlying 
evolutionary events. The resurrection of ancient proteins in the laboratory facilitates 
the analysis of the properties of these enzymes and may confirm or disprove 
evolutionary hypotheses. The power of this technique has presented itself through 
the resurrection of truly ancient and functional proteins from the Precambrian 
period as well as in the explanation of how enzymes evolved to acquire the 
mechanisms and functions that they have today.[1] 

In biochemistry, the comparison of extant sequences in pursue of disclosing the 
determinants of enzyme function is referred to as “horizontal approach”. A vertical 
approach however takes into consideration the evolutionary history of proteins and 
provides valuable input to identify crucial amino acid differences. This approach 
takes into consideration the internal nodes of a phylogenetic tree and considers the 
chronology of mutations.[2,3] Thus, ASR is an in-silico approach to deduce the 
sequences of ancient proteins from the sequences of homologous extant proteins.[4] 
This procedure was first proposed by Pauling and Zuckerkandl in 1963 when they 
showed that modern proteins contain enough information to resurrect old protein 
sequences[5]. 

To perform ASR, a comprehensive and unbiased set of homologous sequences 
from the targeted family is collected. Depending on the sequence divergence of the 
enzyme family, different tools can aid this process based on sequence homology 
(BLAST) and Hidden-Markov Model (HMM) profiling. A multiple sequence 
alignment (MSA) is constructed and the substitution model calculated to describe 
the evolution of the dataset. The next crucial step consists in inferring the 
phylogeny. Once a robust tree is available and with the MSA and the substitution 
model, the reconstruction is performed and ancestors (sequences) at each 
divergence point (nodes in the phylogeny) can be inferred. 

For a number of enzyme families, ASR has been performed. Intriguingly, 
resurrected ancestral proteins often were found to be rather thermostable compared 
to the extant proteins. Several hypotheses have been put forward to explain this 
phenomenon. The higher thermostability may reflect the harsh conditions at which 
the ancestral proteins operated in the past. It may also be the result of a bias in the 
predicted ancestral sequences and comes close to the effects when applying the so-
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called consensus method to generate stable proteins.[6] Whatever the reason may be, 
it appears that ASR can be effective in generating robust variants of a particular 
enzyme family.[7] 

In the context of our study, it is worth noting that in recent years ASR has been 
performed on fungal peroxidases that belong to the peroxidase-catalase 
superfamily[8], which harbors the versatile peroxidases, lignin peroxidases and 
manganese peroxidases. In an attempt to resurrect extinct peroxidases from the end 
of the Carboniferous period, Ayuso-Fernandez and co-workers decided to select 
113 genes from 10 sequenced genomes and to perform ASR upon them.[1] This era 
was chosen as it was the period where the first ligninolytic enzymes (incl. 
peroxidases) must have appeared. These enzymes would originate from Polyporales 
species. The first lignin degrading peroxidase is supposedly a Mn2+ peroxidase 
(oxidizing phenolic lignin) that, according to the ASR study, would not change until 
the appearance of an exposed tryptophan (oxidizing non-phenolic lignin) to yield a 
versatile peroxidase. Later, another evolutionary event resulted in the loss of the 
Mn2+ binding site, generating the first lignin peroxidase that evolved to the extant 
form by improving catalytic efficiency. After the appearance of the exposed catalytic 
tryptophan, an increase in stability at acidic pH was seen, leading to an increase in 
the oxidizing power of these enzymes.[1,9] Recently, it was shown that the evolution 
of fungal peroxidases involved in lignin degradation paralleled the evolution of 
woody plants.[10] These ASR studies revealed details on how peroxidases of this 
particular peroxidase family have evolved to fulfill their current tasks. 

In this chapter, we describe an ASR study of the family of DyP-type peroxidases 
(DyPs). By this, we aimed at generating a robust DyP. DyPs were first discovered 
by Kim and Shoda where they identified a gene from Geotrichum candidum Dec1 that 
encodes for a novel type of peroxidase, and named it DyP.[11] DyPs have a 
characteristic feature of being able to decolorize various dyes such as 
anthraquinones and azo dyes, hence their name: Dye-decolorizing Peroxidases.[8] 
DyPs do not share sequence homology with the typical plant or animal peroxidases 
that belong to the peroxidase-catalase superfamily. DyPs form a distinct peroxidase 
family that is part of the peroxidase-chlorite dismutase superfamily.[12] DyPs are 
found in fungi[13], but are much more abundant in bacteria[14–17]. They have been 
classified into four groups: A, B, C and D. While class A, B and C DyPs are mainly 
from bacterial origin, class D DyPs are mainly found in fungi. The C-type DyPs 
cluster more closely with class D DyPs and also display similar enzyme activity 
features.[18] A few examples of bacteria that contain DyPs are Bacteroides 
thetaiotaomicron, Shewanella oneidensis[19], Anabaena sp.[20], Escherichia coli[21] and 
Thermobifida fusca[17]. In fungi, DyPs can be found in Bjerkandera adusta[22], Marasmius 
scorodonius[23] and A. auricular-judae.[24] Behrens et al., (2016) described the expression 
of fungal DyPs using a cold-shock inducible expression system from E. coli. This 
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reconstructed DyPs are catalytically competent. Interestingly, also manganese was 
found to be accepted as substrate. The Michaelis-Menten kinetic constants for each 
of ABTS, RB19, RB5, H2O2 and Mn2+ are shown in Table 1. Catalytic rates of the 
two DyPs on RB19 and ABTS are similar, while the KM values for AncAltDyP74 
are somewhat higher (2-4 fold). Irpex lacteus F17 DyP shows a kcat of 8356 s-1 and a 
KM of 62 µM when activity is tested using ABTS as a substrate.[35] And with RB19 
as a substrate, the kcat was reported to be 5345 s-1 (KM = 133 µM).[35] Clearly, the 
ancestral DyPs display lower activities, but the Irpex lacteus F17 DyP is also part of 
the Group III Class D DyPs (see Figure 2), not a descendant of DyP74 (Group I, 
see Figure 2). Interestingly, the catalytic rates and KM values found for the ancestral 
DyPs are close to the values obtained by FtrDyP when RB19, RB5 or ABTS was 
used as a substrate.[33] FtrDyP is the only descendant DyP for which biochemical 
data are available. The catalytic rates for the two DyP74s on Mn2+ are similar as well 
as the KM values. Again, they are also within the range of the activity previously 
noted by the extant enzyme FtrDyP.[33] The affinities of both DyPs for the dyes 
were quite high with KM values in the low µM range. Also for hydrogen peroxide 
relatively low KM values were found indicating that the resurrected DyPs perform 
well as peroxidases on ABTS, anthraquinone and azo dyes.  
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Table 1. The Michaelis-Menten constants for the reaction of AncDyP74 and 
AncAltDyP74 with ABTS, RB19, RB5, H2O2 and Mn2+. 

Substrate Enzyme kcat (s-1) KM (µM) kcat/KM (s-1µM-1) 

ABTS 
AncDyP74 5.4 12.1 0.44 

AncAltDyP74 4 21.3 0.18 

RB19 
AncDyP74 7.6 5.3 1.43 

AncAltDyP74 8.2 19.35 0.42 

RB5 
AncDyP74 1.15 58.8 0.019 

AncAltDyP74 0.21 14.4 0.014 

H2O2 a 
AncDyP74 3.5 24.5 0.14 

AncAltDyP74 3.4 13.3 0.25 

Mn2+ 
AncDyP74 0.07 966 7.5 x 10-5 

AncAltDyP74 0.06 951 6.3 x 10-5 

a Determined using 100 µM ABTS as a substrate. 

6.3.4 Optimal pH and temperature 

The optimal pH for activity for AncDyP74 and the AncAltDyP74 were found to 
be at a pH of 3.0 (Figure 7). This is similar to previously characterized DyPs of 
which optimal activity has been recorded at low pH values. [17]  
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6.1 Introduction 
Enzymes are capable of catalyzing conversions with a high degree of selectivity. 
This makes them attractive as biocatalysts for use in synthetic chemistry or other 
applications. However, enzymes often are not sufficiently stable to be used at higher 
temperatures or other non-physiological conditions and usually have a narrow 
substrate scope. This makes exploring the activity and promiscuity of ancestral 
enzymes an interesting opportunity. Ancestral enzymes are derived from modern 
enzymes by using an approach known as ancestral sequence reconstruction (ASR). 
ASR can give us hints about ancient protein functions and the underlying 
evolutionary events. The resurrection of ancient proteins in the laboratory facilitates 
the analysis of the properties of these enzymes and may confirm or disprove 
evolutionary hypotheses. The power of this technique has presented itself through 
the resurrection of truly ancient and functional proteins from the Precambrian 
period as well as in the explanation of how enzymes evolved to acquire the 
mechanisms and functions that they have today.[1] 

In biochemistry, the comparison of extant sequences in pursue of disclosing the 
determinants of enzyme function is referred to as “horizontal approach”. A vertical 
approach however takes into consideration the evolutionary history of proteins and 
provides valuable input to identify crucial amino acid differences. This approach 
takes into consideration the internal nodes of a phylogenetic tree and considers the 
chronology of mutations.[2,3] Thus, ASR is an in-silico approach to deduce the 
sequences of ancient proteins from the sequences of homologous extant proteins.[4] 
This procedure was first proposed by Pauling and Zuckerkandl in 1963 when they 
showed that modern proteins contain enough information to resurrect old protein 
sequences[5]. 

To perform ASR, a comprehensive and unbiased set of homologous sequences 
from the targeted family is collected. Depending on the sequence divergence of the 
enzyme family, different tools can aid this process based on sequence homology 
(BLAST) and Hidden-Markov Model (HMM) profiling. A multiple sequence 
alignment (MSA) is constructed and the substitution model calculated to describe 
the evolution of the dataset. The next crucial step consists in inferring the 
phylogeny. Once a robust tree is available and with the MSA and the substitution 
model, the reconstruction is performed and ancestors (sequences) at each 
divergence point (nodes in the phylogeny) can be inferred. 

For a number of enzyme families, ASR has been performed. Intriguingly, 
resurrected ancestral proteins often were found to be rather thermostable compared 
to the extant proteins. Several hypotheses have been put forward to explain this 
phenomenon. The higher thermostability may reflect the harsh conditions at which 
the ancestral proteins operated in the past. It may also be the result of a bias in the 
predicted ancestral sequences and comes close to the effects when applying the so-
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called consensus method to generate stable proteins.[6] Whatever the reason may be, 
it appears that ASR can be effective in generating robust variants of a particular 
enzyme family.[7] 

In the context of our study, it is worth noting that in recent years ASR has been 
performed on fungal peroxidases that belong to the peroxidase-catalase 
superfamily[8], which harbors the versatile peroxidases, lignin peroxidases and 
manganese peroxidases. In an attempt to resurrect extinct peroxidases from the end 
of the Carboniferous period, Ayuso-Fernandez and co-workers decided to select 
113 genes from 10 sequenced genomes and to perform ASR upon them.[1] This era 
was chosen as it was the period where the first ligninolytic enzymes (incl. 
peroxidases) must have appeared. These enzymes would originate from Polyporales 
species. The first lignin degrading peroxidase is supposedly a Mn2+ peroxidase 
(oxidizing phenolic lignin) that, according to the ASR study, would not change until 
the appearance of an exposed tryptophan (oxidizing non-phenolic lignin) to yield a 
versatile peroxidase. Later, another evolutionary event resulted in the loss of the 
Mn2+ binding site, generating the first lignin peroxidase that evolved to the extant 
form by improving catalytic efficiency. After the appearance of the exposed catalytic 
tryptophan, an increase in stability at acidic pH was seen, leading to an increase in 
the oxidizing power of these enzymes.[1,9] Recently, it was shown that the evolution 
of fungal peroxidases involved in lignin degradation paralleled the evolution of 
woody plants.[10] These ASR studies revealed details on how peroxidases of this 
particular peroxidase family have evolved to fulfill their current tasks. 

In this chapter, we describe an ASR study of the family of DyP-type peroxidases 
(DyPs). By this, we aimed at generating a robust DyP. DyPs were first discovered 
by Kim and Shoda where they identified a gene from Geotrichum candidum Dec1 that 
encodes for a novel type of peroxidase, and named it DyP.[11] DyPs have a 
characteristic feature of being able to decolorize various dyes such as 
anthraquinones and azo dyes, hence their name: Dye-decolorizing Peroxidases.[8] 
DyPs do not share sequence homology with the typical plant or animal peroxidases 
that belong to the peroxidase-catalase superfamily. DyPs form a distinct peroxidase 
family that is part of the peroxidase-chlorite dismutase superfamily.[12] DyPs are 
found in fungi[13], but are much more abundant in bacteria[14–17]. They have been 
classified into four groups: A, B, C and D. While class A, B and C DyPs are mainly 
from bacterial origin, class D DyPs are mainly found in fungi. The C-type DyPs 
cluster more closely with class D DyPs and also display similar enzyme activity 
features.[18] A few examples of bacteria that contain DyPs are Bacteroides 
thetaiotaomicron, Shewanella oneidensis[19], Anabaena sp.[20], Escherichia coli[21] and 
Thermobifida fusca[17]. In fungi, DyPs can be found in Bjerkandera adusta[22], Marasmius 
scorodonius[23] and A. auricular-judae.[24] Behrens et al., (2016) described the expression 
of fungal DyPs using a cold-shock inducible expression system from E. coli. This 
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reconstructed DyPs are catalytically competent. Interestingly, also manganese was 
found to be accepted as substrate. The Michaelis-Menten kinetic constants for each 
of ABTS, RB19, RB5, H2O2 and Mn2+ are shown in Table 1. Catalytic rates of the 
two DyPs on RB19 and ABTS are similar, while the KM values for AncAltDyP74 
are somewhat higher (2-4 fold). Irpex lacteus F17 DyP shows a kcat of 8356 s-1 and a 
KM of 62 µM when activity is tested using ABTS as a substrate.[35] And with RB19 
as a substrate, the kcat was reported to be 5345 s-1 (KM = 133 µM).[35] Clearly, the 
ancestral DyPs display lower activities, but the Irpex lacteus F17 DyP is also part of 
the Group III Class D DyPs (see Figure 2), not a descendant of DyP74 (Group I, 
see Figure 2). Interestingly, the catalytic rates and KM values found for the ancestral 
DyPs are close to the values obtained by FtrDyP when RB19, RB5 or ABTS was 
used as a substrate.[33] FtrDyP is the only descendant DyP for which biochemical 
data are available. The catalytic rates for the two DyP74s on Mn2+ are similar as well 
as the KM values. Again, they are also within the range of the activity previously 
noted by the extant enzyme FtrDyP.[33] The affinities of both DyPs for the dyes 
were quite high with KM values in the low µM range. Also for hydrogen peroxide 
relatively low KM values were found indicating that the resurrected DyPs perform 
well as peroxidases on ABTS, anthraquinone and azo dyes.  
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Table 1. The Michaelis-Menten constants for the reaction of AncDyP74 and 
AncAltDyP74 with ABTS, RB19, RB5, H2O2 and Mn2+. 

Substrate Enzyme kcat (s-1) KM (µM) kcat/KM (s-1µM-1) 

ABTS 
AncDyP74 5.4 12.1 0.44 

AncAltDyP74 4 21.3 0.18 

RB19 
AncDyP74 7.6 5.3 1.43 

AncAltDyP74 8.2 19.35 0.42 

RB5 
AncDyP74 1.15 58.8 0.019 

AncAltDyP74 0.21 14.4 0.014 

H2O2 a 
AncDyP74 3.5 24.5 0.14 

AncAltDyP74 3.4 13.3 0.25 

Mn2+ 
AncDyP74 0.07 966 7.5 x 10-5 

AncAltDyP74 0.06 951 6.3 x 10-5 

a Determined using 100 µM ABTS as a substrate. 

6.3.4 Optimal pH and temperature 

The optimal pH for activity for AncDyP74 and the AncAltDyP74 were found to 
be at a pH of 3.0 (Figure 7). This is similar to previously characterized DyPs of 
which optimal activity has been recorded at low pH values. [17]  
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6.1 Introduction 
Enzymes are capable of catalyzing conversions with a high degree of selectivity. 
This makes them attractive as biocatalysts for use in synthetic chemistry or other 
applications. However, enzymes often are not sufficiently stable to be used at higher 
temperatures or other non-physiological conditions and usually have a narrow 
substrate scope. This makes exploring the activity and promiscuity of ancestral 
enzymes an interesting opportunity. Ancestral enzymes are derived from modern 
enzymes by using an approach known as ancestral sequence reconstruction (ASR). 
ASR can give us hints about ancient protein functions and the underlying 
evolutionary events. The resurrection of ancient proteins in the laboratory facilitates 
the analysis of the properties of these enzymes and may confirm or disprove 
evolutionary hypotheses. The power of this technique has presented itself through 
the resurrection of truly ancient and functional proteins from the Precambrian 
period as well as in the explanation of how enzymes evolved to acquire the 
mechanisms and functions that they have today.[1] 

In biochemistry, the comparison of extant sequences in pursue of disclosing the 
determinants of enzyme function is referred to as “horizontal approach”. A vertical 
approach however takes into consideration the evolutionary history of proteins and 
provides valuable input to identify crucial amino acid differences. This approach 
takes into consideration the internal nodes of a phylogenetic tree and considers the 
chronology of mutations.[2,3] Thus, ASR is an in-silico approach to deduce the 
sequences of ancient proteins from the sequences of homologous extant proteins.[4] 
This procedure was first proposed by Pauling and Zuckerkandl in 1963 when they 
showed that modern proteins contain enough information to resurrect old protein 
sequences[5]. 

To perform ASR, a comprehensive and unbiased set of homologous sequences 
from the targeted family is collected. Depending on the sequence divergence of the 
enzyme family, different tools can aid this process based on sequence homology 
(BLAST) and Hidden-Markov Model (HMM) profiling. A multiple sequence 
alignment (MSA) is constructed and the substitution model calculated to describe 
the evolution of the dataset. The next crucial step consists in inferring the 
phylogeny. Once a robust tree is available and with the MSA and the substitution 
model, the reconstruction is performed and ancestors (sequences) at each 
divergence point (nodes in the phylogeny) can be inferred. 

For a number of enzyme families, ASR has been performed. Intriguingly, 
resurrected ancestral proteins often were found to be rather thermostable compared 
to the extant proteins. Several hypotheses have been put forward to explain this 
phenomenon. The higher thermostability may reflect the harsh conditions at which 
the ancestral proteins operated in the past. It may also be the result of a bias in the 
predicted ancestral sequences and comes close to the effects when applying the so-
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called consensus method to generate stable proteins.[6] Whatever the reason may be, 
it appears that ASR can be effective in generating robust variants of a particular 
enzyme family.[7] 

In the context of our study, it is worth noting that in recent years ASR has been 
performed on fungal peroxidases that belong to the peroxidase-catalase 
superfamily[8], which harbors the versatile peroxidases, lignin peroxidases and 
manganese peroxidases. In an attempt to resurrect extinct peroxidases from the end 
of the Carboniferous period, Ayuso-Fernandez and co-workers decided to select 
113 genes from 10 sequenced genomes and to perform ASR upon them.[1] This era 
was chosen as it was the period where the first ligninolytic enzymes (incl. 
peroxidases) must have appeared. These enzymes would originate from Polyporales 
species. The first lignin degrading peroxidase is supposedly a Mn2+ peroxidase 
(oxidizing phenolic lignin) that, according to the ASR study, would not change until 
the appearance of an exposed tryptophan (oxidizing non-phenolic lignin) to yield a 
versatile peroxidase. Later, another evolutionary event resulted in the loss of the 
Mn2+ binding site, generating the first lignin peroxidase that evolved to the extant 
form by improving catalytic efficiency. After the appearance of the exposed catalytic 
tryptophan, an increase in stability at acidic pH was seen, leading to an increase in 
the oxidizing power of these enzymes.[1,9] Recently, it was shown that the evolution 
of fungal peroxidases involved in lignin degradation paralleled the evolution of 
woody plants.[10] These ASR studies revealed details on how peroxidases of this 
particular peroxidase family have evolved to fulfill their current tasks. 

In this chapter, we describe an ASR study of the family of DyP-type peroxidases 
(DyPs). By this, we aimed at generating a robust DyP. DyPs were first discovered 
by Kim and Shoda where they identified a gene from Geotrichum candidum Dec1 that 
encodes for a novel type of peroxidase, and named it DyP.[11] DyPs have a 
characteristic feature of being able to decolorize various dyes such as 
anthraquinones and azo dyes, hence their name: Dye-decolorizing Peroxidases.[8] 
DyPs do not share sequence homology with the typical plant or animal peroxidases 
that belong to the peroxidase-catalase superfamily. DyPs form a distinct peroxidase 
family that is part of the peroxidase-chlorite dismutase superfamily.[12] DyPs are 
found in fungi[13], but are much more abundant in bacteria[14–17]. They have been 
classified into four groups: A, B, C and D. While class A, B and C DyPs are mainly 
from bacterial origin, class D DyPs are mainly found in fungi. The C-type DyPs 
cluster more closely with class D DyPs and also display similar enzyme activity 
features.[18] A few examples of bacteria that contain DyPs are Bacteroides 
thetaiotaomicron, Shewanella oneidensis[19], Anabaena sp.[20], Escherichia coli[21] and 
Thermobifida fusca[17]. In fungi, DyPs can be found in Bjerkandera adusta[22], Marasmius 
scorodonius[23] and A. auricular-judae.[24] Behrens et al., (2016) described the expression 
of fungal DyPs using a cold-shock inducible expression system from E. coli. This 
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Figure 7. The pH profile of AncDyP74 and the AncAltDyP74 using ABTS as a 
substrate at different pH values (3.0-8.0). 

6.3.5 Effect of temperature on activity of enzymes 

To probe the thermostability of AncDyP74 and AncAltDyP74, their peroxidase 
activity was measured before and after incubation at 30, 40 and 50 °C for 1 h. The 
decrease in enzyme activity was almost 50 % for both enzymes when incubated at 
30 °C for 1 h. When the experiment was repeated at 40 °C, the enzyme activity 
dropped to 20 % for AncDyP74 and 10 % for AncAltDyP74. Incubation at 50 °C 
saw a 95 % decrease in activity for both enzymes indicating that the enzymes quickly 
lost most of their activity at this temperature. The stability of FtrDyP from Funalia 
trogii has also been tested before.[33] The residual activity was found to be the greatest 
from 5 up to 30 °C where almost all activity was retained upon 1 h incubation. At 
50 °C only 40% activity was retained. While at 60 °C however all activity of FtrDyP 
was lost. This shows that FtrDyP is somewhat more thermally stable than 
AncDyP74 and AltAncDyP74. 

6.4 Conclusions 

Both AncDyP74 and AncAltDyP74 could be overexpressed as soluble heme-
containing proteins with an N-terminal SUMO tag in E. coli. The purified enzymes 
also display similar features regarding their heme absorbance spectra, their substrate 
acceptance profiles, and thermostability. This shows that ASR of this subclass of 
DyPs was successful. Unfortunately, the DyP74s were not found to be very 
thermostable, a feature often observed in ASR studies. This may be due to the fact 
that the resurrected DyPs are not very ‘old’ enzymes and the observed moderate 
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thermostability reflects the conditions at which the DyP was functioning. Still, the 
reconstructed DyPs are interesting enzymes as the extant DyPs derived from it have 
hardly been studied. Only for one of these DyPs some more detailed information 
is available. The DyP from Funalia troggi has been shown to be an interesting and 
unique biocatalyst for the production of (+)-nootkatone [33]. Future studies will 
reveal whether the AncDyP74 can also be used for selective oxidations of 
terpenoids. 

By resurrecting two alternative ancestral DyPs for the same node in the 
phylogenetic tree, two catalytically competent DyPs were created. The two DyPs 
differ by 80 substitutions while they display very similar properties. Only when 
looking at the kinetic parameters of several dye substrates, some differences were 
found. For the dyes, mainly differences in KM values were observed. As most of the 
mutations seem to be on the surface of the protein, differences in substrate affinity 
may be explained by alternative docking sites for these dyes on the enzymes. DyP-
catalyzed dye oxidations are supposed to occur through long range electron transfer 
oxidation upon binding of the substrate on the surface of the protein.[36] Another 
interesting finding is the observed Soret band at a relatively high wavelength (430 
nm). DyPs and other hemoproteins usually have this Soret band at around 410 nm. 
This peak at 430 nm may hint to a former role of these ancestral DyPs and/or may 
suggest that these DyPs may need to be activated for full activity. Most extant fungal 
DyPs display much higher activities when compared with the AncDyP74 and 
AltAncDyP74. This may be due to only a small percentage of DyP74 that is 
catalytically competent. Yet, the DyP from Funalia troggi displayed similar moderate 
activities which may suggest that DyPs of this subgroup have relatively low 
activities. Unfortunately, no heme absorbance spectrum for Funalia troggi has been 
reported which would reveal whether fungal DyPs from these subgroup always 
display a deviant heme absorbance spectrum.[33]  
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6.1 Introduction 
Enzymes are capable of catalyzing conversions with a high degree of selectivity. 
This makes them attractive as biocatalysts for use in synthetic chemistry or other 
applications. However, enzymes often are not sufficiently stable to be used at higher 
temperatures or other non-physiological conditions and usually have a narrow 
substrate scope. This makes exploring the activity and promiscuity of ancestral 
enzymes an interesting opportunity. Ancestral enzymes are derived from modern 
enzymes by using an approach known as ancestral sequence reconstruction (ASR). 
ASR can give us hints about ancient protein functions and the underlying 
evolutionary events. The resurrection of ancient proteins in the laboratory facilitates 
the analysis of the properties of these enzymes and may confirm or disprove 
evolutionary hypotheses. The power of this technique has presented itself through 
the resurrection of truly ancient and functional proteins from the Precambrian 
period as well as in the explanation of how enzymes evolved to acquire the 
mechanisms and functions that they have today.[1] 

In biochemistry, the comparison of extant sequences in pursue of disclosing the 
determinants of enzyme function is referred to as “horizontal approach”. A vertical 
approach however takes into consideration the evolutionary history of proteins and 
provides valuable input to identify crucial amino acid differences. This approach 
takes into consideration the internal nodes of a phylogenetic tree and considers the 
chronology of mutations.[2,3] Thus, ASR is an in-silico approach to deduce the 
sequences of ancient proteins from the sequences of homologous extant proteins.[4] 
This procedure was first proposed by Pauling and Zuckerkandl in 1963 when they 
showed that modern proteins contain enough information to resurrect old protein 
sequences[5]. 

To perform ASR, a comprehensive and unbiased set of homologous sequences 
from the targeted family is collected. Depending on the sequence divergence of the 
enzyme family, different tools can aid this process based on sequence homology 
(BLAST) and Hidden-Markov Model (HMM) profiling. A multiple sequence 
alignment (MSA) is constructed and the substitution model calculated to describe 
the evolution of the dataset. The next crucial step consists in inferring the 
phylogeny. Once a robust tree is available and with the MSA and the substitution 
model, the reconstruction is performed and ancestors (sequences) at each 
divergence point (nodes in the phylogeny) can be inferred. 

For a number of enzyme families, ASR has been performed. Intriguingly, 
resurrected ancestral proteins often were found to be rather thermostable compared 
to the extant proteins. Several hypotheses have been put forward to explain this 
phenomenon. The higher thermostability may reflect the harsh conditions at which 
the ancestral proteins operated in the past. It may also be the result of a bias in the 
predicted ancestral sequences and comes close to the effects when applying the so-
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called consensus method to generate stable proteins.[6] Whatever the reason may be, 
it appears that ASR can be effective in generating robust variants of a particular 
enzyme family.[7] 

In the context of our study, it is worth noting that in recent years ASR has been 
performed on fungal peroxidases that belong to the peroxidase-catalase 
superfamily[8], which harbors the versatile peroxidases, lignin peroxidases and 
manganese peroxidases. In an attempt to resurrect extinct peroxidases from the end 
of the Carboniferous period, Ayuso-Fernandez and co-workers decided to select 
113 genes from 10 sequenced genomes and to perform ASR upon them.[1] This era 
was chosen as it was the period where the first ligninolytic enzymes (incl. 
peroxidases) must have appeared. These enzymes would originate from Polyporales 
species. The first lignin degrading peroxidase is supposedly a Mn2+ peroxidase 
(oxidizing phenolic lignin) that, according to the ASR study, would not change until 
the appearance of an exposed tryptophan (oxidizing non-phenolic lignin) to yield a 
versatile peroxidase. Later, another evolutionary event resulted in the loss of the 
Mn2+ binding site, generating the first lignin peroxidase that evolved to the extant 
form by improving catalytic efficiency. After the appearance of the exposed catalytic 
tryptophan, an increase in stability at acidic pH was seen, leading to an increase in 
the oxidizing power of these enzymes.[1,9] Recently, it was shown that the evolution 
of fungal peroxidases involved in lignin degradation paralleled the evolution of 
woody plants.[10] These ASR studies revealed details on how peroxidases of this 
particular peroxidase family have evolved to fulfill their current tasks. 

In this chapter, we describe an ASR study of the family of DyP-type peroxidases 
(DyPs). By this, we aimed at generating a robust DyP. DyPs were first discovered 
by Kim and Shoda where they identified a gene from Geotrichum candidum Dec1 that 
encodes for a novel type of peroxidase, and named it DyP.[11] DyPs have a 
characteristic feature of being able to decolorize various dyes such as 
anthraquinones and azo dyes, hence their name: Dye-decolorizing Peroxidases.[8] 
DyPs do not share sequence homology with the typical plant or animal peroxidases 
that belong to the peroxidase-catalase superfamily. DyPs form a distinct peroxidase 
family that is part of the peroxidase-chlorite dismutase superfamily.[12] DyPs are 
found in fungi[13], but are much more abundant in bacteria[14–17]. They have been 
classified into four groups: A, B, C and D. While class A, B and C DyPs are mainly 
from bacterial origin, class D DyPs are mainly found in fungi. The C-type DyPs 
cluster more closely with class D DyPs and also display similar enzyme activity 
features.[18] A few examples of bacteria that contain DyPs are Bacteroides 
thetaiotaomicron, Shewanella oneidensis[19], Anabaena sp.[20], Escherichia coli[21] and 
Thermobifida fusca[17]. In fungi, DyPs can be found in Bjerkandera adusta[22], Marasmius 
scorodonius[23] and A. auricular-judae.[24] Behrens et al., (2016) described the expression 
of fungal DyPs using a cold-shock inducible expression system from E. coli. This 
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Figure 7. The pH profile of AncDyP74 and the AncAltDyP74 using ABTS as a 
substrate at different pH values (3.0-8.0). 

6.3.5 Effect of temperature on activity of enzymes 

To probe the thermostability of AncDyP74 and AncAltDyP74, their peroxidase 
activity was measured before and after incubation at 30, 40 and 50 °C for 1 h. The 
decrease in enzyme activity was almost 50 % for both enzymes when incubated at 
30 °C for 1 h. When the experiment was repeated at 40 °C, the enzyme activity 
dropped to 20 % for AncDyP74 and 10 % for AncAltDyP74. Incubation at 50 °C 
saw a 95 % decrease in activity for both enzymes indicating that the enzymes quickly 
lost most of their activity at this temperature. The stability of FtrDyP from Funalia 
trogii has also been tested before.[33] The residual activity was found to be the greatest 
from 5 up to 30 °C where almost all activity was retained upon 1 h incubation. At 
50 °C only 40% activity was retained. While at 60 °C however all activity of FtrDyP 
was lost. This shows that FtrDyP is somewhat more thermally stable than 
AncDyP74 and AltAncDyP74. 

6.4 Conclusions 

Both AncDyP74 and AncAltDyP74 could be overexpressed as soluble heme-
containing proteins with an N-terminal SUMO tag in E. coli. The purified enzymes 
also display similar features regarding their heme absorbance spectra, their substrate 
acceptance profiles, and thermostability. This shows that ASR of this subclass of 
DyPs was successful. Unfortunately, the DyP74s were not found to be very 
thermostable, a feature often observed in ASR studies. This may be due to the fact 
that the resurrected DyPs are not very ‘old’ enzymes and the observed moderate 
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thermostability reflects the conditions at which the DyP was functioning. Still, the 
reconstructed DyPs are interesting enzymes as the extant DyPs derived from it have 
hardly been studied. Only for one of these DyPs some more detailed information 
is available. The DyP from Funalia troggi has been shown to be an interesting and 
unique biocatalyst for the production of (+)-nootkatone [33]. Future studies will 
reveal whether the AncDyP74 can also be used for selective oxidations of 
terpenoids. 

By resurrecting two alternative ancestral DyPs for the same node in the 
phylogenetic tree, two catalytically competent DyPs were created. The two DyPs 
differ by 80 substitutions while they display very similar properties. Only when 
looking at the kinetic parameters of several dye substrates, some differences were 
found. For the dyes, mainly differences in KM values were observed. As most of the 
mutations seem to be on the surface of the protein, differences in substrate affinity 
may be explained by alternative docking sites for these dyes on the enzymes. DyP-
catalyzed dye oxidations are supposed to occur through long range electron transfer 
oxidation upon binding of the substrate on the surface of the protein.[36] Another 
interesting finding is the observed Soret band at a relatively high wavelength (430 
nm). DyPs and other hemoproteins usually have this Soret band at around 410 nm. 
This peak at 430 nm may hint to a former role of these ancestral DyPs and/or may 
suggest that these DyPs may need to be activated for full activity. Most extant fungal 
DyPs display much higher activities when compared with the AncDyP74 and 
AltAncDyP74. This may be due to only a small percentage of DyP74 that is 
catalytically competent. Yet, the DyP from Funalia troggi displayed similar moderate 
activities which may suggest that DyPs of this subgroup have relatively low 
activities. Unfortunately, no heme absorbance spectrum for Funalia troggi has been 
reported which would reveal whether fungal DyPs from these subgroup always 
display a deviant heme absorbance spectrum.[33]  
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6.1 Introduction 
Enzymes are capable of catalyzing conversions with a high degree of selectivity. 
This makes them attractive as biocatalysts for use in synthetic chemistry or other 
applications. However, enzymes often are not sufficiently stable to be used at higher 
temperatures or other non-physiological conditions and usually have a narrow 
substrate scope. This makes exploring the activity and promiscuity of ancestral 
enzymes an interesting opportunity. Ancestral enzymes are derived from modern 
enzymes by using an approach known as ancestral sequence reconstruction (ASR). 
ASR can give us hints about ancient protein functions and the underlying 
evolutionary events. The resurrection of ancient proteins in the laboratory facilitates 
the analysis of the properties of these enzymes and may confirm or disprove 
evolutionary hypotheses. The power of this technique has presented itself through 
the resurrection of truly ancient and functional proteins from the Precambrian 
period as well as in the explanation of how enzymes evolved to acquire the 
mechanisms and functions that they have today.[1] 

In biochemistry, the comparison of extant sequences in pursue of disclosing the 
determinants of enzyme function is referred to as “horizontal approach”. A vertical 
approach however takes into consideration the evolutionary history of proteins and 
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This procedure was first proposed by Pauling and Zuckerkandl in 1963 when they 
showed that modern proteins contain enough information to resurrect old protein 
sequences[5]. 

To perform ASR, a comprehensive and unbiased set of homologous sequences 
from the targeted family is collected. Depending on the sequence divergence of the 
enzyme family, different tools can aid this process based on sequence homology 
(BLAST) and Hidden-Markov Model (HMM) profiling. A multiple sequence 
alignment (MSA) is constructed and the substitution model calculated to describe 
the evolution of the dataset. The next crucial step consists in inferring the 
phylogeny. Once a robust tree is available and with the MSA and the substitution 
model, the reconstruction is performed and ancestors (sequences) at each 
divergence point (nodes in the phylogeny) can be inferred. 

For a number of enzyme families, ASR has been performed. Intriguingly, 
resurrected ancestral proteins often were found to be rather thermostable compared 
to the extant proteins. Several hypotheses have been put forward to explain this 
phenomenon. The higher thermostability may reflect the harsh conditions at which 
the ancestral proteins operated in the past. It may also be the result of a bias in the 
predicted ancestral sequences and comes close to the effects when applying the so-
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called consensus method to generate stable proteins.[6] Whatever the reason may be, 
it appears that ASR can be effective in generating robust variants of a particular 
enzyme family.[7] 

In the context of our study, it is worth noting that in recent years ASR has been 
performed on fungal peroxidases that belong to the peroxidase-catalase 
superfamily[8], which harbors the versatile peroxidases, lignin peroxidases and 
manganese peroxidases. In an attempt to resurrect extinct peroxidases from the end 
of the Carboniferous period, Ayuso-Fernandez and co-workers decided to select 
113 genes from 10 sequenced genomes and to perform ASR upon them.[1] This era 
was chosen as it was the period where the first ligninolytic enzymes (incl. 
peroxidases) must have appeared. These enzymes would originate from Polyporales 
species. The first lignin degrading peroxidase is supposedly a Mn2+ peroxidase 
(oxidizing phenolic lignin) that, according to the ASR study, would not change until 
the appearance of an exposed tryptophan (oxidizing non-phenolic lignin) to yield a 
versatile peroxidase. Later, another evolutionary event resulted in the loss of the 
Mn2+ binding site, generating the first lignin peroxidase that evolved to the extant 
form by improving catalytic efficiency. After the appearance of the exposed catalytic 
tryptophan, an increase in stability at acidic pH was seen, leading to an increase in 
the oxidizing power of these enzymes.[1,9] Recently, it was shown that the evolution 
of fungal peroxidases involved in lignin degradation paralleled the evolution of 
woody plants.[10] These ASR studies revealed details on how peroxidases of this 
particular peroxidase family have evolved to fulfill their current tasks. 

In this chapter, we describe an ASR study of the family of DyP-type peroxidases 
(DyPs). By this, we aimed at generating a robust DyP. DyPs were first discovered 
by Kim and Shoda where they identified a gene from Geotrichum candidum Dec1 that 
encodes for a novel type of peroxidase, and named it DyP.[11] DyPs have a 
characteristic feature of being able to decolorize various dyes such as 
anthraquinones and azo dyes, hence their name: Dye-decolorizing Peroxidases.[8] 
DyPs do not share sequence homology with the typical plant or animal peroxidases 
that belong to the peroxidase-catalase superfamily. DyPs form a distinct peroxidase 
family that is part of the peroxidase-chlorite dismutase superfamily.[12] DyPs are 
found in fungi[13], but are much more abundant in bacteria[14–17]. They have been 
classified into four groups: A, B, C and D. While class A, B and C DyPs are mainly 
from bacterial origin, class D DyPs are mainly found in fungi. The C-type DyPs 
cluster more closely with class D DyPs and also display similar enzyme activity 
features.[18] A few examples of bacteria that contain DyPs are Bacteroides 
thetaiotaomicron, Shewanella oneidensis[19], Anabaena sp.[20], Escherichia coli[21] and 
Thermobifida fusca[17]. In fungi, DyPs can be found in Bjerkandera adusta[22], Marasmius 
scorodonius[23] and A. auricular-judae.[24] Behrens et al., (2016) described the expression 
of fungal DyPs using a cold-shock inducible expression system from E. coli. This 
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6.1 Introduction 
Enzymes are capable of catalyzing conversions with a high degree of selectivity. 
This makes them attractive as biocatalysts for use in synthetic chemistry or other 
applications. However, enzymes often are not sufficiently stable to be used at higher 
temperatures or other non-physiological conditions and usually have a narrow 
substrate scope. This makes exploring the activity and promiscuity of ancestral 
enzymes an interesting opportunity. Ancestral enzymes are derived from modern 
enzymes by using an approach known as ancestral sequence reconstruction (ASR). 
ASR can give us hints about ancient protein functions and the underlying 
evolutionary events. The resurrection of ancient proteins in the laboratory facilitates 
the analysis of the properties of these enzymes and may confirm or disprove 
evolutionary hypotheses. The power of this technique has presented itself through 
the resurrection of truly ancient and functional proteins from the Precambrian 
period as well as in the explanation of how enzymes evolved to acquire the 
mechanisms and functions that they have today.[1] 

In biochemistry, the comparison of extant sequences in pursue of disclosing the 
determinants of enzyme function is referred to as “horizontal approach”. A vertical 
approach however takes into consideration the evolutionary history of proteins and 
provides valuable input to identify crucial amino acid differences. This approach 
takes into consideration the internal nodes of a phylogenetic tree and considers the 
chronology of mutations.[2,3] Thus, ASR is an in-silico approach to deduce the 
sequences of ancient proteins from the sequences of homologous extant proteins.[4] 
This procedure was first proposed by Pauling and Zuckerkandl in 1963 when they 
showed that modern proteins contain enough information to resurrect old protein 
sequences[5]. 

To perform ASR, a comprehensive and unbiased set of homologous sequences 
from the targeted family is collected. Depending on the sequence divergence of the 
enzyme family, different tools can aid this process based on sequence homology 
(BLAST) and Hidden-Markov Model (HMM) profiling. A multiple sequence 
alignment (MSA) is constructed and the substitution model calculated to describe 
the evolution of the dataset. The next crucial step consists in inferring the 
phylogeny. Once a robust tree is available and with the MSA and the substitution 
model, the reconstruction is performed and ancestors (sequences) at each 
divergence point (nodes in the phylogeny) can be inferred. 

For a number of enzyme families, ASR has been performed. Intriguingly, 
resurrected ancestral proteins often were found to be rather thermostable compared 
to the extant proteins. Several hypotheses have been put forward to explain this 
phenomenon. The higher thermostability may reflect the harsh conditions at which 
the ancestral proteins operated in the past. It may also be the result of a bias in the 
predicted ancestral sequences and comes close to the effects when applying the so-
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called consensus method to generate stable proteins.[6] Whatever the reason may be, 
it appears that ASR can be effective in generating robust variants of a particular 
enzyme family.[7] 

In the context of our study, it is worth noting that in recent years ASR has been 
performed on fungal peroxidases that belong to the peroxidase-catalase 
superfamily[8], which harbors the versatile peroxidases, lignin peroxidases and 
manganese peroxidases. In an attempt to resurrect extinct peroxidases from the end 
of the Carboniferous period, Ayuso-Fernandez and co-workers decided to select 
113 genes from 10 sequenced genomes and to perform ASR upon them.[1] This era 
was chosen as it was the period where the first ligninolytic enzymes (incl. 
peroxidases) must have appeared. These enzymes would originate from Polyporales 
species. The first lignin degrading peroxidase is supposedly a Mn2+ peroxidase 
(oxidizing phenolic lignin) that, according to the ASR study, would not change until 
the appearance of an exposed tryptophan (oxidizing non-phenolic lignin) to yield a 
versatile peroxidase. Later, another evolutionary event resulted in the loss of the 
Mn2+ binding site, generating the first lignin peroxidase that evolved to the extant 
form by improving catalytic efficiency. After the appearance of the exposed catalytic 
tryptophan, an increase in stability at acidic pH was seen, leading to an increase in 
the oxidizing power of these enzymes.[1,9] Recently, it was shown that the evolution 
of fungal peroxidases involved in lignin degradation paralleled the evolution of 
woody plants.[10] These ASR studies revealed details on how peroxidases of this 
particular peroxidase family have evolved to fulfill their current tasks. 

In this chapter, we describe an ASR study of the family of DyP-type peroxidases 
(DyPs). By this, we aimed at generating a robust DyP. DyPs were first discovered 
by Kim and Shoda where they identified a gene from Geotrichum candidum Dec1 that 
encodes for a novel type of peroxidase, and named it DyP.[11] DyPs have a 
characteristic feature of being able to decolorize various dyes such as 
anthraquinones and azo dyes, hence their name: Dye-decolorizing Peroxidases.[8] 
DyPs do not share sequence homology with the typical plant or animal peroxidases 
that belong to the peroxidase-catalase superfamily. DyPs form a distinct peroxidase 
family that is part of the peroxidase-chlorite dismutase superfamily.[12] DyPs are 
found in fungi[13], but are much more abundant in bacteria[14–17]. They have been 
classified into four groups: A, B, C and D. While class A, B and C DyPs are mainly 
from bacterial origin, class D DyPs are mainly found in fungi. The C-type DyPs 
cluster more closely with class D DyPs and also display similar enzyme activity 
features.[18] A few examples of bacteria that contain DyPs are Bacteroides 
thetaiotaomicron, Shewanella oneidensis[19], Anabaena sp.[20], Escherichia coli[21] and 
Thermobifida fusca[17]. In fungi, DyPs can be found in Bjerkandera adusta[22], Marasmius 
scorodonius[23] and A. auricular-judae.[24] Behrens et al., (2016) described the expression 
of fungal DyPs using a cold-shock inducible expression system from E. coli. This 
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6.1 Introduction 
Enzymes are capable of catalyzing conversions with a high degree of selectivity. 
This makes them attractive as biocatalysts for use in synthetic chemistry or other 
applications. However, enzymes often are not sufficiently stable to be used at higher 
temperatures or other non-physiological conditions and usually have a narrow 
substrate scope. This makes exploring the activity and promiscuity of ancestral 
enzymes an interesting opportunity. Ancestral enzymes are derived from modern 
enzymes by using an approach known as ancestral sequence reconstruction (ASR). 
ASR can give us hints about ancient protein functions and the underlying 
evolutionary events. The resurrection of ancient proteins in the laboratory facilitates 
the analysis of the properties of these enzymes and may confirm or disprove 
evolutionary hypotheses. The power of this technique has presented itself through 
the resurrection of truly ancient and functional proteins from the Precambrian 
period as well as in the explanation of how enzymes evolved to acquire the 
mechanisms and functions that they have today.[1] 

In biochemistry, the comparison of extant sequences in pursue of disclosing the 
determinants of enzyme function is referred to as “horizontal approach”. A vertical 
approach however takes into consideration the evolutionary history of proteins and 
provides valuable input to identify crucial amino acid differences. This approach 
takes into consideration the internal nodes of a phylogenetic tree and considers the 
chronology of mutations.[2,3] Thus, ASR is an in-silico approach to deduce the 
sequences of ancient proteins from the sequences of homologous extant proteins.[4] 
This procedure was first proposed by Pauling and Zuckerkandl in 1963 when they 
showed that modern proteins contain enough information to resurrect old protein 
sequences[5]. 

To perform ASR, a comprehensive and unbiased set of homologous sequences 
from the targeted family is collected. Depending on the sequence divergence of the 
enzyme family, different tools can aid this process based on sequence homology 
(BLAST) and Hidden-Markov Model (HMM) profiling. A multiple sequence 
alignment (MSA) is constructed and the substitution model calculated to describe 
the evolution of the dataset. The next crucial step consists in inferring the 
phylogeny. Once a robust tree is available and with the MSA and the substitution 
model, the reconstruction is performed and ancestors (sequences) at each 
divergence point (nodes in the phylogeny) can be inferred. 

For a number of enzyme families, ASR has been performed. Intriguingly, 
resurrected ancestral proteins often were found to be rather thermostable compared 
to the extant proteins. Several hypotheses have been put forward to explain this 
phenomenon. The higher thermostability may reflect the harsh conditions at which 
the ancestral proteins operated in the past. It may also be the result of a bias in the 
predicted ancestral sequences and comes close to the effects when applying the so-
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called consensus method to generate stable proteins.[6] Whatever the reason may be, 
it appears that ASR can be effective in generating robust variants of a particular 
enzyme family.[7] 

In the context of our study, it is worth noting that in recent years ASR has been 
performed on fungal peroxidases that belong to the peroxidase-catalase 
superfamily[8], which harbors the versatile peroxidases, lignin peroxidases and 
manganese peroxidases. In an attempt to resurrect extinct peroxidases from the end 
of the Carboniferous period, Ayuso-Fernandez and co-workers decided to select 
113 genes from 10 sequenced genomes and to perform ASR upon them.[1] This era 
was chosen as it was the period where the first ligninolytic enzymes (incl. 
peroxidases) must have appeared. These enzymes would originate from Polyporales 
species. The first lignin degrading peroxidase is supposedly a Mn2+ peroxidase 
(oxidizing phenolic lignin) that, according to the ASR study, would not change until 
the appearance of an exposed tryptophan (oxidizing non-phenolic lignin) to yield a 
versatile peroxidase. Later, another evolutionary event resulted in the loss of the 
Mn2+ binding site, generating the first lignin peroxidase that evolved to the extant 
form by improving catalytic efficiency. After the appearance of the exposed catalytic 
tryptophan, an increase in stability at acidic pH was seen, leading to an increase in 
the oxidizing power of these enzymes.[1,9] Recently, it was shown that the evolution 
of fungal peroxidases involved in lignin degradation paralleled the evolution of 
woody plants.[10] These ASR studies revealed details on how peroxidases of this 
particular peroxidase family have evolved to fulfill their current tasks. 

In this chapter, we describe an ASR study of the family of DyP-type peroxidases 
(DyPs). By this, we aimed at generating a robust DyP. DyPs were first discovered 
by Kim and Shoda where they identified a gene from Geotrichum candidum Dec1 that 
encodes for a novel type of peroxidase, and named it DyP.[11] DyPs have a 
characteristic feature of being able to decolorize various dyes such as 
anthraquinones and azo dyes, hence their name: Dye-decolorizing Peroxidases.[8] 
DyPs do not share sequence homology with the typical plant or animal peroxidases 
that belong to the peroxidase-catalase superfamily. DyPs form a distinct peroxidase 
family that is part of the peroxidase-chlorite dismutase superfamily.[12] DyPs are 
found in fungi[13], but are much more abundant in bacteria[14–17]. They have been 
classified into four groups: A, B, C and D. While class A, B and C DyPs are mainly 
from bacterial origin, class D DyPs are mainly found in fungi. The C-type DyPs 
cluster more closely with class D DyPs and also display similar enzyme activity 
features.[18] A few examples of bacteria that contain DyPs are Bacteroides 
thetaiotaomicron, Shewanella oneidensis[19], Anabaena sp.[20], Escherichia coli[21] and 
Thermobifida fusca[17]. In fungi, DyPs can be found in Bjerkandera adusta[22], Marasmius 
scorodonius[23] and A. auricular-judae.[24] Behrens et al., (2016) described the expression 
of fungal DyPs using a cold-shock inducible expression system from E. coli. This 
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