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Abstract

The glucose-methanol-choline (GMC) superfamily of flavin-dependent oxidoreductases
contains various enzymes that have been extensively studied for their applications in
electrochemistry, carbohydrate chemistry as well as food industry, and more recently for
their involvement in lignocellulose degradation. All members of the superfamily are
structurally, and many also functionally, very closely related. Nevertheless, they can show
substantial differences regarding the utilization of oxygen as an electron acceptor. For
industrial processes it can often be beneficial to control the enzymes’ ability to utilize oxygen
and reduce it to hydrogen peroxide. To date though, it is still unclear how the enzymatic
environment regulates the oxygen reactivity in these flavin-dependent GMC enzymes. To
tackle the mechanism of this fundamental structure-function relationship we used ancestral
sequence reconstruction to infer ancestral members of the GMC superfamily, express them
and characterize them, so we can follow the evolutionary emergence of oxygen reactivity.
With this method we move away from studying one specific enzyme sequence, but rather
include all currently available sequence information in our study. This makes it more likely
to identify the general mechanism that regulates oxygen reactivity, and not a mechanism
specific to a single enzyme sequence. As a prerequisite to this method we defined and
classified the extant sequence space of all fungal GMC oxidoreductases and thereby
discovered for instance that pyranose dehydrogenase evolved from aryl-alcohol
oxidoreductase after a change in substrate specificity and that the cytochrome domain of
cellobiose dehydrogenase was regularly lost during evolution. Additionally, we could identify
multiple clusters and classes of uncharacterized GMC oxidoreductases that could potentially
show novel enzymatic functions and/or biological roles. In a more detailed study on
pyranose oxidase we showed that the fungal enzyme actually originated in bacteria where it

might play an essential role in oxidative lignin degradation.






Kurzfassung

Die ‘glucose-methanol-choline (GMC) superfamily’, eine Enzymfamile von Flavin-héltigen
Oxidoreduktasen, beinhaltet mehrere Enzyme die fiir ihre industrielle Anwendbarkeit in
Elektrochemie, Kohlenhydratchemie, Lebensmittelindustrie, und seit kurzem auch fiir ihre
Rolle im Lignocelluloseabbau schon mehrfach untersucht wurden. Alle Mitglieder diese
Enzymfamilie sind strukturell, und manche auch funktionell, sehr nahe verwandt, dennoch
konnen sie grofde Unterschiede, etwa in der Reaktivitit mit molekularem Sauerstoff,
aufweisen. Fiir ihre Verwendung in Industrieprozessen ware es oft von Vorteil, wenn man
diese Sauerstoffreaktivitat regulieren konnte. Bis heute ist es alledings nicht vollstdndig
geklart wie die Polypeptid-Umgebung in diesen Flavin-haltigen Oxidoreduktasen die
Sauerstoffreaktivitit reguliert. Um den Mechanismus dieses Struktur- und Funktions
Zusammenhangs aufzukldren, bedienten wir uns der Methode ‘ancestral sequence
reconstruction’, bei der Vorfahren aus der GMC Enzymfamilie berechnet werden und, nach
erfolgreicher Expression wund Charakterisierung dieser, die Entwicklung der
Sauerstoffreaktivitat nachverfolgt werden kann. Mit dieser Methode nutzen wir also die
derzeit gesamte verfligbare Sequenzinformation und nicht nur bestimmte einzelne
Enzymsequenzen. Damit ist es auch wahrscheinlicher, ein generell giiltiges Prinzip fiir die
Regulierung der Sauerstoffreaktivitat aufzustellen. Als Voraussetzung zur Anwendung dieser
Methode definierten und klassifizierten wir zuerst die gesamte Sequenzvariabilitit von Pilz-
GMC-Oxidoreduktasen, wobei wir zum Beispiel herausfanden, dass sich Pyranose
Dehydrogenase aus Aryl-Alkohol Oxidoreduktase entwickelte und dass die Cytochrom
Domane von Cellobiose Dehydrogenase wahrend der Evolution in vielen Sequenzen verloren
ging. Zusatzlich fanden wir mehrere bisher nicht charakterisierte Gruppen und Klassen an
GMC Enzymen, die potenziell neue Funktionen und/oder biologische Rollen haben kénnten.
In einer Detailstudie tiber Pyranose Oxidase konnten wir weiters zeigen, dass dieses Pilz-
Enzym urspriinglich aus Bakterien stammt, wo es mdglicherweise eine Schliisselrolle in

deren Ligninabbaumechanismus spielt.
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Flavoproteins and the GMC superfamily

The story of flavoproteins started back in the 1930s when Warburg discovered the first
yellow-colored redox enzyme in a fermentation broth (Warburg 1934; Warburg and
Christian 1932), and it is continuously exciting scientists ever since. Today we know that
flavin-dependent enzymes mediate an impressive variation of chemical reactions (Leys and
Scrutton 2016) and play important roles in many biological processes, even including energy
production, apoptosis and DNA repair (Joosten and van Berkel 2007; Sancar 2003). This
versatility of flavoproteins is only made possible by their flavin cofactor, also giving them
their name and their characteristic yellow color. Recently, the origin of flavins and their
catalytic functions have been hypothesized to go as far back as the RNA world, arguing that
flavins occur in all three kingdoms of life and therefore have to have a very early existing
precursor (Nguyen and Burrows 2012). A similar idea was already described in 1976, when
White suggested that coenzymes, such as flavins, “may be fossils of nucleic acid enzymes”
present in the RNA world (White 1976). In bacteria, fungi and plants the biosynthesis of
flavins starts with guanosine (Bacher et al. 2000), yielding first the precursor riboflavin
(vitamin Bz). Riboflavin is further converted to FMN and FAD (Figure 1), its two most common
(but not exclusive) derivatives (Macheroux, Kappes, and Ealick 2011). Structurally, FMN is
composed of riboflavin and an additional phosphate group, while FAD is a riboflavin
extended by the nucleotide adenine diphosphate (Figure 1). The redox-active part of flavin is
the so-called isoalloxazine ring, which can take up either one or two electrons, forming the
flavin semiquinone or hydroquinone respectively. This is one of the major factors that gives

rise to the high catalytic versatility of flavoproteins.
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Figure 1: Figure taken from Macheroux, Kappes, and Ealick 2011; Structure of riboflavin, FMN, and FAD. The redox-active
isoalloxazine ring is shown in its oxidized and two-electron reduced state (red and blue). The numbering scheme for the
isoalloxazine ring is indicated in the oxidized structure on the left.

Despite the great variation of flavoenzymes and the chemical reactions they can catalyze,
more than 90 % of them are classified as oxidoreductases, catalyzing redox reactions. Also,
FAD is much more common as cofactor than FMN (Macheroux, Kappes, and Ealick 2011). One
of the enzyme superfamilies that consists of such oxidoreductases binding FAD is the so-

called glucose-methanol-choline (GMC) superfamily of oxidoreductases.

The GMC superfamily was defined by Cavener in 1992 when he found enzymes of different
functionalities from bacteria, insects, fungi and yeast to share common sequence motifs
(Cavener 1992). In the following decades, more members of the GMC superfamily were
continuously identified, and emerging crystal structures of these FAD-dependent
oxidoreductases confirmed a high structural conservation among them. The typical GMC fold
is comprised of a substrate-binding domain and an FAD-binding domain (Kiess, Hecht, and
Kalisz 1998). Although individual enzymes often differ in single loops or even show
additional domains, the overall GMC structure is nevertheless well conserved. The FAD-
binding domain includes the Rossmann fold (Rossmann, Moras, and Olsen 1974) or Baf
mononucleotide-binding motif, which is well conserved not only within the GMC superfamily,

but throughout all FAD-binding proteins (Dym and Eisenberg 2001). The substrate-binding
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domain shows a much higher sequence variation, depending on the preferred substrate of
the respective enzyme. The substrate range of GMC enzymes is quite broad and includes
various carbohydrates, alcohols, cholesterol and choline as electron donors and different
quinones, phenol radicals, complexed metal ions and oxygen (02) as electron acceptors. The
ability to use oxygen as the final electron acceptor additionally divides GMC enzymes into
oxidases (able to use 02) and dehydrogenases (unable to use O2). In contrast to this broad
substrate range, GMC enzymes share a common reaction mechanism including a reductive
half-reaction, where substrate oxidation leads to a reduction of FAD to FADH2 and an
oxidative half-reaction, where FADH?: is re-oxidized and a final electron acceptor is reduced.
If a GMC oxidase utilizes Oz as the final electron acceptor, hydrogen peroxide (H202) is
formed, a molecule that received much attention for its role in lignocellulose (plant biomass)
degradation by fueling peroxidases and lytic polysaccharide monooxygenases (LPMOs)
(Arantes and Goodell 2014; Bissaro et al. 2017; Lundell et al. 2014). But also the
dehydrogenase function of some GMC enzymes, more precisely the reduction of quinones,
phenol radicals and metal ions, was recognized to contribute to lignocellulose degradation
by avoiding lignin re-polymerization, detoxifying degradation products and fueling Fenton's
reaction, LPMOs and manganese peroxidases (Bao, Usha, and Renganathan 1993; Kracher et

al. 2016; Sutzl et al. 2018; Sygmund et al. 2011).

Although GMC enzymes do not directly degrade lignocellulose, they act in conjunction with
other lignocellulose degrading enzymes, and some prominent members of this superfamily
were therefore classified as enzymes with Auxiliary Activities (AA), family AA3, on the
Carbohydrate-Active enZYme (CAZy) database (Levasseur et al. 2013). The CAZy AA3 family
contains only fungal GMC oxidoreductases and was proposed to be expanded by my work
(Siitzl et al. 2018) to include aryl-alcohol oxidoreductase (AAOx; EC 1.1.3.7; AA3_2, and
AADH; AA3_2), alcohol oxidase (AOx; EC 1.1.3.13; AA3_3), cellobiose dehydrogenase (CDH;
EC 1.1.99.18; AA3_1), glucose oxidase (GOx; EC 1.1.3.4; AA3_2), glucose dehydrogenase
(GDH; EC 1.1.5.9; AA3_2), pyranose dehydrogenase (PDH; EC 1.1.99.29; AA3_2), and
pyranose oxidase (POx; EC 1.1.3.10; AA3_4). Although GMC enzymes are also widespread in
bacteria, insects, plants and other eukaryotes, the industrially most relevant and therefore
also best studied GMC enzymes come from fungi. Their industrial applications include

various biosensors, biofuel cells, bread making, food preservation and multiple usages in
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lignocellulose biorefineries (Bissaro et al. 2018; Ludwig et al. 2013; Martinez et al. 2017;
Wong, Wong, and Chen 2008).

Oxygen reactivity in flavoenzymes

The study of oxygen reactivity in flavoenzymes and the determination of its molecular basis
is a key area in recent flavoenzyme research, and although already extensively studied, it is
still not fully understood (Mattevi 2006; Romero et al. 2018). The oxygen reactivity is also
one of the main factors for flavoproteins’ chemical versatility and success in nature. Although
many different fine-tuned levels of oxygen reactivity can be found in nature, we can generally
distinguish between three kinds of flavoenzymes depending on their reaction rate or
resulting reaction product. The first group includes dehydrogenases, which do not react at
all, or only very slowly, with oxygen. The second group is comprised of monooxygenases,
which utilize oxygen to incorporate an oxygen atom into the reaction product. And the third
are oxidases, which reduce oxygen by two electrons to form H202 (McDonald et al. 2011;
Romero et al. 2018). Flavoprotein oxidases are especially interesting for industrial
application because of the big range of specific oxidation reactions they catalyze and the
simplicity of utilizing Oz, an abundant and ubiquitous molecule, as their co-substrate
(Dijkman et al. 2013). For some other applications, on the other hand, oxygen reactivity is
unwanted since it can lead to “leakage” of electrons in biosensors or destabilization of a
process through H202 formation. Being able to control oxygen reactivity in an enzyme is
therefore also of industrial relevance. The modern view of the general reaction of reduced
flavin with molecular oxygen describes a sequential two-electron transfer from the flavin to
oxygen, resulting in H202 in oxidases and C(4a)-hydroperoxyflavin formation and
consecutive monooxygenation in monooxygenases (Figure 2). After the initial electron
transfer and formation of a caged radical pair, a spin inversion has to take place for the
superoxide anion (02) to further react with the flavin semiquinone. This spin inversion has
to occur since direct reaction of triplet oxygen (1) with singlet reduced flavin (1) is
forbidden according to Hund's rule. The first electron transfer to oxygen is considered to be

the rate-limiting step in this reaction.
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Figure 2: Figure taken from Chaiyen, Fraaije, and Mattevi 2012; General pathway for the reaction of oxidases and
monooxygenases with O2.

The reaction of molecular oxygen with reduced flavin occurs spontaneously, and free
reduced flavin (without protein environment) reacts with Oz with an estimated rate constant
of 2.5x102M-1s-1 (Kemal, Chan, and Bruice 1977). A protein environment though, can increase
this rate constant to up to 2x106 M-1s-1 or regulate it down to almost zero (Massey 2002). The
structural determinants to mediate this drastic effect are still not completely understood, but
multiple factors are already known to influence the oxygen reactivity of flavoproteins. First
of all, it has to be possible for molecular oxygen to reach the active site to be able to react
with flavin. Therefore, specific oxygen tunnels, or the lack of such, have been the subject of
many investigations already (Baron et al. 2009; Gygli et al. 2017; Mathieu et al. 2016; Piubelli
et al. 2008; Saam et al. 2010). Second, steric control directly at the active site, blocking or
enabling O2 to get into a catalytically relevant position, was shown to regulate oxygen
reactivity in some flavoenzymes (Hernadndez-Ortega et al. 2011; Leferink et al. 2009; Zafred

et al. 2015). Further it has been shown that a positive charge near the isoalloxazine ring is
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necessary for oxygen activation (Gadda 2012). Although all of these factors were shown to
be relevant for oxygen reactivity in some flavoenzymes, they are usually not sufficient to fully
explain the regulation of oxygen reactivity in others (McDonald et al. 2011). As of now, it
seems like there is no general rule for oxygen reactivity that can be applied to all (or even
many) flavoenzymes. Rather, oxygen reactivity is explained by fine-tuning of multiple,
individually identified factors. One reason for missing a more general rule might be that
studies to identify factors regulating oxygen reactivity are usually based on very few
sequences (and/or structures) or comparisons of them. This results mainly in the
identification of individual factors, valid only for the respective enzyme that was studied. To
identify a more general rule it might prove beneficial to also study a more general set of
enzymatic sequences. Today, modern advances in genome sequencing and sequence analysis
provide us with an enormous amount of sequence information and make it possible to
conduct such studies. One method that is currently getting increased attention and that
utilizes sequence information to study the molecular evolution of enzymes and their

properties is ancestral sequence reconstruction (ASR).

Ancestral sequence reconstruction (ASR)

ASR is a method that calculates ancient protein sequences based on the sequence variation
that we observe today. By doing so, and further expressing and characterizing these ancestral
proteins in the lab, we can study the molecular evolution of these proteins and follow certain
properties over time to see how they evolved. Therefore, ASR can be used to elucidate on one
of the major goals in modern protein biochemistry, identifying sequence-function
relationships.

Very often, studies on sequence-function relationships are based on comparative
biochemistry, examining the differences of sequence and structure between two homologous
proteins of distinct function. The discovered differences are then used as a basis for an
evolutionary hypothesis that should explain the divergence in function between the two
proteins. To test the hypothesis, site directed mutagenesis is usually used at the positions
showing differences to study their influence on functionality. Such an approach is termed a

horizontal analysis. Unfortunately, there are some shortcomings using a horizontal analysis
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that makes it sometimes nearly impossible to correctly identify and affirm the crucial factors
responsible for the emergence of the function in question. What [ mean here is not simply the
identification of residues that would decrease a function upon substitution, but rather the
factors that are necessary to introduce this function in a homologous protein, hence factors
that really mediate a deeper understanding of the structural (or sequence) cause of the
function. When a horizontal approach is used, many more differences than just the ones
crucial for function will obviously be visible. These are often neutral mutations, accumulated
during evolution, which just produce sequence noise and obscure the identification of the
crucial positions (Figure 3). Next to neutral mutations, also epistatic mutations can
accumulate during evolution. Epistatic mutations are context dependent, which means that
they show different effects in different protein environments. They can be divided into
permissive and restrictive mutations (Hochberg and Thornton 2017). Permissive mutations
are prerequisites for further (function switching) mutations by making the protein tolerate
these upcoming mutations e.g. by stabilizing the protein. Restrictive mutations on the other
hand create an environment that does not allow for certain successive (function switching)
mutations any more, and can therefore restrict the possible substitutions at crucial positions.
So even if the actual key residue for a certain function was positively identified, it might later
be discarded unknowingly because introducing this residue into a homologous protein failed
to mediate the desired function due to the absence of permissive or presence of restrictive
mutations. More generally speaking, epistatic interactions are often responsible for non-

functional protein variants in studies that use site-directed mutagenesis.
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Figure 3: Figure taken from Hochberg and Thornton 2017. Horizontal and vertical analysis of sequence-function
relations. To identify the sequence differences that confer different functions (green or blue) between paralogous
proteins X and Y, a horizontal comparison (black arrow) would include all sequence changes that occurred on branches
A, B, and C (rectangles, colored by their functional and epistatic effects). A vertical analysis would determine the function
of ancestral nodes (circles, colored by their functions) and isolate the change in function to branch B.
For horizontal approaches, comparing only extant sequences, it is almost impossible to
identify the key function-switching mutation(s) together with the necessary environment to
mediate this function. This is a necessary step though, to fully understand the mode of
function for a sequence-function relationship.
With ASR it is possible to expand comparative studies to include also the proteins’ history.
Such an approach is then termed a vertical analysis. By using ASR and taking stepwise
sequence changes and their functional consequences into account, the shortcomings of a
horizontal approach can be drastically reduced. The number of accumulated amino acid
differences (sequence noise) between two ancestors or an ancestor and an extant sequence
will always be less than between two divergent extant sequences (Figure 3). This lower
number of sequence differences decreases the practical work-load needed to study all the
functional effects of these differences significantly, and makes the identification of the actual
function-switching mutation(s) much easier. Also, when using site-directed mutagenesis to
introduce the function-switching mutation(s) in a homologous protein, using an ancestral
sequence can lower the negative effects of epistatic interactions. This is because an ancestral

state provides a protein environment much like, or at least much closer, to the historic

context where the mutation(s) originally occurred.
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There is also a second reason why ancestral sequences might provide a better scaffold than
extant sequences to identify function-switching positions through mutagenesis studies. It is
based on the fact that reconstructed ancestral sequences routinely display a higher
thermostability than their extant relatives. This sometimes substantial increase can be as
high as ~30-40°C (Gumulya and Gillam 2017). In a mutational screening, a starting point with
an increased thermostability will tolerate more destabilizing mutations (Khersonsky et al.
2012; Trudeau and Tawfik 2019) and therefore more sequence space is accessible. With
more functional sequence space accessible, a mutational screening is also more likely to
identify a function-switching mutation. Ancestral proteins can therefore not only provide a
historic, but also more stable starting point for conducting mutational screenings. As for the

reason of this increased stability of ancestral proteins, this is still a topic under discussion.

The most widespread theory about the origin of thermostability in reconstructed ancestors
says that a higher thermostability was necessary for ancient proteins because of the high-
temperature environment in the Precambrian era and early life in general (Risso, Sanchez-
Ruiz, and Ozkan 2018). A second alternative explanation says that the enhanced
thermostability is an artefact of the reconstruction method itself (Trudeau, Kaltenbach, and
Tawfik 2016; Williams et al. 2006). I do not want to go into too much detail of this discussion
here and present all its details and nuanced opinions, but since I support the alternative
method-based explanation, I want to shortly bring up the main points that make me think
that way. In my opinion the main fault of the traditional physiology-based theory is that for
the correlation between an ancestral proteins’ trait (thermostability) and its environment
(high-temperature in Precambrian), one has to assume that ASR results in a historically
correct sequence that actually existed on earth at some point. But this is indeed very unlikely.
First of all, reconstructions are often not unambiguous meaning that there is not ONE
reconstructed ancestor but multiple possible ones, and even if one most likely sequence is
assumed, it did not exist as a single sequence but rather as a sequence population among
multiple species. Secondly, we are always missing a lot of sequence information from extinct
or not-yet-sequenced organisms, which would potentially result in a different ancestor if
included in the calculations. And lastly, there are simply some evolutionary events that are
too big of a change (including insertion and deletion events) or highly variable regions that

are just too different, so that they cannot be properly reconstructed at all. So as long as we
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cannot prove that we actually calculated the historically correct sequence and considering
the above points, I think it is pretentious and actually not scientific to assume that we did.
For thermostability it was also already shown that ancestral sequences still show elevated
values even if reconstructed at a time point with environmental temperatures similar to
today (Trudeau, Kaltenbach, and Tawfik 2016). All this makes the traditional physiology-
based theory quite unlikely. On the other hand, the method-based theory needs no additional
assumptions and would explain all cases of elevated thermostability. Although it is still not
fully understood how the method introduces this bias towards higher thermostability in
reconstructed sequences, it is often compared to the so-called consensus effect, which can
stabilize a protein by exchanging a rare residue at a certain position with the most common
residue (consensus) of all homologs at this position. Indeed, I think that a reconstructed
sequence can also be described as a kind of phylogeny-aware consensus sequence. And if we
consider that the extant sequences, which we utilize for reconstruction, are the most
evolutionary successful sequences, selected over millions of years, it is not surprising that a
combination of their most common traits result in a more stable protein. In other words, the
reason for the higher thermostability in reconstructed sequences lies, in my opinion, in the
ability of ASR to combine the most successful evolutionary developments of various
independently evolved sequences, and if more independently evolved lineages are combined
(the older the reconstructed node) the chance of further increasing stability gets higher. As
already mentioned, this argumentation represents only my personal opinion and does not

represent the still ongoing discussion in literature.

But completely independent of the reason of increased thermostability and the question if
the historically correct ancestor was reconstructed, it is a proven fact that ASR can benefit
protein engineering greatly (Risso, Sanchez-Ruiz, and Ozkan 2018; Trudeau and Tawfik
2019). Today its main application is to improve enzymes for higher thermostability or an
altered substrate specificity (Gumulya and Gillam 2017; Risso, Sanchez-Ruiz, and Ozkan
2018). The same goes for its application in evolutionary studies and studies on structure-
function relationships. Also in this case it is not essential to know if we calculated the correct
historical ancestor. Either way, ASR does not fall short of creating (theoretical) historic states
that stepwise evolve into extant sequences, and therefore lets us follow the emergence of

certain functions. Although we cannot determine with certainty if this was the actual
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evolutionary track, it undeniably gives us an insight into how these functions can be evolved

and which residues mediate these functions.
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Figure 4: Figure taken from Hochberg and Thornton 2017. Workflow for vertical analysis of the genetic and structural causes
of functional differences between related proteins, shown for a hypothetical family of enzymes. (a) Two paralogous enzymes
catalyze similar reactions on different substrates, yielding different products (colors). (b) Sequences of both paralogs (green
and blue) are collected and aligned from many species, including outgroups (black). (c¢) The alignment is used to
computationally infer the best-fit evolutionary model and a phylogeny. Ancestral sequences are inferred by maximum
likelihood at nodes representing the last common ancestor of each paralog group (Anc2, Anc3) and at the gene duplication
ancestral to both groups. (d) DNA sequences coding for ancestral proteins are synthesized and cloned; ancestral proteins
are expressed and their functions experimentally characterized. This allows the branch on which a new function evolved
(red) to be identified. (e) The substitutions that conferred the derived (blue) function must be among the differences
between Ancl and Anc3 (boxed sites). To identify causal substitutions, amino acid states from Anc3 (red states in blue
sequence) are introduced into Ancl and the resulting proteins tested experimentally (bottom). In the example, an arginine
to glutamate substitution (red box) recapitulates the switch in specificity. (f) Structures or homology models of ancestral
proteins are determined to infer the mechanism by which causal substitutions conferred the new function. In this case, the
derived glutamate of Anc3 satisfied the hydrogen bonding potential of the amine group unique to the derived ligand.

So how does ASR work in practice? As a prerequisite one needs a collection of homologous
extant sequences, their alignment, an evolutionary model and the resulting phylogenetic
relation (phylogenetic tree). The complete workflow of the method is illustrated in Figure 4.
Based on these prerequisites each site of the alignment is then assigned an ancestral amino
acid state at every node in the phylogenetic tree. This is what is called the ‘reconstruction’
and can be done using different computational methods. In the early days of ASR, maximum
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parsimony was commonly used. This very simple method was then later replaced by more
complex ones. Today the two most commonly used methods are the probabilistic-based
methods maximum likelihood (ML) (Z Yang, Kumar, and Nei 1995) and Bayesian
reconstruction (Huelsenbeck and Ronquist 2001). Some of the currently most well-known
programs that can perform ASR using these methods are PAML (Ziheng Yang 2007), PAUP
(Wilgenbusch and Swofford 2003), RAXxML (Stamatakis 2014), FastML (Ashkenazy et al.
2012) and MrBayes (Ronquist and Huelsenbeck 2003). Here I want to focus mainly on the
reconstruction of amino acid sequences using the ML method since this was the method

applied in the work described here.

Generally, the ML method tries to find the ancestral states (amino acids) at internal nodes of
the tree that maximize the likelihood of observing the extant states (sequences) given the
chosen evolutionary model and phylogenetic tree. Depending on the mode of optimizing the
likelihood, two different types of ML reconstruction exist (Z Yang, Kumar, and Nei 1995),
marginal reconstruction and joint reconstruction. Marginal reconstruction locally optimizes
the ancestral state for each site at a single given node by comparing the probabilities of all
possible states (e.g. 20 amino acids) and selecting the most probable one. Therefore, each
internal node in the tree is independently optimized to represent the observed data. Joint
reconstruction on the other hand searches for a set of ancestral states across all internal
nodes at each site that jointly maximizes the likelihood of the observed data. Joint
reconstruction therefore globally optimizes the ancestral state across the tree. When
applying both methods to the same dataset, the resulting ancestral sequences might differ
from each other. Although theoretically marginal reconstruction is just considered an
approximation of the computationally more demanding joint reconstruction, it is more often
used in practice. In my opinion this has two reasons. First, marginal reconstruction is better
suited as a method if only a particular node is of interest, which is often the case in studies
trying to reveal structure-function relationships (e.g. reconstructing the common ancestor of
two homologues of distinct function). And second, because marginal reconstruction also
gives the likelihoods for all other possible states at a certain position, and therefore sites with
uncertain reconstruction can easily be identified and alternative ancestral states can be

sampled.
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Independent of which ML method is chosen, both theoretically have a big disadvantage
compared to the hierarchical Bayesian approach. ML methods always result in only one
single most probable state (also called a point estimate) by assuming a given phylogenetic
tree and evolutionary model. Uncertainties in the assumed phylogenetic tree and
evolutionary model are thereby ignored, although they almost always exist (especially for
more diverse sequence selections). In contrast, Bayesian approaches infer ancestral states by
integrating their likelihood over many trees, branch lengths and evolutionary models,
considering their individual probability to represent the observed data (Huelsenbeck and
Bollback 2001). Interestingly though, it was shown that using Bayesian methods does not
improve the accuracy of a reconstructed sequence (Hanson-Smith, Kolaczkowski, and
Thornton 2010). Ancestral reconstruction is therefore considered to be robust to
phylogenetic uncertainty and it is not considered beneficial to use the less user-friendly
Bayesian methods. Another, very recent study has shown that also the often very time
consuming selection of the ‘correct’ evolutionary model (amino acid substitution model) is
not a critical step for ASR (Abadi et al. 2019). Ancestral reconstruction can therefore also be

considered robust to the uncertainty of evolutionary model selection.

These recent insights are also well in accordance with my personal experience from working
with ASR and manually testing different tree building algorithms and evolutionary models. |
think the biggest influence on topology and reconstruction of an ancestral sequence already
stems from the first step in ASR, the sequence selection and the resulting alignment. It is
therefore essential in my opinion to have a good picture of the target proteins’ sequence
space and variability to decide on which sequences to include in the analysis. The sequence
selection process itself should be done in a way that on the one hand, it includes as much
evolutionary information as possible (high sequence variability), but on the other hand still
results only in sequences closely related enough to ensure a good sequence alignment. This
is indeed very often a delicate act of balance. Further sorting out individual sequences of the
selection to ensure good quality of the utilized data is often done manually and should be
based on defined cut-offs and criteria if possible. To subjectively remove sequences from the
sequence selection (because they ‘look odd’) or manually alter the alignment (to ‘make it
better’) easily results in a non-reproducible process and is therefore, by definition, not

scientific. Given the importance of the sequence selection and quality of the used data
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together with the difficulties that come with the selection process this step can really be
considered THE critical step in ASR and should be optimized iteratively by altering the

selection of sequences, aligning them and inferring a phylogenetic tree.

Another major issue that is also connected to the sequence selection is the handling of
insertions and deletions (indels) in the alignment and the sequences where they occur in.
This is critical because most programs for ancestral reconstruction do not have an
implemented algorithm to handle indels and simply calculate ancestral states for each
position of the full length alignment that is provided, independent of the sequence variation
created by indels. It is then up to the user to (often subjectively) decide which parts to keep
in the reconstructed ancestral sequence. Such subjective decisions should be avoided if

possible. The online tool GRASP (http://grasp.scmb.ug.edu.au/) tackles this problem by using

partial-order graphs to display ancestral sequences and bi-directional edge-parsimony to
identify the parts of a sequence that are best supported for an ancestral sequence, given the
extant sequences and their phylogenetic relationship. So in this case the choice of which

indels to include for which ancestral sequence is based on maximum parsimony.

As already mentioned above, it is important to utilize the full sequence space (all available
sequence variations) of closely related sequences only, to ensure the maximum of
information and maximum quality of the analysis. To do so, one needs a defined sequence
space of a (often functionally conserved) protein to separate them from other closely related
protein sequences. Unfortunately, it is still rare for an enzyme superfamily to have defined
similarity cut-offs to differentiate between proteins of varying functionalities. One method
that has been shown to be well suited for such an analysis is the use of sequence similarity

networks (SSNs).
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Sequence similarity networks

SSNs were shown to be well suited to represent similarity relationships of protein sequences

within a protein superfamily (Ahmed et al. 2015; Atkinson et al. 2009; Baier and Tokuriki

2014; Copp et al. 2018; Gerlt 2017). Such network representations consist of dots (so-called

nodes) that represent protein sequences, linked together by lines (so-called edges) that
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Figure 5: Figure taken from Atkinson et al. 2009. Sequence
similarity network topology changes with the stringency of
the threshold. A. The same network, depicting three
simulated protein classes, is shown here at four different
thresholds. At stringent thresholds, the sequences break up
into disconnected groups; within each group the sequences
are highly similar. The relative positioning of disconnected
groups has no meaning, while the lengths of connecting edges
tend to correlate with the relative dissimilarities of each pair
of sequences. As the threshold is relaxed and edges
associated with less significant relationships are added to the
network, groups merge together and eventually become
completely interconnected. B. Simulated dendrogram for a
sequence set that might give rise to the network in A.
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represent a measure for their sequence
similarity. Depending on the sequence
similarity threshold, more or less edges are
present in the network and only sequences
with a higher similarity than the threshold
are linked and therefore cluster together
(Figure 5A). SSNs were developed as a means
to deal with the modern day masses of data
from genetic sequencing as well as structure
and function determination. The challenge
was to analyze the relationship between
large amounts of very diverse protein
sequences in respect of additional
orthogonal information (structure, function,
size, taxonomy...) and still make it an easy-
to-use suitable for

technique non-

bioinformatics scientists to use to

complement or precede their wet-lab
experiments. It was a success; calculating
SSNs can nowadays be done using an online
tool that provides an extensive introduction
to the topic, EFI-EST
(https://efiigb.illinois.edu/efi-est/ (Gerlt et al.

2015);

and visualization as well as

manipulation can be done using the

freeware Cytoscape (Shannon et al. 2003).



SSNs are now on the way to be routinely used as an extension to multiple sequence
alignments and phylogenetic tree analyses, especially when studying entire enzyme

superfamilies or large datasets of functionally diverse sequences and their relationships.

Although sequence similarity between two individual sequences has already been recognized
to be an insufficient indication for functional similarity (Atkinson et al. 2009), networks of
sequence similarity perform well in clustering sequences according to their function.
Nevertheless, SSNs and the resulting clusters should always be validated by assigning
additional functional information to the network if possible. SSNs have also been shown to
correlate well with results obtained from phylogenetic trees (Atkinson et al. 2009; Stitzl et al.
2019), asisillustrated in Figure 5. Generally, SSNs are very well suited to combine information
about sequence or structural similarity with additional sequence-derived or independent
information, and provide a good graphical representation of the data. This, together with the
flexible visualization of the data by user-defined cut-offs, has been stated to be the main
strength of the method, rather than a very precise representation of the sequences’
evolutionary relationship (Atkinson et al. 2009). For the latter, the calculation of a

phylogenetic tree would still be beneficial, if applicable.

A SSN is calculated using an all-by-all pairwise comparison of sequence similarity (e.g. all-by-
all BLAST) for the whole specified dataset of protein sequences. After the definition of a
sequence similarity threshold it is visualized in a suitable program. Only edges representing
a more specific relationship (smaller alignment score/E-value) than the defined threshold
are then visible in the network. By screening through a range of different thresholds, one can
optimize the graphical representation to show either individual (functional) clusters or their
relationships with each other. This can be used to establish defined sequence spaces for
individual enzymes within a superfamily, identify close relatives or conduct various kinds of
evolutionary studies. After a functional annotation of the network one can also create an
overview of the hitherto characterized sequence space and can easily identify regions of
potentially novel functionalities in a superfamily. Even without any in-depth analysis, a SSN
can give a good graphical overview of the extant sequence space/sequence variation around

a protein of interest and its’ position within it.
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Abstract

The CAZy auxiliary activity family 3 (AA3) comprises enzymes from the glucose-methanol-choline (GMC) family of oxido-
reductases, which assist the activity of other AA family enzymes via their reaction products or support the action of glycoside
hydrolases in lignocellulose degradation. The AA3 family is further divided into four subfamilies, which include cellobiose
dehydrogenase, glucose oxidoreductases, aryl-alcohol oxidase, alcohol (methanol) oxidase, and pyranose oxidoreductases.
These different enzymes catalyze a wide variety of redox reactions with respect to substrates and co-substrates. The common
feature of AA3 family members is the formation of key metabolites such as H,O, or hydroquinones, which are required by other
AA enzymes. The multiplicity of enzymatic functions in the AA3 family is reflected by the multigenicity of AA3 genes in fungi,
which also depends on their lifestyle. We provide an overview of the phylogenetic, molecular, and catalytic properties of AA3
enzymes and discuss their interactions with other carbohydrate-active enzymes.

Keywords Cellobiose dehydrogenase - Glucose oxidase - Aryl-alcohol oxidase - Methanol oxidase - Pyranose oxidase - Glucose

dehydrogenase - Lignocellulose degradation

Introduction

The Carbohydrate-Active enZYme (CAZy) database (http://
www.cazy.org/) describes families of structurally related
catalytic modules and domains of enzymes that degrade,
modify, or create glycosidic linkages. The classification
system in this database is founded on amino acid sequence
similarities, protein folds, and catalytic mechanisms. The
catalytic modules or enzymes in this database are grouped in
families of glycoside hydrolases (GH), polysaccharide lyases
(PL), carbohydrate esterases (CE), and glycosyltransferases
(GT); in addition, the non-catalytic carbohydrate-binding
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modules (CBM) associated with these catalytic modules are
included in the database as well (Lombard et al. 2014).

It is now understood that the main chains of polysaccha-
rides such as chitin, cellulose, or starch are not only cleaved by
hydrolytic mechanisms but also by oxidative reactions cata-
lyzed by lytic polysaccharide monooxygenases (LPMO;
(Beeson et al. 2015)). Because of this and the intimate link
between plant cell wall polysaccharides and lignin—and thus
the necessity to degrade lignin as well to achieve efficient cell
wall deconstruction—the curators of the CAZy database re-
cently added a new enzyme class, termed “Auxiliary
Activities” (AA), which comprises redox enzymes that act
in conjunction with CAZymes. These auxiliary activities in-
clude for example the abovementioned LPMOs (families
AA9, AA10, AA1l, and AA13) as well as redox enzymes
involved in lignin breakdown, with the latter comprising
well-studied laccases (AA1) or lignin-active class-II peroxi-
dases (AA2) (Levasseur et al. 2013). A large and varying
group of auxiliary activities is represented by family AA3.
All of its members belong to the glucose-methanol-choline
(GMC) family of oxidoreductases (Cavener 1992) and depend
on a flavin-adenine dinucleotide (FAD) cofactor for their ac-
tivity. Some AA3 members are very well characterized both
from enzymological and structural view; yet overall, this
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group is still functionally enigmatic, with possible functions
of some of its members in, e.g., lignocellulose degradation
emerging only slowly (Kracher et al. 2016).

A comparison based on a phylogenetic inference using
sequences of 58 biochemically characterized enzymes
(Fig. 1) shows that family AA3 is further divided into four
subfamilies: AA3 1 (including the flavodehydrogenase do-
mains of cellobiose dehydrogenase, CDH), AA3 2 (aryl-al-
cohol oxidoreductases, both oxidases, AAO and dehydroge-
nases, AADH, and glucose 1-oxidases, GOx; here we also
included glucose 1-dehydrogenases, GDH, and pyranose de-
hydrogenases, PDH, based on their high-sequence similarities
to the former two enzymes), AA3_3 (alcohol oxidases; AOx),
and AA3 4 (pyranose oxidases, POx).

A flavin-dependent enzyme of the GMC family is typical
composed of a flavin-binding domain comprising the N-ter-
minal, the C-terminal and an internal region of the sequence,
and a substrate-binding domain comprising two internal, dis-
continuous regions of the sequence (Cavener 1992; Kiess
et al. 1998). Some GMC family members may contain struc-
turally distinct loops or even additional domains (Fig. 2). The
flavin-binding domain is highly conserved in all members of
the GMC family and shows the canonical Rossmann fold or
(oS mononucleotide-binding motif, interacting with the ADP
moiety of FAD. The sequence and structure of the substrate-
binding domain of GMC oxidoreductases are less preserved,
which reflects the diversity in substrate specificity within this
family. Even though the substrates (various carbohydrates or
alcohols) oxidized by these GMC oxidoreductases are diverse,
the overall reaction mechanism of the FAD-dependent en-
zymes is similar. The substrate oxidation involves a direct
hydride transfer from the substrate to the N5 atom of the
isoalloxazine moiety of FAD, resulting in reduced FADH,
(reductive half-reaction). FADH, is subsequently re-oxidized
(oxidative half-reaction) by either oxygen (resulting in the
formation of hydrogen peroxide) or by alternative electron
acceptors such as different quinones or (complexed) metal
ions (resulting in the corresponding hydroquinones or reduced
metal ions).

Putative genes encoding members of the AA3 family are
predominantly found in fungal organisms, both ascomycetes
and basidiomycetes, but they are also found in insects such
as Drosophila melanogaster or Bombyx mori where they are
thought to play a role in immunity and development (Ilida
et al. 2007; Sun et al. 2012). Often multiple genes of mem-
bers of a certain subfamily are found in one species, albeit
this multiplicity of genes shows considerable discrepancies
among the different AA3 subfamilies as was shown by an
analysis of 41 fungal genomes (Levasseur et al. 2013).
Multigenicity is most pronounced in the AA3 2 subfamily,
with for example 22 putative AA3 2 genes found in
Coprinopsis cinerea (GOx and AAO only, (Levasseur et al.
2013), 26 putative AA3 2 genes in Aspergillus niger CBS
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513.88, or a total of 31 AA3 genes in Stereum hirsutum
(Kracher et al. 2016). Multigenicity is less pronounced in
subfamilies AA3 3 and AA3 4, with up to seven putative
AA3 3 genes in Stereum hirsutum or a maximum number of
three AA3 4 genes in Auricularia delicata, again based on
the comparison of 41 fungal genomes (Levasseur et al.
2013). Multigenicity is least pronounced in subfamily
AA3 1. Genes of this subfamily are found in higher num-
bers in ascomycetes (averaging ~2.3 copies in 13 ascomy-
cetes genomes), with a maximum number of four genes in
Botrytis cinerea, whereas ~0.6 copies were detected in the
genomes of 28 basidiomycete species, which typically
showed only a single copy of this AA3 1 gene when present.
It should be pointed out that the majority of these genes are
putatively assigned, and that most of the respective gene
products have not been studied biochemically, e.g., with re-
sect to their actual substrates. According to the CAZy
website (http://www.cazy.org/AA3 characterized.html,
accessed on Dec. 3, 2017) only 37 AA3 member proteins
have been characterized biochemically.

Subfamily AA3_1—cellobiose dehydrogenase

The first subfamily of the AA3 family consists of cellobiose
dehydrogenases (CDH; EC 1.1.99.18, cellobiose:acceptor 1-
oxidoreductase) (Levasseur et al. 2013), which are to date the
only known extracellular hemoflavoproteins (Zamocky et al.
2006). CDH was first discovered and described by Eriksson
and co-workers while analyzing the secretomes of the white-
rot fungi Trametes versicolor and Phanerochaete
chrysosporium in the presence of cellulosic substrates
(Westermark and Eriksson 1974).

The monomeric multi-domain glycoprotein CDH harbors a
haem b and an FAD cofactor, which are found in the N-
terminal cytochrome (CY Tcpy) and the C-terminal dehydro-
genase (DHcpy) domain, respectively (Tan et al. 2015;
Zamocky et al. 2006). The CYT domain with its haem b has
also been classified as a separate auxiliary activity in the
CAZy database, AAS8 of iron reductases (Levasseur et al.
2013). The two domains of CDH are connected by a papain-
sensitive flexible linker of approx. 20-35 amino acids (aver-
age of 28 + 7 amino acids deduced from 293 CDH sequences),
which imparts significant mobility to the individual CDH do-
mains and allows an open (Fig. 2a) and a closed (Fig. 2b)
conformation of CDH (Henriksson et al. 1991; Tan et al.
2015). Structures of the separate domains of
P, chrysosporium CDH (PcCDH) were published in the early
2000s (CYTcp: 1.9 A, PDB 1D7C, (Hallberg et al. 2000);
DHcpy: 1.5 A, PDB 1KDG, (Hallberg et al. 2002)), while
structures of intact CDH were published only recently
(Neurospora crassa CDH 1IA: 2.9 A, PDB 4QI7;
Myriococcum thermophilum CDH: 3.2 A, PDB 4QI6), due
to the difficulties in obtaining suitable crystals of the flexible
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Fig. 1 Phylogeny of the AA3 family of fungal GMC oxidoreductases.
The phylogenetic tree was calculated using sequences of 58
experimentally characterized enzymes, aryl-alcohol oxidase (AAO),
aryl-alcohol dehydrogenase (AADH), alcohol oxidase (AOx), cellobiose
dehydrogenase flavodehydrogenase domain (CDH, class I+ 1I), glucose
dehydrogenase (GDH, class I+ 1III), glucose oxidase (GOx), pyranose
dehydrogenase (PDH), and pyranose oxidase (POx) of fungal origin be-
longing to the phylum of ascomycetes (A) or basidiomycetes (B).

proteins (Tan et al. 2015). Harada et al. recently confirmed the
domain movement by using atomic force microscopy (Harada
et al. 2017). This conformational change and the mobility of
the two domains are of particular importance for the electron
transfer chain described below.

CDHs can be divided into three classes (Fig. 3), namely
class-1, class-II, and class-IIT (Harreither et al. 2011; Zamocky
et al. 2004, 2008). This division is based on phylogenetic
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Sequence descriptions include species names, NCBI version numbers,
and PDB codes if available. Sequences were aligned using M-coffee
(Wallace et al. 2006) with default settings. Phylogeny was inferred using
PhyML (Guindon et al. 2010) and the Whelan and Goldman (WAG)
amino acid substitution model (Whelan and Goldman 2001). Branch
support was calculated by 500 bootstrap repetitions (values displayed in
percent). The tree was visualized in MEGA7 (Kumar et al. 2016) and
rooted on midpoint

analyses where basidiomycete CDHs are regrouped in class-
I and ascomycete CDHs can be found both in class-1I and
class-III. Genes of the third class are found in ascomycetes
and have yet to be characterized. CDHs of class-II can further
be grouped into subclasses A and B, depending on whether
CDH bears a C-terminal type-1 carbohydrate-binding module
(CBM1), allowing the enzyme to bind firmly to cellulose or
not. Class-I and class-IIB CDHs lack a CBM1; class-I CDHs
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Fig. 2 Molecular structures of representative members of the AA3
families in cartoon representation. a Neurospora crassa cellobiose
dehydrogenase CDH IIA in the open conformation (PDB 4QI7 (Tan
et al. 2015)), b Myricoccum thermophilum cellobiose dehydrogenase in
the closed conformation (PDB 4QI6 (Tan et al. 2015)), ¢ subunit of homo-
dimeric Aspergillus niger glucose oxidase GOx1 (PDB 1CF3 (Wohlfahrt
et al. 1999)), d subunit of homo-octameric Pichia pastoris alcohol oxi-
dase AOx1 (PDB 5HSA (Koch et al. 2016)) and e subunit of homo-

108 CDHI
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< CDHII
— 100
« CDH I1I

98

0.2

Fig. 3 Phylogeny of cellobiose dehydrogenase (CDH); AA3_1
genes form three well-supported classes with distinct molecular
and catalytic properties. The phylogenetic subtree was calculated
using the flavin domains of 21 CDH sequences representative for
CDH class 1 (6 sequences, 4 characterized), class II (9 sequences,
9 characterized), and class III (6 sequences, 0 characterized). The
tree was rooted within AA3 family enzymes (not shown).
Sequences were aligned using M-coffee (Wallace et al. 2006) with
default settings. Phylogeny was inferred using PhyML (Guindon
et al. 2010) and the Whelan and Goldman (WAG) amino acid
substitution model (Whelan and Goldman 2001). Branch support
was calculated by 100 bootstrap repetitions (values displayed in
percent). The tree was visualized in MEGA7 (Kumar et al. 2016)
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tetrameric Phanerochaete chrysosporium pyranose oxidase (PDB 4MIF
(Hassan et al. 2013)). The FAD-binding domain is highlighted in green;
FAD is shown in orange (ball-and-stick representation), and the haem 4 in
the cytochrome domain of CDH is depicted in red (ball-and-stick repre-
sentation). The carbohydrate-binding module (CBM1) of the two CDHs
(a, b), the insertion loop of PpAOx1 (d) and the head domain of PcPOx
(e) are shown in magenta

can nevertheless strongly bind to cellulose by a yet unknown
mechanism (Zamocky et al. 2006).

CDHs oxidize cellobiose, cellodextrins, or structurally re-
lated oligosaccharides such as lactose at C-1 of the reducing
end. Cellobiose is thus oxidized to cellobionolactone (which
then spontaneously hydrolyses to cellobionate) while the FAD
cofactor is reduced to FADH, (Hyde and Wood 1997). Other
hemicellulose- and starch-derived oligosaccharides, such as
xylo-, manno-, or malto-oligosaccharides are oxidized by a
number of CDHs as well, albeit with lower catalytic efficien-
cies. CDHs typically discriminate monosaccharides and show
lowcatalytic efficiency towards glucose, galactose, and man-
nose (Zamocky et al. 2006), for example, the specificity con-
stant keae Ky | of PcCDH for cellobiose and glucose are
150 x 10> M™' s7" and 0.015x10° M ! 57!, respectively
(Kracher and Ludwig 2016). The carbohydrate substrate-
binding site is located in the DHcpy domain close to the
isoalloxazine moiety of FAD, which is accessible through a
12-A long tunnel (Hallberg et al. 2002). This binding site can
also be accessed by the sugar substrates in the closed
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conformation of CDH (Tan et al. 2015). As a result of the
reductive half-reaction, the two electrons that are taken up in
the DH¢py domain can subsequently be transferred to either a
two-electron acceptor (e.g., 2,6-dichloro-indophenol (DCIP),
which is routinely used in activity assays) or a one-electron
acceptor (e.g., the haem b group in the CYT¢cpy in an
interdomain electron transfer) (Zamocky et al. 2006).
Although this oxidative half-reaction can be achieved by a
myriad of small molecular electron acceptors, it is the
interdomain electron transfer from the DHcpy FADH, to the
low redox potential CYTcpy haem b that has been of partic-
ular interest over the past few years (Harada et al. 2017; Kadek
et al. 2017; Kracher et al. 2016). In order to complete the
electron transfer chain described above, the reduced haem b
can in turn reduce a terminal electron acceptor such as copper-
dependent LPMOs (Kracher et al. 2016; Phillips et al. 2011).
Other electron acceptors of CDH that may be functionally
important include variously (complexed) metal ions, most im-
portantly Fe** or Mn>* malonate (Ander 1994; Bao et al.
1993). CDH shows negligible activity with oxygen, even
though it was originally termed cellobiose oxidase (Ayers
et al. 1978). This reduction of metal ions at AA8 CYTcpu
could be involved, e.g., in the generation of highly reactive
hydroxyl radicals (OH’) via Fenton’s reaction (see below).
Interestingly, phylogenetically closely related AA8 domains
were also found in a newly discovered group of fungal oxido-
reductases that show a modular structure very similar to CDH,
pyrroloquinoline quinone or PQQ-dependent pyranose dehy-
drogenases. PQQ-dependent PDH (which as a
quinohaemoprotein is both structurally and biochemically dif-
ferent from FAD-dependent pyranose dehydrogenase of sub-
family AA3 2) is classified in a separate family in CAZy,
auxiliary activity AA12 (Matsumura et al. 2014). So far,
PQQ-dependent PDH has only been described and character-
ized from the fungus Coprinopsis cinerea (Takeda et al.
2015).

Subfamily AA3_2—aryl-alcohol
oxidase/dehydrogenase

Aryl-alcohol oxidase (AAO; EC 1.1.3.7, aryl-alcohol:oxygen
oxidoreductase) was first isolated and studied from different
Pleurotus species (Bourbonnais and Paice 1988; Guillén et al.
1990; Sannia et al. 1991). AAOs are monomeric, two-domain
enzymes containing non-covalently attached FAD, which are
secreted by a number of wood-degrading fungi (Ferreira et al.
2015). The structure of AAO from Pleurotus eryngii
(PeAAO:; 2.55 A, PDB 3FIM, (Fernandez et al. 2009)) shows
a funnel-shaped channel connecting the active-site with the
solvent. Access to this channel is limited by three aromatic
residues, which also interact both with the (hydrophobic) al-
cohol substrate and oxygen during access to the buried FAD

group.

AAOs typically catalyze the oxidation of a primary alcohol
group of a range of different aromatic and aliphatic unsaturat-
ed alcohols, many of which are either secreted by fungi or
formed during fungal decomposition of lignocellulose, to the
corresponding aldehydes. Concomitantly, oxygen is reduced
to hydrogen peroxide. PeAAO is the best-studied AAO en-
zyme to date, both with respect to its structural and biochem-
ical properties as well as its reaction mechanism (Hernandez-
Ortega et al. 2012). PeAAO shows high activity and a
highcatalytic efficiency of 5.23 x 10° M " s! with p-anisyl
alcohol. Other alcohols that serve as good electron donor sub-
strates for PeAAO include veratryl alcohol, cinnamyl alcohol,
or 2,4-hexadien-1-ol (Ferreira et al. 2006; Guillén et al. 1992).

A recent study of the Pycnoporus cinnabarinus genome
together with secretome studies revealed four AA3 2 en-
zymes that are secreted during biomass degradation
(Levasseur et al. 2014). One of these was identified as a glu-
cose dehydrogenase; the other three showed high-sequence
identities of 44.5-48.7% to PeAAO (Mathieu et al. 2016).
The corresponding proteins were recombinantly produced in
A. niger and biochemically characterized. They showed com-
parable activities to AAOs for their reductive half-reaction in
oxidizing a range of aromatic alcohols with catalytic efficien-
cies for, e.g., p-anisyl alcohol ranging from 0.631 x
10°M s 't016.9x10° M ' s™'. p-Anisyl alcohol was also
one of the preferred substrates of these three enzymes. The
three isoforms, however, also differ significantly with respect
to the reactivity with some of their electron donor substrates.
p-Anisyl alcohol, for example, is oxidized by all three iso-
forms, where m-anisyl alcohol is only accepted by one of them
with the other two showing negligible activity. While these
three enzymes resemble AAO with respect to their alcohol
substrates, one of these three enzymes did not show any ac-
tivity with oxygen, and oxygen reactivity of the other two
enzymes was low compared to the activity with alternative,
quinoid electron acceptors such as p-benzoquinone or DCIP
with relative dehydrogenase to oxidase activities of approx.
50:1 (Mathieu et al. 2016). Catalytic efficiencies for some of
these electron acceptors were also very high, e.g., the enzyme
termed PcAAQO! showed a ke Ky | value of 0.877 x
10° M! s7! for the substrate p-benzoquinone (3-chlor-p-
anisyl alcohol in saturating concentrations). In addition, these
enzymes reduced phenoxy radicals that are formed by
laccases during activity on lignin. Hence, these enzymes are
no true oxidases but dehydrogenases, and they were termed
aryl-alcohol quinone oxidoreductases (AAQO). It should be
noted that the three P. cinnabarinus aaqo genes clustered with
(biochemically characterized) AAO in a phylogenetic com-
parison (Mathieu et al. 2016). As with the electron donor
substrates, reactivity of these AAQO isoforms of
P cinnabarinus differed considerably for different electron
acceptor substrates as indicated by the catalytic efficiencies
determined. The in vivo function of AAO had been suggested
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as a source of hydrogen peroxide for fungal peroxidases active
on lignin. The occurrence of extracellular AAO-like enzymes
that do not react with oxygen, or only very poorly do so,
implicates that their role could go beyond the provision of
H202.

Subfamily AA3_2—glucose oxidase and glucose
dehydrogenase

Two different FAD-dependent enzymes are found in AA3 2,
which specifically oxidize 3-D-glucose (Glc) at the anomeric
carbon to d-gluconolactone (D-glucono-1,5-lactone), glucose
1-oxidase (GOx), and glucose 1-dehydrogenase (GDH). GOx
and GDH are catalytically and phylogenetically closely relat-
ed (Fig. 4), but differ in their preference for the electron ac-
ceptors employed in their oxidative half-reactions. While GOx
preferentially reduces molecular oxygen to H,O,, GDH
shows very low activity with O, and utilizes a range of alter-
native electron acceptors.

GDH was not included in the original description of sub-
family AA3 2 (Levasseur et al. 2013). Mori et al. (2011)
showed for the first time that GOx and GDH cluster in distinct
phylogenetic clades. A more detailed phylogenetic analysis of
fungal GOx and GDH sequences performed by us revealed
four distinct phylogenetic clades. Oxidases are only found in
one of the four clades while the other three contain only de-
hydrogenases and uncharacterized enzymes. We propose to
name these four clades GOx and GDH class-I to III. The
GOx clade contains only ascomycete sequences including all
glucose 1-oxidases characterized to date, GDH class-I com-
prises only ascomycete sequences including most of the cur-
rently characterized glucose 1-dehydrogenases, GDH class-II
includes only ascomycete sequences that are completely
uncharacterized to date, and GDH class-III comprises only
basidiomycete sequences (with only one characterized mem-
ber to date, see below). An interesting aspect of this analysis is
the phylogenetic relationship between ascomycete GOx and
basidiomycete GDH class-III, which is closer than that of
GOx with other ascomycete GDH sequences. This, together
with the longbranch length of GOx (0.8 substitutions per site)
compared to GDH clades, indicates a high degree of special-
ization already from an early point in GOx/GDH evolution. In
the past, enzymes of various organisms were often falsely
annotated as GOx, leading to the belief that GOx is much
more widely distributed among fungi than is actually the case.
Later on, these falsely annotated GOx were often found to be
GDH or POx instead. This wrong annotation can be easily
explained by the high-sequence similarity in the case of
GDH, and the utilization of the same substrates (glucose and
0,) in the case of POx.

GOx (EC 1.1.3.4, 3-D-glucose:oxygen 1-oxidoreductase)
is a homo-dimeric glycoprotein with a non-covalently but
tightly bound FAD cofactor. The first description of GOx from
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Fig. 4 Detailed phylogeny of glucose oxidases and glucose
dehydrogenases showing the newly proposed classification. An
extended BLAST search resulted in numerous putative glucose
oxidoreductases. The tree shown here was calculated using 28 GOx and
GDH sequences representative for the clades GOx (8 sequences, 8
characterized), GDH class-I (7 sequences, 5 characterized), GDH class-
II (6 sequences, 0 characterized), and GDH class-III (7 sequences, 1
characterized). The tree was rooted within AA3 family enzymes (not
shown). Sequences were aligned using M-coffee (Wallace et al. 2006)
with default settings. Phylogeny was inferred using PhyML (Guindon
etal. 2010) and the Whelan and Goldman (WAG) amino acid substitution
model (Whelan and Goldman 2001). Branch support was calculated by
100 bootstrap repetitions (values displayed in percent). The tree was
visualized in MEGA 7 (Kumar et al. 2016)

A. niger (AnGOx) dates back to 1928 (Miiller 1928). AnGOx
also was the first AA3 enzyme, of which the crystal structure
was solved in 1993 (2.3 A, PDB 1GAL (Hecht et al. 1993)).
High-resolution structures of AnGOx (1.9 A, PDB 1CF3) and
GOx of Penicillium amagasakiense (1.8 A, PDB 1GPE) were
published soon after (Wohlfahrt et al. 1999). GOx shows a
very high preference for (3-D-glucose, and hardly any other
sugars are oxidized with significant catalytic efficiency. This
specificity towards [3-D-glucose stems from a highly special-
ized active-site architecture, characterized by the conserved
residues Tyr, Thr or Ser, Arg, Asn, and the catalytic His pair
(Y68, T110, R512, N514, H516, and H559 in AnGOx 1CF3),
resulting in the formation of hydrogen bonds to all five hy-
droxyl groups of 3-D-glucose (Wohlfahrt et al. 1999; Yoshida
etal. 2015). The C-6 hydroxyl group of 3-D-glucose interacts
with the conserved Thr or Ser, making GOx specifically se-
lective over D-xylose (Sode et al. 2017). AnGOx is the cur-
rently best-characterized GOx and is also most widely used in
industrial applications. AnGOx shows a catalytic efficiency of
up to 1.5x10° M ! s7! for D-glucose (Roth and Klinman
2003) and was once described as the “Ferrari” among
flavin-dependent oxidases (Mattevi 2006).

Even though the first fungal glucose 1-dehydrogenase
(GDH; EC 1.1.5.9 transferred in 2013 from 1.1.99.10, D-
glucose:quinone 1-oxidoreductase) was already reported in
1937 in Aspergillus (Ogura and Nagahisa 1937), attention
towards GDH developed only lately for its possible applica-
tion in glucose biosensors independent of O, levels. The first
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crystal structure of Aspergillus flavus GDH was solved recent-
ly (AfGDH; 1.78 A, PDB 4YNT (Yoshida et al. 2015) and
published together with a structure including the reaction
product D-glucono-1,5-lactone (1.57 A, PDB 4YNU), show-
ing specific substrate-binding interactions. GDHs are found
either as monomeric or homodimeric proteins. They are phy-
logenetically and structurally very closely related to GOX,
showing both the same domain architecture and conserved
catalytic residues. This conformational relatedness is also
reflected in the root-mean-square deviation (rmsd) value for
the backbone Ca atoms between AfGDH (4YNU) and
AnGOx (1CF3) of 1.31 A. Together with structural features,
GDH shares most of the active site composition and therefore
the high-substrate specificity towards Glc with GOx, which
typically is the preferred sugar substrate. Yet some GDHs
show significant activity with D-xylose (Xyl), which can
range from 2% relative activity of that with Glc to approxi-
mately equal activities for Glc and Xyl, depending on the
source of the enzyme. This loss in specificity is attributed to
a missing Thr or Ser, otherwise forming a hydrogen bond to
the C-6 hydroxyl group of 3-D-glucose (Sode et al. 2017). In
contrast to GOx, GDH occurs both in ascomycota (GDH
class-I and II) and basidiomycota (GDH class-III). To date
only one class-III GDH from the basidiomycete
P. cinnabarinus (PcGDH) was characterized, which showed
lower catalytic efficiency towards glucose than ascomycete
GDH (Piumi et al. 2014). PcGDH does not show the complete
set of highly conserved residues responsible for glucose bind-
ing in both GDH and GOx (only Y64, H528, and H571 are
conserved), yet D-glucose is by far the preferred substrate
(Piumi et al. 2014). Detailed kinetic studies of GDHs are still
scarce; the catalytic activity was determined for example for
Glomerella cingulata class-1 GDH (GcGDH; 24.5 x
10°M! s_l, D-glucose, and the ferrocenium ion as substrates;
(Sygmund et al. 2011)) or for class-IIl PcGDH (67 M! s
with D-glucose and DCIP as substrates; (Piumi et al. 2014)).
GDH shows almost no reactivity with oxygen. Typical elec-
tron acceptors that are employed to re-oxidize its FAD include
a range of differently substituted quinones or certain radicals
such as phenoxy radicals.

Subfamily AA3_2—pyranose dehydrogenase

Pyranose dehydrogenase (PDH; EC 1.1.99.29,
pyranose:acceptor oxidoreductase) was first isolated and de-
scribed from Agaricus bisporus (Volc et al. 1997). PDH is an
extracellular, monomeric, glycosylated enzyme that is found
in a rather restricted group of litter-degrading basidiomycetes
belonging to the Agaricaceae and Lycoperdaceae, but not in
white-rot wood-decaying fungi (Volc et al. 2001). The struc-
ture of PDH1 from Leucoagaricus (Agaricus) meleagris
(LmPDHI; 1.6 A, PDB 4H7U, (Tan et al. 2013)) shows the
typical two-domain architecture of the other AA3s, with a

substrate- and a flavin-binding domain. In contrast to most
other AA3s, FAD is covalently tethered to a His residue in
the active site. The GMC family member structurally most
similar to LmPDH is PeAAO with an rmsd value of 1.6 A
for 544 of 575 aligned Co atom pairs, as well as AnGOx with
an rmsd value of 1.5 A for 461 aligned Cx atom pairs (Tan
et al. 2013), as also reflected in the close phylogenetic rela-
tionship of these three branches of subfamily AA3 2 (Fig. 1).
The access to the active site of PDH is rather open and unob-
structed, which is also reflected in the enzyme’s broad sub-
strate reactivity, ranging from various mono- and oligosaccha-
rides to even polysaccharides. Depending on the fungal source
of the enzyme and the pyranose sugar substrate, PDH can
catalyze the selective mono-oxidations at C-1, C-2, or C-3
of the sugar, or di-oxidations at C-2,3 or C-3,4 of the mole-
cule, yielding the corresponding aldonolactones (C-1
oxidation) or (di)ketosugars [(di)dehydrosugars or
aldos(di)uloses] (Peterbauer and Volc 2010). LmPDHI1, one
of three isoforms of PDH from L. meleagris, is the biochem-
ically and structurally best-studied representative of PDH.
Based on the catalytic efficiencies, L-arabinose (Ara), D-glu-
cose, and D-galactose (Gal) are the preferred sugar substrates
of LmPDHI (62.1 x10° M ' 57!, 57.5x10° M' 57! and
46.2x10° M ' 57!, respectively). While Ara and Gal are only
oxidized at C-2, yielding the respective 2-keto sugars, Glc is
oxidized both at C-2 and C-3, so that the final reaction product
is 2,3-diketoglucose (Sygmund et al. 2008). As was shown by
substrate turnover experiments and molecular dynamics sim-
ulations, oxidation at C-2 is preferred over C-3 oxidation
(Graf et al. 2015). The reactivity of PDH with oxygen is neg-
ligible. PDH reduces a number of (complexed) metal ions (the
ferrocenium ion, ferricyanide), variously substituted quinones
(tetra-chloro-1,4-benzoquinone, 3,5,-di-t-butyl-1,2-benzoqui-
none) and the azino-bis-(3-ethylbenzthiazolin-6-sulfonic acid)
(ABTS) cation radical, with the natural electron acceptor of
PDH yet unknown (Kujawa et al. 2007). Three PDH-
encoding genes were identified in L. meleagris (pdhl, pdh2,
pdh3), coding for three PDH isoforms that share 75-92%
amino acid similarity. pdh2 and pdh3 are essentially tran-
scribed constitutively, yet at very low levels, whereas pdhl
expression is up-regulated upon exhaustion of the carbon
source and appears to be additionally regulated under condi-
tions of oxygen limitation (Kittl et al. 2008). A. bisporus con-
tains only a single pdh gene, which is expressed in the myce-
lium as well as the gills of the fruiting bodies, while expres-
sion is low in the stem and the hood of these fruiting bodies
(Gonaus et al. 2016). In a comparison of the biochemical and
kinetic properties of the three LmPDH isoforms, it was shown
that they possess comparable properties with respect to their
electron donor sugar substrates (substrate specificity and ki-
netic properties). In contrast, their kinetic properties and rela-
tive activities differed significantly for model electron accep-
tor substrates studied, a radical (the ABTS cation radical), a
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quinone (benzoquinone), and a complexed iron ion
(ferrocenium ion). Thus, a possible explanation for this mul-
tiplicity of PDH could be that in vivo the different PDH iso-
forms react preferentially with structurally different electron
acceptors (Graf et al. 2017).

Subfamily AA3_3—alcohol oxidase

Alcohol oxidase (AOx, sometimes referred to as methanol
oxidase, MOXx, based on the preferred substrate of the enzyme;
EC 1.1.3.13, alcohol:oxygen oxidoreductase) was first de-
scribed in 1965 in the basidiomycete Polyporus obtusus
(renamed to Spongipellis unicolor) (Janssen et al. 1965).
AOx catalyzes the FAD-dependent oxidation of lower, ali-
phatic primary alcohols (both saturated and unsaturated) to
the corresponding aldehydes. It is typically not active on sec-
ondary alcohols (Gvozdev et al. 2012).

FAD-dependent AOx is a key enzyme of methylotrophic
yeasts that can utilize methanol (as well as other short primary
alcohols) as sole source of carbon and energy. It has been
primarily studied in these methylotrophic yeasts including
Pichia, Candida, or Hansenula, where it is located in the
peroxisomes, to which it is targeted by a C-terminal signal
sequence (Ozimek et al. 2005). AOx can comprise up to
30% of the total cellular protein in these organisms. The struc-
ture of the alcohol oxidase AOX1 from Pichia pastoris
(PpAOx) has been solved both by crystallography and X-ray
diffraction (2.35 A, PDB SHSA, (Koch et al. 2016)) as well as
by cryo-electron microscopy (3.4 A, PDB 5168 (Vonck et al.
2016)). PpAOx is a homo-octameric protein, with each sub-
unit carrying one non-covalently attached FAD. This FAD is
modified and contains an arabityl rather than the canonical
ribityl chain attached to the isoalloxazine moiety, which is
formed by an autocatalytic reaction. It is thought that this
FAD modification affects the reactivity of the enzyme with
its alcohol substrates primarily by lowing the Michaelis con-
stant for methanol. The extent, to which the flavin is modified,
is inversely correlated to the methanol concentration in the
growth medium and may vary from 5 to 95% (Ashin and
Trotsenko 1998). The preferred substrate of PpAOx as judged
from the catalytic efficiency is methanol (9.58 x 10° M ' s™1);
kear Kni ' values decrease significantly with longer chain
length of the alcohol substrates (Koch et al. 2016).

AOx from basidiomycete and/or phytopathogenic fungi
has received significantly less attention compared to their
yeast counterparts. An extracellular AOx isolated from cul-
tures of the brown-rot fungus Gloeophyllum trabeum
(GtAOx) displayed 50-53% sequence identity to other yeast
and fungal AOxs, including PpAOx (Daniel et al. 2007). Its C
terminus is distinctly different from that of yeast AOx, and it
also contains no typical N-terminal fungal signal sequence,
yet immunofluorescence and TEM-immunogold labelling
studies showed that GtAOx was extracellularly localized,
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associated with hyphal cell walls as well as with extracellular
slime. GtAOx could not be shown in peroxisomes by TEM-
immunogold labeling. The authors suggested that the C-
terminal sequence of GrAOXx is responsible for protein trans-
location (Daniel et al. 2007). In accordance with yeast AOX,
GtAOx is a homo-octameric protein, with one non-modified
and non-covalently attached FAD per subunit. Methanol is the
preferred substrate of GrAOx, which is turned over at a cata-
lytic efficiency (6.78 x 10> M s™") comparable to that of
PpAOx. Concomitantly, oxygen is reduced to hydrogen per-
oxide. In contrast to yeast AOx, which is believed to play a
role in methanol metabolism and assimilation, it is thought
that the role of GtAOx (or AOx from other fungal brown-
rotters) is to provide H,O, for the fungal attack on lignocellu-
lose. AOx is also found in the phytopathogenic basidiomycete
Moniliophthora perniciosa, the causative agent of Witches’
broom disease in the cocoa tree (Theobroma cacao). AOX is
also secreted in M. perniciosa, but it was proposed to play a
role in the utilization of methanol derived from the demethyl-
ation of pectin rather than in the attack on the plant (de
Oliveira et al. 2012).

Subfamily AA3_4—pyranose oxidase

Pyranose oxidase (pyranose 2-oxidase, glucose 2-oxidase;
POx, EC 1.1.3.10, pyranose:oxygen 2-oxidoreductase) is the
most distantly related member of the AA3 family (Fig. 1) and
does not show the otherwise high conservation of typical fam-
ily motifs in the AA3 family. Therefore, it was rather late that
POx was identified as a member of the GMC family (Albrecht
and Lengauer 2003), even though POx was first described
already in 1968 in the basidiomycete Spongipellis unicolor
(Polyporus obtusus; (Janssen and Ruelius 1968). Crystal
structures of Trametes ochracea (synonym Trametes
multicolor) POx (ToPOx; 1.8 A, PDB 1TTO0; (Hallberg et al.
2004), Peniophora sp. POx (PsPOx, 2.35 A, PDB 1TZL,
(Bannwarth et al. 2004) and P. chrysosporium POx (PcPOXx;
1.8 A, PDB 4MIF; (Hassan et al. 2013)) show that POx is also
the most diverse AA3 member with respect to structural fea-
tures. In contrast to other AA3 family members, POx is a
homotetrameric protein. Each of the two-domain subunits
contains one active site with FAD as cofactor, covalently
linked to a His. Access to the active site is restricted by a
highly mobile active-site loop, which also restricts the activity
of the enzyme to monosaccharide substrates. Access to the
active sites is furthermore only possible through tunnels from
the polypeptide surface to an internal large cavity formed by
the four subunits. Each of the subunits carries a small exten-
sion termed “head domain” (Fig. 2) of an unknown function;
it was speculated that this head domain is involved in oligo-
merization or in interactions with cell wall-polysaccharides or
other proteins (Hallberg et al. 2004).
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The preferred substrate for POx is D-glucose, but in con-
trast to GOx, POx can utilize both «- and 3-D-glucose (the
activity of GOx is restricted to «-D-glucose) as well as other
monosaccharides including D-galactose, D-xylose, or D-
gluconol,5-lactone at relevant rates (Leitner et al. 2001;
Pisanelli et al. 2009) for its reductive half-reaction. POx cata-
lyzes the oxidation of these aldopyranoses at position C-2,
yielding the corresponding 2-ketoaldoses (2-dehydroaldoses
or osones) as products. Some POx can additionally oxidize
sugars at C-3, but this activity is typically much lower than
oxidation on C-2 (Giffhorn 2000). Catalytic efficiencies for
PcPOx and D-glucose are 98.9 x 10° M ™' 57! (oxygen/air as
saturating substrate, (Pisanelli et al. 2009)). In the oxidative
half-reaction, two electrons are transferred from the reduced
FAD to O, forming H,O,. The oxidative reaction of POx
involves formation of a C4a-hydroperoxyflavin intermediate,
which had previously not been detected in other flavin-
dependent oxidases (Wongnate and Chaiyen 2013) but is the
typically intermediate for monooxygenases. Apart from oxy-
gen, POx can also utilize alternative electron acceptors includ-
ing a number of (substituted) quinones and (complexed) metal
ions. Interestingly, catalytic efficiencies for some of these
electron acceptors are much higher than for molecular oxygen,
indicating that these might in fact be the more relevant natural
substrates than oxygen (PcPOx, 89.2x 10° M' s7! and
11.9x 10°M ' s™! for oxygen and 1,4-benzoquinone, respec-
tively; in each case D-glucose was the saturating substrate
(Pisanelli et al. 2009)).

POx is found in a number of basidiomycetes, associated
with membrane-bound vesicles and other membrane struc-
tures in the periplasmic space of the fungal hyphae (Daniel
et al. 1992) but also extracellularly associated with polysac-
charides. In a recent study, Mendes et al. showed that POx
sequences can also be found in bacteria with sequence identi-
ties of 39-24% to fungal POx. The majority of these putative
bacterial POx sequences occurred in the phylum of
Actinobacteria. POx from Arthrobacter siccitolerans is the
only characterized bacterial POx so far (Mendes et al. 2016),
but POx activity was also proven in medium of the endophytic
bacterium Pantoea ananatis when cultivated on rice straw
(Ma et al. 2016a) suggesting that POx might be further spread
throughout the bacterial domain.

Biological functions of AA3 family members

Enzymes from the different AA families in the CAZy database
do not directly act on polymeric constituents of lignocellulosic
material (cellulose, various hemicelluloses, pectin, or lignin)
but cooperate with other enzymes and thus help to
depolymerise lignocellulose. The AA3 family, as defined by
CAZy, consists of FAD-dependent GMC oxidoreductases
(Levasseur et al. 2013) that support lignocellulose degradation
by reducing low-molecular weight components such as

oxygen and quinones as well as metal ions to some extent.
The two main products that are formed are H,O,, resulting
from the reduction of oxygen by the oxidases, and hydroqui-
nones from the reduction of quinones by dehydrogenase ac-
tivities (Fig. 5). Most of the proposed physiological functions
that are attributed to AA3 family members can be deduced
from these two reactions, and both products (peroxide and
hydroquinones) support other enzymes or reactions important
for the deconstruction of lignocellulosic material in different
ways. Maybe one of the best known of these interactions is the
supply of H,O, by different oxidases to lignin-modifying per-
oxidases (LMPs; CAZy auxiliary activities family 2, AA2).
Peroxidases employ peroxide as an electron acceptor in the
classical peroxidase reaction cycle. Peroxidases in the resting
ferric state react with H,O, in a two-electron process to gen-
erate an intermediate known as compound I (an oxo-ferryl
porphyrin cation radical complex), which then oxidizes two
substrate molecules in two sequential single-electron abstrac-
tions, yielding radical products that are highly reactive. The
first lignin-degrading enzymes evolved from a gene encoding
a single generic peroxidase, and after gene duplication
evolved further into a number of different lignin-degrading
class-II peroxidases (Floudas et al. 2012), which play an im-
portant role in white-rot as well as in litter-degrading fungi
(Lundell et al. 2014).

The role of H,O, could even go beyond the activation of
peroxidases. Recently, it was shown that LPMOs are activated
by H,0, (Bissaro et al. 2017), and hence various oxidases
formed by LPMO-producing organisms might play an acces-
sory role in the oxidative cleavage of polysaccharides. An
AA9 LPMO was co-regulated and co-secreted with an
AA3 2 enzyme in the white-rot fungus P. cinnabarinus
(Miyauchi et al. 2017), and Aspergillus nidulans grown on
starch secreted six AA3 2s (together with AA7 glyco-
oligosaccharide oxidases) and starch-active AA13 LPMO.
These various enzymes also showed similar secretion patterns
(Nekiunaite et al. 2016), which could indicate an interaction
between AA3 oxidases and various LPMOs. Several AA3
oxidases are known to be formed intracellularly, including
for example GOx (Levasseur et al. 2013). Even these intracel-
lular oxidases might contribute peroxide for extracellular re-
actions, as it was shown that certain members of the major
intrinsic proteins, aquaporins, facilitate the diffusion of hydro-
gen peroxide through the membrane (Bienert and Chaumont
2014). Genes for these transmembrane proteins are found
across all kingdoms of life but were very little studied in fun-
gal organisms, and the function of aquaporins has not been
elucidated unequivocally (Tanghe et al. 2006).

Hydrogen peroxide is also essential for a non-enzymatic
attack on lignocellulosic material via highly reactive oxygen
species formed by Fenton chemistry (Fe** + H,O, + H' —>
Fe** + HO + H,0). This reactivity was first discovered as an
attack on cellulose and lignocellulose when adding exogenous
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Fig. 5 AA3 enzymes and lignocellulose degradation. This schematic
presentation shows possible relevant interactions of different AA3
family oxidoreductases. H,O,, the reaction product of AA3 oxidases,
can fuel lignin-modifying peroxidases (LMP), lytic polysaccharide
monooxygenases (LPMO), and drives the Fenton reaction for attack on
lignocellulose. Hydroquinones (H,Q), possible reaction products of AA3
dehydrogenase activity, may act as direct electron sources for LPMO and

ferrous iron and hydrogen peroxide (Halliwell 1965; Koenigs
1974), but it is now understood that several enzyme activities
contribute to the formation of these two compounds necessary
for the Fenton reaction in an attack of brown-rot fungi on
wood. Brown-rot fungi apparently lost the ancient manganese
peroxidase gene and hence had to adopt a lifestyle different
from white-rot organisms (Arantes and Goodell 2014; Lundell
etal. 2014). Brown-rot fungi are thought to produce hydrogen
peroxide primarily through the oxidation of methanol, which
is released through demethylation from lignin substructures,
by AA3 3 AOxs (Arantes and Goodell 2014). These are typ-
ically found in the genomes of brown-rot organisms, in con-
trast to the other oxidases implicated in peroxide formation in
wood-degrading fungi, AAO and POx (Lundell et al. 2014).
Recently, Fenton chemistry was also suggested to play a role
in the degradation of rice straw by the endophytic bacterium
Pantoea ananatis (Ma et al. 2016a). Strain P. ananatis Sd-1

was found to contain nine genes for AA enzymes, significant-
ly more than the genomes of other P. ananatis isolates (Ma
etal. 2016b). One of these genes codes for the AA3 4 enzyme
POx, and it was suggested that in the bacterial system, POx
provides the peroxide needed. Fe’*, which is found and mo-
bilized in wood in concentrations sufficient to support Fenton
chemistry, is thought to be reduced by small aromatic
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can take part in Fenton’s reaction cycle. Toxic compounds such as qui-
nones (Q) and radicals emerging from lignin degradation or plant defense
can be reduced by AA3 dehydrogenase activity. Cellobiose dehydroge-
nase (CDH) directly reduces LPMO and is also able to reduce Fe** ions
for Fenton chemistry. The inset (top left) shows the full Fenton reaction
including the reduction of Fe** by hydroquinone or CDH

molecules such as 2,5-dimethoxyhydroquinone and related
compounds released by brown-rot organisms (or resulting
from the attack on lignin), which in turn are oxidized to the
corresponding quinones. During the reduction of Fe** to Fe**
by hydroquinones, semiquinone radicals are formed that can
react with O, to give HOO' radicals. These can then dismutate
to produce H,O, or reduce another Fe** (Arantes and Goodell
2014). The hydroquinones driving this redox cycle can regen-
erate through reduction of the quinones by benzoquinone re-
ductases (CAZy AA6), which are found in brown-rot fungi
such as Postia placenta (Martinez et al. 2009). Alternatively,
AA3 oxidoreductases (both dehydrogenases and oxidases)
might employ these quinones as electron acceptors. GDH,
PDH, and POx showed significant activity with various
methoxylated quinones (Leitner et al. 2001; Pisanelli et al.
2009; Sygmund et al. 2011), and while PDH and POx are
typically not found in brown-rot fungi, other AA3 enzymes
might possess comparable catalytic properties. An alternative
mechanism for direct iron reduction by an AA3 enzyme in-
volves CDH. CDH is found in several brown-rot fungi such as
Fomitopsis pinicola, Gloeophyllum trabeum, or Serpula
lacrymans, yet not all brown-rotters form CDH (Lundell
et al. 2014), so this does not seem to be a universal
mechanism.
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A quinone redox cycle comparable to that of brown-rot
fungi for the provision of reduced iron was also proposed as
one possibility to drive the reaction of LPMO. LPMO relies
on the supply of electrons for its catalytic reaction, the oxida-
tive cleavage of polysaccharides. These can be provided,
among others, by CDH, as described above, directly by
AA3 oxidoreductases (Garajova et al. 2016), or by different
quinone compounds (Kracher et al. 2016). These quinone re-
dox mediators can be regenerated and recycled by different
AA3s thus fueling the activity of LPMO (Kracher et al. 2016).

The abovementioned reduction of quinones to hydroqui-
nones by AA3s has recently been gaining more attention
and could be important for several other functions, in addition
to the ones mentioned before. This reduction can be part of a
protective mechanism, by which fungi detoxify lignin degra-
dation products or evade plant defense mechanisms. Plants
produce toxic quinones during fungal degradation as a defense
strategy. Some plants are also found to actively secrete
phenoxy radicals to build up lignin as a response to fungal
infection in order to physically block off fungal invasion—
reduction of these radicals by fungal enzyme systems will
counteract these plant defense reactions. A possible role of
certain AA3s in these proposed mechanisms could be indicat-
ed by the expression of G¢cGDH in the plant pathogen
Glomerella cingulata (anamorph Colletotrichum
gloeosporioides) in the presence of quinones rather than under
carbon-limited conditions, as shown for CDH (Zamocky et al.
2006), POx (Vanden Wymelenberg et al. 2009) and PDH
(Kittl et al. 2008). Furthermore, GcGDH could reduce
phenoxy radicals and thereby might ensure unhindered
growth of the fungal hyphae upon plant infection (Sygmund
et al. 2011). The phytopathogenic fungus Ustilago maydis
secretes a considerable number of putative oxidoreductases
when grown on maize bran (Couturier et al. 2012), and the
most abundant of these oxidoreductases was identified as an
aryl-alcohol oxidase (Couturier et al. 2016). It was suggested
that the function of this AA3 2 enzyme is to provide H,O,
during plant invasion as this compound is thought to contrib-
ute to lesion formation and lesion expansion of plant cell walls
in the infection mechanism of fungal pathogens (Govrin and
Levine 2000).

These proposed functions of AA3 family members are sup-
ported by several recent studies on the secretome and/or the
transcriptome of lignocellulose-degrading fungi when culti-
vated under different conditions. It was shown that
P. chrysosporium, when grown on cellulose, lignin, or cellu-
lose plus lignin supplemented cultures, secretes a number of
AA3 enzymes in addition to numerous CAZymes involved in
the decomposition of polysaccharides. The AA3 1 enzyme
CDH was significantly up-regulated under cellulose condi-
tions, whereas various AA3 2, AA3 3, and AA3 4 enzymes,
including AAO, GOx-like enzymes, and AOx and POx were
expressed and up-regulated in cultures with synthetic lignin as

the main carbon source (Manavalan et al. 2011). Interestingly,
POx was the most abundantly overexpressed protein under
these growth conditions,and implies a function in lignin me-
tabolism, which could be by providing H,O, to lignin-
attacking peroxidases but also by reducing quinones released
from lignin to less toxic hydroquinones as mentioned above.
Similarly, POx was up-regulated in P. chrysosporium when
grown under carbon-limited conditions together with AAO
and three other unidentified AA3 2 members (Vanden
Wymelenberg et al. 2009).

Transcriptome and secretome analyses were used to com-
pare wood decay by a white-rot and a brown-rot fungus,
P chrysosporium and Postia placenta, cultivated on aspen
wood (Vanden Wymelenberg et al. 2010). While the former
fungus employs a number of extracellular glycoside hydro-
lases to attack both cellulose and hemicellulose, P. placenta
secreted an array of hemicellulases and fewer cellulases.
Distinct differences were obvious with respect to the expres-
sion patterns of oxidoreductase-encoding genes. AOx was
detected in both cultures, and it was concluded that methanol
oxidation may be an important reaction to provide peroxide
(for peroxidases or Fenton’s reaction) but also formalde-
hyde—formate dehydrogenases were up-regulated in both
fungi concomitantly, so AOx might also be involved in the
metabolism of methanol, which is released from lignin both in
white and brown rot decay. In contrast to P. chrysosporium,
P, placenta showed significant up-regulation of 1,4-benzoqui-
none reductase together with an unidentified FAD-dependent
oxidoreductase (Ppl122772) and a glucose oxidase-like pro-
tein (Ppl128830) (Vanden Wymelenberg et al. 2010). The
function of these two latter AA3 enzymes is, however, not
known since the corresponding gene products have not been
studied with respect to their substrate specificities and oxygen
reactivity.

Multigenicity is a feature commonly found in fungal en-
zyme systems, especially in wood- and litter-degrading fungi,
which often have to deal with harmful compounds derived
from organic matter degradation, secondary metabolism of
antagonists or human activities (Syed et al. 2014). This
multigenicity is indicated by the presence of several
paralogous genes in an organism as a result of gene duplica-
tion events (Taylor 2011), with the purpose of functional com-
pensation upon deficiencies of one of its members (Salame
et al. 2013). Moreover, gene duplication events are often
followed by gene diversification, and this process is among
the most important mechanisms leading to enzyme isoforms
with new functionalities (Kilaru et al. 2006; Ramos et al.
2011). Explanations for the existence of multigenic AA family
members have been given as functional redundancy, function-
al diversification including subtle differences in substrate
specificity of individual enzymes, or fine-tuning of the gene
regulation/expression in order to adapt fungal organisms to the
diversity of their natural substrates (Lenfant et al. 2017,
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Levasseur et al. 2013). Examples for this fine-tuning and
differences in expression of AA3 genes as a response to
different growth conditions and substrates can be found in
the literature, e.g., different expression patterns of AA3
members when growing the plant-pathogenic white-rot fun-
gus Heterobasidion irregulare on heartwood and reaction-
zone wood of Norway spruce (Yakovlev et al. 2013), yet
very few studies have looked at the biochemical properties
and enzymological differences of individual AA3 family
member isoforms from one single organism to better under-
stand this multigenicity (Graf et al. 2017; Mathieu et al.
2016). Plant cell walls are very complex composite struc-
tures, and the multigenicity in the AA3 subfamilies might
reflect necessities and adaptations to the degradation of these
complex substrates.

Interestingly, this apparent need for multiple genes (and
hence multiple enzyme activities) varies considerably be-
tween fungal species for the different subfamilies of AA3
enzymes. Ferreira et al. compared genes encoding different
H,0,-producing GMC oxidoreductases (and hence AA3 en-
zymes) in ten genomes of Polyporales (Ferreira et al. 2015).
This study again confirmed the multigenicity of different AA3
members to a varying extent—maximally one gene coding for
AA3 1 CDH or AA3 4 POx were found in these ten fungal
genomes, whereas up to eleven AAO (AA3 2) and six AOx
genes (AA3_3) were identified in the genomes of Bjerkandera
adusta and Phlebia brevispora, respectively.

To better understand the biological role of AA3 oxidore-
ductases and their multigenicity in fungal genomes, there is a
clear need of more detailed biochemical characterization of
various AA3 enzymes and extended studies on the occur-
rence and expression of AA3 genes in multiple fungal spe-
cies. A remaining problem for such large-scale genome and
lifestyle comparisons is the correct annotation of putative
AA3 family enzymes. The challenge stems from the high-
sequence identity throughout most of the AA3 family as well
as the yet very limited set of biochemically characterized
sequences/enzymes. Additionally, characterized enzymes
are often restricted to a small sequence space, while a much
more comprehensive characterization of the AA3 family
would be necessary to ensure correct annotation. Lastly a
recent study estimates the diversity of fungal species to be
between 2.2 and 3.8 million (Hawksworth and Lucking
2017), with only 3-6% being identified to date. This sug-
gests that currently we are only looking at a fraction of the
genetic diversity in fungi and many more AA3 family—and
other enzymes are still to be discovered.
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Aims

One of the last big mysteries in flavin chemistry is the regulation of oxygen reactivity in
flavoproteins. This project aimed to utilize ancestral sequence reconstruction as a new
approach for studying the underlying mechanisms of oxygen reactivity in the GMC
superfamily of FAD-dependent oxidoreductases. The superfamily seemed well suited for this
method since a common evolutionary origin for its members was already proposed and it
includes closely related oxidases and dehydrogenases alike. We aimed to reconstruct
ancestral members of this GMC superfamily and use them as the appropriate background, in
which to study the effects of amino acid mutations on functional diversification in oxidases
and dehydrogenases. Initially, these reconstructions should be done only for fungal glucose-
oxidizing GMC enzymes to minimize sequence deviations at the active site, but at that time
little was known about the extant sequence variation and phylogenetic relations of the GMC
superfamily, and we could not be sure about the evolutionary relatedness between these
glucose-oxidizing GMC members. As a preceding step, we therefore aimed to establish an
extensive picture of the extant sequence space and evolutionary relations of the fungal GMC
superfamily. This should enable us to properly select the best candidates suitable for

ancestral reconstruction.
Outline

The current knowledge about functional and structural characterization of fungal GMC
enzymes and their potential roles in lignocellulose degradation is presented in chapter 2 of
this thesis as part of a review (Publication 1). Chapter 4 then describes a detailed
computational sequence analysis of members of the fungal GMC superfamily after defining
the sequence space of the respective enzymes (Publication 2). In chapter 5 I talk about my
ongoing work regarding the substrate specificity and oxygen reactivity of glucose
oxidoreductases (GOx and GDH) including the successful expression of four thermostable
ancestral members. Chapter 6 deals with bacterial pyranose oxidase and its potential role in
lignin degradation, and shows a high likelihood for the already repeatedly proposed
horizontal gene transfer into fungi (Publication 3). Finally, a conclusion and future outlook

of the current work is provided in chapter 7.
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Background: The glucose-methanol-choline (GMC) superfamily is a large and functionally diverse family of oxidore-
ductases that share a common structural fold. Fungal members of this superfamily that are characterised and relevant
for lignocellulose degradation include aryl-alcohol oxidoreductase, alcohol oxidase, cellobiose dehydrogenase, glu-
cose oxidase, glucose dehydrogenase, pyranose dehydrogenase, and pyranose oxidase, which together form family
AA3 of the auxiliary activities in the CAZy database of carbohydrate-active enzymes. Overall, little is known about the
extant sequence space of these GMC oxidoreductases and their phylogenetic relations. Although some individual
forms are well characterised, it is still unclear how they compare in respect of the complete enzyme class and, there-
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Results: To improve the understanding of the GMC superfamily as a whole, we used sequence similarity networks
to cluster large numbers of fungal GMC sequences and annotate them according to functionality. Subsequently, dif-
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allowed us to define the currently characterised sequence space and show that complete clades of some enzymes
have not been studied in any detail to date. Finally, we interpret our results from an evolutionary perspective, where
we could show, for example, that pyranose dehydrogenase evolved from aryl-alcohol oxidoreductase after a change
in substrate specificity and that the cytochrome domain of cellobiose dehydrogenase was regularly lost during
evolution.

Conclusions: This study offers new insights into the sequence variation and phylogenetic relationships of fungal
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Background
The glucose—methanol-choline (GMC) superfamily of
oxidoreductases was defined by Cavener in 1992 based
on sequence similarities of Drosophila melanogaster glu-
cose dehydrogenase, Escherichia coli choline dehydroge-
nase, Aspergillus niger glucose oxidase, and Hansenula
polymorpha methanol (alcohol) oxidase [12]. Since then
several other enzymes have been identified as members
of this superfamily, all of which share a common fold and
carry a covalently or non-covalently bound flavin adenine
dinucleotide (FAD) cofactor. GMC superfamily members
are typically composed of an FAD-binding domain and
a substrate-binding domain. The FAD-binding domain
contains the strictly conserved Rossmann fold or Pof
mononucleotide-binding motif, while the substrate-bind-
ing domain shows more sequence variations depending
on the preferred substrates of the respective superfamily
member. Commonly known electron donor substrates
for GMC oxidoreductases range from various sugars and
alcohols to cholesterol and choline. Despite this broad
range of chemically diverse substrates, the overall reac-
tion mechanism is similar for these FAD-dependent oxi-
doreductases. The mechanism can be separated into a
reductive (reduction of FAD with concomitant oxidation
of the electron donor substrate) and an oxidative half-
reaction (re-oxidation of FADH,), and relies on a highly
conserved catalytic His/His or His/Asn pair in the active
site [45, 96, 103]. As the final electron acceptor, GMC
oxidoreductases can employ oxygen or alternative elec-
tron acceptors such as different quinones, phenol radi-
cals, or metal ions. Varying preferences for these electron
acceptors separate GMC enzymes into oxidases (which
can utilise O, as electron acceptor) and dehydrogenases
(which show negligible or very low reactivity with O,).
Glucose—methanol—choline oxidoreductases can be
found in yeasts, filamentous fungi, bacteria, and insects
[12, 47], and structurally similar but functionally unre-
lated enzymes also occur in plants [21, 22]. From an
applied point of view, GMC oxidoreductases from fungal
sources have attracted the most attention with applica-
tions of these sugar and alcohol-oxidising enzymes in,
e.g., biosensors or the food industry [60, 102]. Recently,
possible applications of fungal GMC enzymes were
shown in biomass utilisation, as these enzymes can
exhibit important auxiliary roles in lignocellulose deg-
radation [8, 62]. Because of this they are summarised in
the AA3 family of “Auxiliary Activities” (AA) of the Car-
bohydrate-Active enZyme (CAZy) database [57], which
includes aryl-alcohol oxidoreductase (AAOx; EC 1.1.3.7;
AA3_2, and AADH; AA3_2), alcohol oxidase (AOx; EC
1.1.3.13; AA3_3), cellobiose dehydrogenase (CDH; EC
1.1.99.18; AA3_1), glucose oxidase (GOx; EC 1.1.3.4;
AA3_2), glucose dehydrogenase (GDH; EC 1.1.5.9;
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AA3_2), pyranose dehydrogenase (PDH; EC 1.1.99.29;
AA3_2), and pyranose oxidase (POx; EC 1.1.3.10;
AA3_4). Representatives of all seven of these GMC oxi-
doreductases have been characterised to date from vari-
ous fungal sources, crystal structures are available and
they were recently reviewed with a focus on their biologi-
cal functions [88].

In addition to these characterised GMC enzymes, the
enormous—and still growing—availability of genomic
data for various fungal organisms revealed thousands of
putative fungal GMC enzymes, and thus provided us with
a recent flood of sequence information. Enzyme super-
families often contain several thousand sequences, and
the investigation of such large data sets, which can har-
bour significant diversity, is technically demanding [2].
Modern bioinformatics tools offer an option to gain addi-
tional information provided by this vast number of fun-
gal GMC sequences. They make it, for example, possible
to analyse multiple hundreds or thousands of sequences
and thus to greatly enhance evolutionary and compara-
tive studies [10]. Also, novel enzymes and functionalities
can be attributed or identified in comprehensive phyloge-
netic studies. Furthermore, taxonomic distributions and
detailed sequence analysis of specific enzymes can give
indications about physiological roles of these enzymes.
To date, most comparative studies involving sequence
and/or structural information are based on a relatively
low number of characterised proteins [25, 40, 106], and
the vast majority of enzymes within a superfamily remain
uncharacterised. Because of this, these comparative stud-
ies do not provide information about the position that
these well-studied representatives occupy within their
respective families. For example, it is not known whether
they are a more unique ‘special case’ within their fam-
ily, setting them apart from other family members, or
whether they are close to the core of their family and can,
thus, be considered as canonical representatives of their
families.

To position characterised sequences in context of
other extant sequences of the same enzyme class, a set of
sequences covering the entire natural sequence space of
this enzyme is needed, and the phylogenetic relationship
within this enzyme class needs to be determined. Unfor-
tunately, collecting all currently available sequences for
one enzyme proves to be difficult for GMC sequences. In
previous studies on members of the fungal GMC super-
family, we found that sequences resulting from genome
projects are often annotated simply as ‘GMC oxidore-
ductase’ without any further indication of their func-
tionalities; in other cases, some were even found to be
wrongly annotated [66]. Correct functional classification
and annotation of putative sequences were often impos-
sible until now, since no clear similarity cut-offs had been
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defined to unequivocally group sequences within a dis-
tinct class of GMC oxidoreductases. The same problem
also affects database searches of GMC enzymes, where
search results can quickly reach thousands of entries, and
it is not clear up to which similarity cut-off sequences
can still be considered to show the same functionality.
Grouping such large numbers of diverse sequences in
their different classes or clades for functional annota-
tion is not feasible for conventional alignment and tree-
building methods. Some sets of sequences are simply too
diverse to be aligned, and calculating tree topologies with
thousands of sequences is often exceeding a manageable
time frame.

To circumvent this problem, we used sequence similar-
ity networks (SSNs) to unambiguously group sequences
to one enzymatic function within the GMC oxidoreduc-
tases. Such SSNs are known to be well suited for func-
tional clustering of diverse enzyme superfamilies. They
provide good visual representations of all sequence rela-
tionships in the network, where the similarity cut-off for
these relationships can be freely altered to modify and
improve the clustering. Compared to calculating multiple
sequence alignments and inferring phylogenetic trees,
SSNs can handle much larger numbers of sequences in
reasonable time [5, 9, 10]. Thus, SSNs are an excellent
tool for efficient sampling of the natural sequence space
of an enzyme [97].

The aim of this work was to give an extensive over-
view of the full available sequence space of seven selected
GMC oxidoreductases, AAO, AOx, CDH, GOx, GDH,
PDH, and POx, as well as to assess their individual phy-
logenetic relations. This can form the basis for enhanced
evolutionary and comparative studies, which can ulti-
mately elucidate how certain enzymatic properties
evolved and identify responsible key residues [2]. Our
results are finally interpreted from an evolutionary per-
spective, elucidating the individual histories of some of
these GMC enzymes.

Results

The GMC superfamily is a very large and functionally
diverse enzyme superfamily. We, therefore, limited our
analysis in this study only to sequences of fungal origin
as these enzymes are also of more pronounced applied
interest. To ascertain that we study a nonredundant set
of all available sequences that can be associated with the
GMC superfamily, we first conducted a wide database
search and collected all sequences that can be associ-
ated with fungal GMC oxidoreductases, and only then
narrowed the analysis down to its respective enzymatic
functions. BLAST [1] and HMM [75] were used on NCBI
and UniProt, respectively, for the database search, which
resulted in approximately 10,000 putative fungal GMC
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sequences. To parse the GMC superfamily into sub-
groups, we used SSNs. In these networks, the interrela-
tionship between proteins is described as a collection of
independent pairwise alignments of their sequences [5].
By selecting suitable stringent threshold values or simi-
larity cut-offs, the sequences break up into distinct sub-
groups or clusters, in which members of a subgroup/
cluster share more similarity among themselves than
with members of other subgroups. We then assigned
functional information to these individual clusters based
on available experimental data and sequence similar-
ity. Single annotated functional clusters were subse-
quently analysed phylogenetically using MAFFT [48] and
PhyML [35] and taxonomic information was retrieved
by SeqScrub [29]. Additional sequence analyses beyond
phylogenetic relationships further improved the overall
view of the studied enzyme clusters.

Database search and sequence cluster analysis

To discriminate between the different enzyme subfami-
lies of the GMC superfamily and group them accord-
ing to their functionalities, we clustered and separated
putative sequences based on sequence similarities using
SSNs. The SSN was calculated from a total of 9385
unique, nonredundant fungal GMC sequences and visu-
alised in a series of different similarity cut-offs (Fig. 1
and Additional file 1: Figure S1). The similarity cut-off
is defined by an alignment score (AS) where a lower AS
corresponds to higher similarities of the displayed rela-
tions. The sequences used for the calculation originated
from two separate database searches based on biochemi-
cally characterised GMC sequences, a BLAST search in
the nonredundant protein sequences (nr) of NCBI, and
a HMM search in TrEMBL and Swiss-Prot of UniProt.
In addition, a set of 99 annotated sequences from bio-
chemically or structurally studied enzymes was added
and marked for functional annotation of the network.
All of these 99 annotated sequences cluster according to
their respective functionalities in the network (Fig. 1).
We found an additional 15 reviewed Swiss-Prot entries
of annotated enzymes in the network. Four of these
entries show GMC enzymes that take part in the syn-
thesis of mycotoxins or a quinone epoxide (Versicolorin
B synthase, dehydrogenase xptC, dehydrogenase patE,
and cyclase atC; termed ‘Oxidoreductases of second-
ary metabolism’). The remaining 11 Swiss-Prot entries
describe enzymes related to lignocellulose degradation
(exoglucanase, endoglucanase, endo-1,4-pB-xylanase,
4-O-methyl-glucuronoyl methylesterase, and 1,4-pB-D-
glucan cellobiohydrolase; termed ‘Lignocellulose hydro-
lases’). These latter belong to the glycoside hydrolase and
carbohydrate esterase family, and are therefore not part
of the GMC oxidoreductase superfamily. The presence
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Fig. 1 Sequence similarity network at an alignment score cut-off of 1075°. The extracted clusters are indicated by dashed circles. Annotated
sequences are coloured according to their functionality (Enzymes’). All other sequences are coloured according to the fungal phyla they occurin
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of these enzymes in our dataset indicates that the data-
base search was sufficiently extensive to include even sev-
eral sequences outside of the GMC superfamily. We are,
therefore, confident that we covered the vast majority of
the currently available sequence space of the fungal GMC
superfamily in our analysis.

At the highest and, hence, least specific AS cut-off of
107 (Fig. 1), certain annotated clusters already appear
as disconnected groups of functional similarity (for the

annotated GMC enzymes AOx, CDH, and POx), while
others are still connected to the main cluster, which at
this cut-off includes the GMC enzymes AAO, PDH,
GOx, GDH, and oxidoreductases of secondary metabo-
lism. All of the lignocellulose hydrolases (non-GMC)
appear in four separate disconnected clusters at this
cut-off, away from both the main cluster and the GMC
clusters. In addition to these clusters comprising the
annotated sequences, a number of areas and separate
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clusters are discernible in the network. These are com-
pletely uncharacterised to date, and it can be expected
that they include several new GMC enzymes with poten-
tially novel functionalities.

Considerably, more sequences from Ascomycota than
from Basidiomycota (6211 Ascomycota, 2196 Basidiomy-
cota, and 794 sequences of unknown phyla) were found
in the SSN, with few sequences from other phyla includ-
ing Mucoromycota, Chytridiomycota, Microsporidia, or
Zoopagomycota. These latter fungal phyla differentiated
from Dikarya (Ascomycota and Basidiomycota) around
987 million years ago (MYA) as estimated from TimeTree
(http://www.timetree.org/). The fact that some sequences
from these phyla are still closely related to sequences
from Dikarya indicates a high level of conservation dur-
ing evolution.

The seven enzyme subfamilies of interest were
extracted from the network as part of five separate clus-
ters defined at three different AS cut-offs. The clusters
AOx, CDH, and POx already occurred separately at an
AS of 107 (Fig. 1), while the clusters GOx—GDH and
AAO-PDH were extracted at an AS of 107'% and 107'%,
respectively (Additional file 1: Figure S1A and B). These
five clusters of seven characterised enzyme subfamilies of
the GMC superfamily were then used for more detailed
phylogenetic and sequence studies to gain a better

Page 5 of 18

understanding of the sequence—structure—function rela-
tionship of this enzyme superfamily.

Phylogenetic and sequence analyses

To make the sets of sequences in the clusters more reli-
able for phylogenetic analysis, they were further sorted so
that they contained only sequences showing intact FAD-
binding motifs as well as the catalytic His/His or His/Asn
pair. Sequences not showing these features were deleted
from the analysis (6—20% of the total sequences for the
different enzyme subfamilies were removed that way).
Multiple sequence alignments (MSAs) were generated
using MAFFT, and were further processed by Gblocks
0.91b to exclude positions with little or no phylogenetic
information. Phylogenetic trees were inferred by the
maximum likelihood method using PhyML. In the case
of the multidomain enzyme CDH, only the dehydroge-
nase domain (GMC fold) was used for the phylogenetic
calculations.

The five distinct trees that resulted from these phy-
logenetic analyses were further separated into several
clades based on topology, taxonomy, and characterised
sequence space. The individual clades were then analysed
for additional properties (Figs. 2, 3, 4, 5 and 6). The ‘mean
percent sequence identity’ value given here is a measure
for the degree of sequence conservation within individual

Phylum No. of Characterized Mean % N-terminal Mean No. of Alignment
AAO-PDH v sequences [PDB] seq. ident. | signal seq. exons/gene variation
% )
T. cinnabarina®
T. cinnabarina®
° S. niveocremeum?
— AAO Basidiomycota 211 T. cinnabarina (DH)! 46t 6 0.89 Yes 10.8+2.6 E—
° P. pulmonarius?®
P. sapidus*
(o] P. eryngii [3FIM]®
@3
§ % Basidiomycota 224 — 49+6 0.87 Yes 10.3+23 —
=
e
*:_ﬁi L. meleagris [4H7U]®
— A. bisporus’
= Basidiomycota A. campestris®
(Agaricaceae) 41 L. meleagris® 54 +10 0.90 Yes 104+2.2 _—
L. meleagris®
6 A. xanthodermus®
—_
0.2
Fig. 2 Maximum likelihood tree of the aryl alcohol oxidase—-pyranose dehydrogenase (AAO—-PDH) cluster. Coloured circles and numbers mark the
positions and counts of characterised enzymes in the tree. Right: Table of properties for the three defined clades of the tree. Listed organisms are
sorted according to their appearance in the tree (top to bottom). 1—Mathieu et al. [63]; 2—Nagy et al. [68]; 3—Varela et al. [98]; 4—Galperin et al.
[30]; 5—Fernandez et al. [25]; 6—Sygmund et al. [89]; 7—Gonaus et al. [33]; 8—Staudigl et al. [87]; 9—Kittl et al. [49]




Satzl et al. Biotechnol Biofuels (2019) 12:118

Page 6 of 18

Phylum No. of Characterized Mean % N-terminal Mean No. of Alignment variation
AOx v sequences [PDB] seq. ident. | signal seq. exons/gene 8
Ascomycota 279 — 527 0.97 No 43+13 _—
Basidiomycota 175 —_— 51+6 1.00 No 16.2+2.3 e
G. trabeum? | tion &
AOx Basidiomycota 65 M. perniciosa? 82+7 1.00 No 229+6.8 nser fon .
. C-terminal extension
P. chrysosporium?
K. phaffii [SHSA]*
Ascomycota K. pastoris* Insertion &
(Yeast) 21 C. boidinii® 817 1.00 No 1000 C-terminal extension
0. angusta®
A terreus’ Insertion &
Ascomycota 172 P. fulvaé® 804 1.00 No 85+3.0 c X .
. . -terminal extension
B. Victoriae®
Fig. 3 Maximum likelihood tree of the alcohol (methanol) oxidase (AOx) cluster. Coloured circles and numbers mark the positions and counts of
characterised enzymes in the tree. Right: Table of properties for the five defined clades of the tree. Listed organisms are sorted according to their
appearance in the tree (top to bottom). Black coloured clades were not considered for the analysis. 1—Daniel et al. [15]; 2—de Oliveira et al. [20];
3—Linke et al. [59]; 4—Cregg et al. [14]; 5—Sakai and Tani [79]; 6—Ledeboer et al. [55]; 7—Chakraborty et al. [13]; 8—Segers et al. [81]; 9—Soldevila
and Ghabrial [85]

clades. It was calculated from all pairwise sequence iden-
tities in the alignment, leaving out gaps, so as to com-
pare the variation within the well-aligned regions of the
enzymes only. A higher value for a clade indicates higher
evolutionary conservation of its sequences. The fraction
of sequences showing an N-terminal signal sequence
(and hence an extracellular localisation) was calculated
using the SignalP 4.1 server [69]. The number of exons
per gene was determined by mapping sequences back to
their genome entries and counting the exons making up
this sequence. At least 90% (and mostly more than 95%)
of the sequences could be mapped back to their genomes
for all individual clades except for the POx clade of
32 Basidiomycota sequences, for which we could only
map 66% of the sequences to a genome. Most unmap-
pable entries were derived from mRNA data and were
not correlated with a genome entry. When comparing
these average exon numbers per gene across all clades
we observed a general trend that sequences from Basidi-
omycota contained more exons per gene than those from
Ascomycota. For a more detailed study of the origin and
taxonomic distribution of sequences forming the differ-
ent clades, we indicated the positions of GMC sequences
according to their clade in a species tree of fungal orders

(Additional file 2: Figure S2). In general, individual clades
were almost exclusively composed of sequences from
only one fungal phylum, Ascomycota or Basidiomycota
(see “CDH cluster” for the exception).

AAO-PDH cluster

The AAO-PDH group was the least defined cluster to
be extracted from the SSN, clustering separately from
the major cluster of the SSN only at an AS cut-off of
107'%, At this threshold value the other GMC clusters
had already separated according to their subsequently
observed phylogenetic clades. The abbreviation AAO was
kept here for historic reasons, but was defined anew as
aryl-alcohol oxidoreductases, to include the well-known
aryl-alcohol oxidases (abbreviated here as AAOx) as
well as the newly identified aryl-alcohol dehydrogenases
(AADH) [63]. The taxonomic distribution of the AAO—
PDH cluster is limited to Basidiomycota and more spe-
cific to Agaricomycetes (Additional file 2: Figure S2A).
In contrast to this, sequences from the other clusters are
always found in both phyla of Dikarya, Basidiomycota
and Ascomycota. We assessed the taxonomic informa-
tion in the rest of the large cluster containing the AAO-
PDH sequences in the SSN with an AS cut-off of 1071%
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Fig. 4 Maximum likelihood tree of the dehydrogenase domains in the cellobiose dehydrogenase (CDH) cluster. Coloured circles and numbers mark
the positions and counts of characterised enzymes in the tree. Right: Table of properties for the four defined clades of the tree. Listed organisms are
sorted according to their appearance in the tree (top to bottom). 1—Hallberg et al. [39]; 2—Harreither et al. [42]; 3—Bey et al. [7]; 4—Stapleton et al.
[86]); 5—Harreither et al. [41]; 6—Tan et al. [95]; 7—Xu et al. [104]
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Phylum No. of Characterized Mean % N-terminal | Mean No. of Alignment
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Fig.5 Maximum likelihood tree of the glucose oxidase—glucose dehydrogenase (GOx-GDH) cluster. Coloured circles and numbers mark the
positions and counts of characterised enzymes in the tree. Right: Table of properties for the four defined clades of the tree. Listed organisms are
sorted according to their appearance in the tree (top to bottom). Black coloured clades were not considered for the analysis. 1—Yang et al. [105];
2—Hatzinikolaou et al. [44]; 3—Wohlfahrt et al. [101]; 4—Guo et al. [36]; 5—Pulci et al. [77]; 6—Murray et al. [67]; 7—Gao et al. [31]; 8—Piumi et al.
[74]; 9—Mori et al. [66]; 10—Sygmund et al. [90]; 11—Sode et al. [84]
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Fig. 6 Maximum likelihood tree of the pyranose oxidase (POx) cluster. Coloured circles and numbers mark the positions and counts of
characterised enzymes in the tree. Right: Table of properties for the three defined clades of the tree. Listed organisms are sorted according to their
appearance in the tree (top to bottom). 1—Takakura and Kuwata [93]; 2—Artolozaga et al. [3]; 3—Danneel et al. [18]; 4—US Patent 6146865, 2000
5—Maresova et al. [61]; 6—Daniel et al. [16]; 7—Vecerek et al. [99]; 8—Bannwarth et al. [6]; 9—Pisanelli et al. [73]

(Additional file 1: Figure S1A) and found that sequences
from this cluster occurred across the entire fungal king-
dom including various Ascomycota, Basidiomycota,
Mucoromycota, and yeasts. A quick phylogenetic analy-
sis of this big cluster using FastTree [76] showed that
the most closely related clade to AAO-PDH consists of
sequences from Ascomycota and contains the Swiss-Prot-
annotated sequence of dehydrogenase xptC, an enzyme
in the fungal prenyl xanthone synthesis pathway reduc-
ing the aromatic oxo-compound emericellin [80]. Since
the most closely related characterised sequence already
shows a different functionality to AAO-PDH (although
both enzyme families can reduce aromatic compounds
like phenols and quinones in the case of AAO-PDH and
emericellin in the case of dehydrogenase xptC), we con-
clude that the AAO-PDH gene does not exist outside of
Agaricomycetes. To date, it is unclear why this gene has
such a limited taxonomic distribution.

The detailed phylogeny and sequence analysis of the
AAO-PDH cluster (Fig. 2) indicate that the cluster is
rather uniform (see also Additional file 3: Figure S3A). It
does not show significant differences in cellular localisa-
tion (signal sequence), number of exons, or alignment
structure among the phylogenetic clades, and only the
level of sequence conservation (mean percent sequence
identity) is somewhat higher for PDH (54%) than for the
other two clades (46% and 49%). It was unexpected to
see PDH so closely related to AAO, since PDH oxidises
carbohydrate substrates more similar to substrates from
GOx, GDH, or POx rather than aromatic alcohols, the
preferred electron donor substrate for AAO. The AAO
clade shown in Fig. 2 also contains the sequence of the
aryl-alcohol dehydrogenase (AADH) from Pycnoporus
cinnabarinus, which is positioned among aryl-alcohol

oxidases (AAOx). Aryl-alcohol oxidases and dehydroge-
nases, thus, do not appear in separate parts of the tree or
in separate clades, indicating that only subtle amino acid
changes are responsible for the shift of oxygen specific-
ity in this enzyme. All characterised sequences of PDH
are found on the opposing end of AAO in the tree, and
strictly occur only in the family of Agaricaceae. Given
such a narrow taxonomic distribution and little phy-
logenetic distance to AAO, we can assume that PDH
evolved only recently from AAO after a change in sub-
strate specificity in Agaricaceae. Whether this change in
functionality leading to the split of these enzymes hap-
pened gradually or was a sudden event is still uncertain,
since the sequence space between these two clades is
completely unexplored to date. A comparison of active
site residues may give a first idea of the evolutionary
history though. In PDH from Leucoagaricus meleagris
(LmPDH; PDB 4H7U), four residues show interactions
with the sugar substrate, the catalytic H512/H556 pair
as well as Q392 and Y510 [96]. In AAO from Pleurotus
eryngii (PeAAO; PDB 3FIM), a hydrophobic bottleneck
is formed by Y92, F397 and F501, regulating substrate
access from the solvent to the active site [25]. The only
residue found to be involved in aryl-alcohol substrate
binding other than the catalytic H502/H546 pair is again
Y92 [26, 27]. We compared sequence logos of all of these
active-site residues for the three different clades, AAO,
AAO-like, and PDH (Additional file 4: Figure S4), with
the exception of F397 from PeAAO as this position was
not well enough aligned throughout all three clades.
The catalytic His/His pair is well conserved in all three
clades, with a small fraction of sequences showing a His/
Asn pair. While Q392 from LmPDH is not strictly con-
served, most PDH sequences show a polar residue at the
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corresponding position. In contrast, AAO and AAO-
like show mostly aliphatic residues. At position Y510 of
LmPDH, the aromatic property of this residue is mostly
conserved in PDH, while AAO and AAO-like sequences
show aliphatic or polar residues. In the LmPDH crystal
structure (PDB 4H7U), this aromatic residue is posi-
tioned to allow a hydrophobic stacking interaction with
the sugar substrate. Such CH/m bonds are commonly
observed in sugar-binding proteins [4, 39]. The aro-
matic residues forming the hydrophobic bottleneck in
PeAAO (Y92 and F501) are mostly conserved in the AAO
clade but absent in PDH. At these positions, AAO-like
sequences show a transitional architecture where aro-
matic residues are still present but occur together with
less bulky aliphatic residues. We conclude that a possible
starting point for the shift in substrate specificity might
have been the loss of the narrow hydrophobic chan-
nel, which opened up the active site for other substrates
such as sugars. Whether enzymes from the AAO-like
clade actually have an extended substrate specificity com-
pared to AAO still needs to be determined experimen-
tally. Another feature that is unique for PDH compared
to AAO is a covalent linkage between the FAD cofactor
and the polypeptide chain. The His residue responsible
for forming this covalent linkage in LmPDH (His103) is
conserved in 93% of all sequences in the PDH subgroup
(Additional file 4: Figure S4). The same position in the
AAO and AAO-like clades is occupied by hydropho-
bic residues (mainly Ile or Val) in 87% and 92% of the
sequences, respectively. The development of a covalently
linked FAD might have additionally affected the separa-
tion of PDH from AAO by altering the redox potential of
FAD and thereby changing the active sites’ reactivity [34,
46).

AOx cluster

Phylogenetic analysis of the AOx cluster shows a split
into five clades (Fig. 3). Three clades include sequences
of several well-studied AOx members and group accord-
ing to taxonomy in Basidiomycota, Ascomycota, and
Saccharomycetes (yeast), a division of Ascomycota. The
other two clades observed in the AOx cluster are com-
pletely uncharacterised to date, but appear closely related
to AOx and were, therefore, named AOx-like. Similar to
AOQx, they appear in Ascomycota as well as in Basidio-
mycota and show a very similar taxonomic distribution
pattern (see Additional file 2: Figure S2B). Apart from
their close phylogenetic relationship and similar taxo-
nomic distribution, AOx-like sequences show several dis-
tinct differences to AOx. Their mean sequence identity
is ~51% compared to ~69% across all three AOx clades,
pointing towards stronger evolutionary constraints in
AOx and therefore a higher degree of conservation.
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This difference can be easily visualised by the alignment
overview (Additional file 3: Figure S3B) or the shorter
phylogenetic distance within the AOx clades (Fig. 3).
Other differences between AOx-like and AOx sequences
that can be seen in the alignment overview (Additional
file 3: Figure S3B) are related to a relatively long inser-
tion close to the C-terminus and a C-terminal extension,
both forming extended loop structures, observed for all
AOx sequences. Both of these regions were described as
relevant for oligomerisation of the homooctameric AOx
from Komagataella phaffii (formerly Pichia pastoris)
(KpAOx; PDB 5HSA) based on structural studies [50].
The positioning of both of these regions at the interface
of individual subunits is highlighted in Additional file 5:
Figure S5. The KpAOx octamer can be described more
precisely as a dimer of tetramers, with the C-terminal
extensions interlinking all units of one tetramer (Addi-
tional file 5: Figure S5A), and the insertion of one subunit
interacting with two other subunits from both tetramers
(Additional file 5: Figure S5B). Since these two structural
features important for oligomerisation are completely
missing from AOx-like enzymes, they are likely to display
a different degree of oligomerisation.

The C-terminus may also play an important role in cel-
lular localisation of AOx. Yeast AOx has been shown to
be peroxisomally localised and to contain a conserved
C-terminal peroxisomal targeting signal (PTS) encoded
by the last three residues of the polypeptide chain [70].
This PTS was also found for some other Ascomycota
sequences but not for sequences of Basidiomycota, which
in contrast were shown to associate with the hyphal peri-
plasmic space and cell walls, as well as with extracellular
slime [15, 20]. To see if these findings also hold true for
the sequences studied here, we created sequence logos
for the last ten residues of all 712 sequences of the five
AOx subgroups (Additional file 6: Figure S6). We found
the PTS to be well conserved only in AOx of Ascomycota
(including yeast), showing the consensus sequence ARF
in Saccharomycetes and SRL in filamentous ascomycetes.
The subgroup of Basidiomycota AOx contained a partly
conserved Arg at the last position, while both AOx-like
clades were missing a conserved C-terminus entirely.
Since all sequences of the AOx cluster also failed to show
any N-terminal signal sequence, the unknown AOx-like
sequences are predicted to be cytosolic enzymes.

CDH cluster

Cellobiose dehydrogenase is a multidomain protein
composed of a GMC dehydrogenase (DH) domain, a
cytochrome (Cyt) domain, and in some instances a
carbohydrate-binding module (CBM). The phylogenetic
analysis of the CDH cluster was based on alignment
positions from the DH domain only. In addition to the
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three clades CDH I, CDH II, and CDH III, which had
already been described in literature [41, 107, 108], we
observed another clade of CDH-like sequences in the
cluster, termed CDH IV. CDH IV only occurs in asco-
mycetes and is evolutionarily the most distant clade
of CDH (Fig. 4). Sequences in this clade strictly show
the DH domain only and not the Cyt domain, which
is mostly present in class I-III, but can be missing in
these classes as well (Fig. 4 and Additional file 3: Fig-
ure S3C), e.g., 43% of all sequences of the CDH III clade
do not contain a Cyt domain. This regular occurrence
of clades lacking a Cyt domain across the entire CDH
cluster suggests that the Cyt domain of CDH was lost
during evolution and, thus, that the Cyt domain is
not strictly necessary for all of the physiological func-
tions of CDH in certain fungi. The presence of the Cyt
domain was thought necessary for archetypal CDH
sequences, and it is conceivable that sequences lacking
the Cyt domain have, therefore, been overlooked as cel-
lobiose dehydrogenases before. However, in vitro trun-
cated DH domains of CDH were previously used for
biochemical studies confirming enzymatic activity for
the FAD-containing DH domain alone [51, 91, 95], and
therefore, we can assume that CDH sequences lacking a
Cyt domain will show activity. Another domain known
to occur in CDH is a C-terminal CBM, which is mainly
found in class CDH II and divides it further into CDH
ITA and CDH IIB depending on the presence or absence
of a CBM, respectively [41]. Our analysis showed that
a CBM may also occur in CDH III, but only in a small
subset of sequences (Fig. 4). Many sequences in class
CDH III (137 sequences, corresponding to 55%), how-
ever, show an additional C-terminal extension (Addi-
tional file 3: Figure S3C), which does not match any
known domain sequence and, hence, the function of
which remains unknown. It should be noted that no
class III or class IV CDH has been characterised bio-
chemically to date.

Contrary to previously published topologies [41, 108],
we found that the two Ascomycota clades CDH II and
CDH III are more closely related to each other than are
CDH I and CDH II (Fig. 4). This general topology is also
supported by a phylogenetic analysis based only on the
Cyt domains found in the CDH cluster (Additional file 7:
Figure S7). The fact that these two independent phyloge-
netic trees show the same general topology indicates that
both domains, DH and Cyt, shared the same evolution-
ary history and that there was most probably one historic
fusion event of a GMC DH domain and a Cyt domain,
which created an ancestral CDH prior to the evolution of
the three clades CDH I, CDH 11, and CDH III. Since the
CDH 1V clade does not show a Cyt domain, it may have
been the first clade to have lost the Cyt domain again
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very early in its evolution, or is a direct descendent of the
ancestral GMC enzyme that originally fused with a Cyt
domain.

Interestingly, seven CDH sequences from Basidiomy-
cota (Order: Agaricales) were found to cluster within
the clades CDH II or CDH III, which otherwise are
exclusively composed of sequences from Ascomycota,
suggesting a horizontal gene transfer (HGT) from Asco-
mycota to Basidiomycota (see Additional file 2: Figure
S2QC). Six of these sequences that cluster in clade CDH
III (AOAOD7AQ43, AOAOD7AEU6, AOAOD7AEP],
PBK68988, PBK99967, SJL13846) are from Fistulina
(three sequences) and Armillaria (three sequences), and
one CDH II sequence (A0OA219WGI5) is from Termito-
myces clypeatus [78]. Typically, CDH sequences from
Basidiomycota lack a C-terminal domain or extension
(Additional file 3: Figure S3C), yet two of these seven
Basidiomycota sequences, CDH III AOAOD7AEP1 from
Fistulina hepatica and CDH II A0A219WGI5 from T.
clypeatus, show a CDH III typical C-terminal extension
and an intact CBM domain, respectively. Additionally,
they show complete Cyt domains, which also cluster with
clade CDH II and CDH III, respectively, in the phyloge-
netic tree of only Cyt domains. These sequence character-
istics are not present in the five remaining Basidomycota
sequences. The presence or absence of such Ascomycota-
specific features indicate different time points of HGT
among these Basidiomycota CDHs, with E hepatica and
T. clypeatus probably being the most recent.

GOx-GDH cluster

The cluster of GOx-—GDH separates into four main
clades: GOx, GDH I, GDH II, and GDH III, as we
reported recently [88]. Now, we identified several addi-
tional minor clades, but we omitted these from the
GOx/GDH classification and the analysis given in Fig. 5
because of their small numbers of sequences (11, 21,
and 8 sequences for the minor clades marked in dark-
grey, light-grey, and with dashed lines in the phyloge-
netic tree shown in Fig. 5). Clade GDH II is completely
uncharacterised to date and only one sequence was
expressed and studied from clade GDH III. All other
so-far characterised enzymes belong to the clades of
GOx and GDH I. The GOx clade appears completely
separated from all clades containing glucose dehydro-
genases and is not associated with GDH III as previ-
ously reported [88]. It should be mentioned that it is
particularly difficult to correctly place the GOx clade
within the GOx—GDH topology, since this clade shows
a very long branch and therefore, variations in differ-
ent topologies can be expected. Compared to the taxo-
nomically well-distributed GDH clades, GOx is mainly
found in Eurotiales, and in lower numbers also in
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Helotiales and Hypocreales (see Additional file 2: Fig-
ure S2D). This limited taxonomic distribution can be
either a result of an extensive gene loss among fungal
organisms or a specialisation taking place only in cer-
tain orders of fungal organisms. The GOx clade also
shows the highest mean value of percent sequence
identity in the cluster. Furthermore, in contrast to
GDH, most GOx sequences (92%) show only one exon
per gene, which we only observed for the AOx gene of
yeasts otherwise. Interestingly, one of the minor clades
of Ascomycota sequences (Fig. 5 dark-grey lines) shares
this low number of exons. This clade of 11 sequences is
closely associated with the Basidiomycota sequences of
clade GDH III, similar to what has been observed for
GOx in alternative topologies. Additionally, the taxo-
nomic distribution of this small clade is limited to three
orders of Pezizomycotina (Dothideales, Capnodiales,
and Xylariales) and does not overlap with GOx (see
Additional file 2: Figure S2D). We conclude that this
minor clade probably evolved together with GOx but
did not conserve as well in fungal genomes, with cur-
rently only 11 discovered sequences.

The most closely related clade to the minor one
described above is another small clade (Fig. 5 light-grey
lines) of 21 Basidiomycota sequences, only occurring
in Ustilaginomycotina and also closely related to GDH
III. As shown by the taxonomic distribution (Addi-
tional file 2: Figure S2D) no overlap of the origin of these
sequences with GDH III occurs, indicating that they are
the Ustilaginomycotina equivalent of GDH III. In con-
trast to GDH III though, this minor clade shows an inser-
tion for most sequences (Additional file 3: Figure S3D) at
a position that corresponds to the same location in the
structure as the above-mentioned insertion of AOx (see
“AOx cluster”) and the head domain of POx [40], both
hypothesised to play a role in oligomerisation. Another
minor clade displaying an interesting feature in the
alignment was identified outside of the two Ascomycota
clades GDH I and GDH II (Fig. 5 black dashed lines). The
sequences’ taxonomic distribution is limited to Dothide-
omyceta (Capnodiales and Botryosphaeriales) and they
show a well-conserved deletion of a loop of ~17 amino
acids close to the N-terminus (Additional file 3: Figure
S3D). Structural studies of the closely related GDH from
Aspergillus flavus AfGDH (PDB 4YNU) showed that this
loop contains Y53, one of the residues responsible for the
high preference of this enzyme for glucose over maltose
[28]. The structure of AfGDH also shows that this loop
partly covers the active site entrance, leaving the FAD
much more exposed when absent, as in the sequences of
this minor clade. Both the lack of the discriminating Y53
and the open active site indicate that members of this
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minor clade may display a more relaxed substrate speci-
ficity compared to GOx and GDH.

POx cluster

The POx cluster was by far the smallest cluster with a
total of 95 sequences, which is about one-fifth of the
number of sequences of the second smallest cluster.
Despite this low number of sequences, POx displays a
widespread taxonomic distribution comparable to the
other clusters in this study. This discrepancy may be
explained by a significant POx gene loss that apparently
happened in many individual fungi. POx was hypoth-
esised to be introduced into fungi via HGT from bacte-
ria [49] and thus, the functions of POx might have been
redundant in a number of fungal organisms leading to its
subsequent loss [73].

Our phylogenetic analysis of POx shows three main
clades, two containing sequences from Basidiomycota
and one from Ascomycota (Fig. 6). Note that the two
Basidiomycota clades do not cluster together. POx mem-
bers from all three clades have already been character-
ised with a strong focus on sequences from Polyporales
(Basidiomycota). The second Basidiomycota clade, con-
taining only one characterised sequence, appears as the
most distant clade of the three. Interestingly, we found
that this clade contains a sequence of Mucoromycotina,
a subphylum of fungi that separated from Dikarya (Asco-
mycota and Basidiomycota) over 900 MYA ago (http://
www.timetree.org/). None of the three clades shows an
N-terminal signal sequence or any other conserved motif
for cellular localisation, despite POx having been shown
to be an extracellular enzyme found to be associated with
membrane-bound vesicles or other membrane struc-
tures [17]. This localisation, as well as the absence of any
known signal sequence, is similar to the AOx sequences
of Basidiomycota (see “AOx cluster”).

As visualised by the alignment overview (Additional
file 3: Figure S3E), POx shows the highest number of
insertions and deletions of all clusters and can, there-
fore, also be expected to show the most variations in
its structures. This is also corroborated when compar-
ing the structures of POx from Trametes ochracea and
Phanerochaete chrysosporium ([40], 1TTO; [43], 4MIF).
These show an unusual degree of structural differences
for the otherwise well-conserved overall conformation
of the GMC superfamily. Many differences that are obvi-
ous from the sequence alignment are each restricted to
a relatively small number of representatives. Although
the detailed evolutionary history of POx is still unknown,
it clearly is the most ‘unusual’ or ‘atypical’ fungal GMC
superfamily member with a high level of sequence vari-
ation. This may be attributed to a bacterial origin of the
POx gene. A functional POx from bacterial source was
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only recently described [64], and a database search for
analogues of the POx gene that was extended to bacterial
sequences showed that these genes can indeed be found
in a number of bacterial genomes (we identified 278 POx
genes in bacterial genomes in total), consistent with the
possibility of a transfer from bacteria to fungi.

Discussion

The dataset used in this work was derived from two data-
bases, and two different search algorithms were employed
to include as much sequence information as possible.
The available data on fungal sequences from such data-
bases are biased to a certain extent because of an uneven
coverage of sequence data for different fungal classes or
even phyla, with certain fungal phyla underrepresented
while multiple genomes of a single fungal species might
be available. To counter the bias in sequence numbers
from more frequently sequenced species as well as to
remove redundant sequences that are the result of two
independent database searches, we deleted all but one
sequence from groups showing >99% sequence identity.
As a result, our dataset does not necessarily contain all
GMC sequences of a single organism and therefore can-
not be used for, e.g., studies on the multigenicity of GMC
enzymes in one specific fungus. The dataset rather repre-
sents an overview of the currently known sequence space
of fungal GMC oxidoreductases and we are confident
that the vast majority of this sequence space is covered
in this study.

Phylogenetic studies in fungi are complicated by the
fact that fungal genomes are highly variable [65]. Gene
losses, gene and whole genome duplications, transpos-
able elements, as well as high mutation rates for genes
reacting to environmental changes can lead to high
sequence variations even between closely related fun-
gal species [23, 65, 92]. As a result, when comparing
previous phylogenetic analyses of GMC sequences [26,
27, 41, 90, 107], it can be seen that the assessed topolo-
gies for the same enzymes vary strongly between differ-
ent studies. While the identification of individual clades
and their respective compositions are mostly stable and
in agreement among different studies, the phylogenetic
relationships between them are strongly dependent on
the sequences selected for their construction, the align-
ment, and the tree-building algorithm. This unstable
relationship is independent of the node support of a
specific tree, which only evaluates how well a tree rep-
resents a specific dataset and cannot indicate if a tree
is actually correct [71]. An unstable relationship can be
observed both between individual enzyme families (e.g.,
AOx, CDH, GOx) as well as between classes and clades
of these enzyme families (e.g., CDH I, CDH II, and CDH
II). In this current work, we aimed to include as much

Page 12 0f 18

phylogenetic information as possible in the analysis,
while at the same time reducing the signal noise from
highly variable regions. Nevertheless, we found that
topologies for the clusters AAO-PDH, CDH, and GOx—
GDH were more easily affected by the sequence selection
and alignment algorithm while topologies for the clusters
AOx and POx were more stable. Generally, as a result of
the substantially larger variety of sequences included in
the calculations, the phylogenetic trees obtained in this
study can be expected to be more reliable, and reflect the
phylogenetic relationship among individual clades more
accurately, than previous topologies.

The level of sequence conservation within a clade was
measured as the mean percent sequence identity within
that clade and we compared these values independent of
the number of sequences making up a clade. We argue
that this is a valid comparison since the extant level of
sequence conservation for a gene is not determined by
its possibilities of free change (which is dependent of
the number of sequences), but rather by selection pres-
sure implied through biological function. This is also
what we observed in our analysis. Highly conserved
sequences, such as those of AOx, show a higher mean
percent sequence identity independent of the number
of sequences in the clade and smaller clades can show
similar or even lower levels of conservation compared
to larger clades from the same cluster, as observed in
the clusters of CDH, GOx—GDH, or POx. The calcu-
lated mean percent sequence identity ranged from 45%
for GDH 1II up to 82% for AOx, with the highest values
of sequence conservation found for enzymes that showed
a more specific substrate range, such as AOx and GOx,
and as such are under a more restrictive selection pres-
sure than enzymes with a broad substrate range. It should
be noted that especially those clades that do not contain
biochemically characterised members often show lower
levels of conservation. Although all sequences in the clus-
ters were screened to contain all necessary motifs and
active site residues required to be theoretically active, we
cannot rule out the possibility that these clades contain
some pseudogenes, and therefore display a higher level of
sequence variation than functional forms of the gene.

Looking specifically at the conservation of oxygen
reactivity within the clusters of fungal GMC oxidoreduc-
tases, we could find some variation for different groups of
enzymes. For AOx as well as for GOx, all characterised
sequences within a clade show a highly conserved oxy-
gen reactivity. Additionally for GOx, this clade is clearly
distinct from closely related dehydrogenases. For AAO
on the other hand, oxidases (AAOx) and dehydroge-
nases (AADH) occur dispersed in the same clade, show-
ing that there is no stringent selection towards oxygen
reactivity for this enzyme. For POx, although sequences
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lacking oxygen reactivity have not been reported to date,
the dehydrogenase activity might really be the biologi-
cally more relevant function [72]. Not all oxidases might,
therefore, have evolved strictly as producers of hydrogen
peroxide. Instead, it may be that for some enzymes, oxy-
gen reactivity only evolved as a side reaction, while their
dehydrogenase function is the biologically more relevant
one. Such unspecific oxygen reactivities further compli-
cate studies aiming to discover the principle of oxygen
reactivity in flavoenzymes.

For some fungal enzymes, evolutionary histories are
not easy to trace due to the high variability and adaptabil-
ity of fungal genomes. This also goes for POx, an enzyme
that has been hypothesised to have been introduced into
fungi through horizontal gene transfer (HGT) from bac-
teria. The distribution of POx in the fungal kingdom is
somewhat peculiar when compared to the other enzyme
members of the GMC superfamily. POx is rarely found
in two closely related fungal species [73] and is generally
found only in few species but still throughout most of
the fungal kingdom. If one ancient HGT was the origin
of fungal POx, then that HGT must have happened very
early in fungal evolution followed by a massive gene loss
in most fungi. A similar taxonomic distribution pattern
and explanation was recently reported for vanillyl alcohol
oxidases, a fungal flavoenzyme hypothesised to originate
from a HGT from bacteria [37]. An alternative explana-
tion for these fragmented taxonomic distributions in the
species tree would be for HGTs to happen much more
frequently than assumed until now. To that end either
multiple HGT events from bacteria to fungi or HGTs
between fungi would be conceivable. Indications for such
regular HGTs between fungi were found in the current
study for the CDH cluster from Ascomycota to Basidi-
omycota. However, HGT has recently become somewhat
of a default explanation for all genes that do not fit the
expected evolutionary models [23]. We do not want to
suggest HGT as the definitive answer here, but rather
point out that multiple evolutionary models are possible
for certain enzymes.

Conclusions

This work offers new insights into the sequence variation
and phylogenetic relationships of fungal GMC sequences,
and thus should enable and support more detailed stud-
ies and annotations of putative GMC oxidoreductases.
To make use of the full currently available amount of
sequencing data, which exceeds the scale and diver-
sity to be handled directly by phylogenetic methods, we
used SSNs as a preparatory tool to cluster and function-
ally annotate selected sequences prior to a subsequent,
more detailed evolutionary analysis. This approach
allows for an unprecedented scale of sequence analysis
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for fungal GMC oxidoreductases. The overview of char-
acterised and uncharacterised sequence space obtained
by this work can be used as a basis for the discovery of
novel enzymatic functions and elucidating enzyme spe-
cificities, that might be found for example in clades of
enzymes activities identified by our phylogenetic analy-
ses that are completely unexplored and uncharacterised
to date. These novel clades we identified in these phylo-
genetic analyses are composed of hitherto uncharacter-
ised sequences that can vary from known and studied
sequences and one can expect that these will show prop-
erties and functionalities that distinguish them from
known representatives of these enzyme subfamilies.

Methods
Generation of enzyme clusters
Starting from a selection of biochemically characterised
fungal GMC members, we conducted two different data-
base searches in November 2017. The first search was
conducted with the HMMER tool [75] from EMBL-EBI
(https://www.ebi.ac.uk/Tools/hmmer/), using profile
hidden Markov Models to identify protein sequences in
the UniProtKB database that display GMC domains. The
input for the search was a Clustal Omega [83] alignment
of these biochemically characterised sequences from
literature as well as a single POx sequence (AAP40332)
from T. ochracea because of a different pattern of Pfam
domain hits for POx. The search was limited to the king-
dom of fungi (taxon identifier: 4751) and hits were con-
sidered significant with an E-value<1.07%*. To select
only for GMC oxidoreductases, search results were fur-
ther restricted by their matches with Pfam domains and
sequences containing any other major domain in addition
to GMC_oxred_N (PF00732), GMC_oxred_C (PF05199),
CDH-cyt (PF16010), or CBM (PF00734) were discarded.
The second search was conducted using BLAST on
the NCBI database with two characterised sequences
of each fungal GMC enzyme class, respectively (AOx
from Ogataea angusta, CAA26278.1 and from Phanero-
chaete chrysosporium, CDG66232.1; AAO from Pleu-
rotus pulmonarius, AAF31169.1 and from Pycnoporus
cinnabarinus, ALS87661.1; CDH from Crassicarpon
hotsonii  (Myriococcum  thermophilum), ABS45567.2
and from Trametes cinnabarina, ADX41688.1; GDH
from Aspergillus flavus, XP002372599.1 and from Pyc-
noporus cinnabarinus, A1L89873.1; GOx from Aspergil-
lus niger, AGI04246.1 and from Talaromyces variabilis,
CAE47418.1; PDH from Leucoagaricus meleagris, 4H7U
AAWS82997.1 and from Agaricus xanthodermus,
AHAS85314.1; POx from Trametes ochracea, AAP40332.1
and from Tricholoma matsutake, Q8J2V8.1). The search
was restricted to fungi (taxon identifier: 4751) and only
sequences showing an identity of 35%—99% were selected.
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A set of 99 annotated sequences from previous phy-
logenetic studies on GMC enzymes was added to help
define the clusters in the sequence similarity network.
Sequences containing invalid protein characters (B, ], O,
U, X, or Z) were removed and the remaining sequences
were filtered for a minimum length of 450 amino acids.
Sequence redundancy was removed using CD-HIT
[58] with a sequence identity cut-off of 0.99. The final
selected set included 9385 fungal GMC sequences (7429
UniProtKB, 1857 NCBI and 99 additional annotated
sequences).

The SSN was calculated using the web tool of Enzyme
Function Initiative-Enzyme Similarity Tool (EFI-EST)
(https://efi.igb.illinois.edu/efi-est/) [32] and edited with
Cytoscape [82]. Based on the plots ‘Number of Edges at
Score’ and ‘Percent Identity vs Alignment Score’ after the
initial calculation of the SSN, the alignment score cut-off
was set to 107%, corresponding to a sequence identity of
~35% in the network. The alignment score cut-off was
then gradually altered from 1075 to 107'%° in steps of
1075, thereby continuously displaying only more specific
edges.

Additionally added annotated sequences were removed
again from the five selected clusters when showing
sequence redundancy. The tool SeqScrub was used for
uniformly renaming all sequences of a cluster and col-
lecting their taxonomic information [29]. All sequences
of an individual cluster were aligned with MAFFT v7.271
[48] using the FFT-NS-2 method. Sequences were fur-
ther selected to show three properties. Firstly, the well-
known FAD-binding motif GxGxxG, which is part of the
Rossmann fold [24], or the two variations GxGxxA and
GxGxxS thereof, had to be part of the sequence. Sec-
ondly, another well-conserved FAD-associated motif in
GMC enzymes with the consensus hGGpp or hGGGpp,
where h is a hydrophobic residue and p a polar residue
(positions 100-104 in AnGOx 1CF3, 97-101 in LmPDH
4H7U, 90-95 in KpAOx 5HSA, 314-318 in NcCDH
4QI7, and 161-165 in ToPOx 1TTO) had to be present.
And thirdly, a catalytic His/His or His/Asn pair typi-
cal for GMC oxidoreductases [45, 96, 103] was used as
a selection criterion. Sorting resulted in five clusters
named AAO-PDH, AOx, CDH, GOx-GDH, and POx
with 476, 720, 677, 471 and 95 sequences, respectively.
Fasta files of these sequence selections are available as
Additional files 8, 9, 10, 11 and 12.

Generation of phylogenetic trees

The five sorted sequence clusters were again aligned
individually by MAFFT v7.271 FFT-NS-2 [48] and align-
ments were trimmed for positions with >99% gaps (>95%
for POx because of the small size of the cluster) by trimAl
v1.2 [11]. Uninformative sites were removed from the
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alignment using Gblocks 0.91b [94] with a less stringent
block selection, allowing for less strict flanking positions,
setting minimum length of a block to five and allowed
gap positions to “with half” The alignment of the multi-
domain enzyme CDH was cut N-terminally six positions
upstream of the conserved GxGxxG motif and C-termi-
nally 18 positions downstream of the catalytic Asn, leav-
ing only the GMC dehydrogenase domain. The optimal
amino acid substitution model for each alignment was
determined using ProtTest v3.4.2 [19] under the AIC cri-
terion, resulting in LG [54] for all alignments (using the
BIC criterion resulted in the same optimal model). Phylo-
genetic trees were calculated by PhyML on the Montpel-
lier Bioinformatics Platform (http://www.atgc-montpellie
r.fr/phyml/) [35] using default settings with SPR moves
to optimise tree topology and aLRT SH-like branch sup-
port. All trees were rooted on midpoint and visualised
in MEGA7 [53]. Newick files of the midpoint-rooted
trees are available as Additional files 13, 14, 15, 16 and
17. Clades in the respective trees were defined individu-
ally based primarily on topology, on taxonomy and when
necessary also on the characterised sequence space in a
final step.

Based on the trimAl v1.2 trimmed alignment of
the CDH cluster, a separate selection for functional
cytochrome domains was created by cutting off all
dehydrogenase domains including the linker sequence.
A cytochrome domain was considered functional if it
showed the two axial heme-ligating residues Met and
His and two Cys residues forming a disulfide bridge as
described (M65, H163, C121, and C124 in PcCyt-CDH,
1D7B; [38]). All sequences were named according to
the CDH clade to which they belonged in the dehydro-
genase domain tree (CDH I, CDH II, or CDH III), then
re-aligned by MAFFT v7.271, with uninformative sites
removed from the alignment using Gblocks 0.91b with
less stringent criteria as described above. Phylogeny was
assessed using PhyML with default settings, SPR moves,
aLRT SH-like branch support, and the Smart Model
Selection [56]. The inferred tree was rooted on midpoint
and visualised in MEGA?7 [53]. Species trees were down-
loaded from http://www.timetree.org/ [52] showing the
most common order of fungi.

Sequence analysis

N-terminal signal sequences were predicted using the
SignalP 4.1 server [69] (http://www.cbs.dtu.dk/services/
SignalP/) with default settings for eukaryotes. Sequence
logos were created on https://weblogo.berkeley.edu/
logo.cgi. The fractions of different domains present in
CDH clades were determined using the hmmscan func-
tion of the HMMER tool [75] from EMBL-EBI (https
://www.ebi.ac.uk/Tools/hmmer/search/hmmscan)
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searching the Pfam database. Mean percent sequence
identity was calculated from the number of identical
positions for every pair of sequences taken from the
sorted cluster alignment without realigning. Positions
where one or both sequences had a gap were not con-
sidered in the calculations. Exon counts were retrieved
from the associated NCBI or EnsembelGenome record
for each sequence. Sequences that mapped to mRNA
records and sequences with no associated exon infor-
mation were excluded (71 sequences in total). Align-
ment overviews were created in Jalview v2 [100] and
amino acids were coloured according to the Zappo
colour scheme. Visualisation of AOx crystal structure
(PDB 5HSA) was done in PyMOL 2.0.7 (The PyMOL
Molecular Graphics System, Version 2.0.7 Schrodinger,
LLC).

Additional files

Additional file 1: Figure S1A. Sequence similarity network at an align-
ment score cut-off of 1071%, B. Sequence similarity network at an align-
ment score cut-off of 107'%°,

Additional file 2: Figure S2A. Taxonomic distribution of fungal AAO-
PDH. B. Taxonomic distribution of fungal AOx. C. Taxonomic distribution of
fungal CDH. D. Taxonomic distribution of fungal GOx-GDH. E. Taxonomic
distribution of fungal POx.

Additional file 3: Figure S3A. Maximum likelihood tree of AAO-PDH
with the corresponding alignment overview. B. Maximum likelihood

tree of AOx with the corresponding alignment overview. C. Maximum
likelihood tree of CDH with the corresponding alignment overview. D.
Maximum likelihood tree of GOx-GDH with the corresponding alignment
overview. E. Maximum likelihood tree of POx with the corresponding
alignment overview.

Additional file 4: Figure S4. Sequence logos for comparison of the active
site architecture in the three clades of the AAO-PDH cluster, AAO, AAO-
like, and PDH.

Additional file 5: Figure S5. Crystal structure of Komagataella phaffii AOx
(5HSA) showing the C-terminal extension (A) and the insertion (B) when
compared to AOx-like sequences.

Additional file 6: Figure S6. Sequence logos of the ten last amino acids
of all sequences in each clade of the AOx cluster.

Additional file 7: Figure S7. Maximum likelihood tree of all cytochrome
domains present in the CDH cluster.

Additional file 8. Fasta file of all sequences from the AAO-PDH cluster.
Additional file 9. Fasta file of all sequences from the AOx cluster.
Additional file 10. Fasta file of all sequences from the CDH cluster.
Additional file 11. Fasta file of all sequences from the GOx-GDH cluster.
Additional file 12. Fasta file of all sequences from the POx cluster.

Additional file 13. Newick file of maximum likelihood tree of the AAO-
PDH cluster.

Additional file 14. Newick file of maximum likelihood tree of the AOx
cluster.

Additional file 15. Newick file of maximum likelihood tree of the CDH
cluster.
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Additional file 16. Newick file of maximum likelihood tree of the GOx-
GDH cluster.

Additional file 17. Newick file of maximum likelihood tree of the POx
cluster.
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Figure S2. Taxonomic distribution of fungal GMC / AA3 sequences.

Species tree showing fungal orders was downloaded from Timetree.org. Coloured circles and thick
lines mark fungal orders that are represented by at least one sequence in the following clusters: A,
AAO-PDH cluster (colour coding as in Figure 2); B, AOx cluster (colour coding as in Figure 3); C, CDH
cluster (colour coding as in Figure 4); D, GOx-GDH cluster (colour coding as in Figure 5); E, POx

cluster (colour coding as in Figure 6).

78



Additional file 3

i
!

- =
i i
o I
H
F.| —
i St . L -
Y S el S wemsmmeriee s el ———r— e L =
4 g s e . b e J_l....ll'ilr_.- g g o

79






i

i | 1]

il
Iy
AR

el

| ||1nim

(o 1w A

A | g
T T T T
b V1 |

81



W 2

m
wﬁ‘immﬁ T..!mn.rqnleca P i
oo H

i . __ P L a s = wo Sae__ 4 ——T R WL
§ -~ o ss e G PR A —— — e —— i aA=—
%}ll - S a—— O e B3 e TR ﬂ].#v{\ga.»h.\mﬁ\‘mﬂj.ﬁ

P =% s 1 ARG
P iI)J.:ISHE —==2] ettt

I e {51135 e |

T nﬂtlpﬂggn%ﬂ%mﬁ.:iig!’&r{f
—3

= ey g I A

T Rl - I .‘!!“"mﬂw e -

T

' .u..,f—:a] =i

-

82



Figure S3. Maximum likelihood tree of the respective GMC oxidoreductases with their corresponding alignment overviews trimmed

for positions with >99% gaps (>95% in case of POx).
A, AAO-PDH; B, AOx; C, CHD; D, GOx-GDH; E, POx
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Figure S4. Sequence logos for comparison of the active site architecture in the three clades of

the AAO-PDH cluster, AAO, AAO-like, and PDH. The shown residues are responsible for substrate

binding ('Sugar binding' in PDH), active site accessibility ('Bottleneck' in AAO), substrate conversion

('Catalytic pair'), and forming a covalent linkage with FAD ('FAD link' in PDH).
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Additional file 5

90°

Figure S5. Crystal structure of Komagataella phaffii AOx (5HSA). This figure shows the C-terminal extension involved in the formation of
the tetramer (A) and the insertion interacting with two other subunits from both tetramers to support octamer formation (B). Both regions

are displayed as spheres.
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Figure S6. Sequence logos of the ten last amino acids of all sequences in each clade of the AOx cluster. Only Ascomycota (including

yeast) sequences show a conserved sequence motif matching the PTS motif known from literature (Notzel et al. 2016).

Notzel C, Lingner T, Klingenberg H, Thoms S. 2016. Identification of new fungal peroxisomal matrix proteins and revision of the PTS1 consensus. Traffic

17:1110-1124.
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Additional file 7
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Figure S7. Maximum likelihood tree of all cytochrome domains present in the CDH cluster.
The colouring of the individual branches was kept the same as defined in the clades from the tree
based on dehydrogenase domains only (Figure 4 and Figure S3C). The general topology of the

cytochrome domain tree is in accordance with the topology found for the dehydrogenase domains.
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Chapter 5

Evolution of Oxygen Reactivity in Glucose Oxidases
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Introduction

The final aim of this thesis was to study the oxygen reactivity in fungal GMC oxidoreductases
and identify its structural determinants. For this purpose, the two glucose-oxidizing enzymes
glucose oxidase (GOx) and glucose dehydrogenase (GDH) seem to make the best study case,
since they are very closely related in structure, function and sequence, but still differ
drastically in their ability to utilize molecular oxygen (see chapter 2 and chapter 4 for more
information about these enzymes). One obvious approach to identify key residues
responsible for the regulation of oxygen reactivity could be a large-scale sequence
comparison based on the recently established clades (Siitzl et al. 2019). But as already
mentioned in chapter 4, a large part of the extant sequence space of these glucose
oxidoreductases is still uncharacterized to date, and therefore functional annotation of
individual clades is often missing. To be able to make full use of this newly generated set of
glucose oxidoreductase sequences, | first had to expand the characterized sequence space
and link the resulting functional information to the respective clades. In doing so, hundreds
of sequences can be compared and functional key residues might be revealed more easily.
Additionally, I recreated ancestral members of these glucose oxidoreductases to trace the
evolutionary path of oxygen reactivity. Such ancestral enzymes have been shown to be a
more suitable starting point than extant enzymes when attempting to switch enzymatic
functionality through active site mutagenesis (e.g. switch a dehydrogenase into an oxidase).
This is not only due to the often much higher thermostability of ancestral enzymes and
therefore higher tolerance towards mutagenesis, but also because they are expected to be
less specialized and therefore not as easily trapped in their configuration by epistatic
interactions (Gumulya and Gillam 2017; Harms and Thornton 2010; Merkl and Sterner 2015;
Starr and Thornton 2016). Finally, the goal of this study was to turn a GDH (or the ancestral
state of a GDH) into an oxidase, and vice versa, to prove the functional roles of the potentially

identified key residues in oxygen reactivity of GMC oxidoreductases.

The work presented in this chapter is still ongoing and unpublished so far. As such, these data

and their interpretation should be considered as preliminary results.

91



Expansion of extant sequence space

Before I selected novel glucose oxidoreductases of hitherto uncharacterized sequence space
for expression, I studied the active site composition of the different GOx-GDH clades in more
detail (Figure 6). This was done to get an overview of what activities (oxidase or
dehydrogenase, sugar substrate specificity) to allocate to the different clades and to ensure
that a representative sequence of the clade is selected for expression. Active site residues to
be compared between the different clades were selected based on previously published
studies, and include five glucose-binding residues and four residues predicted to interact
with oxygen in the active site (Supplemental figure 1) (Wohlfahrt et al. 1999; Yoshida et al.
2015). For glucose specificity, a Ser or Thr (residue 96 in AfGDH; PDB code: 4YNU) interacting
with the C6-OH moiety of D-glucose and a Tyr (residue 53 in AfGDH; 4YNU) interacting with
the C4-OH moiety were shown experimentally to be crucial for the selectivity over xylose and
maltose, respectively (Ferri, Kojima, and Sode 2011; Sode et al. 2016). In the predicted
oxygen binding site, the residues Ser114 and Phe355 (corresponding to Ser110 and Phe351
in AnGOx; PDB code: 1CF3) were shown experimentally to influence oxygen reactivity in

Penicillium amagasakiense GOx (PDB code: 1GPE) (Horaguchi et al. 2014).

As expected, the selected glucose-binding residues are highly conserved in the GOx IA clade
(Figure 6), which contains eight characterized sequences known to be very specific for
glucose. In clade GDH [, where it is common to find side activity with xylose for some enzymes
(Sode etal.2016), the responsible residue at position 96 (4YNU) is found to be not as strongly
conserved, showing Ala as the most common residue. GDH I also has a well conserved Glu
residue instead of an Asp, mainly occurring in GOx IA, but these two residues can be expected
to mediate the same selectivity due to their similar chemical properties. Other clades
showing a conserved glucose-binding motif are GOx IB and GOx II. Only GOx IB shares the
complete sequence motif as it is present in GOx A, while GOx II only shares three out of five
residues with GOx IA. The three clades GDH II, GDH IIIA and GDH IIIB do not show an overall
conserved motif. In accordance with that, characterization of Pycnoporus cinnabarinus GDH,
a representative of GDH IIIA (see chapter 4 Figure 5) and the hitherto only characterized
enzyme from these clades, showed side activities with lactose, D-galactose, maltotriose, D-
xylose and maltose at 14.4, 7.0, 6.8, 3.9 and 2.5 % relative to D-glucose (Piumi et al. 2014).
Given these results, | expected only GOx IB to be as specific for glucose as GOx IA, while
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members of GOx Il might accept other substrates in addition to D-glucose as well. The clades

GDH II, GDH IIIA and GDH IIIB all look like they can be expected to show a higher variation in
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o
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Glucose binding 0, binding
@2 y residues residues

Figure 6: Active site conservation of various clades of glucose oxidoreductases. The size of the amino acid letters
corresponds to their occurrence in the alignment at the given position. Alignment positions are numbered according to the
residues in AfGDH (4YNU) and AnGOx (1CF3). The phylogenetic tree was taken from (Siitzl et al. 2019) with coloured circles
indicating the characterized sequence space and stars indicating the novel glucose oxidoreductases selected for expression
in this study. Positions of the two positive controls AnGOx and GcGDH are also marked in the tree. Sequence logos were
created using the web server of the Berkeley University of California (Crooks et al. 2004).

When looking at the oxygen-binding site more closely, the four putatively predicted oxygen-
binding residues were found to be well conserved in GOx IA but not in GDH I, just as one

would expect from the enzymes’ reactivities. This further supports their potential role in
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regulation of the oxygen reactivity. With clades GOx IB and GOx II also showing very similar
and highly conserved motifs, they are expected to also show oxygen reactivity. For GOx IB
this is not really surprising, since the clade is phylogenetically very closely related to the
functionally characterized GOx IA clade. GOx II on the other hand associates closely to the
clades of GDH IlII in the phylogenetic tree. This relation was somewhat unexpected since all
sequences from GOx II occur in Ascomycota while sequences from GDH III occur only in
Basidiomycota. Despite this unexpected phylogenetic relationship, GOx II is likely to be
related to GOx I, since also the genomic sequences of these enzymes share a uniquely low
number of exons among fungal glucose oxidoreductases (Sitzl et al. 2019). This, in
combination with the shared oxygen-binding motif, led to the annotation of the clade as GOx
II. Noticeable in the observed oxygen-binding motif is the number of Phe residues. Although
no other clade shares exactly the conserved motif from GOx [A, most clades (including some
of the GDH clades) also show one or two Phe residues as major residues in corresponding
positions of the motif. Single Phe residues are therefore unlikely to be responsible for oxygen
reactivity and the significance of this putative motif is still in question. Also note that residue
position 96 (4YNU) was reported in literature to be important for oxygen reactivity as well

as for glucose specificity.

Based on this sequence comparison, eight novel glucose oxidoreductase sequences were
selected for expression and subsequence biochemical characterization, K1WVQ6,
Trichosporon asahii var. asahii (CBS 8904); G3XUA2, Aspergillus niger; AOA074YUB2,
Aureobasidium subglaciale (EXF-2481); AOAOD1DW37, Ustilago maydis (521); AOAOB7G104,
Rhizoctonia solani (AG-1 IB); A0A139IH18, Pseudocercospora musae; AO0A074YN78,
Aureobasidium pullulans (EXF-150); and GON1C2, Trichoderma virens (Gv29-8), given here
with their UniProt identifiers. The positions of these sequences in the phylogenetic tree are
marked by stars in Figure 6. I also selected the enzymes P13006, GOx Aspergillus niger
(AnGOx) and G8E4B4, GDH Glomerella cingulata (GcGDH) for expression/characterization to
include some well-studied sequences as positive controls for expression and activity
(Sygmund et al. 2011; Wohlfahrt et al. 1999). All sequences were expressed in Komagataella
phaffii (formerly Pichia pastoris) under the AOX1 promoter using their native signal
sequences for secretion (predicted by SignalP 4.1). The empty pPICZ A vector, not containing

any recombinant gene, was used as a negative control. Supernatants of the expression were
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clarified, concentrated and used directly for further analysis without purification. SDS PAGE
of the deglycosylated supernatants (Supplemental figure 2) shows that only five out of the eight
recombinant K. phaffii cultivations (harbouring the genes from T. virens, P. musae, A. niger, A.
subglaciale and R. solani) resulted in a visible band at the expected respective molecular mass

between 61 and 71 kDa.

All supernatants were screened for activity using six different sugars, D-glucose (Glc), D-
xylose (Xyl), lactose (Lac), D-galactose (Gal), maltose (Mal) and L-arabinose (Ara), and three
different electron acceptors, oxygen (02), 1,4-benzoquinone (BQ) and 2,6-dichlorophenol-
indophenol (DCIP) (Figure 7). These spectrophotometric enzyme assays were performed in
96-well plates and enzymatic activity was only assumed when linear correlations had an R?
> 0.9. Negative activities and activities < 1 % of the most active substrate were not considered
active. To test if the used supernatants would mediate unspecific activity in the enzymatic
assays | conducted various blank measurements, but no background activity was detected
for measurements without sugar substrate or for the empty vector control. Figure 7 shows
the five enzymes T. virens (GDH II), A. niger (GOx IB), A. subglaciale (GOx II), R. solani (GDH
[II) and U. maydis (GDH III) where activity was found. Note that the observed substrate
specificities mostly match the predictions drawn from the active site conservation study.
While most screened enzymes are highly specific for glucose, T. virens (GDH II) and R. solani
(GDH III) show a broader substrate specificity. Surprisingly, U. maydis, an enzyme of the GDH
Il clade and predicted to be more versatile, also seems Glc specific. This might be explained
by the generally very low activities of the U. maydis enzyme though, and activities with
substrates other than Glc might have been below the detection limit. The screening further
confirms the two predicted oxidases as the only novel enzymes in this study able to utilize O2
as an electron acceptor. Also note that the five enzymes found to be active are not the same
as the five found to be expressed well. The enzyme of P. musae showed no activity although
it showed a promising band on the SDS PAGE and U. maydis was found active (even though
only poorly) while no pronounced band of the right size was found on the SDS PAGE.
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displayed. Activities are given un Units per mg protein in the supernatant.
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Following up the experimental evidence of oxygen reactivity in the clades GOx IB and GOx II,
a new active site comparison of all sequences from the oxidase clades with a number of
dehydrogenase sequences was conducted. This time I compared 62 residues that are within
12 A of the Ne2of the catalytic His in AnGOx (H559 in 1CF3) and AfGDH (H548 in 4YNU) (data
not shown). Although this large comparison still needs additional evaluation, I found that
AnGOx Trp111 is a highly conserved position in GOx, which is mostly occupied by Tyr in
dehydrogenases. It is striking that this is yet another hydrophobic residue (in addition to
Phe) found to be highly conserved specifically in GOx. Although these conserved hydrophobic
residues were described as oxygen binding sites in GOx by Yoshida et al. 2015, they might as
well provide a hydrophobic entrance site or substrate channel for the oxygen molecule. Such
hydrophobic entrance channels were already suggested for other flavoenzymes (Baron et al.
2009; Lario, Sampson, and Vrielink 2003; Piubelli et al. 2008) and the importance of
hydrophobic residues (especially Phe and Trp) for oxygen reactivity in flavoenzymes was
mentioned multiple times in literature (Baron et al. 2009; Carro et al. 2018; Hernandez-
Ortega et al. 2011; Horaguchi et al. 2014; Spadiut et al. 2010; Yoshida et al. 2015). It would
therefore not be surprising if Trp111 is part of such an entrance channel. Very interestingly,
a recent study found that they could inhibit oxidative destabilization of AnGOx by mutating
oxidation sensitive methionine residues around the active site and the best performing
mutant was found to be Met561, which is positioned very close (4.7 &) to Trp111 (Kovacdevié
et al. 2019). Since oxygen entrance sites could also be expected to be the sites where
hydrogen peroxide leaves the enzyme again, a Met close to this channel would definitely be
susceptible to oxidation. Although multiple studies point in the direction of hydrophobic
residues or channels being a key factor in oxygen reactivity, it might be hard to prove this
experimentally when using mutagenesis. Introducing or deleting hydrophobic residues in the
sequence of an extant enzyme can easily disturb folding processes or impair structural
stability. For this issue, using (potentially more thermostable) ancestral enzymes might turn

out to be beneficial.
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Ancestral sequence reconstruction

Based on the tree and sequence selection established in Siitzl et al. 2019 (see also Figure 6), a
reduced number of sequences was selected to make it more suitable for ancestral
reconstruction. The new selection of 399 sequences was used to infer a new maximum
likelihood tree, and six ancestral nodes were selected for marginal reconstruction with
GRASP (Figure 8). The older a reconstructed node is, the more uncertain the reconstruction
usually gets. This can be represented by the number of reconstructed positions with a
probability < 0.5 in the ancestral sequence. While the reconstruction of node N7 only had 7
positions with a probability < 0.5, N1 already showed 22 positions. The same was the case
for all other reconstructed clades, with N234 and N230 having 4 and 22 positions
respectively, and N321 and N320 having 3 and 21 positions respectively. Going even further
back in reconstruction was therefore not considered reasonable at this point. After checking
all positions of uncertainty (probability < 0.5) for their second most likely amino acid and
their approximate position in their structure (based on 1CF3 and 4YNU), three variations
that seemed likely to influence functionality were chosen to be expressed in addition to the
calculated ancestral sequences (Y202E and G411R for N320 and H420K for N1). A screening
that includes all variants of uncertain positions and their combinations was unfortunately

not possible within the timeframe of this project.
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Figure 8: Maximum likelihood tree of glucose oxidoreductases used for inferring ancestral states. Colouring of the clades
is consistent with Figure 6. Positions of expressed ancestral sequences are marked by black circles and expressed variants
are given in brackets.

Since both the N- and the C-terminus of the sequence alignment were too variable to be
reconstructed, they were replaced with the N- and C- terminus of AnGOx consisting of 41 and
4 amino acids respectively. The N-terminus of AnGOx includes a signal peptide that was
already proven to work for extracellular expression in K. phaffii (see above). All nine
reconstructed enzymes (six ancestors and three variants) were expressed in 57 mL shake

flask cultures of K. phaffii after induction with methanol. AnGOx, GcGDH and an empty pPICZ
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A vector were expressed as positive and negative controls respectively. The resulting
supernatants were screened for expression and activity using SDS PAGE and
spectrophotometric activity assays (using Glc and BQ or 02). The constructs N230 and N320
G411R failed to express as they could not be detected in the yeast supernatant. Constructs
N1, N1 H420K and N234 showed good expression according to SDS PAGE (Supplemental figure
3), however no activity with Glc was found. Their supernatants were concentrated and stored
at 4°C for a more extensive activity screening (see below). The last four constructs (N7, N320,
N320 Y202E and N321) and the two positive controls (AnGOx and GcGDH) showed
expression as well as activity and were further purified via immobilized metal ion affinity
chromatography (IMAC) (SDS PAGE: Supplemental figure 3). The purest fractions of AnGOx,
GcGDH, N7, N320, N320 Y202E and N321 yielded approximately 17, 1.3, 3.4, 0.15, 0.93 and
24 mg of enzyme respectively. The three initially inactive ancestors N1, N1 H420K and N234
were screened for dehydrogenase activity using the substrates Glc, Xyl, Lac, Gal, Mal and Ara
and the two electron acceptors BQ and ferrocenium-hexafluorophosphat (FcPFs). Still, we
only found an indication of minor activity for N234 using Glc and FcPFs. The loss of activity

is therefore unlikely to be the result of a change in substrate specificity.

For the purified ancestral enzymes, I first wanted to confirm that they are structurally
comparable to their (GMC family) extant forms. Therefore, circular dichroism (CD) spectra of
the far-UV region (185 - 260 nm) were recorded, and the ancestors compared with their
respective extant enzyme (Supplemental figure 4). These CD spectra reflect the overall
secondary and tertiary structure of an enzyme and although no detailed structurally
information can be gained directly, these spectra are very well suited for direct comparisons.
The recorded CD spectra of the ancestral proteins are not fully superimposable with their
extant forms, nevertheless, they are sufficiently similar to suggest a general conservation of
the GMC fold. Additionally, we can observe that the older GOx ancestors, N320 and N320
Y202E, are more different to the extant form than the younger ancestor N321 (see area
around 192 nm). Furthermore, UV-Vis spectra of the purified enzymes could confirm the
typical maxima for flavin-dependent glucose oxidoreductases at around 382 and 452 nm for
AnGOx, GcGDH, N320 Y202E and N321 (Supplemental figure 5). In the case of N7 the FAD signal
is too small to determine the exact maxima. This suggests that N7 has a low occupancy with

the FAD cofactor and although not as pronounced, the same tendency of alow FAD occupancy
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is also seen for N321. The possibility that the spectrum of N7 shows FAD in a reduced state
after purification, which would indeed produce a similar looking spectrum, was considered
unlikely since the positive control of GcGDH was also purified with FAD in its oxidized state
(oxidases would be in their oxidized state through the presence of oxygen in either case).
Unfortunately, we did not have enough protein to record a UV-Vis spectrum for N320, and
spectra of the non-purified concentrated supernatants cannot resolve the specific FAD

maxima (Supplemental figure 5).

Because of the strong differences in FAD occupancy, I normalized all specific activity values
to the concentration of FAD in the sample (estimated from the absorption at 450 nm). Specific
activity was determined for Glc and BQ, Glc and FcPFe, as well as for Glc and 02 to compare
the dehydrogenase and the oxidase activities of the ancestral enzymes relative to the two
extant forms (Table 1). For GcGDH and its ancestor we could not detect any oxidase activity,
but going back in time we can see a decrease in dehydrogenase activity down to 27% for BQ
and 19% for FcPF6 (compared to GcGDH). In the case of AnGOx and its ancestors we do not
simply see a loss of function when we go back the evolutionary path, but a shift towards a
more pronounced dehydrogenase function. The oldest ancestor N320 Y202E shows 79 %
oxygen reactivity of AnGOx, but 256% of BQ and 113% of FcPFs activity. The intermediate
state N321 shows about the same oxygen reactivity (104%) and also higher dehydrogenase
activity (206% BQ and 150% FcPFe activity) compared to AnGOx. This makes ancestral
reconstructions in the GOx clade especially interesting for studying the evolutionary path

towards oxygen reactivity.

Table 1: Comparison of thermal transitions and specific activities of active ancestral sequences with their respective
extant sequences. Because of the missing UV-Vis spectra, activity could not be calculated relative to the FAD concentration
for N320.

Thermal transitions [°C] Specific activity [U/mM (FAD)]

Tmo Tm1 Tm2 0, % BQ % FcPFs %
GcGDH - 50.5 534 - - 22.77 100 | 15.63 100
N7 57.7 728 76.6 - - 6.13 27 293 19
AnGOx - 582 63.1 3.74 100 | 3.26 100 | 4.51 100
N321 - 67.9 70.3 3.88 104 | 6.70 206 | 6.76 150
N320 52.9 67.4 70.0 - - - - - -
N320 Y202E | 55.8 71.0 739 2.96 79 8.33 256 | 5.11 113
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Given this gradual shift from oxidase to dehydrogenase, it was of course interesting to
compare the residues of the ancestral enzymes that form the glucose- and oxygen binding
motifs used in Figure 6 to predict substrate specificity and oxygen reactivity. To this end, the
ancestral sequences were aligned together with the extant sequence selection and the
respective positions were compared. The corresponding motifs were, YAERN (glucose
binding) and AFYL (02 binding) for N7 and YTDRN and TFFF for N320 (N320 Y202E) as well
as for N321. Following the same line of interpretation as before, I would predict N7 to be a
glucose-specific dehydrogenase. The motifs for the two GOx ancestors both have exactly the

same composition as the motifs in AnGOx. This suggests that we can expect a high glucose

specificity for the ancestors N320, N320 Y202E and N321 similar to that of AnGOx. On the
other hand, differing electron acceptor preferences of the ancestral sequences show that the
putative oxygen binding motif is not solely responsible to regulate oxygen reactivity in

glucose oxidoreductases. Nevertheless, more detailed kinetic studies are necessary to draw
a final conclusion.
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Figure 9: DSC measurements of the four purified ancestors in comparison to their extant sequences. Grey lines show the
individual transitions used to fit the experimental data.
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Another trait commonly observed for ancestral sequences is an increase in thermostability
(Gumulya and Gillam 2017; Risso, Sanchez-Ruiz, and Ozkan 2018; Trudeau, Kaltenbach, and
Tawfik 2016). To test the ancestral sequences for their Tm values, I conducted differential
scanning calorimetry (DSC) and compared the results with their extant enzymes (Figure 9).
All measurements were fitted with a non-two state model and the main peaks were always
best fitted using two transitions (grey lines in Figure 9). It is immediately evident that all
ancestral sequences show a higher thermostability than their respective extant forms. The
highest transition temperature is displayed by N7, which shows a Tm2 of 76.6°C. This
corresponds to an increase of 23.2°C compared to the extant GcGDH. For the ancestors of
GOx,N320 Y202E shows the highest Tm2 value with 73.9°C. In this case the increase amounts
to 10.8°C compared to AnGOx. All detailed Tm values are summarized in Table 1. The fact that
the unfolding peak for GOx is quite broad can be explained by the heavy glycosylation of the
enzyme when expressed in K phaffii. One thing that we could not explain in the
measurements so far, is the presence of a small peak at temperatures from ~53 to 58°C for
the ancestral enzymes N7, N320 and N320 Y202E. It is unclear if that peak is due to some
impurities in the sample or corresponds to a biophysical process actually related to the

enzyme.

Summary and Outlook

In this chapter I presented first, preliminary results on expanding the characterized sequence
space of fungal glucose oxidoreductases and studying the evolution of their oxygen reactivity.
[ successfully expressed five glucose oxidoreductases from hitherto uncharacterized
subclades of the glucose oxidase / dehydrogenase group, and determined their specificity for
six sugars (electron donors) and three electron acceptors. These results were mostly in
accordance with prior computational predictions drawn from their active site composition.
A first hint towards potential key residues for oxygen reactivity was obtained after correctly
predicting a new clade of oxidases (GOx II) directly from a sequence motif. A subsequent
study on ancestral sequences however, showed that this motif cannot be solely responsible
to regulate oxygen reactivity. To expand the results of this first screening for substrate

specificity, the successfully expressed enzymes will need to be produced on larger scale and
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subsequently be purified to be used for more detailed kinetic studies. Additionally, even more
extant sequences from uncharacterized sequence space might be interesting for expression

and further characterization.

To get more specific insight into the evolution of oxygen reactivity I also calculated and
expressed several ancestral sequences and some variants thereof. Four of those showed to
be active enzymes that are up to 23°C more thermostable than their extant forms. Such
thermostable ancestral enzymes might also be of interest to use in industrial applications.
When following the specific activity of glucose and 02 back in time, their evolution showed a
gradual shift from being an oxidase towards more dehydrogenase activity in the GOx clade.
Which residues are responsible for this shift cannot yet be answered clearly to date.
Nevertheless, the functional and thermostable ancestral enzymes created during this study
provide a good starting point for future mutational studies to identify the still unknown key
residues for oxygen reactivity. The main issue that needs to be addressed when expressing
these ancestors is that some of them showed low FAD occupancies and therefore reduced
total activity. Ultimately this project should enable us to engineer oxygen reactivity in a way

so we can turn a GDH (or ancestral GDH) into a GOx, and a GOx (or ancestral GOx) into a GDH.
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Methods
Expression of novel GOx-GDH genes

Novel genes for expression were synthesized by BioCat GmbH (Heidelberg, Germany) and all
constructs were cloned into the expression vector pPICZ A without additional affinity tags.
The transformation into K. phaffii X-33 (Invitrogen) was conducted by electroporation using
constructs linearized by Sacl digest. Routine cultivation of the transformed cells was done in
YPD-medium supplemented with Zeocin™ (100 mg/L) at 30°C and 150 rpm for liquid media.
To screen for the best expressing transformant, three colonies were picked for each construct
and expressed in 55 mL modified BMMY medium (20 g/L peptone from casein, 10 g/L yeast
extract, 100 mM phosphate buffer pH 6, 10 g/L (NH4)2S04, 3.4 g/L yeast nitrogen base
(without amino acids and (NH4)25S04) and 0.4 mg/L biotin) at 30°C and 150 rpm. Induction
was started at an ODeoo of 1 by adding 0.5 % (v/v) methanol every 24 hours during 4 days of
fermentation. The fermentation broth was centrifuged at 6000 rpm for 30 min at 4°C to
remove the cells and the supernatant was concentrated using Vivaspin® 20 tubes (Sartorius)

with 10,000 Da molecular weight cut-off.
Phylogenetic analysis and ancestral reconstruction

The initial phylogenetic tree (Figure 6) and corresponding sequence selection were taken
from Siitzl et al. 2019. All sequences in the initial selection that occurred in small outliner
clades (black lines in Figure 6) and a few single sequences that showed major insertions or
deletions were removed. The new sequence selection was aligned by MAFFT v7.271 G-INS-I
(Katoh and Standley 2013), the alignment trimmed for positions with > 99% gaps by trimAl
v1.2 (Capella-Gutiérrez, Silla-Martinez, and Gabaldén 2009) and pruned using Gblocks 0.91b
(Talaveraetal. 2007) with a less stringent block selection. The phylogenetic tree was inferred
by PhyML on the Montpellier Bioinformatics Platform (http://www.atgc-
montpellier.fr/phyml/) (Guindon et al. 2010) using default settings with SPR moves to
optimize tree topology, Smart Model Selection (SMS) and aLRT SH-like branch support. The
tree was rooted on midpoint and visualized in MEGA7 (Kumar, Stecher, and Tamura 2016).
Marginal reconstruction of ancestral nodes was performed using GRASP
(http://grasp.scmb.uqg.edu.au/) and the LG evolutionary model (Le and Gascuel 2008) after

N- and C-termini of the alignment were cut off.
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Expression and purification of ancestral enzymes

The cut N- and C-termini of the ancestral sequences were replaced by the equivalent amino
acid sequences from AnGOx, ‘MQTLLVSSLVVSLAAALPHYIRSNGIEASLLTDPKDVSGRT’ and
‘ASMQ’ respectively. Resulting ancestral genes were ordered at BioCat GmbH, cloned into the
expression vector pPICZ A together with an added polyhistidine tag (6 x His), and codon-
optimized for K. phaffii expression. Constructs were linearized with Pvull, transformed via
electroporation and expressed under the AOX1 promotor with methanol induction. Routine
cultivation of the transformed cells was done in YPD-medium supplemented with Zeocin™
(100 mg/L) at 30°C and 130 rpm for liquid medium. To find the best expressing
transformants, multiple colonies per construct (2-4) were expressed. Expression was done
in shake flasks at 30°C and 130 rpm in a 57 mL batch cultivation of modified BMMY medium
(20 g/L peptone from casein, 10 g/L yeast extract, 100 mM phosphate buffer pH 6, 10 g/L
(NH4)2S04, 3,4 g/L yeast nitrogen base (without amino acids and (NH4)2S04) and 0.4 mg/L
biotin) with 12 g/L sorbitol and 2% methanol. After centrifugation at 4000 rpm and 4°C for
30 minutes, supernatants were stored at -25°C. Thawed supernatants were filtered (0.22 pum)
to remove precipitates and residual cells, loaded onto an equilibrated 5 mL HisTrap column
(GE Healthcare) and washed with at least 5 column volumes of binding-buffer (50 mM
phosphate buffer pH 6.5, 500 mM NaCl and 20 mM imidazol). Proteins were eluted using a
linear gradient (50 mM phosphate buffer pH 6.5, 500 mM NaCl and 500 mM imidazol), and
manually collected fractions were concentrated and desalted (with 50 mM phosphate buffer

pH 6.5) in Vivaspin® 20 tubes (Sartorius) with 30,000 Da molecular weight cut off.
Activity measurements

All activity measurements were conducted as spectrophotometric assays with 20 uL. enzyme
solution, 20 mM electron donor (sugar substrate) and the respective electron acceptor in 50
mM phosphate buffer pH 6.5 at 30°C unless stated otherwise. Oxygen reactivity was
measured using the established peroxidase-coupled ABTS assay (Spadiut et al. 2008),
following the reduction of 0.1 mM 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
(ABTS) at 420 nm. The ABTS reduction is mediated by horseradish peroxidase (55 U/mL in
the assay; Sigma) using the hydrogen peroxide that is formed during the enzymatic reaction

with Oz (ambient Oz concentration is approximately 250 uM). Other electron acceptors, 1,4-

106



benzoquinone (BQ), 2,6-dichlorophenol-indophenol (DCIP) and ferrocenium-
hexafluorophosphate (FcPFs), were used at 0.5, 0.3 and 0.2 mM, and their reduction was
followed at 290, 520 and 300 nm respectively. Used electron donors include D-glucose (Glc),
D-xylose (Xyl), lactose (Lac), D-galactose (Gal), maltose (Mal) and L-arabinose (Ara). The

resulting activity expressed in units (U) refer to the oxidation of one pmol electron donor.

The plate reader screening for novel GOx-GDH genes was carried out as 300 uL assays in a
96-well plate format on an EnSpire multimode plate reader (PerkinElmer) instrument. All
samples were measured in six replicates and blanks were recorded with 50 mM phosphate
buffer pH 6.5 replacing the electron donor. Enzymatic reactions were followed for 8.75 (ABTS

and BQ) or 17.25 min (DCIP) on the plate reader.

Standard spectrophotometric activity assays were conducted as 1 mL reactions in semi-
micro cuvettes measured on a UV/Vis spectrophotometer Lambda 35 (Perkin Elmer)
instrument. Determination of specific activity was conducted at least in triplicates and
activity screenings from supernatants were conducted at least in duplicates. Enzymatic

reactions were followed for 180 seconds on the spectrophotometer.
Protein concentration and SDS-PAGE

Protein concentration was measured using the protein assay kit (Bio-Rad) according to
Bradford’s method (Bradford 1976) and dilutions of bovine serum albumin as standards.
SDS-PAGE was performed using Mini-PROTEAN® TGX Stain-Free™ precast gels and the
Precision Plus Protein™ unstained protein ladder (both Bio-Rad). Protein samples were
diluted in 2X Laemmli buffer and boiled for 3 min at 99°C before loading them on the SDS gel.
Deglycosylation was done by proteolytic digestion with PNGase F (New England BioLabs)

according to the protocol for denaturing reaction conditions.
Circular dichroism (CD) spectroscopy

All CD spectra were recorded on a Chirascan instrument (Applied Photophysics) at 20°C, with
samples diluted to approximately 0.125 mg/mL in 50 mM phosphate buffer pH 6.5.
Measurements took place in the far-UV region (185 - 260 nm) using 1 nm band width, 1 nm

steps, a scan speed of 10 s/nm and a path length of 1 mm.

UV-Vis spectra
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Protein UV-Vis spectra were recorded on an Agilent 8453 UV-Visible diode-array
spectrophotometer at 20°C in the range of 190 - 1100 nm and 1 nm slit width. Protein
samples were diluted to approximately 2 - 5 mg/mL in 50 mM phosphate buffer pH 6.5 and
measured in a quartz-cuvette with 3 mm path length. FAD concentrations in the samples
were estimated from the absorption at 450 nm using the extinction coefficient of free FAD,

11,300 M-1cm-1 (Macheroux 1999).
Differential scanning calorimetry (DSC)

Differential scanning calorimetry was conducted on a PEAQ-DSC Automated instrument
(Malvern Panalytical). All samples were diluted to 5 pM (~ 0.33 mg/mL) in 50 mM phosphate
buffer pH 6.5 and scanned from 20 - 90 °C with a scan rate of 60°C/h and feedback set to
high. Instrument blanks were recorded using buffer only and rescans were measured for all
samples. Data analysis was performed by using the MicroCal PEAQ-DSC software V.1.22. The
background signal was subtracted using rescans whenever applicable (buffer blanks
otherwise), the baseline was fitted using the spline method and peaks were fitted with a non-

two-state model giving the best fit for two transitions in all main peaks.
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Supplemental Files
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Supplemental figure 1: Superimposition of the Glc binding site (left) and Oz binding site (right) of AfGDH (4YNU; blue) and
AnGOx (1CF3; pink). FAD is shown in yellow and Glc is shown in grey. The position of 02 (red spheres) was taken from
Streptomyces sp. cholesterol oxidase (1MXT; Lario et al. 2003) relative to the FAD. Distances (dashed yellow lines) are given
in
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Supplemental figure 2: SDS-PAGE of the K. phaffii supernatants after expression of various glucose oxidoreductase genes.
Position of the deglycosylation enzyme PNGase F is marked with black arrows (left and right).
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Supplemental figure 3: Left, SDS-PAGE of deglycosylated fractions of IMAC-purified ancestral proteins. Purities estimated
by band intensities in percent are given below. Selected fractions with highest purity are highlighted in bold. Right, SDS-
PAGE of deglycosylated samples from purified GcGDH and AnGOx, and concentrated supernatants of inactive ancestors.
Position of the deglycosylation enzyme PNGase F is marked by a black arrow (right).
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Supplemental figure 4: CD spectra of the four purified ancestors in comparison to their extant sequences.
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Supplemental figure 5: UV-VIS spectra of three
purified ancestors, GcGDH, AnGOx and the three
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ABSTRACT Pyranose 2-oxidase (POx) has long been accredited a physiological role
in lignin degradation, but evidence to provide insights into the biochemical mecha-
nisms and interactions is insufficient. There are ample data in the literature on the
oxidase and dehydrogenase activities of POx, yet the biological relevance of this du-
ality could not be established conclusively. Here we present a comprehensive bio-
chemical and phylogenetic characterization of a novel pyranose 2-oxidase from the
actinomycetous bacterium Kitasatospora aureofaciens (KaPOx) as well as a possible
biomolecular synergism of this enzyme with peroxidases using phenolic model sub-
strates in vitro. A phylogenetic analysis of both fungal and bacterial putative POx-
encoding sequences revealed their close evolutionary relationship and supports a
late horizontal gene transfer of ancestral POx sequences. We successfully expressed
and characterized a novel bacterial POx gene from K. aureofaciens, one of the puta-
tive POx genes closely related to well-known fungal POx genes. Its biochemical char-
acteristics comply with most of the classical hallmarks of known fungal pyranose
2-oxidases, i.e., reactivity with a range of different monosaccharides as electron do-
nors as well as activity with oxygen, various quinones, and complexed metal ions as
electron acceptors. Thus, KaPOx shows the pronounced duality of oxidase and dehy-
drogenase similar to that of fungal POx. We further performed efficient redox cy-
cling of aromatic lignin model compounds between KaPOx and manganese peroxi-
dase (MnP). In addition, we found a Mn(lll) reduction activity in KaPOx, which, in
combination with its ability to provide H,O,, implies this and potentially other POx
as complementary enzymatic tools for oxidative lignin degradation by specialized
peroxidases.

IMPORTANCE Establishment of a mechanistic synergism between pyranose oxidase
and (manganese) peroxidases represents a vital step in the course of elucidating mi-
crobial lignin degradation. Here, the comprehensive characterization of a bacterial
pyranose 2-oxidase from Kitasatospora aureofaciens is of particular interest for sev-
eral reasons. First, the phylogenetic analysis of putative pyranose oxidase genes re-
veals a widespread occurrence of highly similar enzymes in bacteria. Still, there is
only a single report on a bacterial pyranose oxidase, stressing the need of closing
this gap in the scientific literature. In addition, the relatively small K. aureofaciens
proteome supposedly supplies a limited set of enzymatic functions to realize ligno-
cellulosic biomass degradation. Both enzyme and organism therefore present a via-
ble model to study the mechanisms of bacterial lignin decomposition, elucidate
physiologically relevant interactions with specialized peroxidases, and potentially re-
alize biotechnological applications.

KEYWORDS actinobacteria, lignin degradation, manganese peroxidase, phylogeny,
pyranose oxidase
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uxiliary activity family 3 (AA3) of the Carbohydrate-Active enZymes Database

(CAZy) (http://www.cazy.org/) comprises redox enzymes, which assist other AA
family oxidoreductases or support the activity of glucoside hydrolases in lignocellulose
degradation. All AA3 members belong to the glucose-methanol-choline (GMC) family of
flavin-dependent oxidoreductases, and they typically are multidomain enzymes com-
posed of a flavin-binding domain of the canonical Rossmann fold and a less preserved
substrate-binding domain (1, 2). Subfamily AA3_4 comprises pyranose oxidases (POx
[EC 1.1.3.10]), the phylogenetically most distantly related AA3 subfamily, which is also
the most diverse with respect to structural features. POx oxidizes various monosaccha-
rides, with glucose being preferred, but its substrate specificity is less strict than that of
other members of the AA3 family.

The reaction mechanism of POx generally involves a hydride transfer from the sugar
substrate, resulting in the reduction of its flavin adenine dinucleotide (FAD) cofactor to
its hydroquinone form (FADH,), referred to as the reductive half-reaction. FADH, is
subsequently reoxidized in the oxidative half-reaction by a suitable electron acceptor
(3). For POx, this electron acceptor can be molecular oxygen (which is reduced to
hydrogen peroxide), a range of (substituted) quinones, (complexed) metal ions, or even
various radicals (4). The role of POx has previously be seen in the provision of H,0, to
different peroxidases (5), yet these nonoxygen electron acceptors are often used with
much higher catalytic efficiencies by POx, which points toward a potential physiological
significance of reactions with such molecules (6).

The biological function of AA3-family redox enzymes—as defined by CAZy—is to act
in conjunction with CAZymes during lignocellulose degradation. White-rot wood-
degrading basidiomycetes employ a number of lignin-modifying enzymes (LMEs),
extracellular heme-containing lignin, manganese, or versatile peroxidases as well as
laccases. Hydrogen peroxide mediates the formation of the reactive peroxidase inter-
mediate compound | [oxoiron(IV) porphyryl radical], which then—depending on the
enzyme— generates various small oxidants, including the veratryl alcohol cation radical
or Mn(lll) coordination complexes. These diffusible mediators subsequently react with
lignin in a nonspecific way, generating radical sites and thereby initiating a cascade of
bond scission, which eventually results in lignin depolymerization (7-10).

Pyranose oxidase and certain other AA3 oxidases can also show a very pronounced
dehydrogenase activity. Dehydrogenases involved in lignocellulose degradation are
implicated in maintaining a quinone/hydroquinone redox cycle as well as in the
provision of reduced metals for diverse radical-based depolymerization reactions (11).
Recently, POx from the white-rot basidiomycete Irpex lacteus was shown to reduce
quinoid intermediates produced by laccase from phenolic compounds and lignosul-
fonate in vitro and thus prevent their (re)polymerization (12). The same effect was also
observed for this fungal POx when acting on extracted lignin with peroxidases (13). This
is consistent with a proposed biological function of detoxifying lignin degradation
products or phenolic compounds that are part of plant defense mechanisms (14).

Research on the enzymology of lignin depolymerization and oxidative polysaccha-
ride degradation has largely focused on fungal systems; thus, the majority of charac-
terized enzymes are from fungal sources (10, 15, 16), whereas knowledge on respective
bacterial enzyme systems is comparably scarce. However, the capability for lignin
oxidation was observed in a number of soil bacteria, the majority of which fall into the
taxonomic groups of actinobacteria, alphaproteobacteria, and gammaproteobacteria
(10). Recent studies implicate dye-decolorizing peroxidases (DyP) as key enzymes in
bacterial lignin depolymerization (9, 17), and genome data suggest that these enzymes,
while present in some fungi and higher eukaryotes, are most prominent in bacteria (18).
Even though biochemical data on these bacterial enzymes are limited, it was shown
that certain bacterial DyP possess a peroxidase activity comparable to those of fungal
DyP and manganese peroxidases (19). Additionally, an H,O,-independent but Mn(ll)-
and O,-dependent oxidase activity was demonstrated for DyP2 from Amycolatopsis sp.
strain 75iv2 (17).

These observations suggest that bacteria utilize mechanisms for lignin depolymer-
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ization that are more basic and “minimalistic” but similar to those used by fungi. This
consequently poses several questions regarding the enzymatic equipment of these
bacteria: what activities accessory to lignin and lignocellulose degradation exist and are
employed in bacteria? How can lignin-modifying bacteria provide H,O, for their
peroxidases: do they possess a proprietary oxidase system for that purpose? Do
bacteria utilize dehydrogenases for quinone/hydroquinone redox cycling and provision
of reduced metals?

We searched for putative AA3 family enzymes in bacterial genomes by comparison
with fungal AA3 sequences and established phylogenetic relationships between fungal
and bacterial AA3 sequences. We further expressed, purified, and characterized a novel
bacterial pyranose oxidase that demonstrates oxidase as well as dehydrogenase activ-
ities and may be involved in lignocellulose depolymerization via interaction with
peroxidases, as was determined in vitro in this study.

RESULTS

Phylogenetic analysis. In order to evaluate which well-known fungal AA3 enzymes
have close relatives in bacteria, we BLAST searched representative fungal enzyme
sequences for their respective most similar sequences in the bacterial domain. Subse-
quently, their most probable phylogenetic relation was calculated and summarized in
a phylogenetic tree (see Fig. S1 in the supplemental material). We found that POx is the
only AA3 enzyme that is shared among fungi and bacteria. This is evident from the
close relationship of identified bacterial POx hits with the clade of fungal POx se-
quences and a maximal (100%) bootstrap support for this relation. All other fungal AA3
enzymes, aryl-alcohol oxidase (AAO), alcohol oxidase (AOx), cellobiose dehydrogenase
(CDH), glucose dehydrogenase (GDH), glucose oxidase (GOx), and pyranose dehydro-
genase (PDH), have sequence hits in bacteria that cluster among or closely with
characterized bacterial choline dehydrogenases (ChDH) rather than with their fungal
query sequences. None of the bacterial hits were found to cluster with bacterial
cholesterol oxidases (ChOx). Two bacterial sequences from the BLAST search clustered
closest to fungal CDH. Still, they displayed a high degree of difference, given a branch
length of 1.7 amino acid substitutions per site and sequence identities of 26% with
fungal CDH. In addition, these bacterial sequences lack a cytochrome domain and
therefore cannot be considered a bacterial equivalent of fungal CDH.

In the subsequent analysis of POx distribution in bacteria, we found the putative
POx genes to occur mainly in Actinobacteria and Proteobacteria but also in Bacilli (Fig.
1). Putative POx sequences of Proteobacteria separated into two main clades of Alpha-
proteobacteria and Gammaproteobacteria, and few sequences occurred in nonspecific
clades, while sequences of actinobacterial origin separated mainly into four different
clades. The smallest of these four clades was found closely associated with the fungal
POx sequences. Again, a small number of actinobacterial sequences were found in
nonspecific clades. Finding one separate clade of sequences from Actinobacteria this
closely related to fungal POx sequences is of high interest, especially since no sequence
of this clade has been characterized so far. The putative POx sequences occurring in
Bacilli form a single and completely separate clade.

Sequence and structural model of pyranose oxidase from Kitasatospora aureo-
faciens. We selected the putative POx from Kitasatospora aureofaciens (formerly Strep-
tomyces aureofaciens), for which complete high-quality genome data (20) are accessible
in the NCBI genome database (txid1894), for further analysis, as this sequence (KaPOx)
was the most similar one to that from Trametes ochracea (ToPOx), the most thoroughly
characterized fungal POx to date. The sequences show an identity of 38.7%, a query
match of 545 out of 623 ToPOx residues, and only limited gaps in the alignment of the
two sequences (Fig. S2). Assessment of potential N-terminal signal peptides in both POx
sequences yielded negative outcomes for eukaryotic and Gram-positive signal predic-
tions. Surprisingly, prediction of a bacterial twin-arginine signal peptide was positive in
the fungal ToPOx sequence, comprising the initial 27 residues (Fig. S3).
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FIG 1 Phylogenetic tree of putative pyranose oxidase genes. The phylogenetic relation of bacterial (black) and fungal (orange) sequences based
on maximum likelihood was assessed using 1,020 bootstrap repetitions as statistical support. Numbers in the graph represent bootstraps
coefficients, expressed as percentages. Sequences from characterized fungal CDH and bacterial ChOx were used as outgroups. Sequences from
characterized enzymes are indicated in bold letters. Most clades of closely related sequences were collapsed in triangles to reduce the complexity

of the cladogram.

The correlation of the KaPOx sequence alignment and a homology model (Fig. S4)
showed that KaPOx lacks a designated presequence at the N terminus, as its first
residues (starting from Y5) are already part of the canonical Rossmann fold. In contrast
to that, ToPOx contains approximately 40 N-terminal residues that are not part of the
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Rossmann fold. A general complete match was obtained for most parts of the
N-terminal Rossmann fold in KaPOx, the most notable difference being a missing
sequence stretch (T385 to E410) corresponding to the ToPOx head domain and the
absence of a loop (L337 to L349) on the opposite side of the enzyme. In addition, the
KaPOx model displays minor deviations in the secondary-structure arrangements.
Contrasting to ToPOx, the KaPOx homology model contains a short alpha-helix in the
multimerization arm (P86 to L92).

We observed good agreement when aligning the active sites of the two POx
homologues. The FAD-coordinating catalytic residues H548 and T169 in ToPOx (21)
corresponded to H464 and T130 in KaPOx, respectively. Histidine 167, which is known
to establish the covalent 8a-(N3)-histidyl link to FAD in ToPOx (22), corresponded to
homologue H128 in the KaPOx model, presumably realizing a covalently attached
FAD in the bacterial POx as well. Comparable motifs were also found for the FAD-
coordinating si-side helix and loop, where 122-VGGMGTHWTGAT-133 is nearly identical
to the corresponding ToPOx sequence (161-VGGMSTHWTCAT-172) (differences under-
lined). A notable dissimilarity was found in the gating segment of the substrate
recognition loop (23), where T367 (H450) and H372 (5455) were identified in the KaPOx
model (corresponding ToPOx amino acids are in parentheses).

Production and purification of recombinant KaPOx. Shake flask cultivation of
2.5 liters E. coli suspension, carrying the KaPOx gene with a C-terminal 6 XHis tag under
the control of the T7 promoter, yielded 56 g of wet cell pellet. After resuspension
and cell disruption, 450 ml of crude extract (CE) was obtained and subjected to
immobilized-metal affinity chromatography (IMAC) purification. Active fractions were
pooled to yield 33.2 mg of purified protein, with a specific activity of 6.9 U mg~" using
the 2,2'-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS) assay (pH 7.5). A sub-
sequent dialysis step buffered the protein at pH 6.0 and caused the formation of an
intensely yellow precipitate. This precipitation was reversible and did not affect enzy-
matic activities. The presence of the 61.2-kDa KaPOx band could be confirmed before
and after the dialysis step via SDS-PAGE (Fig. S5A). Subsequent washing of the enzyme
aggregate by gentle centrifugation allowed removal of soluble impurities to yield
a>95% pure KaPOx preparation as determined by software-aided analysis of the
SDS-PAGE. Analysis by liquid chromatography-electrospray ionization mass spectrom-
etry (LC-ESI-MS) of the washed and dialyzed enzyme confirmed its complete sequence
and the absence of host cell-derived protein impurities.

KaPOx is a homodimeric enzyme with covalently bound FAD. Polyacrylamide gel
electrophoresis under nondenaturing conditions displayed band sizes at approximately
120 kDa, indicating a 2 X 61.2 KaPOx dimer before and after dialysis (Fig. S5B). We
observed complete resolubilization of dialyzed KaPOx aggregates when dissolving it in
buffer at alkaline pH. Analysis of particle sizes via dynamic light scattering (DLS)
revealed the pH dependence of aggregation of the purified enzyme. In accordance with
native PAGE results, a dimeric state of KaPOx was confirmed by DLS measurements
at pH 8.5. Analysis of 100 measurements yielded an estimated size distribution of
8.5 = 1.9nm, equaling an estimated protein size of 121 = 13 kDa for 99.7% of the
monodisperse mass (Fig. 2A). Titration of the soluble sample from pH 9.0 to 5.0 revealed
initiation of aggregation at a pH below 7.5 (Fig. 2B).

Histidine 128, as was suggested by the KaPOx homology model, was confirmed to
be covalently modified by FAD via LC-ESI-MS analysis of the chymotryptic digest of the
enzyme. The covalently bound FAD moiety was identified on the peptide 121-AVGGM
GTHW-129 containing the proposed H128. In the sample, a total of 91% of this peptide
was conjugated with a FAD, leaving a respective 9% unmodified (Fig. $6). The same
ratio was calculated by MS analysis of intact (undigested) recombinant KaPOx protein
(data not shown).

KaPOx performs C-2 site oxidation in p-glucose. High-performance liquid chro-
matography (HPLC) analysis of KaPOx oxidation products from batch conversion ex-
periments confirmed the characteristic oxidation of sugar substrates at the C-2 position.
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FIG 2 Dynamic light scattering (DLS) experiments to investigate KaPOx multimerization and pH-dependent
aggregation. (A) Back scattering analysis of KaPOx. One hundred repeats were fitted to yield an average particle
size (peak) of 8.5 nm for 99.7% of the mass, which estimated a protein size of 121 = 13 kDa for the KaPOx at pH
8.5. (B) Protein aggregation observed during the titration of the KaPOx sample toward pH 5.0 was recorded by

means of particle size.

A mixture of b-glucose and 2-keto-p-glucose (both 25 mM) was used as a measurement
standard, and retention times (R,) of 12.8 min and 15.3 min were determined, respec-
tively. We detected a gradual increase in 2-keto-p-glucose signals and concomitant
decrease of p-glucose signals (Fig. S7): after an initial lag phase, the oxidation pro-
ceeded almost linearly until the reaction was stopped at 84% p-glucose conversion
after 20 h (data not shown).

Catalytic properties of KaPOx. Steady-state measurements with ambient oxygen
as the electron acceptor yielded the Michaelis-Menten parameters presented in Table
1. These kinetic data display a pronounced preference for monosaccharides in general
and for p-glucose and p-galactose in particular. This is predominantly reflected in the
low K, values of 1.5 0.1 mM and 2.7 = 0.5 mM, respectively. Efficient turnover of
L-sorbose, p-xylose, p-glucono-1,5-lactone, and p-mannose, but no specific reactivity
with any of the tested disaccharides, was observed.

We assessed the kinetic parameters of oxygen reduction with the help of a lumi-
nescent microsensor. This was approached by following the kinetics of consumption of
dissolved oxygen by KaPOx from an initial concentration of 800 uM to 1 uM. However,
saturation of the reaction could not be observed at these concentrations, indicating the
K, for O, to be close to or above the maximal soluble O, concentration in this setup.
Thus, it was decided to fit dissolved-oxygen curves to the integrated Michaelis-Menten
equation as an estimation, which yielded an apparent K, (O,) of 1.1 = 0.1 mM and a
ko Of 324 £0.7 s71.

TABLE 1 Apparent kinetic constants of POx from K. aureofaciens for various electron
donorsa

Vmax kcat/Km
Substrate (Umg=") Activity® (%) K, (mM) Keae (s77) (mM~-"s—7)
D-Glucose 7.6 £ 0.0 100 1.5 = 0.1 154 £ 0.0 100
p-Galactose 58 = 0.2 77 27 £ 05 119 £ 05 440
L-Sorbose 50+ 02 66 136 £ 1.3 102 =05 075
D-Xylose 3302 44 324 = 3.9 6.8 = 0.3 0.21
pD-Glucono-1,5-lactone 0.8 = 0.0 10 287 =24 1.8 £ 0.1 0.06
D-Mannose 1.1 = 01 14 201.0 = 60.1 22 +=03 0.01

aData were obtained from the standard ABTS assay under standard conditions with oxygen as electron
acceptor (air saturation). Values represent averages and standard deviations of 3 technical replicates. For
p-glucose-1-phosphate, p-ribose, p-sorbitol, maltose, cellobiose, lactose, and sucrose, substrate observed
reaction rates under assay conditions (V) values were <2% those for saturated p-glucose.

bValues are expressed as relative activities with respect to the V,,,, of p-glucose (100%).
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TABLE 2 Apparent kinetic constants of POx from K. aureofaciens for various electron

acceptors?

Vmax kcat/Km
Substrate (Umg=") Activity® (%) K., (mM) Ko (s77) (s~* mM—")
Oxygen 15.9 = 3.1 100 1.07 £ 0.1 324 = 0.7 30
1,4-Benzoquinone 122 £ 03 77 0.08 = 0.1 249 = 7.1 311
DCIP 44 + 0.5 28 0.03 = 0.0 94 *+ 1.1 313
Ferrocenium ion 105.0 = 9.5 660 1.03 £ 1.0 214 £ 19 208
ABTS radical© 6.1 = 0.2 38 0.04 + 0.0 124 = 0.3 309
Mn(lll 226.0 = 2.8

aData were obtained under standard conditions (unless indicated otherwise) using p-glucose as saturating
substrate with nitrogen bubbled solutions. Values represent averages and standard deviations for 3
technical replicates.

bValues are expressed as relative activities with respect to the V,,, of oxygen (100%).

cLaccase was used to prepare the ABTS cationic radical and was removed by ultrafiltration. The ABTS radical
concentration was determined photometrically.

dFor Mn(lll), no saturation could be reached; V.., represents a V. reaction rate at the apparent solubility
limit of the Mn(lll) complex at 1 mM.

In addition to oxygen, various compounds were assessed as possible electron acceptors
of KaPOx. Catalytic efficiencies for the two-electron acceptors 1,4-benzoquinone (1,4-BQ)
and dichloroindophenol (DCIP) of 311 =44 and 313 £36 mM~" s~, respectively, ex-
ceeded that for oxygen (30 == 0.8 mM~" s~ ) by approximately 1 order of magnitude, which
is mainly attributed to the substantially lower K., value. The one-electron reduction
reactions evaluated for the ferrocenium ion (208 = 19mM~" s~') and the ABTS radical
(309 =85mM~" s—1) are equally pronounced in KaPOx (Table 2). In addition, we found
complexed Mn(lll) to be a one-electron acceptor for KaPOx. Although the measurements
did not allow the estimation of kinetic parameters—due to limitations of Mn(lll) complex
solubility, saturation of the reaction could not be reached—the apparent activities for
Mn(lll) reduction were the highest among the measured compounds. We successfully
verified the specific Mn(ll) reduction reaction by KaPOx in a separate experiment (Fig. S8).

Analysis of the pH dependence of KaPOx activity revealed overlapping pH depen-
dencies for the electron acceptors O, and BQ (maximal activities at pH 8.0 to 8.5) and
a shifted pH curve for DCIP toward a more acidic pH (maximal activities at pH 6.5 to 7.0)
(Fig. S9). In general, the enzyme displayed effective turnover at pH 5.0 to 9.5. Still,
reactions at pH 9.0 and higher could partially not been maintained for longer than 150 s
under the given conditions. As progressive aggregation was observed for pure KaPOx
samples below pH 7.5, the pH-dependent activities in this experiments could have been
subject to decreased activity due to the comparably lower soluble concentrations of
KaPOx in the activity assays.

Oxidoreductive coupling between KaPOx and manganese peroxidase. Enzy-
matic redox cycling of model compounds between POx and manganese peroxidase
(MnP) could be established for the methoxy-substituted phenols 2,6-dimethoxyphenol
(DMP), guaiacol, acetosyringone, and sinapic acid. With the addition of hydrogen
peroxide, MnP catalyzed the oxidation of these phenols to their respective quinoids,
which was monitored spectrophotometrically at the respective characteristic wave-
lengths (Fig. 3 and Fig. S10). For 2,6-DMP and guaiacol, the subsequent addition of
KaPOx to the assay mixture (containing the electron donor p-glucose) caused a sudden
stop in oxidation and a full reversion of the reaction to base level absorbances after 5
to 7 min. For acetosyringone and sinapic acid, the addition of KaPOx facilitated partial
reversion of the reaction, as the proceeding formation of oxidation products was
stopped at a certain level after >12 min. These results indicate that the tested phenols
are oxidized by MnP and are then subject to reduction by KaPOx.

In contrast, the KaPOx-mediated reduction of 1,4-benzoquinone to its reduced
hydroquinone state was monitored spectrophotometrically. Upon addition of MnP a
decrease in the reduction reaction was observed, clearly demonstrating that MnP
catalyzed the partial reoxidation of hydroquinone, thus competing with the proceeding
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FIG 3 Cooperative redox cycling of substituted phenols between KaPOx and MnP. The qualitative photometric
assays were started with phenol oxidation (A) or quinone reduction (B). (A) Assay mixtures contained manganese
peroxidase (MnP), 2,6-dimethoxyphenol (2,6-DMP), and p-glucose. Reactions were started by the addition of H,0,.
Four minutes into the reaction, KaPOx was added. (B) Assay mixtures contained 1,4-benzoquinone (1,4-BQ) and
p-glucose. Reactions were started by addition of KaPOx; 6 min into the reaction, MnP was added.

reduction reaction. Here, MnP catalysis is driven by H,O, derived from the KaPOx
reaction with p-glucose and ambient O,.

DISCUSSION

In this report, we provide the biochemical characterization of a pyranose 2-oxidase
from the actinomycetous, Gram-positive soil bacterium Kitasatospora aureofaciens and
show a possible interaction with peroxidases using lignin model compounds as sub-
strates in vitro. Since POx has been characterized from prokaryotic and eukaryotic
organisms, these results will aid to compare fungal and bacterial systems for biomass
degradation.

The phylogenetic analysis of sets of fungal GMC enzymes with their most similar
bacterial sequences highlights the close relation between fungal and bacterial POx, as
was indicated by high sequence similarities reported previously (24). In the analyzed set
of GMC enzymes, the resulting putative bacterial POx sequences are more closely
related to fungal POx sequences than to their most similar bacterial sequences, which
is the opposite for all other GMC enzymes (Fig. S1). This strongly suggests that fungal
and bacterial POxs share an ancestor. A mutual origin for bacterial and fungal POxs is
also supported by the phylogenetic analysis of assembled POx sequences, where
characterized fungal POx genes cluster among putative bacterial POx sequences to
form a distinct clade (Fig. 1). Within this clade, bacterial actinomycetous POxs are
gathered alongside their fungal homologues. POxs from Tricholoma matsutake, Asper-
gillus oryzae, and Aspergillus nidulans (Emericella nidulans) are the most closely related
biochemically characterized fungal enzymes, with sequence similarities of >40% with
respect to KaPOx. This supports the proposed horizontal gene transfer of bacterial POx
genes into the kingdom of fungi (25). This relationship furthermore explains the often
described peculiar features of fungal POx, such as the overall structural diversity and
unique combination of structural motifs (14), the general lack of glycosylation (4, 26,
27), and the prediction of bacterial signal peptides (28) that separate them from other
fungal GMCs.

As is observable in the phylogenetic tree of POx sequences, putative pyranose
2-oxidase-encoding genes are widely distributed in the phylum of Firmicutes and
particularly in Actinobacteria (Fig. 1). In these organisms, POx would be expected to
fulfill physiological roles similar to those in biomass-degrading fungi. These bacteria
and fungi often share a habitat, are comparable regarding their lifestyles, and contrib-
ute to lignocellulosic biomass degradation in a synergistic manner (29-32). Hence, gene
transfer between different species should be regarded as beneficial for the organisms.
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The comparison of putative active-site residues of KaPOx with the corresponding
residues of characterized fungal ToPOx shows an excellent agreement. It is therefore
not surprising that the determined KaPOx substrate preferences are quite comparable
to those of fungal POx for electron donors as well as electron acceptors. Still, KaPOx
exhibits a pronounced reactivity with p-galactose and a distinctively high K,,, value for
O, in the low millimolar range. The ability to use oxygen as an electron acceptor seems
to be less developed in bacterial POx, as was also shown for the bacterial POx from
Pseudoarthrobacter siccitolerans (24). Furthermore, the kinetic characterization of KaPOx
revealed universally reduced turnover numbers (and narrower pH dependencies) in
comparison to those of fungal POx (4, 12, 33). We hypothesize that this is caused partly
by differences in the gating segment of KaPOx, a distinct loop in the active site that was
reported to be influential for the catalytic rates in fungal POx (23, 34). In KaPOx, the
comparably bulky H372 (S455 in ToPOx) could restrict flexibility of the loop due to
increased (pH-dependent) interactions with its surroundings.

Similar to other POx, KaPOx exhibits substantial capacity to reduce one-electron
acceptors such as the ferrocenium ion and the ABTS radical. Most strikingly, we
additionally confirmed the enzymatic one-electron reduction of complexed Mn(lll), a
reactive by-product of peroxidase activity. For KaPOx, turnover rates for Mn(lll) and
ferrocenium were the highest measured but a K, value for the reduction of Mn(lll) to
Mn(ll) could not be resolved.

Surprisingly, we could not identify a signal peptide or targeting sequence for KaPOx
with the available trained algorithms. As bacterial secretion systems are diverse and not
entirely understood (35), an export of KaPOx from the cytoplasm can still be considered
possible. A previous report on the actinomycetous Streptomyces olivaceoviridis docu-
mented the secretion of large cellulolytic enzyme complexes via the calcium-
dependent dockerin-scaffoldin interaction, in which catalytically inactive scaffoldins
bind various lytic enzymes at their dockerin domain (36). Studies of DyP from various
actinobacteria describe the association of these enzymes with encapsulin to facilitate
targeting of proteins via a C-terminal recognition sequence (37). Similar mechanisms
could serve as means to translocate KaPOx and synergistic enzymes to the extracellular
space in its native host. Interestingly, we found a dockerin-like motif and putative
calcium-binding aspartate patches in the KaPOx homology model head domain, a
domain which has not been ascribed a specific functionality in fungal POxs yet (38). We
would like to stress at this point that KaPOx was selected for expression and charac-
terization from a number of sequences from Streptomyces spp. and related species
primarily based on sequence similarity. We cannot claim experimental evidence of
actual growth on lignin of this bacterium.

As experiments with manganese peroxidase underlined, redox cycling occurs when
DMP and other substituted phenols are oxidized by MnP and subsequently rereduced
by KaPOx. We cannot experimentally verify if POx participates in the initial reduction of
short-lived DMP phenoxy radicals or exclusively reduces the spontaneously formed
quinoid DMP-dimer coerulignone (39, 40). Given the fact that POx efficiently mediates
single-electron reductions with other substrates, we propose that aromatic radicals
generally are subject to POx reduction, too. With this, the (re)polymerization of aro-
matic lignin constituent radicals (7-10) can be shifted toward depolymerization, as was
confirmed for POx and laccase (12). The interaction of POx with manganese, and with
(bacterial) DyP in particular (17, 41-43), may be even more complex. Here, the oxidase
activity of POx can supply H,O, to fuel peroxidase-mediated lignin decomposition,
whereas the dehydrogenase activity recycles aromatic lignin compounds (radicals),
decreases repolymerization, and scavenges highly reactive Mn(lll) ions that are pro-
duced by the peroxidase (Fig. 4). A synergistic interaction between POx and peroxi-
dases was recently demonstrated to effect lignin depolymerization in vitro (13).

Assuming at least limited hemicellulose degradation prior to delignification, small
amounts of the major monosaccharide constituents p-glucose, p-galactose, p-xylose,
L-arabinose, and b-mannose, which are all substrates for pyranose 2-oxidases, would be
available at the early stage of lignocellulose deconstruction. Several reports on bacteria
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FIG 4 Proposed model of the physiological role of POx as a redox partner of specialized peroxidases. POx
utilizes monosaccharides (p-glucose, b-galactose, p-xylose, etc.) potentially derived from (hemi)cellulose
degradation. POx oxidase activity can supply diffusible H,O, to fuel (dye-decolorizing) peroxidases (DyP).
These peroxidases are known to produce aromatic radicals from lignin-derived phenols, mediating bond
fission in the biopolymer. These radicals usually readily repolymerize but could be prevented from doing
so if reduced by POx dehydrogenase activity as suggested. This would shift the balance toward
depolymerization and additionally protect against cellular damage. For some peroxidases, Mn(lll) is a
by-product of their reaction. Like phenolic radicals, it can be seen as a potential mediator in depoly-
merization. Mn(lll) can be reduced to Mn(ll) and thus detoxified and recycled by POx.

of the Streptomyces genus provide data that these organisms possess the enzymatic
equipment for at least partial extracellular polysaccharide degradation down to the
monosaccharide level (44-47). These monosaccharide electron donors could be oxi-
dized by POxs with concomitant H,0, production, while other potential electron
acceptors, like lignin-derived radicals (with their higher affinity for POxs), are expected
to be largely absent at this stage. Transcriptome analysis in the white-rot fungus Irpex
lacteus grown on lignin indicates a role for POx in the early stages of lignin degradation
as well (43). In later stages, POx may preferentially reduce the increasingly present
lignin-derived radicals (thereby preventing repolymerization) and reactive Mn(lll)-
complexes close to the cell, where such intermediates could cause damage to cellular
constituents. The “switch” between oxidase and dehydrogenase activities could simply
be dictated by the concentration of the available (dehydrogenase) acceptors and the
high affinity of POx for those acceptors. Based on recently reported results, however, it
is also conceivable that POx-supplied H,0, activates lytic polysaccharide monooxyge-
nases (LPMOs) in the presence of a reductant, as was shown for the cellulose-active
ScLPMO10C from Streptomyces coelicolor (48). Additionally, phenols from plants and
fungi were implicated in the reductive activation of LPMOs (11). This could suggest an
intricate interplay of POx, peroxidase(s), and LPMO in the depolymerization of ligno-
cellulosic substrates, particularly in the absence of a functional CDH, as we showed for
bacteria.

Analysis of the K. aureofaciens genome revealed the presence of a set of genes
encoding putative cellulolytic and ligninolytic enzymes. Our analysis identified five
genes coding for putative laccases (26 to 27% identity to query; homologous laccase
sequences are usually less conserved), six genes coding for putative DyP (42 to 61%
identity to query), and five genes coding for putative LPMOs (41 to 74% identity to
query). No genes with significant similarity to CAZy AA3 oxidoreductases besides POx
(AOx, AAO, GOx, GDH, CDH, and PDH) could be found. Five putative choline dehydro-
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TABLE 3 NCBI accession numbers of K. aureofaciens genes that were identified from
genome mining to encode putative enzyme functionalities in biomass degradation?

Category Accession no. (sequence identity; E value)
AA3
ChDH WP_003983688.1 (40%; 2e—105)

WP_003981588.1 (36%; 4e—80)
WP_003980634.1 (32%; 1e—75)
WP_003983194.1 (31%; 1e—71)

(
WP_003979475.1 (37%; 1e—101)

(

(

ChOx KOG78271.1 (82%; 0.0)
WP_078575894.1 (83%; 0.0)
POx WP_046385855.1 (38%; 6e—117)
DyP WP_033347900.1 (60%; 7e—157)

(
WP_050498772.1 (61%; 9e—157)
WP_030278611.1 (60%; 1e—156)
WP_030552786.1 (46%; 2e—95)
WP_033348331.1 (46%; 5e—94)
WP_003978980.1 (42%; 1e—88)

LPMO WP_003983705.1 (74%; 2e—91)
WP_003979198.1 (65%; 2e—83)
WP_003986797.1 (51%; 2e—46)
WP_033347003.1 (43%; 5e—39)
WP_003986796.1 (41%; 1e—45)

Laccase WP_033347195.1
WP_030552568.1
WP_003982845.1 (26%; 1e—26)
WP_063736155.1 (26%; 2e—39)
WP_030279851.1 (27%; 2e—38)

aUsed query sequences (UniProtKB): AA3 (individual set), DyP (Q0S415 and K7N5M8), LPMO (Q9RJC1, Q9RJY2,
B3PJ79, B3PDT6, Q838S1, Q2SNS3, C7R4I0, 083009, Q47QG3, Q47PB9, Q62YN7, and Q65N87), and laccase
(JO9PBQ8 and J9PBR2). No significantly similar sequence could be identified for queries of AAO, Aox, CDH,
GDH, Gox, and PDH in the genome.

27%; 2e—42)
27%; 1e—41)

genases (ChDH) and two putative cholesterol oxidases (ChOx) represent the most
closely related sequences to the AA3 queries (Table 3). Thus, KaPOx most likely
represents the only AA3 family enzyme in this bacterium. Given the limited bacterial
genome size (the K. aureofaciens genome is 7.1 Mb and the I. lacteus genome is
44.4 Mb), versatile oxidase and dehydrogenase activities for different purposes per-
formed by one enzyme, POx, represent a vital advantage.

In summary, a comprehensive biochemical characterization of a novel pyranose
2-oxidase from the Gram-positive bacterium K. aureofaciens stresses the close biochem-
ical similarity of this enzyme to previously reported POx from fungi. These data strongly
support the close phylogenetic relation of bacterial and fungal POx established in silico
and support the hypothesis of a late horizontal gene transfer of an ancestral POx gene
from bacteria into the kingdom of fungi. The reported ability to reduce (complexed)
manganese ions and the synergistic redox cycling with peroxidase by POx suggest a
role in lignin degradation in bacteria.

1senb Aq 6102 ‘£ Aine uo /610 wse wak//:dly wolj papeojumoq

MATERIALS AND METHODS

Phylogenetic analysis. Representative sequences of characterized GMC enzymes found on the
UniProtKB Protein Knowledgebase (49) and in the literature were selected to create a phylogenetic tree
compiling fungal and bacterial GMC enzymes. A protein search with the Basic Local Alignment Search
Tool (BLAST) in bacteria (taxid: 2) was conducted on the nonredundant NCBI protein database (50) using
the following characterized fungal enzymes as query sequences: AOx (GenBank accession numbers
AAB57849.1 and ABI14440.1), AAO (AMW87253.1 and ALS87663.1), PDH (AAW82997.1 and AHA85314.1),
GDH (XP_002372599.1 and AIL89873.1), GOx (AGI04246.1 and AAB09442.1), CDH (ADX41688.1 and
EAA27355.1), and POx (AAO13382.1 and EAA62441.1). The 10 best hits for each fungal enzyme were
combined in a tree of fungal and bacterial GMC enzymes. The selections were aligned in MAFFT v7.402
(51) using the E-INS-i algorithm, and maximum likelihood trees were calculated with PhyML (52) under
the LG (53) substitution model, as determined by Smart Model Selection (54) under the Akaike
information criterion (AIC) selection criterion. The tree topology was optimized using nearest neighbor
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interchange (NNI) and subtree pruning and regrafting (SPR), and node support was assessed by
performing 500 bootstrap replications.

To collect additional POx sequences occurring in bacteria we combined multiple searches on the
UniProtKB, using either BLAST or HMMsearch (55). Queries for the HMMsearch were alignments of
characterized fungal POx sequences and of the 10 best bacterial BLAST hits from the search described
above. Queries for the BLAST search were characterized fungal POx sequences with GenBank accession
numbers AAO13382 and EAA62441.1 (28, 33), characterized bacterial POx sequences with GenBank
accession numbers CCQ48064.1 and AOATE7NAU4 (6; this work), and the putative bacterial POx se-
quences with NCBI Reference Sequence numbers WP_028814754.1 and WP_035850787.1. All searches
were restricted to E values of <1.0e—30, and duplicates were removed. Sequence names were renamed
using SeqScrub (71), and the two most closely related GMC enzymes cholesterol oxidase (ChOx) and
cellobiose dehydrogenase (CDH) were added as outgroups. Sequences not showing the flavin-binding
GxGxxG motif (56) were removed from the selection. Sequences were aligned by MAFFT v7.402 using the
FFT-NS-2 algorithm and a maximum likelihood tree was calculated with PhyML and the LG substitution
model, as determined by Prottest 3.4.2 (57) under the AIC selection criterion. Tree topology was
optimized using NNI and SPR and node support was assessed by performing 1,020 bootstrap replications.

Homology model and sequence analysis of KaPOx. We used the Protein Homology/Analogy
Recognition Engine Phyre2 (58) to calculate the most probable homology model of the KaPOx based on
the POx sequence from Trametes ochracaea (formerly Trametes multicolor). For this pair, a sequence
identity of 38.7% is reported for a covered sequence of 545 of 623 residues. The UniProtKB protein BLAST
and PyMOL 1.3 were used for analyzing both the bacterial KaPOx sequence (AOATE7NAU4) and the
homology model with respect to ToPOx (Q7ZA32). The SignalP online tool (59) and the TatP online tool
(60) were used for predicting the presence and identity of N-terminal signal peptides.

Recombinant expression and purification. The full-length KaPOx gene was synthesized with a
C-terminal 6XHis tag and inserted into the pET-21b(+) expression vector, in which the standard
N-terminal T7-tag was excluded (BioCat). This plasmid was then transformed into chemically competent
E. coli T7 Express cells (New England BioLabs) according to the standard 5-min transformation protocol.
Sequencing (Microsynth) confirmed the identity of the plasmid. The cultivation of E. coli cultures was
carried out routinely in terrific broth (TB) Amp™ buffered at pH 7.5 and supplemented with ampicillin
(100 wg ml—") at 37°C. Cultures were incubated at 20°C for 20 h in the presence of 1.0% (wt/wt) lactose
to induce expression of KaPOx. Cell disruption and immobilized metal affinity chromatography were
carried out as previously described (61), with the adaptation of using 50 mM Tris-HCI based buffers at pH
8.0. Active fractions were pooled and dialyzed at 4°C against 50 mM potassium phosphate buffer (PPB;
pH 6.5) using 7-kDa-cutoff Membra-Cel (Serva) dialysis tubing. After dialysis, the yellow KaPOx precipitate
was harvested from the tube and washed twice with 50 MM PPB (pH 6.5) by centrifugation at 1,000 X
g and 4°C for 120 s. Homogeneity of the purified protein was confirmed by SDS-PAGE and LC-ESI-MS
peptide mapping.

Protein concentration and purity. Protein concentrations of purification fractions and pure samples
were analyzed using the Bio-Rad protein assay kit according to Bradford’s method (62). For this, dilutions
of bovine serum albumin were used as a standard. SDS-PAGE was carried out using Mini-PROTEAN TGX
gels; Precision Plus unstained mass ladders served as a standard (both Bio-Rad). Purified protein samples
were diluted to 0.5mg ml~" in 2X Laemmli buffer and incubated at 95°C for 5 min unless stated
otherwise.

PAGE under nondenaturing conditions. Purified KaPOx was diluted to 1.5mg ml~" in nondena-
turing sample buffer (25 mM Tris-HCI, 200 mM glycine, 10% [wt/wt] glycerol, 0.25% [wt/wt] bromphenol
blue [pH 8.5]) and loaded onto a Mini-PROTEAN TGX stain-free gel (Bio-Rad) before being run at 150V
(25 to 50 mA) for 50 min. The results of the native PAGE were visualized using fluorescence imaging in
a Gel Doc XR system (Bio-Rad).

DLS analysis of KaPOx multimerization and aggregation. Samples for dynamic light scattering
(DLS) were prepared by diluting KaPOx to 1.0 mg ml~" in 50 mM Tris-HCl and 100 mM NaCl (pH 8.5).
Subsequently, the soluble protein solution was filtered through a 0.22-um filter and centrifuged at
20,000 X g for 5 min to remove remaining aggregates. Supernatants were analyzed in a Zetasizer Nano
ZSP autotitrator system (Malvern) at 633 nm, and with back scattering at an angle of 173° Size
distribution models were fitted based on data obtained from 10-s integrations of the sample (Mark-
Houwink parameters: A = 0.428 and k = 7.67 X 10> cm? s~ ') with data processing optimized for protein
sample by the supplier’s software. Measurements of POx from T. ochracaea and cellobiose dehydroge-
nase from Myceliophthora thermophila served as standards. Analysis of the pH-dependent aggregation of
KaPOx was realized via pH titration with 0.5 M HCI from pH 9.0 to 5.0.

Peptide profiling of KaPOx H128 by LC-ESI-MS. LC-ESI-MS analysis was based on the previously
described method (22) and was adapted to the given instrumentation. For localization of the covalently
bound FAD, the same instruments were used as for protein identification. To this end, a total of 30 ug
of KaPOx was S-alkylated with iodoacetamide and further digested with sequencing-grade chymotrypsin
(Roche). The peptide mixture was analyzed using a Dionex Ultimate 3000 system directly linked to a
quadrupole time of flight (Q-TOF) MS instrument (maXis 4G ETD; Bruker) equipped with the standard ESI
source in the positive ion, data-dependent acquisition (DDA) mode (=switching to MS/MS mode for
eluting peaks). MS scans were recorded (range, 150 to 2,200 m/z; spectrum rate, 1.0 Hz) and the six
highest peaks were selected for fragmentation (collision-induced dissociation [CID] mode). Instrument
calibration was performed using ESI calibration mixture (Agilent). For separation of the peptides, a
Thermo BioBasic C, 5 separation column (5-um particle size, 150 by 0.320 mm) was used. A gradient from
97% solvent A and 3% solvent B (solvent A, 65 mM ammonium formate buffer, pH 3.0 [formic acid
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supplied by Carl Roth; ammonia supplied by VWR BDH Prolabo]; solvent B, 80% acetonitrile [ACN; VWR
BDH Prolabo] and 20% solvent A) to 40% solvent B in 45 min was applied, followed by a 15-min gradient
from 40% solvent B to 95% solvent B at a flow rate of 6 wl min—" at 32°C. DataAnalysis 4.0 (Bruker) was
used for peptide evaluation.

Confirmation of C-2 glucose oxidation with HPLC. Twenty-milliliter enzymatic conversion mixes
were prepared, containing 20 nM purified KaPOx (0.4 U), 20,000 U of washed Corynebacterium glutami-
cum catalase (Sigma) and 25 mM p-glucose, in 50 mM PPB (pH 7.5). Reaction mixtures were incubated at
30°C with 200 rpm shaking for 20 h; ambient oxygen served as the electron acceptor. Samples were
drawn after 0, 20, 60, 180, 500, and 1,200 min, inactivated at 80°C for 20 min, and filtered through a
10-kDa spin filter prior to chromatographic analysis. 25 mM standards of pb-glucose and 2-keto-p-glucose
(both from Sigma) were used as analysis standards. High-performance liquid chromatography (HPLC) was
carried out on a Dionex DX-500 system (Thermo Fisher) equipped with an Aminex HPX-87K column and
an RI-101 refractive index detector (Shodex). Isocratic separations were run with hg-H,0 at 0.5 ml min—!
(80°C) and data were processed with Chromeleon 6.5 software.

Determination of kinetic constants. Assessments of the catalytic properties of the KaPOx were
commonly carried out as 300-ul colorimetric reactions in the 96 well-plate format. Britton-Robinson
buffer (63) (50 mM, pH 7.5) was the standard buffer system in all measurements unless stated otherwise.
Kinetic slopes were recorded at 30°C for 1,200 s using an EnSpire multimode plate reader (PerkinElmer),
with measurements being performed as triplicates.

We used the established peroxidase-coupled ABTS assay (64, 65) to determine the steady-state
catalytic parameters of the KaPOx enzyme regarding its electron-donating substrates. Assay mixes
contained 0.1 uM purified KaPOx, 1.0 mM ABTS (g,,, = 36.0mM~"cm~"; Amresco), horseradish perox-
idase at 7.0 U ml=" (181 U mg~'; Sigma) and 0.1 to 512 mM the respective electron donors. O, at ambient
concentrations (approximately 250 uM) served as the electron acceptor.

Kinetic parameters were assessed for the electron acceptors 1,4-benzoquinone (1,4-BQ), 2,6-
dichloroindophenol (DCIP), the ferrocenium ion, and the cationic ABTS radical with reported wavelengths
and extinction coefficients (61). Enzymatic manganese(lll) reduction was carried out using 50 mM sodium
malonate buffer (pH 5.5) and Mn(lll) acetate to facilitate formation of a stable Mn(lll)-malonate complex.
Reduction of the complexed Mn(lll) cation (€,,, = 0.0116 mM~"cm~") was tracked at 270 nm (66) and
reactions were run at 18°C to minimize autolytic dissociation. Colorimetric assay mixes contained 30 mM
p-glucose, 0.5 uM purified KaPOx, and a 0.001 to 4 mM concentration of the respective electron acceptor
and were buffered at pH 7.5 unless stated otherwise. To minimize the interference with ambient oxygen,
all solutions used in the electron acceptor kinetic experiments were bubbled with nitrogen before use.
Apparent kinetic constants were estimated by nonlinear least-square regression fitting using the
Microsoft Excel Solver plugin. Catalytic turnover rates are stated with respect to the dimeric form of
KaPOx of approximately 122 kDa.

pH-dependent enzyme activities for DCIP, 1,4-BQ, and O, (ABTS assay) were carried out under the
aforementioned conditions and concentrations using 50 mM Britton-Robinson buffer at a pH range
between 4.0 and 9.5, with increments of 0.5 unit.

We assessed the temperature-dependent inactivation of the KaPOx enzyme with respect to time and
temperature. Buffered enzyme aliquots were incubated at 30, 36, 39, 45, 50, 56, 60, and 65°C in a C1000
thermocycler (Bio-Rad) for 20 min to evaluate temperature dependency. In contrast, a single buffered
KaPOx sample was incubated at constant 50°C, and aliquots were drawn after 1, 2, 4, 8, 15, 20, 30, and
60 min to determine the influence of incubation times (at constant temperature) on thermal inactivation.
Before measurement with the standard peroxidase/ABTS assay, samples were diluted to yield concen-
trations of 0.1 uM KaPOx in the assay mix.

Oxygen as the electron acceptor. The determination of apparent Michaelis-Menten parameters was
realized using the luminescent oxygen microsensor Microx TX3 (PreSens), as has been described
previously (67). In this way, the gradual consumption of O, from the sealed reaction vial was detected.
Dissolved oxygen concentrations were tracked by the sensor for 10 min (30°C) in the stirred reaction mix,
which contained 1.0 uM purified KaPOx. Initial substrate concentrations were 100 mM and 0.850 mM for
p-glucose and O, respectively. The obtained oxygen consumption curves were fitted to the Runge-Kutta
integration of the Michaelis-Menten equation by minimizing least-mean square errors as described
previously (68).

Quinone-hydroquinone redox cycling with manganese peroxidase. Redox-recycling assays were
carried out in 50 mM tartrate buffer (pH 5.5) and contained 0.5 mM MnCl,, 30 mM p-glucose, and 0.1 uM
Nematoloma frowardii manganese peroxidase (MnP; Sigma), alongside 10 mM 2,6-dimethoxyphenol
(DMP), 10 mM guaiacol, 0.2 mM acetosyringone, or 0.4 mM sinapic acid. Peroxidase-mediated oxidation
of phenols was started by adding 0.1 mM H,0,, and reactions were run for 180 s before 1.0 uM KaPOx
was added. In contrast, the 1,4-BQ (1 mM) reaction was started with 0.5 uM KaPOx before 1 uM MnP was
added. Absorbance was tracked at 470 nm, 465 nm, 300 nm, 510 nm, and 290 nm, as was reported in the
literature (12, 69, 70). All reactions were performed at 30°C with buffers and solutions exposed to
ambient oxygen.
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Phylogenetic indications for a horizontal gene transfer of POx.
(Left) Phylogenetic tree of characterized fungal GMC_AAS3 family enzyme sequences:
pyranose oxidase (POx), cellobiose dehydrogenase (CDH), pyranose dehydrogenase (PDH),
aryl-alcohol oxidase (AAQ), glucose oxidase (GOx), glucose dehydrogenase (GDH), alcohol
oxidase (AOx) and bacterial choline dehydrogenase (ChDH). (Right) Phylogenetic tree of the
same collection of sequences with most similar bacterial sequences from BLAST search
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Clustal Omega sequence alignment of bacterial KaPOx to fungal ToPOx. The 623 amino
acid long sequence of T. ochracea POx (TOPOX, top) was aligned to the 545 amino acid long
sequence of K. aureofaciens POx (KAPOX, bottom) using the UniProtKB alignment tool
(Clustal Omega). Identical residues at aligned positions are indicated with an asterisk (*).

133



Score

Score

Figure S3.

A SignalP-4.1 prediction (euk networks): tr_Q7ZA32_ToPOx

SignalP-4 1 prediction (euk networks): tr_AOATETNAU4_KaPOx

B

" Cscore’ " Coscore |
10 S-score 1.0 S-score
Y-score Y.score
08 08
06 0.6
o
8
04 + o 04
02 1 02
oo M 1l oo LTI T
WMSTSESDPFFNFAKSS FRSAAAQKASASSLPPLPGPD KKVPGMD | KYDVVI VGSGPIGCT YAR ELVGAG MITRYT DT LVVGSGPVGAT FART LV ESGREV LMV DAGAQLS PRPGEHL KNAY | YQHNT NLFAS | | RGHLH
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Position Position
SignalP-4.1 prediction (gram+ networks). tr_Q7ZA32_ToPOx %igna\P-ZH prediction (gram+ networks). tr_ADATE TNAU4_KaPOx
hd " Cscore’ b i " C-score’
10 S-score 1.0 S-score
Y-score Y-score
08 03
08 /—\ 06
bt
3
04 + o 04 ¢
oo [N A oo WA _
MSTSSSDPFFNFAKSS FREAAAQHKASASSLPPLPGPD KKVPGMD | KYDVV | VGEGF | GCT YAR ELVGAG MITRYT DT LVVGSGPVGAT FART LV ESGREV L MVDAGAQLS PRPGEHL KNAY | YQHNT NLFAS | | RGHLH
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Position Position
C score — C soore —
1.8 § score 1.8 S seore
¥ score e ¥ soore -
a.g 8.8
a.e 6.6
a.4 9.4
a.z2 8.2
oo il |‘|\|\|\|\!‘I|‘I|‘|HH\H op LT atfLaaeT | PR T
HSTSSSIFFFNFAKSSFREAARIKASASSLPPLP GPDKKYPGMNDIKYDYY IVGSEPIGCTVARELYGAG MITRYTDTLYYGSGPYGATE ARTLVESEREVLMYIAGAQLSPRPGEHLKNAY IVQHNTHLFASIIRGHL
. 1 . - - - . ~a o 10 =) ) ) = e I
Position Fosition

SignalP, TatP prediction of N-terminal signal peptide cleavage sites in KaPOx and
ToPOx. The figure summarizes SignalP 4.1 signal peptide predictions from analyses of POx
sequences: (A) ToPOx and (B) KaPOx with eukaryotic prediction; (C) ToPOx and (D) KaPOx
with Gram-positive bacterial prediction. The TatP 1.0 online prediction tool analyzed the first
70 residues of (E) ToPOx and (F) KaPOx to predict twin-arginine signal peptide cleavage sites.
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Figure S4.

Alignment:
ToPOx (=)
KaPOx (=)

Alignment sketch and structural overlap of ToPOx and the KaPOx homology model. The
alignment sketch (top) displays the difference of sequence length and gaps in the alignment
of ToPOx and KaPOx. Deviations between the calculated KaPOx model and the ToPOx crystal
structure (PDB 1TTQ0) are highlighted in red for both structures. The active-site FAD is
displayed with a yellow sphere model. (1) An insertion in the KaPOx sequence with respect to
ToPOx translates into a short alpha-helix in the model. (2) Two gapped stretches in the KaPOx
sequence translate to a shortened-surface exposed loop compared to ToPOx. (3) Another gap
in the KaPOx sequence leaves a truncated head domain in the homology model.
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Figure S5.
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SDS-PAGE and native PAGE of KaPOx purification samples. (A) SDS-PAGE of IMAC
purification fractions. (CE) Crude extract, (FT) flow through, (M) mass standard, (F3-F8) elution
fractions, (D) dialyzed pool of fractions F6, F7, F8. (B) PAGE under non-denaturing conditions.
Here, (P) represents pooled sample, (D) represents pooled and dialyzed (aggregated) sample.
The numbers represent the molecular mass of the respective standard bands in kDa.

Figure S6.
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LC-ESI-MS analysis of covalent FAD attachment. Mass spectrometry resolved two different
peptide masses for the 121AVGGMGTHW 129 fragment after chymotryptic digest of purified
KaPOx sample. The FAD modified peptide (black) was identified by its accurate theoretical
mass and specific MS2 fragmentation profile (not shown). Additionally, a small fraction of the
unmodified fragment was detected too (dashed).
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Figure S7.
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Confirmation of C2-Glucose oxidation via HPLC. Batch conversion experiments were
analyzed with HPLC. D-Glucose peaks elute after a retention time of approximately 13 minutes
(G), the formed C2-oxidized 2-Keto-D-glucose (K) after 15 minutes. 2-Keto-D-glucose is
absent right at the reaction start (t=0) but accumulates in the reaction mix with proceeding
reaction time.
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Figure S8.
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KaPOx dehydrogenase activity of reducing complexed Mn(lll). A 5.0 uM solution of KaPOx
was incubated with 1.0 mM Mn(lll) acetate, varying concentrations of D-glucose and 50 mM,
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50 U catalase in sodium malonate buffer pH 5.5 at 18 °C. The Mn(lll) malonate complexation
was allowed to equilibrate for 30 min before use. Absorbance spectra were recorded (230 —
800nm) before and 20, 40 minutes into the reaction. The absorbance change at 270 nm with
proceeding reaction time is observable as an insert, with slope and intercept of data fitting
indicated. (A) Instead of KaPOx, 5.0 uM A. niger glucose oxidase (Sigma) was present. (B, C.
D) Concentrations of 30, 15, 8 mM D-glucose (in Buffer) were added to start the reaction,
respectively. (E) Instead of D-glucose, buffer was added. (F) No KaPOx was present, 8 mM
D-glucose were added.

Figure S9.
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The effect of pH on the activity of KaPOx. Specific activities at different pHs were
determined for different electron acceptors. Each value represents the average value *
standard deviation of technical triplicates. (A) 0.5 mM 1,4-benzoquinone (1,4-BQ) was used in
the colorimetric assay. Reactions at pH 9.0 and 9.5 (x) were fast initially but could not be
maintained longer than 150 seconds. (B) 0.3 mM dichloroindophenol (DCIP) were used as
electron acceptor. (C) Oxygen reduction was assayed with H>O» production in the standard
ABTS assay.
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Figure S10.
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Additional redox cycling reactions of substituted phenols between KaPOx and MnP.
Photometric assays display oxidation reactions of various substituted phenols. Assay mixtures
contained manganese peroxidase (MnP), D-Glucose and the respective electron acceptor: (A)
guaiacol, (B) acetosyringone (SyOH) and (C) sinapic acid (SinA). Reactions were started by
the addition of H>O». At approximately 4 minutes into the reaction KaPOx was added. Dashed
line (---): no D-glucose was present. Dotted line (---): no H20O2 was added.
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Chapter 7

Conclusion and Outlook
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Conclusion

Nowadays, the processing and analysis of big data are of increasing importance for
scientific work. This also includes the fields of enzyme engineering and enzyme
technology. Due to immense progress in sequencing technology, they are no longer
restricted to analyze single protein sequences isolated from model organisms, but can
now utilize large amounts of sequence information to gain additional insight into
enzymatic sequence space and evolutionary processes to support experimental scientific
work. Further, by defining and classifying enzymatic sequence space, relations between

whole enzyme families or functionally similar enzymes can be studied in detail.

In this work I defined and classified the sequence space of all currently known fungal GMC
oxidoreductases and conducted detailed phylogenetic and sequence analyses for the
respective enzymes. The analysis, for example, revealed two large and completely
uncharacterized clades that are very closely related to the well-known enzyme alcohol
oxidase. It further showed that pyranose dehydrogenase is likely to have evolved from
aryl-alcohol oxidoreductase after a shift in substrate specificity and that the additional
cytochrome domain of cellobiose dehydrogenase was regularly lost during evolution,
even leading to the newly discovered class CDH IV, which consists only of sequences
missing such a cytochrome domain. For the glucose oxidoreductases, glucose oxidase and
glucose dehydrogenase, a new and detailed classification was established and a
subsequent active site comparison of all respective classes was used to predict their
glucose specificity and oxygen reactivity. Subsequent expression and screening of five
representative sequences of these novel classes could confirm the computational
predictions, including a novel class of glucose oxidases, termed GOx II. Furthermore, four
thermostable ancestral members of these glucose oxidoreductases could be expressed
and partly characterized. Regarding the regulation of oxygen reactivity in glucose
oxidoreductases, preliminary results indicate that hydrophobic residues, especially
phenylalanine and tryptophan, might play an important role, but experimental validation
is still missing so far. The phylogenetic and sequence analysis of pyranose oxidase showed
it to be the most ‘unusual’ GMC enzyme with a wide distribution in the fungal taxon, but
only a low total number of sequences, indicating a huge gene loss during fungal evolution.
More detailed work revealed that a horizontal gene transfer from bacteria to fungi is

highly likely to have happened, and expression and characterization of a novel bacterial
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pyranose oxidase showed that the enzyme could play a key role in bacterial oxidative

lignin degradation.
Outlook

Looking into the future, the new expanded view and detailed classification of the extant
sequence space of fungal GMC oxidoreductases makes it now possible to deliberately
choose a specific starting point to screen for novel enzymatic functions or engineer GMC
enzymes for industrial applications. Additionally, one specific GMC enzyme can now be
viewed in respect to its entire enzyme family, clarifying for example how generalizable
specifically obtained results are. The question on the regulation of oxygen reactivity will
be further pursued by using the inferred ancestral glucose oxidoreductases as starting
points for mutational studies aiming to turn an oxidase into a dehydrogenase and vice
versa. Furthermore, the project also opened up multiple new questions such as; What is
the function of the newly discovered AOx-like and CDH IV enzymes? How did the substrate
specificity of aryl-alcohol oxidoreductases change into that of pyranose dehydrogenase,
enabling it to oxidize sugar substrates but excluding oxygen as an electron acceptor? What
functional diversity can be found in all hitherto uncharacterized fungal GMC enzymes?

Hopefully also these questions will be addressed in future projects.
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This study presents the first electrochemical characterization of the pyranose oxidase (POx) variant
N593C (herein called POx-C), which is considered a promising candidate for future glucose-sensing
applications. The resulting cyclic voltammograms obtained in the presence of various concentrations of
glucose and mediator (1,4-benzoquinone, BQ), as well as the control experiments by addition of
catalase, support the conclusion of a complete suppression of the oxidase function and oxygen
reactivity at POx-C. Additionally, these electrochemical experiments demonstrate, contrary to previous
biochemical studies, that POx-C has a fully retained enzymatic activity towards glucose. POx-C was
immobilized on a special screen-printed electrode (SPE) based on carbon ink and grafted with gold-
nanoparticles (GNP). Suppression of the oxygen reactivity at N593C-POx variant is a prerequisite for
utilizing POx in electrochemical applications for glucose sensing. To our knowledge, this is the first
report presented in the literature showing an absolute conversion of an oxidase into a fully active
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Introduction

The flavoprotein pyranose 2-oxidase (POx; pyranose: oxygen
2-oxidoreductase; synonym: glucose 2-oxidase; EC 1.1.3.10)
from Trametes multicolor (TmPOx; synonym, Trametes ochracea)'
was previously tested for glucose detection by immobilization
within an Os-hydrogel film as electron-relay."” A major drawback
of using POx for glucose sensing, however, is its high affinity
towards oxygen, as determined by Decamps.® POx has a K, value
towards oxygen of 0.46 mM, whereas the affinity of GOx from
Aspergillus niger (AnGOx) for oxygen is 6-fold lower as expressed by
the higher Michaelis constant K, of 2.9 mM. Oxygen reduction at
POx thus interferes with the overall sensitivity towards glucose for
a POx-based biosensor operating at low potentials, excluding the
approach of detecting the enzymatically produced H,O, by oxida-
tion at potentials above +600 mV vs. Ag|AgCL

Aside from this limitation, POx presents several advantages
over other oxidoreductases more commonly used for glucose
sensing such as GOx and GDH.* Similar to GOx, POx is also a
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equivalent dehydrogenase via a single residue exchange.

member of the glucose-methanol-choline (GMC) oxidoreductase
family,>® with obvious structural similarities. However, TmPOx
shows an affinity towards p-glucose that is 72 times higher than
that of AnGOx (K, values of 3.1 mM and 225 mM, respectively),’
which complies perfectly with the concentration range of clinical
interest. Also, the enzymatic efficiency (Viax/Km) of POx towards
p-glucose (9 UmM ™" x mg) is an order of magnitude higher than
that of AnGOx (0.75 U mM ™" x mg), thus at least similar current
densities from a POx biosensor are expected. In contrast to GOXx,
which is anomerically restricted to catalyze only the oxidation
of B-p-glucose,” POx converts both - and B-b-glucose.? The FAD
cofactor is covalently bound to the polypeptide chain of POx,*®
whereas the FAD cofactor of GOx is only tightly entrapped
within the apoenzyme, and GDH relies on a freely diffusing
PQQ cofactor.’

As shown in Scheme 1, homotetrameric TmPOx'° catalyzes
the regioselective oxidation of aldopyranoses (p-glucose being
its favoured substrate) at position C-2 forming the corres-
ponding 2-ketoaldoses or osones.* This catalytic oxidation of
a sugar substrate by POx does not involve proton exchange and
thus does not lead to a pH-shift, as is the case with GOx, which
results in the formation of gluconic acid through hydrolysis of
the primary oxidation product p-glucono-1,5-lactone following
C1-oxidation of B-n-glucose.'” During this first half-reaction, the
FAD-cofactor of POx is reduced to FADH, (eqn (1)). The following

Phys. Chem. Chem. Phys



Open Access Atrticle. Published on 28 October 2016. Downloaded on 09/11/2016 13:16:41.

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Paper
a- and B-glucose
Function (Ox-F) ||
H,0, ;

0,

2-keto-glucosone

H,Q

2. Dehydrogenase
Function (DH-F)

Scheme 1 Schematic representation of immobilised POx homotetramer
onto SPE electrode and the main electrochemical processes at the electrode,
(1) oxidase function (Ox-F) and (2) dehydrogenase function (DH-F), under-
going at various polarization potentials in presence of catalytic oxidation
of glucose at POx.

half-reaction involves the reoxidation of the FADH, cofactor by
reducing molecular oxygen to H,0, (eqn (2))."* Possible alter-
native electron acceptors for POx are quinones (eqn (3)), certain
radicals or chelated metal ions."® Considering the immobilization
of POx at polarized interfaces as depicted in Scheme 1, the
resulting products of the enzymatic reaction are quasi-selectively
oxidized at the electrode surface (see eqn (4) and (5)).

FAD + aldopyranose — FADH, + 2-keto-aldopyranose
1

FADH, + O, — FAD + H,0, 2

4

1)

(2)
FADH, + benzoquinone — FAD + hydroquinone  (3)
hydroquinone — benzoquinone + 2H" +2e~  (4)

(5)

2H,0, + 2H' + 2¢~ — H,0 5

The recycling of hydroquinone between reduced FAD-POx and
the carbon electrode at potentials higher than +0 mV leads to
a catalytic current in cyclic voltammetry that is characteristic
for mediated electron transfer (MET). MET thus reflects the
successive cascade of reactions (eqn (1), (3) and (4)). Therefore,
as seen in Fig. 1, the current generated by MET (Ipy) is directly
proportional to the magnitude of the dehydrogenase function
(DH-F) of POx at potentials around +400 mV. As shown in
Scheme 1, the second alternative route of electrons towards the
electrode is the cascade of reactions eqn (1), (2) and (5),
involving oxygen reduction to H,0,, which is further oxidized
at the electrode (at gold particles) at applied potentials higher
than +450 mV, leading to a peak potential at +650 mV. In the
absence of a mediator, the resulting peak current at +650 mV
(denoted Iox in Fig. 1) is proportional to the H,0, produced
by the enzyme, and is therefore directly proportional to the
oxidase function (Ox-F) of POx. In the presence of glucose,
oxygen and mediator, irrespective of the electron pathway, the
peak current at +650 mV shall also reflect the total catalytic
current (TCC) induced by POx immobilized on the electrode
surface. The TCC value is therefore directly dependent on the
concentrations of all three components, substrate (glucose),
oxygen and mediator.

The gold-carbon electrode surface of a screen-printed electrode
plays a dual role for the chemisorption of POx on gold-nanoparticles
via existing His-tags and for recycling of 1,4-benzoquinone
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Fig. 1 (left plot) Cyclic voltammograms recorded for wt-POx in various

conditions: (A) in buffer; (B) in presence of 300 mM glucose; and (C) in
presence of 300 mM glucose and 700 uM 1,4-benzoquinone (BQ). (right
plot) Preliminary evidences of direct electron transfer (DET): magnification
of CVs plot in the low potential range shows an upper shift in the oxidative
direction in the presence of glucose (CV-B) in comparison to CV-A
recorded in buffer.

(enzyme mediator) between the reduced FAD cofactor of POx
and the polarized carbon electrode.

In a previous biochemical study,' site saturation mutagenesis
and microtiter plate screening was used to identify POx variants
with reduced oxidase activity but with preserved dehydrogenase
activity, among them being the variant N593C. As seen in the
crystal structure of TmPOx, residue N593 is involved in the
electron transfer between the sugar substrate and the C(4a)
position of the flavin® and is located directly in the active site of
TmPOx. In this work, we demonstrate the electrochemical
consequences of the replacement of asparagine (N) at position
593 with cysteine (C), resulting in a complete shut-down of the
oxidase function of POx.

Materials and methods
Chemicals

All chemicals were of the highest commercially available purity
and purchased from Merck (Darmstadt, Germany) or Sigma
Aldrich (St. Louis, MO), unless otherwise stated. Gold Nanoparticle
(110GNP) modified Screen-Printed Carbon Electrodes (SPCEs)
(DRP-110GNP) were purchased from DropSense (Llanera, Spain).
All solutions were prepared using a 50 mM sodium phosphate
buffer (pH 6.5).

Generation of wild-type TmPOx and its mutant N593C

The generation of mutant N593C (herein denoted POx-C) and
its counter-partners N593S and N593K, as well as the purification
of the enzyme variants were carried out repetitive and separate by
two co-authors (DB and LS) according to previous publications.'>'®
After concentration and washing steps, both POx enzymes (wt-POx
and POx-C) were stored at 8 °C. The activity assay, applied to
wild-type POx (wt-POx) and the mutant N593C (POx-C) was
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previously described."” Protein concentration was determined
by the Bradford assay'® using the BioRad Protein Assay Kit with
bovine serum albumin as standard. The final enzyme solutions
wt-POx and POx-C had a protein concentration of 23 mg mL ™!
and 6.1 mg mL™ ", respectively.

Electrode preparation and electrochemical set-up

The screen-printed electrode (SPE) platform consists of three
electrodes: a 4 mm diameter disk-shaped carbon electrode
as working electrode (WE), a printed silver-paste band as
reference electrode (RE) and a 1 mm board carbon band
as counter electrode (CE). The immobilization of wt-POx
or POx-C onto the screen-printed electrode was performed
by addition of a constant amount of the biocomponent
(50 pg; approx. 2 or 8 uL enzyme solution diluted in 50 mM
phosphate buffer pH 6.5). Chemisorption of the POx enzymes
on the Au-NP was secured by the Hise-tag of POx. After
modification with the enzyme solution, the SPE were dried
and cured overnight at 8 °C.

All electrochemical measurements were carried out in
50 pL buffer droplets of appropriate composition, placed in
a way to completely cover the three electrodes of the SPE
and to preserve an identical, hemispherical geometry of the
electrochemical cell. Since the entire volume of the electro-
chemical cell is only 50 pL, a rapid oxygen transfer from the
gas phase and its diffusion towards the electrode are assured,
together with the accumulation of any enzymatically generated
H,0, in the proximity of the electrode, thus securing a very
sensitive electrochemical detection. In order to remove any
weakly adsorbed enzyme from SPE and to achieve similar
starting conditions for each modified SPE, four potential
cycles were initially applied for each SPE by running twice
two cycles of CV, including a buffer exchange step in between
them. Stability of enzyme chemisorption permitted the run of
repetitive experiments with various droplet compositions,
using the same SPE sensor. All experiments were repeated at
least three times on different SPEs, in order to qualitatively
validate the observed bioelectrochemical behaviour of the
immobilized enzymes.

Cyclic voltammetry (CV) experiments were performed at a
Metrohm AUTOLAB B.V. potentiostat (PGSTAT204), and using
NOVA 1.10 as controlling software for setting the experimental
conditions and for recording/displaying the current output. For
all CVs, the applied potential at WE was swept for two complete
cycles with a scan rate of 10 mV s~ ', starting from —150 mV and
up to +700 mV versus an internal pseudo-reference electrode.
All measurements were carried out at room temperature. Due to
the short time of individual experiments, no special considera-
tions were given to droplet evaporation.

The experiments in absence of oxygen were performed in a
glove box system (Whitley DG250 Anaerobic Workstation)
under nitrogen pressure and after repetitive degassing of the
solutions before inclusion to the inert environment.

The raw data were further plotted using the Origin software
(OriginLab Corporation).
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Results and discussion

Fig. 1 exemplifies the typical sequence of experiments applied
to characterize the bioelectrochemistry of immobilized POx
showing a SPE modified with wt-POx. CV-A represents the
background current recorded in buffer. Due to the presence
of Au-NP, CV-A shows a typical signal for gold oxidation, which
in the case of Au-NP starts at potentials above +500 mV, as well
as its corresponding Au,O reduction peak at approx. +280 mV,
characteristic for adsorbed species. Despite the overlap of the
Au oxidation peak with the potential range for H,0, oxidation,
the trace electrochemistry of Au-NP (CV-A) can be easily
neglected and discriminated from the CV-B, recorded in the
presence of 300 mM glucose. Since H,O, is a reaction product
of glucose oxidation at wt-POX, it will accumulate in the vicinity
of the electrode, due to the reduced volume (50 pL) of the
electrochemical cell, leading to the corresponding oxidation
wave visible in CV-B. Thus the function of Au-NP is not limited
to an anchoring role for POx onto the electrode, but it also
facilitates a better sensitivity towards H,0, detection compared
to carbon electrodes. This Iox current for H,O, oxidation shows
an onset potential around +250 mV and a peak of approx. 2.3 pA
at +650 mV.

In Fig. 1 (right plot), a zoom-in over the low potential range
reveals an upper shift of the current waves, visible for both
scanning directions in the presence of glucose, which is typical
for a direct electron transfer (DET) process from wt-POx to the
electrode. This has a value of approx. 30 nA. This DET current is
visible for each POx-modified electrode, irrespective of whether
wt-POx or POx-C are used, and thus seems to represent a true
DET and not simply an experimental artifact. However, the
magnitude of the current (30 nA) suggests that this DET
phenomenon is only very low in comparison to the total
catalytic current of approx. 2.3 pA (Iox) generated at the same
electrode in the presence of glucose. In the presence of 700 uM
1,4-benzoquinone (BQ) as electron mediator, and 300 mM
glucose as electron donor, the biocatalytic current (Ipy in CV-C)
generated by POx and recorded at the electrode by oxidation of
hydroquinone at the carbon electrode starts sharply at approx.
—100 mV and reaches a steady state of approx. 2.3 pA already at
+400 mV. Since the value of I,y and Iox are rather equal in the
case of wt-POx, we can conclude that both electron acceptors,
oxygen and the mediator BQ, are equally preferred by wt-POx
and therefore the oxidase function (Ox-F) at wt-POx has a
similar proportion as the dehydrogenase function (DH-F).
However, the two processes are competing with each other,
and the proportion of each is determined only by the concen-
trations of substrates. Higher concentrations of mediator (BQ)
do not lead to higher I,y currents, which suggests that the Iox
current is not limited by the availability of oxygen, but only by
the kinetics of the glucose oxidation step (k.,) and the number
of available catalytic centers (Ipg = Iox ~ [ENnz] X kear)-

The above sequence of experiments was repeated with
wt-POx under anaerobic conditions (under nitrogen atmosphere)
using glove-box system. In absence of oxygen, the addition of
glucose does not produce any deviation of the current from
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background CV recorded in buffer only (see ESIf SI-1). This
demonstrates one more time that the oxidative current obtained
in presence of glucose and oxygen is purely due to oxidation of
H,0, which is enzymatically formed by wt-POx and accumulated
within the electrolyte drop. However, addition of mediator
to the enzymatic system under anaerobic condition, but in
presence of glucose, leads to a similar biocatalytic current,
proving conserved activity of wt-POx.

The same experimental sequence was repeated in presence
of oxygen with an N593C-POx (POx-C) modified SPE, and the
resulting CVs are presented in Fig. 2 (right plot), whereas the
characteristics of a wt-POx modified electrode (as described
above) are presented for comparison in the left plot.

In the case of wt-POx, the addition of glucose leads to an
oxidation current for the enzymatically produced H,O,, as
observed also in Fig. 1. Consecutive CV cycles at the wt-POx
modified electrode, in the presence of glucose, will produce an
accumulation of H,0, in the droplet, visible by an increase of
the peak current (Iox) at +650 mV, between the first and second
scans. However, in the case of POx-C modified SPE, the shape of
the CV recorded in the presence of glucose and oxygen and in
absence of the mediator remains identical to the voltammo-
gram obtained in the presence of buffer, irrespective of the
number of cycles applied. Due to the small volume of the
electrochemical cell (50 pL), this result implies a total absence
of H,0,, which could have been produced during glucose
oxidation at POx-C. This indicates complete loss of the oxidase
function at POx-C.

The full preservation of the activity of immobilized POx-C
towards glucose is demonstrated by the addition of mediator
(700 uM BQ) to the droplet (Fig. 2, left plot, CV-C). Thus, the
mediator offers an alternative to oxygen reduction as well as an

4wt-pox 1 *fpox-c
/
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Fig. 2 Comparative cyclic voltammograms recorded for SPEs modified
with wt-POx (left plot) and POx-C variant N593C (right plot) for various
conditions: (A) in 50 mM phosphate buffer pH 6.5 (CV-A — blue line); (B) in the
presence of 300 mM p-glucose (CV-B - red line); and (C) in the presence
of 300 mM p-glucose and 700 uM 1,4-benzoquinone (CV-C — green line).
Experimental conditions: scan rate 10 mV s~ applied potential —150
to 4700 mV vs. Ag/AgCL 1st and 2nd represent the first and second
potential CV-scans.
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efficient pathway by shuttling the electrons from FADH,-POx-C
to the carbon surface of SPE. The MET current for POx-C has a
similar shape and a maximum Iy value of ~3 pA at +400 mV,
as recorded also for wt-POx. These observations support the
hypothesis that POx-C has an intact catalytic activity and affinity
for its sugar substrate comparable to wt-POx. In other words, the
POx-C variant presents a pure dehydrogenase activity by com-
pletely suppressing the oxidase function visible at wt-POx.

In order to confirm these conclusions, further control
experiments were conducted in the presence of 20 U of catalase,
with the results displayed in Fig. 3 (left plot for wt-POx and right
plot for POx-C variant). Thus, the CV in buffer (A-curves) and in
the presence of glucose (B-curves) are identical to the results
shown in Fig. 2. When 20 U of catalase are added to the glucose-
containing droplet, a clear collapse of the recorded current is
visible for wt-POx to the level of the background current in
buffer, whereas in the case of POx-C modified electrodes, no
differences between CVs recorded in buffer, with glucose, or
with glucose +20 U of catalase are visible. This observation
indicates once again that (i) not even traces of H,0, are
produced by POx-C in the presence of glucose, and that (ii)
for wt-POx, the peak current Iox at +650 mV is indeed a result of
the electrochemical oxidation of H,O,.

In the CV-D for POx-C, recorded after the addition of 700 uM
BQ (mediator) and in the presence of 300 mM glucose and 20 U
of catalase, a high peak current (1.7 pA) for I,y is visible for the
oxidation of accumulated hydroquinone, unperturbed by any
H,0, in the droplet. This MET biocatalytic peak current from
+200 mV further drops with increasing potential to a diffusion
limited plateau (~1.3 pA), equivalent to the one recorded for
wt-POx. This set of experiments demonstrates unequivocally
the dehydrogenase-like behaviour of the POx-C variant.

In order to confirm the special importance of the mutation
N593C at POx, two other variants obtained in similar ways, were
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Fig. 3 Control cyclic voltammograms recorded for SPEs modified with
wt-POx (left plot) and POx-C (right plot) in presence of buffer (A), in the
presence of 300 uM glucose (B), in presence of 300 mM glucose and
20 U catalase (C), and in presence of 300 mM glucose, 700 uM
1,4-benzoquinone and 20 U catalase (D). Experimental conditions: scan
rate 10 mV s~2, applied potential —150 to +700 mV vs. Ag/AgCL
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Table 1 Michaelis—Menten constants (K,,) for glucose and maximum /py
current at +400 mV (/max) recorded at saturation concentration of sub-
strates. Apparent substrate efficiency (Imax/Km) and their relative values (%).
For each variant, the MM curves were built using the mean values of
currents (at +400 mV) and their standard deviations from three different
electrodes (see ESI, SI-2)

Km [mM] Imax ['J‘A] Imax/Km [}’I‘A mMil] Imax/Km [0/0]
wt-POX 23+0.1 2.0 +0.02 0.876 100
N593C-POX 2.5£05 1.5+0.1 0.583 67
N593S-POX 19.2 £ 1.7 0.9 £ 0.02 0.04 5
N593K-POx 108 +20 0.18 + 0.01 0.0016 0

considered for similar investigations, such as N593S-POx and
N593K-POx. The dependence of Iy in CV at +400 mV versus
glucose concentration (see ESL{ SI-2) was measured in the
range starting from 0.5 mM glucose up to 300 mM, and in
presence of constant concentration of 1,4-BQ (700 uM), thus
showing a typical Michaelis-Menten dependency. In comparison
to N593C-POx (with 67% apparent substrate efficiency remaining,
as seen in Table 1), these two replacements of the asparagine (N)
residue with serine (S) (non-charged and hydrophilic aminoacid)
or with lysine (K) (positively charged long-arm aminoacid) do not
facilitate any significant enzymatic activity (apparent substrate
efficiency of 5% and 0%, respectively) on the electrode for POx in
presence of glucose and mediator. This difference is mainly due
to strong influence on substrate specificity, Kp,.

Recording the catalytic currents at the same electrode at
fixed concentration of glucose (300 mM) and at variable con-
centrations of BQ, a clear competitive inhibition effect between
BQ and oxygen was observed for the wtPOx (see ESIL,1 SI-3),
whereas for the variant N593C-POx no oxygen interferences
are visible and thus the linear range for measurement of BQ
is extended, with clear applicability in the field of enzymatic
determination of neurotransmitters.

Horaguchi et al.'® constructed oxygen-interacting structural
models of GOx based on superimposition of different crystal
structures. This method is also applied here in order to
rationally understand the effect of the amino acid exchange
in N593C on blocking the oxygen reduction reaction at POx-C.
For this purpose, the crystal structures of POx,® pyranose
dehydrogenase (PDH) showing a flavin C(4a)-oxygen adduct,*
and cholesterol oxidase (ChOx) with bound dioxygen®' were
superimposed. Fig. 4(A) displays the wild-type amino acid
asparagine at position 593 of TmPOx within a distance of only
1.1 A from a possible position of O,, as modelled from the ChOx
crystal structure, and within 3.9 A to the covalently bound flavin
C(4a)-oxygen adduct, as deployed from the PDH crystal structure.
Images (B) and (C) in Fig. 4 present the possible positions of the
cysteine replacing the asparagine at position 593.

The PyMol software generated 75% probability for structure
(B) with 3.4 A distance of the sulfhydryl group in cysteine to the
flavin C(4a)-oxygen adduct and 5.9 A to O,; and 25% probability
for structure (C) with 4.0 A distance to the flavin C(4a)-oxygen
adduct and 3.2 A to O,. Irrespective of which conformation the
cysteine residue at position 593 takes up, images B and C both
suggest that this residue acts as an electronic screen between
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Fig. 4 Interrelation of the residue at position 593 and the FAD-cofactor
within the active site of Trametes multicolor POx and of its variant N593C.
FAD from POx is shown in yellow, FAD from cholesterol oxidase (ChOx) in
green and FAD from pyranose dehydrogenase (PDH) in light grey. The
residue at position 593 is represented in dark grey and O, in red. Image (A)
shows the wild-type residue asparagine N593, images (B) and (C) display
the two energetically favorable arrangements of the substituting cysteine
residue (N593C) with respect to the FAD cofactor and to oxygen. The
images were generated with PyMOL by employing coordinates from
protein database (PDB) file 1ttO for POx, file 4h7u for PDH and file Imxt
for ChOx (including O,).

the donor FAD site and molecular oxygen as acceptor site of
electrons. Furthermore, the cysteine residue does not have an
acidic character (proton donor) in comparison to the replaced
asparagine residue. The latter very likely carries a protonated
amino group (proton donor) under physiological conditions,
which can support the mechanism of oxygen reduction in the
active site of POx, thus forming H,O,. Even though experimental
evidence is lacking for these assumptions, these hypotheses
can explain the lack of any oxidase functionality at POx-C,
without altering the glucose reactivity as long as POx has a
freely diffusing mediator as electron acceptor available in order
to close the catalytic cycle, and thus explain the fully preserved
dehydrogenase function at POx-C.

Thermal treatment of the modified electrodes for 1 h at
70 °C showed surprisingly high stability (~50% for wtPOx
and ~30% for POx-C compared to untreated electrodes) of
the enzymatic activity (see ESL, T SI-4). This thermal treatment
induces however an increase of the direct electron transfer
(DET) current recorded at low potentials for both enzymes
in presence glucose, suggesting that only the tetrameric
conformation of enzyme is most probably perturbed by the
elevated temperature, however with no major loss of the enzy-
matic activity of the individual subdomains. This comes in
contradiction to previous report*> which presented a complete
loss of the enzyme activity in solution during less than 1 min
exposure at 70 °C. The thermal resistance of the immobilized
POx enzymes is an unexpected bonus for POx and a strong
advantage for its application in the field of biomedical devices.

Conclusions

Electrochemical experiments demonstrate the complete switch-off
of the oxidase function of pyranose 2-oxidase (POx) by only one
single amino acid exchange at position 593, replacing asparagine
(N) with cysteine (C). Contrary to the previous biochemical study
on this variant,' the electrochemical method used in this study is
sufficiently sensitive to demonstrate in a volume of only 50 UL that
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the dehydrogenase function of POx remains unaltered by this
amino acid exchange, and proves an unmodified reactivity of the
variant towards glucose. To our knowledge, this is the first study
presenting and demonstrating the transformation of an oxidase
into a robust and catalytically efficient dehydrogenase. This study
will represent the start of further investigations for understanding
the reduction mechanism of molecular oxygen within the active
site of oxidases, as well as to explore the applications of this newly
engineered dehydrogenase in the field of biosensing, biofuel cell
and biotechnology.
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SeqScrub: a web tool for automatic cleaning and
annotation of FASTA file headers for bioinformatic

applications
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ABSTRACT

Data consistency is necessary for effective bioin-
formatic analysis. SeqScrub is a web tool that
parses and maintains consistent information
about protein and DNA sequences in FASTA file
format, checks if records are current, and adds
taxonomic information by matching identi-
fiers against entries in authoritative biological
sequence databases. SeqScrub provides a
powerful, yet simple workflow for managing,
enriching and exchanging data, which is
crucial to establish a record of provenance
for sequences found from broad and varied
searches; for example, using BLAST on contin-
ually updated genome sequence sets. Headers
standardized using SeqScrub can be parsed by
amajority of bioinformatic tools, stay uniformly
named between collaborators and contain infor-
mative labels to aid management of reproducible,
scientific data.

SeqScrub is available at http://bioinf.scmb.
ug.edu.au/seqgscrub

METHOD SUMMARY

SeqScrub is a web tool that takes a set of
biological sequences in FASTA format and
allows the user to: 1) ‘scrub’ files by removing
unnecessary information from the sequence
identifier such as characters and spaces that
can cause input errors in bioinformatic tools;
2) check that sequences are not obsolete; and
3) annotate a sequence’s taxonomic information
onto the header.
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Data sanitization is an essential,
quality-control step in any biological
workflow that uses sequence infor-
mation. The FASTA format for biological
sequences is, by definition, very loose
and permissive, and the amount of
sequence data being deposited into
public databases and accessed in this
format is continually increasing. Infor-
mative text can easily be added to the
ends of identifiers, but the absence of
astrict standard can cause some bioin-
formatic tools to fail to correctly parse
identifiers and other information, which
in turn may cause inconsistent results.
A significant problem with workflows
involving FASTA files is that it is often
not apparent which sequences will
cause issues at later stages. Attempts
to implement robust and reproducible
analyses involving sequence align-
ments and phylogenetic trees for
ancestral sequence reconstruction
motivated us to develop SeqScrub — a
user-friendly tool that automates
consistent naming, annotation and
integration of diverse sequence
collections.

Our aim with SeqScrub was to
support preprocessing and cleaning of
biological sequence data to ensure that
third-party tools can be used without
adaptation and that the results of such
tools can be meaningfully compared
and integrated. Within this context,
cleaning is meant simply as manip-
ulation of the FASTA file headers to
remove certain characters likely to
cause downstream errors. Essentially,
SeqScrub was designed to support
reproducible workflows. In addition to
sanitizing data, we wanted SeqScrub to
confirm that records are nonobsolete
and to retrieve information coupled to

theiridentifiers that would add value to
downstream analyses.

It is often left to an individual
researcher to write scripts to clean
sequences to ensure that they can
be used without error in subsequent
programs. The problems with this
dependence are that: 1) a knowledge
of how to develop these scripts is
required; 2) the cleaned sequences that
match the requirements of one program
may not be able to be parsed by another
program with stricter requirements;
and 3) any headers that are cleaned
by individuals with their own tools
risk being technically correct but not
consistent, making consolidation or
comparison of analysis resulting from
this data difficult orimpossible.

SeqScrub addresses these three
issues by: 1) providing a graphical user
interface that requires no knowledge
of command line, programming
languages or even package instal-
lation; 2) producing a clean and
minimal output to ensure maximum
compatibility with third-party tools;
and 3) creating a consistent output
to ensure multiple users can use the
same data for different analyses and
easily combine it at a later stage.
SeqScrub offers flexibility in terms of
specific formatting and cleaning proce-
dures, but provides appropriate default
options as well.

In phylogenetic analysis, it is often
necessary to trace the exact taxonomic
lineage of each sequence to confirm,
for example, that species in a phylo-
genetic tree conform to the accepted
tree of life. SeqScrub is able to enrich
existing headers by allowing the user
to specify which taxonomic ranks they
would like annotated onto the sequence
headers and, optionally, onto a phylo-
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genetic tree in Newick format. In addition
to inserting taxonomic ranks, SeqScrub is
also capable of annotating common names
for species.

SeqScrub is a single-page web application
written in JavaScript and PHP that accesses
the NCBI and the UniProt databases using
their respective web interfaces [1,2]. It
extracts identifier information from a user-
provided FASTA file and then constructs
batch queries to NCBI and UniProt to retrieve
XML records of the sequences. These XML
files are then processed locally to check that
identifiers are valid and current and to
retrieve information directly from the
taxonomy fields within the databases.

The applicationis designed to be simple
and easy to use so that it can be operated
by users of all backgrounds. SeqScrub
can be operated in its default mode with
two button clicks — one to upload a file,
and one to submit the file for cleaning. All
output resulting from SeqScrub is displayed
graphically to the user and all output can be
downloaded directly from the application.
By default, SeqScrub outputs the unique
identifier, gene information, and species
name — mirroring the default format of
NCBI records. Specific fields can easily be
added and re-ordered, custom characters
can be placed to delineate different types of
annotated information and users can control
how to deal with whitespace and brackets
within and around species names.

Importantly, SeqScrub retains a unique
identifier so that each sequence can be
mapped back to the original record in the
database and so that re-running sequence
data through SeqScrub can easily add or
remove annotations. SeqScrub extracts
the initial identifier within a header and
then uses these identifiers to query external
databases to validate the sequences and
retrieve taxonomic information. Querying
external databases is a conscious design
choice over simply attempting to extract
species information from the remaining
header information. This more careful
step of cross-checking databases allows
SeqScrub to process species annotations
that may be absent or obscured by unusual
characters and thus unable to be deciphered
by automatic text searching. This also allows
sequences to be checked for obsolescence
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and enables retrieval of the additional
annotation of full taxonomic lineages.

The basic workflow is a text splicing
operation that selects the first identifier
that conforms to a common format after
the ‘>’ symbol as the primary identifier.
The type of identifier present is sorted into
either an NCBI or a UniProt query depending
on its syntax. In cases where the identifier
cannot be immediately delegated to either
database it is assigned arbitrarily and if a
search of one database fails, the identifier
is checked against the other database. As
sequence information is often reported
in journals simply as lists of identifiers,
SeqScrub can also be used to automatically
retrieve more detailed information from a
previously published list containing only
identifiers.

Sequence records from databases are
regularly updated, either by being removed
completely, changed to reflect new
knowledge, or merged with other records.
SeqScrub checks that the sequence record
has not been superseded by an updated
sequence record or removed entirely and
alerts the user. SeqScrub can also be
used simply to check for obsolete records
while retaining the original identifiers, or to
circumvent checking databases entirely and
simply remove user-specified characters.

Users interact with the SeqScrub application
via the following fields (see Figure 1):

+ Inputs — a single FASTA file uploaded by
the user, and optionally a tree in the
Newick format.

+ Outputs — four selectable text boxes that
contain the following, in FASTA format:
cleaned sequences; sequences with
illegal characters; sequences that
mapped to obsolete records; and
sequences unable to be processed.

The output is written to four differently
colored text boxes (output fields):

1. Cleaned sequences - this is a text box
containing the list of sequences that were
successfully converted to the chosen
cleaned format.

2. Sequences with illegal characters —
this comprises any sequences that
contained illegal characters in their

2

sequence content as identified by the
user — by default, illegal characters are
B, J,0,U, X and Z; that is, characters that
do not appear in the standard amino acid
alphabet. As these characters can still be
informative, it is possible to specify the
characters or skip their removal entirely.

3. Obsolete sequences - this includes any
sequences that are designated within
either the NCBI or UniProt databases as
being deleted or merged with another
record. Records only appear here if
the ‘remove obsolete records’ option is
checked, otherwise they will be cleaned
to the specified format and appear in
cleaned sequences.

4. Un-mappable sequences — these are
any sequences that lacked an identifier
that could be mapped to either the NCBI
or UniProt databases. Records only
appear here if the ‘remove uncleaned
records’ option is checked; otherwise
they will appear in cleaned sequences.
Un-mappable sequences appearing in
the cleaned sequences field cannot have
taxonomic annotations added to them,
but can still have specified characters
removed from their headers.

The user can download any or all of the
output fields that contain sequences. Only
the cleaned sequence output will have
changed header information, the other three
output fields retain their original headers. A
record of conversions that details the
mapping of original headers to new headers
can also be downloaded, so that consistent
records of how files have changed can be
maintained.

In terms of data consistency, SeqScrub
operates on the principle of always
attempting to give back to the user exactly
what they requested and making it explicit
when operations have failed. SeqScrub
checks how many sequences are in the
original FASTA file, and displays a loading
graphic until the equivalent total number of
cleaned or failed sequences have been
written to the output fields. In the normal
case where queries to databases are
successful but particular identifiers do not
succeed, SeqScrub fails quietly — writing the
identifiers and sequence information to the
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Figure 1. SeqScrub application with input field and four colored output fields.

un-mappable field. In cases where queries
to databases fail completely — for example,
ifinternet connections drop out — SeqScrub
outputs explicit error messages stating that
the request failed and how many sequences
were written to the un-mappable field as a
result. This allows the user to easily tell when
asequence being written to the un-mappable
field is due to it not being present in a
database as opposed to a failure to query
the database successfully.

Writing sequences to output fields is also
designed to support data consistency and
transparency. Hence, all input sequences
are returned either cleaned or in an infor-
mative output field. How to handle obsolete
sequences, un-mappable sequences or
sequences withillegal characters becomes
aconscious choice for the user. For example,
the display of sequences that SeqScrub has
failed to cleanis obvious, since a researcher
may want to clean these headers manually
or consider their exclusion from downstream
analysis. Likewise, SeqScrub can identify if
an identifier has been merged with another
record but opts to treat these cases the
same as if the identifier has been deleted
entirely from the database. In both merged
and deleted cases, the sequence is exported
to the obsolete field and it is up to the user to
investigate and either keep the sequences
removed, add them back into their analysis,
or remap to the updated IDs.

The only exception to consistency in
identifiers is that SeqScrub automatically
maps Gl identifiers to accession IDs. This
is because Gl identifiers are being phased
out in favor of accession IDs. SeqScrub is
designed to map Gl identifiers to accession
IDs even if the Gl identifier is the primary
identifier.

In terms of bioinformatic workflows,
SeqScrub should be placed after the initial
deposit and retrieval of information from
databases, but before any downstream
analyses that need to ensure headers
conform to specific requirements. The avail-
ability of SeqScrub means that developers
of any future downstream third-party tools
will also be able to direct users to SeqScrub
to handle the cleaning step. This means that
developers do not need to create safeguards
againstalonglist of potential user inputs but
can simply focus on the objective of their
tool with the assumption that a cleaned
header can be provided by SeqScrub. >
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SeqScrub does not offer cleaning or
manipulation of FASTQ files and is not
intended for handling next-generation
sequencing data. It is capable of parsing
and cleaning a FASTA file containing 100
sequences in ~7 s, 500 in ~14 s and 1000
sequences in~30 s, with most of the compu-
tational time required to manage coming
from requests between the backend and
external databases.

SeqScrub is designed to empower users
from a noncomputational background to be
able to clean FASTA files as a preliminary
step before further analysis. An example of
its application is in ancestral sequence
reconstruction, where sequences of extant
proteins are collected and aligned, then a
phylogenetic tree is inferred. The alignment
and phylogenetic tree are then used to infer
ancestral sequences at each node of the
tree. Sequence alignment and tree inference
are often computed by different programs
and then a third program is used to predict
ancestral sequences. It is therefore essential
that the alignment and tree files are named
consistently in order to ensure that they can
be used together in the ancestral inference
step.

A common use case would be to take a
set of sequences in FASTA format, remove
any potentially illegal characters from the
headers, and to annotate taxonomy infor-
mation — including the common name of
the species — to the headers. At this stage,
alignments and phylogenetic trees can be
inferred and will retain the additional infor-
mation in a consistent format. If downstream
tools split up header information on
whitespace and this is not desired, SeqScrub
can add underscore characters to ensure
all annotations are retained. SeqScrub
recognizes that a dataset is not a static
entity, therefore records can be re-run at
any stage to check for obsolescence or in
order to change the format or remove all
annotations prior to publication. Impor-
tantly, SeqScrub opts for the conservative
approach of checking external databases
and does not make decisions about how
un-mappable or merged entries should be
handled, meaning that it can be used with
confidence to assist users to easily clean
and annotate their sequence data.
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We have used SeqScrub in bioinformatics
workflows to: remove characters in headers
that were preventing aligned sequences
from being used to infer phylogenetic trees;
remove sequences entirely that contained ‘X’
characters in their sequences; re-annotate
header information omitted from lists of
identifiers published in journal articles;
and annotate taxonomic information onto
both alignments and phylogenetic trees
so that the biological accuracy of phyloge-
netic trees could be assessed. Furthermore,
we have used SeqScrub to process collec-
tions originating from BLASTp searches
across thousands of largely unreviewed
genomes, to map taxonomic information
from NCBI onto sequences, and to success-
fully maintain and record changes across
thousands of sequences through repeated
phylogenetic analyses across multiple,
collaborating labs.

No existing tool offers the taxonomic
annotation and database checking of
SeqScrub, although many tools offer
different and complementary features not
supported by SeqScrub, in particular FASTQ
file manipulation. Mapping to external
databases and retrieval of taxonomic infor-
mation can be achieved through ad hoc
programming in Python and modules such
as BioPython; however, not all users of
bioinformatic data and tools have the
coding skills to write bespoke scripts to suit
their individual needs. SeqScrub imple-
ments these functions in an easily acces-
sible manner for a broad range of users [3].
We have deliberately positioned SeqScrub
as entirely usable online, without the need
for installation, coding or command line
interaction, and specifically focused on
performing the tasks of removal of
characters, checking of current status and
taxonomic annotation. Other methods for
FASTA cleaning and manipulation include:
seqkit, which allows users to provide regular
expressions to clean FASTA headers;
FASTX-Toolkit, which allows for basic
renaming of sequences to a sequence name
or count; and FaBox, which offers an online
platform for splitting and extracting FASTA
headers using certain characters as well as
ways to manually manipulate the infor-
mation [4—6]. Other tools that perform

4

FASTA file conversion include seqtk, fasta_
utilities, and segmagick, all of which contain
useful features, which while similar, are not
directly comparable to what SeqScrub
offers [7-9].

SeqgScrub facilitates data consistency and
data enrichment for biological workflows by
providing an intuitive application for saniti-
zation and annotation. It is written to provide
users with a simple interface and intelligible
output. We expect SeqScrub to find particular
applicationin phylogenetic approaches such
as ancestral sequence reconstruction but
also to prove important and informative to
other diverse types of bioinformatic research
projects.

SeqScrub is available online at http://
bioinf.scmb.uq.edu.au/seqscrub and the
source code is available at http://github.
com/gabefoley/SeqScrub

As sequencing becomes both cheaper and
easier, we can expect to see the rapid prolif-
eration of both genome-sequencing projects
and bioinformatic tools for their mining and
interpretation continue over the next decade.
Therefore, it is likely that there will be a
greater need for tools as more data-handling
tasks become routine and biological
databases continue to grow. SeqScrub is a
fully realized web application that enables
cleaning and annotation of biological
sequence files. It performs several simple
yet crucial tasks to support reproducibility
and sanitization of such data and this
suggests that it will be useful for inclusion
in many future workflows.
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